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ABSTRACT

Schizosaccharomyces pombe displays a large tran-
scriptional response common to several stress con-
ditions, regulated primarily by the transcription fac-
tor Atf1. Atf1-dependent promoters contain espe-
cially broad nucleosome depleted regions (NDRs)
prior to stress imposition. We show here that basal
binding of Atf1 to these promoters competes with hi-
stones to create wider NDRs at stress genes. More-
over, deletion of atf1 results in nucleosome disor-
ganization specifically at stress coding regions and
derepresses antisense transcription. Our data indi-
cate that the transcription factor binding to promot-
ers acts as an effective barrier to fix the +1 nucleo-
some and phase downstream nucleosome arrays to
prevent cryptic transcription.

INTRODUCTION

Cells have the capacity to adapt to external conditions and
to induce massive changes on their gene expression patterns
to allow survival. In Schizosaccharomyces pombe, the MAP
kinase Styl and the basic leucine zipper (bZIP) transcrip-
tion factor (TF) Atfl regulate up to 400 genes in response
to several stress conditions (1,2). Atfl bound to a cyclic
AMP response element (CRE) DNA site in promoters con-
trols stress-induced chromatin remodelling and transcrip-
tion (3). Recently, our group reported that these high plas-
ticity stress genes, whose expression significantly change
upon environmental stresses, display an especially wide and
deep nucleosome depleted region (NDR) upstream of the
transcription start site (T'SS) even prior to stress imposition
(1). Transcriptional activation of these genes does not al-
ter promoter nucleosome occupancy, but induces eviction
of downstream nucleosomes at coding regions. The histone

acetyl-transferase Gen5 mediates such nucleosome eviction
after stress treatment, allowing efficient RNA polymerase
II progression and transcription (1). A key question is what
factors establish NDRs in promoters of Atfl-dependent
genes under basal conditions.

In several organisms genome-wide nucleosome maps
show a common nucleosome organization at promoters,
with a region relatively free of nucleosomes upstream the
TSS bordered by two arrays of well-positioned nucleosomes
with decaying occupancy and regularity along the gene
(4,5). DNA sequence contributes to some extent to generate
such NDRs, e.g. poly(dA-dT) tracts found at budding yeast
promoters disfavour strong bending of DNA and in turn
exclude nucleosomes favouring NDRs (6). However, DNA
sequence is clearly not the only element involved in nucleo-
some positioning. Some trans factors may also be involved
in NDR formation: several in vivo evidences suggest that
yeast TFs may compete with histones at promoters to gen-
erate NDRs (7-9). Furthermore, it has been described that
the addition of ATP to yeast whole-cell extracts is required
for proper in vitro reconstitution of nucleosomes around the
TSS (10).

Fission yeast promoters do not seem to be enriched in
poly(dA-dT) tracts (11,12). How, then, are the NDRs es-
tablished? Since Atfl is bound to its specific CRE site at
promoters even at basal conditions (13) and remodels chro-
matin structure (3), we tested whether this TF plays a role
in NDR establishment. We used nucleosome scanning as-
says to study the nucleosome pattern at some specific stress
promoters, as well as nucleosome sequencing for genome-
wide nucleosome patterning in the presence and absence of
Atfl. We found that disruption of Atfl-to-DNA binding
by deletion of the TF or by elimination of the DNA bind-
ing sites at stress promoters resulted in narrower NDRs. We
used genome-wide sequencing to show that, unexpectedly,
Atfl was important for maintaining the nucleosome arrays
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along coding regions of stress genes, and to silence produc-
tion of antisense transcripts. These results suggest that Atf1
mediates NDR establishment and may function as an effec-
tive barrier for proper downstream nucleosome positioning,
preventing cryptic transcription.

MATERIALS AND METHODS

Plasmid construction

The p428 and p428.bZIP integrative plasmids encode the
HA-tagged Atfl full-length protein (566 amino acids) or
only the C-terminal region of Atfl containing the bZIP
domain respectively (from 396 to 566 amino acids); the
chimeric genes are under the control of the constitutive
styl promoter. Briefly, the full length or truncated atf]
coding sequences were polymerase chain reaction (PCR)-
amplified from an S. pombe cDNA library using specific
primers. Each PCR product was digested with BglII/Smal
and cloned into the plasmid p386 (14) that contains the con-
stitutive sty/ promoter (0.8 kb from ATG) fused to the HA
coding sequence, digested with BamHI/Smal. The p413
integrative plasmid encodes the DNA-binding domain of
budding yeast Gal4 (residues 1-147; Gal4 DNA binding
domain) and a FLAG epitope (DYKDDDDK) (15). The
Gal4-FLAG region was PCR-amplified from the plasmid
pSP1 (15,16), digested with BgllI-BamHI and cloned into
the plasmid p386 described above digested with BamHI.
Similar strategy was followed to construct the integrative
plasmid p411.AbZIP that encodes the chimeric protein
Gal4dDBD-FLAG-HA fused to the N-terminal region of
Atf1, containing residues 1-395 which lacks the C-terminal
bZIP of Atfl. Each fusion protein was under the control
of the constitutive sty promoter. The integrity of each of
these constructs was confirmed by DNA sequencing.

