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A nucleosome turnover map reveals that the stability
of histone H4 Lys20 methylation depends on histone
recycling in transcribed chromatin

J. Peter Svensson,' Manu Shukla,? Victoria Menendez-Benito,’
Ulrika Norman-Axelsson,’ Pauline Audergon,? Indranil Sinha,’ Jason C. Tanny,?

Robin C. Allshire,? and Karl Ekwall’

’Department of Biosciences and Nutrition, Karolinska Institutet, Novum, 141 57 Huddinge, Sweden; 2Wellcome Trust Centre for Cell
Biology, School of Biological Sciences, The University of Edinburgh, Edinburgh EH9 3JR, Scotland, United Kingdom;, Department of
Pharmacology and Therapeutics, McGill University, Montreal, Quebec H3G 1Y6, Canada

Nucleosome composition actively contributes to chromatin structure and accessibility. Cells have developed mechanisms to
remove or recycle histones, generating a landscape of differentially aged nucleosomes. This study aimed to create a high-
resolution, genome-wide map of nucleosome turnover in Schizosaccharomyces pombe. The recombination-induced tag ex-
change (RITE) method was used to study replication-independent nucleosome turnover through the appearance of new his-
tone H3 and the disappearance or preservation of old histone H3. The genome-wide location of histones was determined by
chromatin immunoprecipitation—exonuclease methodology (ChlP-exo). The findings were compared with diverse chroma-
tin marks, including histone variant H2A.Z, post-translational histone modifications, and Pol Il binding. Finally, genome-
wide mapping of the methylation states of H4K20 was performed to determine the relationship between methylation
(mono, di, and tri) of this residue and nucleosome turnover. Our analysis showed that histone recycling resulted in low
nucleosome turnover in the coding regions of active genes, stably expressed at intermediate levels. High levels of transcrip-
tion resulted in the incorporation of new histones primarily at the end of transcribed units. H4K20 was methylated in low-
turnover nucleosomes in euchromatic regions, notably in the coding regions of long genes that were expressed at low levels.
This transcription-dependent accumulation of histone methylation was dependent on the histone chaperone complex
FACT. Our data showed that nucleosome turnover is highly dynamic in the genome and that several mechanisms are at
play to either maintain or suppress stability. In particular, we found that FACT-associated transcription conserves histones

by recycling them and is required for progressive H4K20 methylation.

[Supplemental material is available for this article.]

For cellular homeostasis, it is important to preserve epigenetic
stability in dividing or resting cells and to allow the epigenetic
landscape to be dynamic when conditions change or cells differen-
tiate. Nucleosome composition contains epigenetic information
in the form of post-translationally modified histones and histone
variants (Jenuwein and Allis 2001), and this information is used to
regulate activities at a particular locus. During DNA replication, as
well as during other processes such as transcription and DNA re-
pair, nucleosomal histones are replaced or diluted by the incorpo-
ration of new histones (for review, see Das and Tyler 2012). During
replication, histone H3.1 is incorporated by the CAF1 complex,
while in other phases of the cell cycle, histone H3.3 is incorporated
during transcription by the chaperone complex HIRA in human
cells (Tagami et al. 2004). Other chaperones, such as DAXX and
ATRX, have similar specific functions, leading to a distinct histone
exchange depending on the histone chaperone (Goldberg et al.
2010). In the fission yeast Schizosaccharomyces pombe, the genome
encodes only one histone H3, but the role of multiple histone
chaperones responsible for specific H3 deposition appears to be
conserved from yeast to human (Kim et al. 2007; Rufiange et al.
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2007). Newly synthesized histones have post-translational modifi-
cations that differ from their nucleosomal counterparts, notably
acetyl groups at the N-terminal histone tails (Loyola et al. 2006;
Alvarez et al. 2011). Following incorporation into nucleosomes,
histones are modified as they mature, first by deacetylation and lat-
er by successive methylation (Scharf et al. 2009a). Some modifica-
tions require a full cell cycle to reestablish the conserved epigenetic
pattern of the chromatin (Scharf et al. 2009a).

High histone turnover rates are primarily associated with nu-
cleosomes close to promoters (Guillemette et al. 2005; Zhang et al.
2005; Jin and Felsenfeld 2007). Nucleosome-depleted regions
(NDRs) are found surrounding the transcribed units, and the 5
NDR in particular is well characterized (Lee et al. 2004; Jiang and
Pugh 2009; Rando and Chang 2009; Radman-Livaja and Rando
2010). However, the following question remains: Are NDRs actual-
ly depleted of nucleosomes, or do they have very high histone
turnover that makes nucleosomes difficult to detect from a techni-
cal standpoint? The first nucleosomes after the 5" NDR are posi-
tioned just downstream from the transcription start site (TSS), or
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in yeast at the TSS, and they are often associated with histone mod-
ifications related to high nucleosome turnover: H4 acetylation
(Scharf et al. 2009b), H3K4 methylation (Kraushaar et al. 2013),
and/or the histone variant H2A.Z (Guillemette et al. 2005; Zhang
et al. 2005; Jin and Felsenfeld 2007). Nucleosome turnover in pro-
moter regions is directly affected by ATP-dependent chromatin
remodelers such as Ino80, which binds to the 5" NDR and pro-
motes turnover of TSS nucleosomes (Yen et al. 2013). In mouse,
Drosophila, and Saccharomyces cerevisiae, Chd1 has been found to
promote the turnover of nucleosomes surrounding the 5" NDR
but suppresses turnover at the end of the gene (Radman-Livaja
etal. 2012; Skene et al. 2014). In general, nucleosome turnover ap-
pears to correlate with gene transcription (Rufiange et al. 2007;
Deal et al. 2010; Huang et al. 2013; Kraushaar et al. 2013).

Stable nucleosomes that have low histone turnover rates have
been found in heterochromatin, marked by H3K9me?2 in S. pombe
(Aygiin et al. 2013). Compared to promoter regions, gene bodies
show relatively low levels of nucleosome turnover (Dion et al.
2007; Jamai et al. 2007; Rufiange et al. 2007; Deal et al. 2010;
Skene et al. 2014). During transcription, nucleosomes are tempo-
rarily disassembled or displaced ahead of, and subsequently as-
sembled behind, the transcription machinery, preferentially by
reassembly of parental histones and, to a lesser extent, by the in-
corporation of newly synthesized histones (for review, see Owen-
Hughes and Gkikopoulos 2012). Histone recycling in gene bodies
depends on the protein complex facilitates chromatin transcrip-
tion (FACT) (Belotserkovskaya et al. 2003; Jamai et al. 2009).