Yeast strains and growth conditions

We used the wild-type (WT) S. pombe strain 972 (h~) and
975 (h*) and mutants thereof. The origins and genotypes of
strains in this study are indicated in Supplementary Table
S1. Strains EP203 and EP203.bZIP were constructed inte-
grating the plasmid p428 and p428.bZIP respectively in the
EP193 strain at leul* locus. To construct strains EP184 and
EP255 with CRE-to-G4BS substitutions, we first deleted
160 bp of the cttl or gpdl promoters in the strain CH1364
(ura5-294 lys7-2 leul-32) with a cassette containing both the
ura5™ and the lys7* genes, as recently described by the group
of Hoffman (17). Then, we replaced such genes by recom-
bination with a linear fragment of 500 bp of the gpdl or
ctt] promoters with the CRE site changed by a Gal4 bind-
ing site, and selected the uracil auxotrophic clones by re-
sistance to S-fluoroorotic acid (5-FOA; Toronto Research
Chemicals Inc.); we double checked lysine auxotrophy in
the selected clones. The resulting strains were crossed out to
wild-type strains to eliminate auxotrophies, yielding strains
EP184 and EP255. In EP184, the CRE site (ATGACGT) at
ctt] promoter was replaced by a Gal4 binding site by sub-
stitution of —435 to —419 from the translational start site
by the following G4BS: CGGAAGACTCTCCTCCG. In
the EP255 strain, the CRE site (TTACGTCA) at gpd! pro-
moter was replaced by substitution of —329 to —312 from

the translational start site by the G4BS. Strains EP213 and
EP286 were constructed by integrating the plasmid p413
at the leul™ loci of strains EP184 and EP255, respectively.
Strains EP212. AbZIP and EP287.AbZIP were constructed
by integrating the plasmid p411.AbZIP at the leul™ loci of
strains EP184 and EP255, respectively. Cells were grown in
liquid- or solid-rich medium (YESS) or in synthetic mini-
mal medium (MM) as described previously (18). When indi-
cated, 35 pg/ml of trichostatin A (TSA; Sigma) was added
to rich media cultures with an ODyg of 0.03, and growth
proceeded for ~2 days to reach an ODgy of 7-8 (eight
generations). Cultures were then centrifuged, cell pellets
washed from TSA, resuspended in rich media, and growth
proceeded performing one culture dilution with rich media,
to reach in ~20 h an ODg of 0.5 after eight doublings. For
survival on solid plates, cells before, during or after TSA
withdrawal were serial diluted and spotted on YESS plates
containing or not 1 mg/ml of 5-FOA, or on minimal media
plates lacking uracil.

Nucleosome-scanning analysis

Mononucleosomes were obtained as described before
(1,11,19), and the resulting DNA was analysed by qPCR
as described previously (1,20). Briefly, strains were cultured
in 250 ml of YES5S medium to an ODgyy of 0.5 and then
cross-linked with formaldehyde (final concentration of 0.5%
(v/v)) for 20 min at 25°C. Cells were then digested with Zy-
molyase 20T (Amsbio), and spheroplasts were treated with
increasing concentrations of micrococcal nuclease (M Nase;
Sigma). Purified DNA was separated electrophoretically,
and samples displaying 80-90% mononucleosomal DNA
without subnucleosomal fragments (faster migration than
mononucleosomes in the electrophoresis) were further anal-
ysed by qPCR with a set of overlapping primer pairs (see
Supplementary Table S2). For each primer pair, numbers
in Y-axis correspond to the relative value to the input,
which was obtained using as a template DNA from cells not
treated with MNase, and received a value of 1.

Nucleosomal DNA preparation, sequencing and data process-
ing

Fixed cells were subjected to chromatin isolation and
MNase digestion as described above for nucleosome-
scanning analysis (1,19). Again, the MNase concentration
has to be carefully optimized to discard samples with un-
derdigested or overdigested chromatin (we only purified
mononucleosomes from samples with 80-90% of mononu-
cleosomal fraction), since the extent of the digestion has to
be very similar to compare nucleosome maps for different
strains or experiments (21). For each nucleosomal map to be
determined, mononucleosomal DNA fragments from two
independent cell cultures were purified from 2% agarose gels
run in Tris-acetic acid-EDTA (TAE), DNA was extracted
with Quantum Prep Freeze’N Squeeze DNA gel extraction
spin columns (Bio-Rad), pooled and subjected to single-
end sequencing using Illumina platform. Only one ultrase-
quencing reaction was performed for nucleosomes of wild-
type and Aatfl cells expressing HA-bZIP, while two full
biological replicates (including duplicate sequencing reac-
tions) were performed for Aatfl nucleosomes. Short reads



produced in this work (2650 millions of which 98% were
uniquely mapped) were aligned against the genome of S.
pombe 972 using the Bowtie2 software (22) with default pa-
rameters. The SAM format file produced by Bowtie2 was
converted into a BAM file using SAMtools (23) and then
the Bioconductor nucleR package (24) was used to pro-
cess the alignment file and to remove noise from the ge-
nomic data. First, we estimated the average insert size of
each sequencing library using the fragmentLenDetect nu-
cleR’s method. Then, the single end reads were processed
using the processReads nucleR’s method by setting its trim
argument to 40. This method will shift the start coordinate
of each read by half the estimated fragment size, and will use
this new shifted coordinate to extend 20 nucleotides on each
side to produce the final start and end coordinates. In this
way, we are sure that we are analyzing the nucleosome dyad.
nucleR was also used to normalize the coverage values by
dividing each value by the total number of reads mapped
and then multiplying per one million. Finally, the nucleR’s
filter FFT method was used to smooth the genomic data and
to reduce the noise. This processed data was exported as a
WIG format file (http://genome.ucsc.edu/goldenPath/help/
wiggle.html) and then we developed an in-house R [R Core
Team (2013)] script to produce a data matrix in which each
row is the genomic coordinate of the +1 nucleosome for the
selected genes and each column is the nucleR’s processed
signal value for a certain genomic coordinate located in the
region spanning +500 nucleotides around the +1 nucleo-
some.

RINA analysis

Total RNA from cultures was obtained, processed and
transferred to membranes as described previously (7).
Membranes were hybridized with the [a->?P]dCTP-labelled
gpdl, hsp9, cttl, styl or actl probes.

Preparation of protein extracts and immunoblot analysis

To analyse the amount of Atfl, trichloroacetic acid extracts
were prepared as previously described (13). Immunoblot-
ting was performed using monoclonal anti-HA (12CAYS)
and polyclonal anti-Atf1 antibodies (13). Anti-Sty1 (25) an-
tiserum was used as a loading control. The blots were quan-
tified using the ImageJ program, using the constitutive Styl
levels as loading controls. Numbers show the fold-induction
relative to the wild-type strain.

Chromatin immunoprecipitation

The indicated strains were grown in minimal media, and
chromatin isolation and immunoprecipitation was per-
formed as described previously (1).

Strand-specific reverse transcription-qPCR

RNA was purified, treated with DNAse and subjected
to reverse transcription (Reverse Transcription System,
Promega) using primers complementary to either forward
or reverse transcripts. Reverse-transcribed cDNAs were
amplified by real-time PCR using gene-specific primers
(Supplementary Table S3).
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RESULTS
Atfl mediates NDR formation at stress genes

To test whether Atfl is required for chromatin organization
at stress promoters, we determined the position of nucleo-
somes at two Atfl-dependent genes (gpdl and cttl) by nu-
cleosome scanning. Briefly, we treated chromatin from wild-
type and AatfI strains (Figure 1A) with MNase, isolated
mononucleosomes and PCR-amplified them with pairs of
overlapping primers covering promoters and 5'-end of cod-
ing sequences of the gpdl and cttl genes, as described else-
where (1). We confirmed the presence of wide NDRs up-
stream of the TSS of both genes, as previously described
(1,19). However, Aatf1 cells displayed higher relative nucle-
osome occupancy exactly where the CRE sites are (Figure
1B and C). Next, we determined the nucleosome occupancy
with primers close to the CRE site of two additional Atfl-
dependent genes, srx/ and Asp9 (Figure 1D), confirming in-
creased nucleosome occupancy in cells lacking Atfl. These
results indicate that Atfl may compete with histone bind-
ing at stress promoters and decrease nucleosome occupancy
favouring NDR formation.