To summarize, the complex interplay between the different
processes leads to a nonuniform pattern of nucleosome turnover,
resulting in a mixture of histones of different ages throughout
the genome (Dion et al. 2007; Jamai et al. 2007; Rufiange et al.
2007; Deal et al. 2010). The relative contribution of these processes
and their dependency on chromatin context remain to be elucidat-
ed. Low nucleosome turnover results in the accumulation of post-
translational histone modifications. Consecutive methylation of
the H4K20 residue is dependent on nucleosome age (Scharf et al.
2009a), and different methylation levels at this residue are found
at distinct nuclear loci (Sims et al. 2006). Partial genome-wide
maps show that H4K20mel is a repressive mark of transcribed
genes, whereas H4K20me3 is found in repetitive elements in the
human genome (Congdon et al. 2010). The overwhelming major-
ity (>80%) of H4K20 is dimethylated in human cells (Pesavento
et al. 2008; Evertts et al. 2013), and at least three different lysine
methyltransferases (KMTs) that methylate H4K20 have been iden-
tified in mammalian cells (Wang and Jia 2009). In contrast, lysine
demethylases (KDMs) have been discovered for H4K20mel but
not for H4K20me2/3 (Liu et al. 2010; Qi et al. 2010). Knocking
out the gene encoding monomethyltransferase SETD8 in mouse
or in Drosophila (PR-Set7) is lethal due to defects in cell cycle pro-
gression (Karachentsev et al. 2005; Sakaguchi and Steward 2007;
Oda et al. 2009). In S. pombe, all three methylation states of
H4K20 are mediated by a single methyltransferase, Set9, and no
KDM has been identified. In contrast to higher organisms, deletion
of the set9 gene does not affect gene transcription or heterochro-
matin formation (Sanders et al. 2004), and H4K20me3 is not asso-
ciated with constitutive heterochromatin (Carneiro et al. 2010).

Given that no demethylase has been found to act on
H4K20me2/me3 in metazoans or yeast (Wang and Jia 2009), we
hypothesize that the H4K20me2/me3 marks are eliminated by nu-
cleosome turnover. In S. pombe, given the absence of a KDM, all
three H4K20 methylation marks are likely to correlate with nucle-
osome age, as proposed for Dot1-mediated H3K79 methylation in

other organisms (De Vos et al. 2011). In addition, Set9 was recently
found to regulate chronological aging in S. pombe (Sideri et al.
2014).

Several techniques have been used to determine nucleosome
turnover (for review, see Deal and Henikoff 2010). Locus-specific
nucleosome turnover is commonly measured by the incorporation
of epitope-tagged H3 that is expressed using an inducible promoter
(Tacovoni et al. 1999; Choi et al. 2005; Aygiin et al. 2013; Kraushaar
et al. 2013). However, histone expression at nonphysiological lev-
els may be problematic in that histone transcription is normally
highly regulated in a cell cycle-dependent manner, and histone
expression is extremely low, except during S phase (Rustici et al.
2004). A more physiological alternative to ectoptic histone overex-
pression is the recombination-induced tag exchange (RITE) meth-
od, which uses the endogenous promoter of the gene of interest.
This method presents an alternative to metabolic labeling of pro-
teins (Deal et al. 2010). The RITE method measures the actual pro-
tein turnover, as it detects proteins synthesized before and after a
genetic epitope tag switching during the same experiment
(Terweij et al. 2013). This technique has been used in S. cerevisiae
to track histone H3 during the cell cycle (Verzijlbergen et al.
2010) and to track proteins that mark intracellular compartments
(Menendez-Benito et al. 2013).

In this study, we sought to understand how nucleosome age
in S. pombe correlates with several chromatin marks with a focus
on H4K20 methylation.

Results

Use of the RITE system to determine genome-wide, replication-
independent nucleosome turnover

To adapt the RITE system for S. pombe, we targeted one of the three
endogenous histone H3 loci (hht2*) using a construct containing a
cassette with a hemagglutinin (HA) epitope tag flanked by two
LoxP recombination sites and followed by a T7 tag (Fig. 1A). The
tag switch is under the control of a hormone-dependent Cre
recombinase. Using the endogenous H3 promoter and the RITE
system, we can permanently swap epitope tags by adding the hor-
mone B-estradiol to the growth medium and thereby distinguish
HA-labeled H3 that is produced before Cre activation from T7-la-
beled H3 that is synthesized after the recombination event. To ar-
rest and synchronize the cells at G2/M, we used cells that expressed
atemperature-sensitive allele of cdc25 (cdc25-22). Cells were grown
to mid-log phase at the permissive temperature and then arrested
at G2/M for 3 h at the restrictive temperature. The chromatin was
sampled at two time points: first, before the epitope switch was
induced by addition of B-estradiol (t=0 h); and second, after an ad-
ditional 2 h at the restrictive temperature (=2 h). The recom-
bination efficiency (t=2) was 27+ 6% (mean+SEM, n=3) as
determined by a plating assay. The background switch rate, i.e.,
cells that acquired the T7 epitope without exposure to B-estradiol,
was 1.6%. Chromatin immunoprecipitation using antibodies
against the HA and the T7 epitopes revealed low incorporation
of newly synthesized H3-T7 at the three S. pombe heterochromatin
loci telomeres, mating type, and pericentric regions (Fig. 1B). In
the coding regions of genes, the appearance of H3-T7 (Fig. 1C)
was proportional to the transcription level (Fig. 1D). We investigat-
ed histone incorporation into the nucleosomes of four genes with
different expression levels: rad50" (encoding DNA repair protein
Rad50); rad52* (encoding DNA recombination protein Rad52, pre-
viously Rad22); spd1* (encoding ribonucleotide reductase [RNR]
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Figure 1.

The RITE system that was used to measure genome-wide nucleosome turnover in S. pombe. (A) Model of the RITE genetic switch system. Green

triangles represent LoxP sites. (B,C) T7 ChIP-qPCR analysis of heterochromatic regions (B) and genes (C). (D) RNA levels at five loci in growth-arrested (3 h at
36°C) cells with the RITE system (Hu2549 with cdc25-22 allele). (E,F) HA ChIP-qPCR of heterochromatin regions (£) and genes (F). Three independent ex-
periments were performed, and the error bars show SEM. (G) A browser view of HA and T7 ChIP-exo results for five genomic loci before (0 h) and after (2 h)
the genetic switch. Data show the average signal from two independent experiments. (H) The running average (window 500) of ChIP-exo signals of 150-bp
chromatin fragments from H3-HA versus H3-T7 (RITE). (I) The running average (window 500) of ChIP-exo signals of 150-bp chromatin fragments from H3-

T7 (RITE) versus plnv-H3-HA.

inhibitor); and pykI* (encoding a predicted pyruvate kinase). For
rad50™, two primer pairs were used to determine the differences be-
tween histone incorporation in the 5’ region and the coding se-
quence (CDS), and the CDS showed less incorporation of H3-T7
than did the 5" end. The old H3-HA histones remained at 2 h
both in the heterochromatin (Fig. 1F) and in the CDS of the
rad52* and rad50" genes, which are expressed at low levels (Fig.
1G). In contrast, the level of HA-tagged H3 was drastically reduced
in the spd1* and pyk1* genes, which are highly expressed, and in
the 5’ region of rad50*.

To investigate genome-wide nucleosome turnover, we per-
formed ChIP followed by exonuclease digestion to trim the DNA
fragments and massive parallel sequencing (ChIP-exo) (Rhee and
Pugh 2011; Serandour et al. 2013; Rhee et al. 2014). This resulted
in comprehensive maps of HA-tagged H3, which were synthesized
before the genetic switch, and T7-tagged H3, which was produced
after the genetic switch. Comparison with MNase-seq data
(DeGennaro et al. 2013) revealed that ChIP-exo identified nucleo-
some peaks at a similar resolution (Supplemental Fig. S1A). A
strand-specific analysis of just the first base in the sequence reads,
i.e., the first base at which the histone H3-DNA crosslinking oc-
curs, revealed that the histone-protected region consisted of 87 +
5 bp (Supplemental Fig. S1B). We also observed the recently de-
scribed asymmetry of the nucleosome dyads surrounding the
NDR (Rhee et al. 2014; Ramachandran et al. 2015). The ChIP-exo
data were used to identify locus-specific nucleosome turnover at
high resolution across the genome (Fig. 1G).

To establish nucleosome turnover maps, we determined the
differences between the ChlIP signals from the 2- and 0-h samples
for both epitope tags (ARPKM). A time-dependent increased T7 sig-
nal accompanied by a decreased HA signal was interpreted as a
high turnover region. In contrast, old nucleosomes that were
maintained in the chromatin >2 h were expected to have no in-
crease in the T7 signal and also no decrease in the HA signal. A
decrease in the HA signal was highly associated with an increase
in T7-tagged H3 (Fig. 1H).

To compare the RITE method to the commonly used tech-
nique of ectopic expression of H3 under the control of an induc-
ible promoter, we transfected cells with a plasmid encoding HA-
tagged H3 under the invertase promoter (pInv) (Supplemental
Fig. S1C; lacovoni et al. 1999; Choi et al. 2005). Samples for
ChIP-microarray analysis were taken O and 2 h after induction of
H3-HA expression. To contrast the two different turnover measure-
ment methods, we compared the normalized ChIP-exo signal for
H3-T7 (RITE) with the ChIP-microarray signal from pInv-H3-HA
(pInv). As expected, ectopically expressed H3-HA was also found
in highly transcribed genes (Supplemental Fig. S1D). The two turn-
over methods showed high concordance from a genome-wide per-
spective (Fig. 11). The major differences were found at the 5" and 3’
NDRs: pInv-H3 histones were enriched, but H3 histones from the
RITE system (H3-HA or H3-T7) were not (Supplemental Fig. S1E).
In order to compare the two turnover methods in the same ex-
perimental detection technique, ChIP-microarray was used also
in combination with the RITE method. Also with this ChIP-
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microarray, although with lower resolution than ChIP-exo, we Examination of the nucleosome turnover dynamics in and
detected the histones from the RITE system surrounding the around genes revealed a distinct pattern of high nucleosome turn-
NDR with H3-T7 close to promoters and H3-HA inside CDSs. Com- over that peaked in regions flanking NDRs (Fig. 2C,D). The data
parisons with a published data set generated using the pInv-H3 were stratified according to the level of transcription based on pre-
technique (Aygiin et al. 2013) confirmed the overall similar results vious transcription measurements (Marguerat et al. 2012). Low his-
between the two histone exchange techniques (pInv-H3 and RITE) tone H3 exchange, evident from low signal for new histone H3 (T7-
and also the incorporation of H3 from the pInv-H3 system at the tagged), was especially pronounced in long genes (>2 kb) that were
NDRs (Supplemental Fig. S1F). expressed atintermediate levels (Fig. 2D, top panel). In the same set

of genes, the preservation of old histone H3 (HA-tagged) increased
with length (Supplemental Fig. S1G). By aligning the ChIP signals
from all genes at TSSs and calculating the average flanking ChIP sig-
nal (Fig. 2E), it became evident that the first two nucleosomes after

Replication-independent nucleosome turnover rates differ
in distinct parts of the genome

We next used the RITE system to characterize the relationship be- the 5" NDR showed high turnover, whereas subsequent nucleo-
tween nucleosome turnover and transcription. The differences be- somes were generally conserved within the 2-h window.
tween ChIP signals before and after the epitope switch were To summarize the different contributing signals as a single
determined as the histone H3 exchange rate and correlated with turnover value, we calculated a normalized AARPKM turnover
CDS and with the 5" and 3’ untranslated regions (UTRs) of genes. score for each position of the genome (see Methods). This measure
Old nucleosomes were found mainly in CDS but not in 5" and 3 simplifies how turnover is represented (Fig. 2F). Stratifying the
UTRs, whereas new nucleosomes were incorporated primarily at turnover scores based on transcription levels revealed that tran-
5" UTRs (Fig. 2A,B). scription played a role in nucleosome conservation (Fig. 2G). We
A B 4 Cc D
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Figure 2. Transcription-dependent nucleosome turnover is related to the position of nucleosomes within genes. (A,B) ChIP was used to measure nucle-
osome stability using HA epitope-tagged H3 (H3-HA; transcribed before the RITE switch) (A) or T7 epitope-tagged H3 (H3-T7; transcribed after the RITE
switch) (B) in different regions of the transcript (5" UTR, CDS, and 3’ UTR). Measurements were compared before (0 h) and after (2 h) B-estradiol addition.
Bars show the average of two independent ChIP-exo experiments, and the error bars represent the range. (C,D) Heatmaps of nucleosomes at 2 h aligned at
the transcription start site (TSS) for H3-HA (C) and H3-T7 (D). The top panels show genes that are expressed at intermediate levels (two to four transcripts
per cell), and the bottom panels show genes with less than one transcript per cell. Short transcripts are found at the top of each panel and long transcripts are
found at the bottom. The ChlP signal (RPKM for each 10 bp) is represented by color intensity. The white line marks the borders of the transcribed units. (E)
Averaged ChlP signals (RPKM for each 10 bp) for epitope-tagged H3 aligned at the TSS and for all transcribed units in the genome. (,G) The histone turn-
over score (normalized AARPKM) aligned at the TSS and transcription end site (TES) for all transcribed genes (F) and stratified according to transcription
levels (G). (H) Average ChlP signal per transcribed unit for the H3-HA (old H3, top) and H3-T7 (new H3, bottom) ARPKM (2-0 h) according to the number of
transcripts per cell. The running averages (window 500) are plotted against the average transcript levels within the window.
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omitted data from very highly expressed genes because low nucle-
osome occupancy confounds turnover measurement (note the
seemingly low turnover at the NDR in Fig. 2F; Lee et al. 2004;
Choi et al. 2012).