DNA-binding of the Atfl1 bZIP domain alone is enough for
NDR establishment

Atf1 could participate in NDR formation by either a direct
competition with histones at promoters, or by playing an in-
direct role recruiting other proteins, e.g. RNA polymerase
I1, chromatin remodellers or histone modifiers. In order to
distinguish between both possibilities we expressed in Aatf]
cells either a full length or a truncated Atf1 protein, contain-
ing only the bZIP domain (Figure 2A). Both proteins were
expressed to levels similar to those of wild-type cells (Fig-
ure 2B). As expected, full-length Atfl was completely func-
tional and restored the H,O;-dependent transcriptional re-
sponse to Aatfl cells, whereas cells expressing HA-bZIP
failed to respond to stress (Figure 2C). Interestingly, cells
expressing either full-length Atf1 or only its bZIP domain
in a Aatfl background recapitulated the wild-type nucleo-
some pattern (Figure 2D and E), indicating that binding of
the bZIP domain alone is sufficient to maintain an opened
chromatin structure and form a broad NDR. Even though
we cannot fully rule out the recruitment of other proteins by
the bZIP domain, this result suggests a direct role of Atfl
competing with histones at stress promoters.

NDR formation is impaired at promoters lacking the Atf1-
binding CRE site

To further investigate the role of Atfl in nucleosome orga-
nization we decided to replace the CRE site of gpd/ and
ctt] promoters with a Gal4 binding site (gpdl.G4BS and
ctt].G4BS) (Figure 3A). As shown in Figure 3B, ctt1.G4BS
promoter showed higher nucleosome occupancy than wild-
type cells just upstream of the TSS coinciding with the Gal4-
binding site. The same was observed at gpdl.G4BS pro-
moter although to a higher extent (Figure 3C). The nucle-
osome occupancy showed at both mutated promoters was
even higher than in CRE-containing promoters of Aatf]
cells (Figure 1B versus Figure 3C and Figure 1C versus
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Figure 1. Atflpromotes NDR formation at stress genes. (A) Schematic representation of the Atfl DNA-binding at the CRE site of stress promoters in
wild-type and AatfI strains. (B and C) Mononucleosomes were isolated from cultures of strains 972 (WT) and MS98 (Aatf1). qPCR was performed using
17 pairs of primers covering 1.3 and 1.2 kb of the promoters, TSS (black arrow) and coding regions (white rectangle) of gpdl (B) or cttl (C), respectively.
The values of nucleosome occupancy for each qPCR reaction (Y-axis) is plotted against the gene position of the centre of the PCR-amplified fragment
for each primers pair, relative to the TSS, with a value of 0 (X-axis). Nucleosomes are represented as circles. (D) Relative nucleosome occupancy was
determined as described above using primers for mei2 (control), cttl, gpdl, srxI and hsp9 promoters. The graph shows the nucleosome occupancy at Aatf!
cells relative to wild-type strain, with an assigned value of 1 in each gene. Error bars (SEM) were calculated from biological triplicates.

Figure 3B). CRE site elimination may have greater conse-
quences than Atfl deletion because other bZIP factors may
bind, although less efficiently, to such a site in the absence
of Atf1 (15).

The DNA-binding domain of the budding yeast Gal4
protein coupled to Atfl has been previously used to tether
the Atfl TF to an engineered ade6 gene (containing a Gal4
site) and promote hotspot meiotic recombination (15). We
constructed two plasmids allowing the expression of HA-
tagged Gal4 DNA binding domain alone (G4 in Figure 3D)
or fused to Atf1!73%, only lacking the C-terminal bZIP do-
main (G4-Atfl in Figure 3D). Elimination of the bZIP do-
main prevented G4-Atfl binding to other stress promoters
or to other less canonical CRE sites at gpdl and cttl. We
then expressed either G4 or G4-Atfl proteins in cells with
the CRE site of gpdI or cttl promoters replaced by the Gal4
binding site. As expected, chromatin immunoprecipitation
(ChIP) assay showed specific binding of both proteins (G4
and G4-Atf1) to G4BS-containing gpdl or cttl promoters,
but not to other stress promoters (Figure 3E).

To verify the role of Atfl in generating NDRs at stress
genes, we determined the nucleosome maps at the mutated
promoters expressing either Gal4 binding domain alone or