In contrast to our results, nucleosome turnover in genes has
previously been reported to correlate positively with gene tran-
scription. Accordingly, we further characterized the relationship
between gene transcription and histone exchange. We determined
thelevels of new and old histones as a function of the transcription
of genes that are expressed at similar levels in G2 and in unsynchro-
nized cells. (Fig. 2H). These static-level G2 transcripts were defined
as transcripts with levels that differed by <20% in G2 versus unsyn-
chronized cultures (Rustici et al. 2004; Marguerat et al. 2012). The
cells used in our turnover experiments were arrested in G2, as de-
scribed above. The transcribed units were separated into UTR re-
gions and CDS regions. Histone exchange of the 5" UTR inversely
correlated with gene expression. The CDS regions showed that his-
tones were conserved in transcription except in very highly tran-
scribed genes. At the end of the transcribed unit, i.e., in the 3’
UTR, we observed the same result as in previous studies, i.e., an in-
crease in new histones that was proportional to the level of expres-
sion. These findings are consistent with transcription-coupled
recycling of histones in CDS regions of genes with continuous
expression.

The findings for genes with nonvarying G2 expression con-
trasted with the findings for genes that showed changed expres-
sion during the G2 stage of the cell cycle (Supplemental Fig. S2).
As expected, when genes were transcriptionally regulated, they ac-
quired new histones and lost old histones in all three regions (i.e.,
inthe 5" UTR, CDS, and the 3’ UTR), regardless of the absolute tran-
script levels.

Association of the nucleosome turnover rate
with histone modifications

To systematically correlate nucleosome turnover measurements
with the levels of chromatin markers that are associated with
high or low turnover, we compared the data generated in this study
to previous data sets. The analysis included published data sets
for H2A.Z, H3K4me2, and H4K12ac, which represent histone var-

iants and marks associated with supposedly rapid turnover of pro-
moter nucleosomes. The analysis also included two markers of
transcriptionally active regions, RNA polymerase II (Pol II) and
monoubiquitinated H2B (H2Bubl). The histone modification
H3K9me?2 was used as a mark of heterochromatin. In addition to
analyzing the levels of published marks associated with nucleo-
some turnover, we performed ChIP-tiling array experiments to
determine the genome-wide patterns of the three H4K20 methyl-
ation marks, since the methylation state of this residue has been
shown to correlate with nucleosome aging in Drosophila (Scharf
et al. 2009Db).

The genome was shattered in silico into nucleosome-sized
fragments (87,000 DNA fragments, each 150-bp in size), and
ChIP signals were calculated for all 150-bp fragments of the ge-
nome. We calculated the correlation coefficients between the dif-
ferent histone exchange rates, histone modifications, H2A.Z, and
Pol II. The resulting correlation coefficients were subsequently
hierarchically clustered (Fig. 3A). The main split in the data set
clearly coincided with elements that were previously associated
with different turnover rates. Within each cluster, there were
high correlations (PCC>0.5) between several elements, such as
for H3K4me2, H2A.Z, and H4K12ac, for H3K9me2, H2Bub1, and
for the three methylation states of H4K20. The new (T7-tagged)
H3 histones did not correlate with any of these elements
but rather correlated inversely with H4K20me3 (PCC: —0.2),
H4K20me2 (PCC: -0.2), and to some extent with H3K9me2
(PCC: -0.1) and H2Bubl (PCC: -0.1). H3-HA correlated very
slightly with H4K20me3 (PCC: 0.1) and H4K20me2 (PCC: 0.1).
Notably, slow turnover elements, as defined by inverse correlation
with H3-T7, comprised features associated with condensed chro-
matin, such as the heterochromatin marks H3K9me2 and
H4K20me2/me3. The highest correlation between chromatin fea-
tures in the data set was observed between H4K20me2 and
H4K20me3 (PCC: 0.83). Slightly different patterns emerged when
we repeated the analysis using different functional regions of the
genome, such as intergenic regions, UTRs (5’ and 3’), and CDS
(Supplemental Fig. S3). Notably, at the CDS, H3-H7 correlated in-
versely with H4K20me2/me3 and Pol II, in addition to H3K9me2.
This is consistent with Pol II-mediated transcription lead-
ing to low nucleosome turnover, and given the exclusion of
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Figure 3. Correlation between chromatin modifications and nucleosome turnover. (A) Hierarchical clustering of the correlation coefficients from the
ChIP signals for 150-bp genomic fragments. All ChIP-microarray samples were normalized to input (log,). In the ChIP-exo turnover data, i.e., H3-HA
(RITE) and H3-T7 (RITE), data from the 2-h samples are relative to the 0-h time point. (B) Heatmaps of the ChIP signals (log,) from the antibody against
indicated protein/protein modification at genes that were expressed at intermediate levels (two to four transcripts per cell).
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H4K20 methylation at heterochromatin (Carneiro et al. 2010),
H4K20me2/me3 potentially associated with the transcribed
genome.

To account for the apparent differences we found in nucleo-
some turnover using supposedly similar marks, we examined the
relationship of the signals of the six previously published data
sets for H2A.Z, H4Kl12ac, H3K4me2, Pol II, H2Bubl, and
H3K9me2 with individual genes that were expressed at intermedi-
ate levels (Fig. 3B). H3K4me?2 is a strong mark for the first ~500 bp
of all genes, but the H2A.Z signal is found both upstream of and
downstream from the TSS in a subset of genes. The antibody
used for Pol II ChIP largely recognized the elongating form of
the polymerase, and H2Bub1 was evenly distributed throughout
the gene body. These results demonstrate that neither these chro-
matin modifications nor Pol II alone should be used as proxies for
nucleosome turnover.

Set?-mediated H4K20 methylation in protein-coding regions

H4K20me2/me3 correlated inversely with H3-T7, and H4K20me2/
me3 and H3-HA were found in the same branch of the hierarchical
cluster tree. This indicates that H4K20me2/me3 may be markers of
old nucleosomes; accordingly, we wished to further characterize
the role of H4K20 methylation in aging nucleosomes. In cells lack-
ing the Set9 methyltransferase (set94), H4K20 was only present in
its unmethylated state (Fig. 4A), confirming both the specificity of
the antibodies and the lack of additional methyltransferases acting

on H4K20 in S. pombe. Initial ChIP results revealed that while the
H4K20mel levels were largely unaffected by transcription, the
H4K20me3 levels were reduced with increasing transcription
(Fig. 4B). Transcript levels in wild-type (WT) cells were obtained
from the literature (Marguerat et al. 2012). The methylation states
of H4K20 were mapped in a genome-wide fashion in both WT and
set9A cells. A principal component analysis showed that the three
set9A samples clustered with the input samples, as expected (Sup-
plemental Fig. S4A). This confirmed previous results (Carneiro
et al. 2010) and was consistent with Set9 being the only KMT act-
ing on H4K20 in S. pombe. Thus, by normalizing the H4K20 meth-
ylation levels in the WT to the levels in set94 for each methylation-
specific antibody, we could avoid any technical artifacts intro-
duced by differences in antibody specificity to obtain accurate rel-
ative measurements for the different Set9-mediated methylation
states of H4K20. In contrast to H4K20 methylation in mammalian
cells, S. pombe heterochromatin was devoid of all three methyla-
tion states of H4K20 (Supplemental Fig. S4B). Again, this observa-
tion was consistent with previous results using marker gene
insertions (Carneiro et al. 2010).

Next we examined the H4K20 methylation status according
to gene transcription level and gene length. We found that meth-
ylated H4K20 was present predominantly at the borders of tran-
scribed units (H4K20mel) or further into and throughout the
coding regions (H4K20me2/me3) (Fig. 4C). The H4K20mel peak
was downstream from, but did not overlap, the TSS and was dis-
tinct from the peaks of the higher methylation states, which
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Figure 4. H4K20 methylation is found in protein-coding regions of the genome. (A) Western blot analysis of wild-type (WT) cells (lane 7) and set9A4 cells
(lanes 2,3 differ in the amount of chromatin loaded). (B) ChIP-gPCR analysis of H4K20me1 and H4K20me3 at five loci that have different transcription
levels. Bars show the average and SEM of three independent experiments. (C) The average pattern of H4K20 methylation marks aligned with the TSS
(left) or TES (right). (D) Patterns of H4K20me1 (left), H4K20me2 (middle), and H4K20me3 (right) aligned at the TSS, with genes sorted according to length
(top, short genes; bottom, long genes). (E) Metagene analysis of the levels of H4K20me1 (top), H4K20me2 (middle), and H4K20me3 (bottom), stratified

according to gene expression level.
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were further away from the TSS and de-
creased less rapidly. Near the tran-
scription end site (TES), H4K20 was
preferentially monomethylated, but in-
terestingly, the methylation degree in-
creased with increasing distance to the
TES. This appeared to depend on tran-
scription, as the H4K20me1l signal was
increasingly pronounced further from
the TES in highly transcribed genes
(Supplemental Fig. S4C).

To uncover more patterns in the
data set, we plotted heatmaps of ChIP sig-
nals for individual genes according to
gene length (Fig. 4D). In a complementa-
ry analysis, we normalized the ChIP data
to nucleosome levels as measured by H4
ChIP (Supplemental Fig. S4D). With re-
spect to gene length, H4K20mel seemed
unaffected; H4K20me2 was found
throughout transcribed units >1 kb; and
the H4K20me3 signal increased propor-
tionally with transcript length, with the
long genes (>2 kb) having the highest
H4K20me3 levels (Supplemental Fig.
S4E). To avoid bias due to different tran-
scription levels, we only compared genes
that showed similar levels of transcrip-
tion (two to four transcripts per cell).

In terms of transcription activity,
H4K20mel was found at the 5’ regions
of genes expressed at all levels, except
for genes with the very highest level of
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transcription (more than 10 transcripts
per cell). However, the H4K20me1 signal
was found throughout the entire coding
region of highly expressed genes (more
than four transcripts per cell) (Fig. 4E).
The strongest signals for H4K20me3
were found in the CDS regions of genes
that showed low-to-intermediate expres-
sion levels (less than four transcripts per
cell). In contrast, the most active genes (more than 10 transcripts
per cell) were devoid of H4K20me2/me3 (Fig. 4E). These results
were consistent with the ChIP-qPCR results (Fig. 4B).

Figure 5.

H4K20 methylation at inducible
genes

To determine if a subset of genes was associated with H4K20 meth-
ylated nucleosomes, we analyzed genes that had high levels of
each mark (ChIP signal log, [WT/set9A]>0.5) (Supplemental
Table S1) for enrichment in gene ontology (GO) categories (thresh-
old, twofold enrichment; P-value 0.05; and at least five genes in
the selection) (Supplemental Tables S2-S4). This analysis revealed
some specific categories (less than 100 members) and the in-
volvement of H4K20mel/me2-marked genes in a diverse set of
functions. For example, the H4K20me1l-associated genes were in-
volved in large molecule metabolism. However, the H4K20me3-
associated genes showed a more specific and focused pattern
(Supplemental Table S5). The molecular functions that distin-
guished most of the H4K20me3-associated genes appeared to clus-

Subsets of inducible genes are associated with H4K20me3. (A) The average H4K20me ChlIP
signals in genes returned using the gene ontology terms “Response to DNA Damage Stimulus” and (B)
“Meiosis” aligned according to the TSS. (C) ChIP data of the different H4K20 methylations (me1/me2/
me3) at the spd7 and rad50 loci. Gray boxes indicate annotated features transcribed to the right (above
solid line) or left (below solid line). (D) Venn diagram shows the overlap between genes associated with
H4K20me3 (log, [WT/set9A] > 0.5) and genes that are down-regulated in pht14 and swriA cells. (E) A
model of the relationship between transcription and FACT-mediated nucleosome recycling. High-turn-
over nucleosomes are marked in yellow.

ter around tightly regulated genes, such as those encoding proteins
that regulate the cell cycle—especially meiotic division but also
mitotic division—and proteins involved in the response to
DNA damage. To determine if the enrichment was specific to
H4K20me3 or was simply an effect on genes that were expressed
at low levels, we compared this list to a GO analysis that involved
the same number of genes with the same expression levels
(Supplemental Table S6). This comparison confirmed that the cat-
egories related to DNA repair and cell cycle were specific for the
H4K20me3-associated genes. We extracted the genes associated
with the GO terms “Response to DNA Damage Stimulus”
(GO:0006974, n=217) and “Meiosis” (GO:0007126, n=195). As
expected, these categories showed an association with high
H4K20me3 levels in the CDS (Fig. 5A,B). Compared to the average
enrichment signal of 3.4 for all protein-coding genes (at TSS + 1000
bp), these genes had enrichment signals of 7.5 (“Responses to DNA
Damage Stimulus”) and 6.6 (“Meiosis”) at the same positions rela-
tive to the TSS. As expected from H4K20 methylations accumulat-
ing in regions of low turnover nucleosomes (Fig. 1G), the H4K20
methylation pattern showed that the 5’ region of rad50* contained
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H4K20mel, whereas further into the CDS, chromatin was associat-
ed with H4K20me2/me3 (Fig. 5C). In contrast, the spd1* locus was
depleted of H4K20me2/me3 (Fig. 5C).

To gain more information about the relationship of nucleo-
some turnover with genes that have particular functions, we also
compared the H4K20 methylation-associated genes with a data-
base of gene lists from other studies, with a focus on genes in-
volved in the cell cycle and stress responses (Sadeghi et al. 2011).
Two database gene lists were highly enriched with genes in the
H4K20me3 gene list. These lists contained genes that require
H2A.Z for their induction, i.e., genes that were down-regulated
in phtlA (29.7% of genes in H4K20me3 list) and swrlA (18.7% of
genes in H4K20me3 list) (Fig. 5D).

Transcription-mediated histone conservation allows
for H4K20 methylation

Our data showing transcription-dependent accumulation of
H4K20 methylation suggested that transcription has a histone-
conserving role (Fig. S5E). Others have shown that the Spt16 sub-
unit of the FACT complex plays such a role for H3/H4 (Jamai
et al. 2009). To test whether FACT-dependent recycling is required

for histone conservation and H4K20 methylation, we determined
the levels of H4K20mel and H4K20me3 in cells with compro-
mised Spt16. Using an earlier data set (Choi et al. 2012), we con-
firmed that in very highly transcribed genes (more than 10
transcripts per cell), H3 occupancy is relatively low throughout
the transcribed unit (Fig. 6A). This was evident in WT cells but
was more pronounced in spt16-18 cells grown at the restrictive
temperature. In the gene body of genes that are expressed at lower
levels, the H3 density was only slightly different in spt16-18 cells
compared with WT cells. However, in cells depleted of functional
Spt16, both NDRs were reduced or eliminated as the regions flank-
ing the transcribed units were occupied by H3 (Fig. 6B).

To determine whether the H4K20 methylation failed to ap-
pear on nucleosomes that no longer are recycled in spt16-18 cells,
we determined the levels of H4K20me1/me3 at five genomic loci
with different transcription levels (Fig. 6C,D). Nucleosome turn-
over was investigated previously at these loci using RITE (Fig. 1).
As expected, the H4K20me1l mark was reduced in the transcribed
genes in spt16-18 cells compared with WT, except for the rad50*
locus, which shows the lowest level of transcription (Fig. 6C).
The H4K20me3 mark showed the same pattern (Fig. 6C). For
pyk1*, which is highly transcribed, the low signal could be ex-

plained by nucleosome loss (Supplemen-
tal Fig. S5A). The nucleosome density at
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Figure 6. Transcription-mediated nucleosome conservation is required for the accumulation of H4K20
methylation. (A,B) Histone H3 density in WT cells (A) and changes in histone H3 density in spt16-18 cells
relative to WT cells (B) and grown at permissive temperature (25°C) followed by 1 h at the restrictive tem-
perature (36°). Data were stratified according to the average number of transcripts per cell during the
vegetative growth phase. (C) ChIP-gPCR analysis of H4K20me1 at five genomic loci in spt16-18 cells
and WT cells. (D) ChIP-gPCR analysis of H4K20me3 at five genomic loci in spt16-18 cells and WT cells.
(E) Metagene analysis of Spt16 levels in WT cells. (F) ChIP-qPCR analysis of H4K20me1 at five genomic
loci in htb1-K119R cells and WT cells. (C,D,F) Bars show the average of three independent experiments,

and error bars show the SEM.
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scribed gene pyk1* in htb1-K119R cells
(Fig. 6F). The H4K20me3 levels were
not significantly affected by the loss
of H2Bub1 (Supplemental Fig. S6). The
nucleosome density appeared to be
less affected at highly transcribed genes
in the H2Bubl-deficient mutant than
in the spt16-18 mutant. In contrast to
spt16-18 cells, nucleosome occupancy
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in htb1-K119R cells was drastically reduced at the promoter region,
relative to WT cells (Supplemental Fig. S6). As described previously
(Sadeghi et al. 2014), the H2Bub1 mark increased with increasing
transcription levels but was not as high as Spt16 at very highly tran-
scribed genes but reached a plateau after intermediate levels of tran-
scription (more than four transcripts per cell) (cf. Supplemental Fig.
S6 and Fig. 6E). Taken together, these results show that H2Bub1 and
FACT play different roles in H4K20 methylation and, by extension,
play different roles in nucleosome turnover.

Discussion

Here we present for the first time a comprehensive high-resolution
nucleosome turnover map for the fission yeast S. pombe. We uti-
lized an epitope-tag exchange system to precisely locate en-
dogenously expressed old and new histones at subnucleosomal
resolution using ChIP-exo methodology. We also mapped the
three methylation states of H4K20 throughout the genome and
showed that the methylation status of H4K20 inversely correlated
with nucleosome turnover in the protein-coding portion of the
genome.

Transcription-mediated histone conservation

Two chromatin compartments, i.e., heterochromatin and the Pol
II-transcribed genome, were associated with overall low nucleo-
some turnover in our data set. Turnover was particularly low in re-
gions of the genome that translates into proteins (CDS) and was
high in nucleosomes immediately flanking NDRs. The stability
of nucleosomes in the heterochromatin was previously described
(Aygin et al. 2013), as was the high turnover of nucleosomes at
promoter regions (Guillemette et al. 2005; Zhang et al. 2005; Jin
and Felsenfeld 2007; Rufiange et al. 2007). However, this study re-
vealed several new features of nucleosome turnover in transcribed
regions.

Our data clearly showed that histone turnover is determined
by two opposing effects: the incorporation of new histones and
the preservation of old histones. These two effects are not strictly
dependent on each other given the possibility of simultaneous
change in nucleosome density. Based on these data, we propose
a model that explains various aspects of the intricate machinery
underlying transcription-coupled nucleosome turnover (Fig. SE).

In this model, nucleosomes are temporarily disassembled as
Pol II transcribes genes in chromatin (Belotserkovskaya et al.
2003; Kaplan et al. 2003; Saunders et al. 2003). Immediate nucleo-
some reassembly minimizes the amount of exposed DNA, thus re-
pressing intragenic transcription and initiation from cryptic sites
(Reinberg and Sims 2006; Carvalho et al. 2013). The FACT complex
disassembles the H2A/H2B dimer and reassembles the four core
histones (Belotserkovskaya et al. 2003; Schwabish and Struhl
2004). In addition, Spt16 is required in S. cerevisiae for nucleosome
spacing within transcribed units (Duina et al. 2007). Here we
showed that transcription-coupled nucleosome stability depends
on FACT as well as on the level of transcription.

A mechanism is needed to close the gaps introduced by nucle-
osomes that are actively or spontaneously displaced. We speculate
that under normal growth conditions, there is sliding of the inter-
nal “old” nucleosomes and replenishment from the edges of the
transcribed regions, creating 5" and 3’ NDRs. As a direct conse-
quence, the NDRs become less pronounced in cells with dysfunc-
tional histone recycling, such as spt16-18 cells (Fig. 5). ATP-
dependent chromatin remodelers regulate nucleosome dynamics

at the promoter regions surrounding the TSS, but to our knowl-
edge, no chromatin remodeler has been reported at the TES. As
mentioned earlier, in mouse, Drosophila, and S. cerevisiae, the re-
modeling protein Chd1 primarily acts around the TSS but also ap-
pears to stimulate histone recycling in the gene body during Pol II
elongation (Radman-Livaja et al. 2012; Skene et al. 2014).

The data in this study suggested that at genes that are contin-
uously transcribed at low to intermediate levels, efficient nucleo-
some recycling maintains the original nucleosomes in the CDS
during Pol II passage, with only occasional histone replenishment
at the edges of genes. However, the nucleosome density declines at
genes that have higher levels of transcription (Lee et al. 2004).
Upon completion of a transcription burst (Raj et al. 2006), incor-
poration of newly synthesized histones result in high nucleosome
turnover in the CDS of very highly transcribed genes.

The role of H4K20 methylation

As for methylation of H4K20, given the progressive nature of Set9
and the lack of a demethylase, this modification was expected to
accumulate on histones over time (Wang and Jia 2009; De Vos
etal. 2011). In agreement with this prediction, H4K20me3 was de-
tected inside the CDS of genes transcribed at low levels, particular-
ly in long genes (>2 kb). Our data showed a correlative but not
necessarily causal relationship between H4K20 methylation and
nucleosome age in euchromatic regions. Interestingly, Set9 was
not recruited to stable heterochromatin nucleosomes in S. pombe.
Instead, the highest levels of H4K20me3 were found in repressed
genes that were linked to essential cellular functions and that
were regulated via H2A.Z and rapidly inducible upon changes in
growth conditions. The cellular function of H4K20 methylation
may not regulate nucleosome stability but instead be a mere con-
sequence of nucleosome stability. Indeed, H4K20 methylation is
involved in the selection of the DSB repair pathway by stabilizing
the interaction between Crb2 and gamma-H2A (Sanders et al.
2004; Wang et al. 2009; Carneiro et al. 2010). Crb2 acts by inhib-
iting homologous recombination repair and interacts with
H4K20mel/me2, but not with H4K20me3. However, as a proxy
of nucleosome age, measuring the methylation of H4K20 can ex-
tend the time window to determine nucleosome turnover for
more than one cell cycle, which otherwise poses natural limita-
tions on studies of replication-independent turnover.

The RITE technique

The RITE technique is a highly versatile and reliable tool for study-
ing protein replacement (Verzijlbergen et al. 2010; Menendez-
Benito et al. 2013; Terweij et al. 2013). Here we adapted it to study
histone turnover, but it can be used to study any protein with a rel-
atively short mRNA half-life. mRNA instability makes the genetic
switch rapid, and histones are ideal in this respect because of their
nonpolyadenylated transcripts (Marzluff et al. 2008). There are a
few limitations to keep in mind about our turnover calculations.
Calculations of H3-HA expression after the genetic switch showed
low levels of transcription, as would be expected in G2 cells (data
not shown). More importantly, the turnover measurements under-
estimated the actual turnover rate, as the genetic switch at 2 h was
incomplete (~30%), resulting in continued H3-HA expression at
2 h in many of the cells. Further, we tagged just one of the three
identical H3 genes. Nevertheless, even with just one tagged H3
gene and incomplete suppression of H3-HA expression on a popu-
lation basis, the technique was sensitive enough, especially when
used in combination with ChIP-exo, to unambiguously determine
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nucleosome turnover. One intrinsic limitation of tagging H3 is
that we do not get any information about nucleosome turnover
in regions where H3 is, to a large extent, replaced by the centro-
meric H3 variant Cnpl1, such as in the central domain of the cen-
tromere. Despite these limitations, the RITE tool is a more
physiologically relevant tool than ectopic protein expression,
which has been used previously by others and by us to estimate nu-
cleosome turnover (Aygiin et al. 2013; Kraushaar et al. 2013;
Sadeghi et al. 2014).

The major difference in the results we obtained using the
RITE tool versus ectopic protein expression was that ectopically ex-
pressed histones bound to NDRs, probably as a consequence of his-
tones having an affinity for DNA. That is, when histones are
present in excess, mechanisms that deplete them from supposedly
open chromatin structures become exhausted. This potential arti-
fact can be reduced by MNase digestion of the ChIP samples, as re-
ported recently (Aygiin et al. 2013). In contrast to pInv-H3-HA, the
RITE H3-T7 nucleosomes did not become enriched at the NDRs.
The RITE and pInv systems showed concordant results at hetero-
chromatic regions and within transcribed genes. By combining
the RITE technology, which we used to examine endogenous lev-
els of proteins, with the subnucleosome resolution of ChIP-exo, we
were able to determine histone turnover with unprecedented pre-
cision. By further linking the actual turnover measurements to the
chromatin modification of H4K20, we extended the window in
which we can study the aging of nucleosomes.

To summarize, our data showed that nucleosome turnover is
highly dynamic in the genome and that there are several mecha-
nisms at play that either maintain or suppress stability, depending
on the chromatin function. In particular, we found that FACT-as-
sociated transcription conserves histones by recycling them and is
required for progressive H4K20 methylation.

Methods

Strains and plasmids

Strains are listed in Supplemental Table S7. H3.2 RITE strain was
constructed by PCR amplification of the HA/T7 RITE cassette
(Verzijlbergen et al. 2010) followed by integration at the endoge-
nous locus by homologous recombination. The Cre-EBD open
reading frame was PCR amplified from pTWO040 (Verzijlbergen
et al. 2010) and recloned in pRAD1S5 vector (gift from
Y. Watanabe) under an attenuated adhl promoter. The plasmid
was integrated at the alal locus at the Mlul site. Strains were grown
in YES or PMG media with the appropriate supplements.

RITE

Cells were cultured in YES media to mid-log phase (~5 x 10° cells/
mL) at 25°C. Cells were arrested in G2/M by incubation for 3 h at
36°C. Samples were taken for t=0 (G2/M-arrested cells before
switch). The genetic switch was induced by 1 uM B-estradiol for
2 h at 36°C. Samples were taken for t=2 h (G2/M-arrested cells, af-
ter switch).

plnv-H3-HA

Cells transfected with the pInv-H3HA plasmid were grown to mid-
log phase at 30°C, after which they were glucose shocked (8%) for
4 h, and then the growth medium was replaced to a high-sucrose
(4%) medium to induce expression from the invertase promoter.
Cells were spun down and harvested (t=0 h), or cultures were con-

tinued in fresh sucrose containing media and grown for an addi-
tional 2 h, after which cells were harvested (t=2 h).

ChIP

Samples were immediately subjected to formaldehyde crosslink-
ing (final concentration, 1%), and chromatin was isolated ac-
cording to a method previously described (Durand-Dubief and
Ekwall 2009). Antibodies against H4K20mel (Abcam ab9051),
H4K20me2 (Abcam ab9052), H4K20me3 (Abcam ab9053), HA
(Abcam ab9110), T7 (EMD chemicals 69522), H3cter (Abcam
ab1791), and H4 Pan (Millipore 05-858, clone 62-141-13) were
used.

ChIP-gPCR or ChlIP-microarrays

ChIP-qPCR and ChIP-microarray was performed as previously de-
scribed (Durand-Dubief and Ekwall 2009). Briefly, ChIP-recovered
DNA was fragmented, labeled, and hybridized to microarrays
(Affymetrix GeneChip S. pombe tiling 1.0FR) at the BEA facility us-
ing the manufacturer’s instructions. Raw data were initially pro-
cessed and normalized by TAS (Affymetrix). Normalized (scaled
to intensity 100, band width 100, PM only) values are given in
log,. The microarray sequences were realigned to the ASM294v2
genome (using Bowtie 2) to map the signals to genome positions.
For ChIP-qPCR, the following primers were used: Q-MAT2 F,
TAGTATTCTGTCGAAATTATCGAAAGCTA; Q-MAT2 R, GAAAC
TGAAGCAGGGAAAAATGTAG; Q-702(tel2R) F, GTTACTCGCC
TGCCTCTACCAT; and Q-702(tel2R) R, GTCAGTCAAGTTAATGA
GTCATGAAGAA.

ChlIP-exo

S. pombe strains were grown in rich media and subjected to formal-
dehyde crosslinking, then processed through the ChIP-exo assay
(Rhee and Pugh 2011; Serandour et al. 2013). Briefly, cells were dis-
rupted using glass beads, and chromatin was fragmented by soni-
cation (Bioruptor Pico, 20 cycles of 30 sec on/30 sec off).
Fragmented chromatin was immunoprecipitated using antibodies
directed either against HA or T7. Protein A-coated magnetic beads
(NEB) were used to bind the antibodies. Beads were washed, and
with the immunoprecipitate still on the beads, the DNA was pol-
ished, A-tailed, and ligated to an Illumina sequencing library adap-
tor. Digestion lambda exonuclease (final concentration, 2.5U/
reaction) removed nucleotides from 5’ ends of double-stranded
DNA until blocked by the formaldehyde-induced protein—-DNA
crosslink. The crosslinks were reversed (4 h at 65°C) and DNA
was eluted from the beads. The single-stranded DNA was subse-
quently made double-stranded by primer annealing and exten-
sion. A second sequencing adaptor was ligated. Using indexing
primers, the fragments were PCR amplified and gel purified
(Qiagen MinElute). Samples were quantified using Qubit (HS
dsDNA) and sequenced on Illumina HiSeq 2000 (36 or 50 cycles,
single end sequencing) at the BEA facility following the manufac-
turer’s instructions.

Raw data from the HiSeq (FASTQ files) were aligned to
ASM294v2 using Bowtie 2 with default parameters (Langmead
and Salzberg 2012). Sequencing statistics are available in
Supplemental Table S8. The ASM294v2.24 annotation (including
UTR and CDS information) was downloaded from pombase.org
and used in Podbat. The aligned data (SAM files) were imported
(MAPQ > 30) and normalized to million reads and original quanti-
ty based on Qubit measurements for nonsaturated samples (T7).
Data from independent biological duplicates were averaged.
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Data analysis

RPKM (reads per kilobase per million) was calculated for all features
of the ASM294v2 annotation and also all fragments of 10 and 150
bp. The AARPKM score was calculated based on the RPKM (reads
per kilobase per million) for each 10 bases in the genome.
AARPKM was defined as the gain in T7 signal after 2 h when sub-
tracting the gain in HA signal in the same window (i.e., the addi-
tion of the loss of HA): in short, (RPKMy7 5 n—RPKMt70 n)—
(RPKMpa,2 h — RPKMpia 0 ). The AARPKM values were then nor-
malized by setting the genome average to zero.

Data visualization and analysis were performed in R version
3.1.1 (R Core Team 2014) and Podbat (Sadeghi et al. 2011).
Running averages were calculated by ordering signals from frag-
ments or genes and determining the average within a 500-element
window. Metagene and heatmap analyses were performed with
window size 50 and step 10, with the exception of heatmaps
from the data generated by the ChIP-array protocol where a win-
dow size of five was used. Averages over fragments, genes, and
gene fragments were calculated using average signal (ChIP-array)
or RPKM (ChIP-exo). GO and gene list enrichment analysis was
performed in Podbat. Running averages were calculated in R
with a window size of 500. Hierarchical clustering was done using
the distance measure complete in the function hclust. For PCA
analysis, CEL files were read and normalized (“quantile”) using
the Starr package in R (Zacher et al. 2009).

Accession numbers to previously published data sets

For GEO the numbers are as follows: GSE49874 (Sadeghi et al.
2014) H2Bub1, H3K9me2, H3; GSE66106 H3 in WT and spti16-
18; GSM1103380 (Aygtin et al. 2013) pInvH3HA, MNase; GSM
1201968 (DeGennaro et al. 2013) MNase-seq. For ArrayExpress
the numbers are as follows: E-MEXP-1850 (Durand-Dubief et
al. 2010) Pol II; E-MEXP-3044 (Stralfors et al. 2011) H2A.Z,
H4K12ac.

Data access

The sequencing and microarray data from this study have
been submitted to the NCBI Gene Expression Omnibus (GEO;
http://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE66866.
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