Gal4 binding domain fused to Atf1. Interestingly, the nucle-
osome maps in cells expressing either G4 or G4-Atfl were
similar to one another and from wild-type cells at ct¢/.G4BS
promoter (Figure 3F). This result reveals the ability of Atfl
and other DNA-binding domains (such as G4) to compete
with histones and establish NDRs at stress promoters.
Regarding cells containing the gpdl.G4BS promoter, ex-
pression of G4 or G4-Atfl caused only a slight decrease in
nucleosome occupancy (Supplementary Figure S1A). Since
the new nucleosome around the G4BS at gpdl.G4BS pro-
moter seems to be strongly positioned (Figure 3C), the
Gal4 DNA-binding domain may not be able to easily com-
pete with histones. Accordingly, ChIP experiments sug-
gested weaker occupancy of both proteins to gpdl.G4BS
promoter than to ct¢/.G4BS (Figure 3E). To favour TF-to-
histones competition at the gpdl.G4BS promoter, we stud-
ied de novo nucleosome deposition by treating cells with
a histone deacetylase inhibitor, TSA, which leads to hy-
peracetylation of histones H3 and H4 and may decrease
the affinity of nucleosomes for DNA in vivo (26). Thus, we
treated cells with TSA for eight generations to impair wrap-
ping of DNA around nucleosomes, and then we washed
the drug and allowed nucleosome repositioning for an-
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Figure 2. DNA-binding of Atfl or the Atfl bZIP domain alone is sufficient to restore the NDR in Atfl-deficient cells. (A) Schematic representation of
HA-Atf1 and HA-bZIP proteins. (B) Protein extracts from strains 972 (WT), MS98 (Aatf1), EP203 (Aatf] pHA-atfl) or EP203.bZIP (Aatf] pHA-bZIP)
were analysed by western blot with antibodies against Atfl (amino part), HA or Styl, as a loading control. Relative units indicate the fold-differences of
Atfl levels in the different strains relative to WT, with an assigned value of 1 (C) Stress-dependent transcriptional analysis of strains as in (B), treated or not
with 1 mM H;O; for 15 min. Total RNA was analysed by northern blot with probes for gpd!, hsp9 and actl. rRNA and actl are shown as loading controls.
(D) Mononucleosomes were isolated and nucleosome scanning performed as described in Figure 1B for the strains as in (B). (E) Relative nucleosome

occupancy was determined as described in Figure 1D for the strains as in (B).

other eight generations (Supplementary Figure S1B). We
checked TSA efficacy by treating wild-type and Adcrl cells
mutated in the centromeric otrl locus. As previously re-
ported (26), this treatment alleviated otrl::ura4 silencing;
after TSA withdrawal, wild-type (but not Adcrl) cells fully
re-established silencing demonstrating de novo nucleosome
deposition (Supplementary Figure S1C). As already re-
ported for the nmtl and fbpl genes (26), TSA treatment
altered expression of euchromatic genes: it derepressed ex-
pression of the gpdl and cttl genes, and induced the ex-
pression of a shorter sty/ mRNA (Supplementary Figure
S1D; +TSA). However, after eight generations of TSA with-
drawal, mRNA expression levels returned to normal (Sup-
plementary Figure S1D; after TSA). Consistently, during
TSA treatment our nucleosome scanning analysis failed to
detect proper nucleosome positioning around the gpdl gene
(Supplementary Figure S1E). As expected, the map of nu-
cleosome positions at the gpdl gene was completely re-
established after TSA withdrawal (compare wild-type map
in Figure 3C and G). We determined using ChIP that bind-
ing of G4 and G4-Atfl to gpdl.G4BS was stronger after
TSA treatment than in untreated cells (Supplementary Fig-
ure S1F). This binding of G4 and G4-Atfl precluded hi-
stones from binding to the gpdl.G4BS promoter: cells ex-
pressing G4 or G4-Atfl proteins showed a dramatic de-
crease in nucleosome occupancy (Figure 3G). This result

suggests an active competition between DNA-binding pro-
teins and histones at the 5" ends of genes.

Atf1 promotes phased nucleosome array formation and pre-
vents cryptic transcription

In order to pinpoint the defects on genome-wide nucleo-
some organization of AatfI cells, we explored the global nu-
cleosome occupancy profiles of wild-type and AatfI strains
using MNase-seq (MNase digestion followed by sequenc-
ing). After mild cross-linking and MNase digestion, nucleo-
somal DNA fragments were isolated, purified from agarose
gels and subjected to single-end sequencing using an Il-
lumina platform (Figure 4A). The Bioconductor nucleR
package (24) was used to remove noise and estimate nucle-
osome occupancy. Total reads in each sample were normal-
ized using the unit RPM (reads per million) as described
elsewhere (27).

We obtained a genome-wide nucleosome map with 90%
overlap with that described by Shim et al, also obtained
by MNase-seq (27). We further compared our nucleosome
sequencing data with a microarray-based nucleosome map
report (11). Relative nucleosome positioning and NDRs
from both datasets were comparable in the stress genes we
analysed (Supplementary Figure S2; compare WT/our data
with Shim et al.). We also applied to the S. pombe genome
the program designed by Segal et al., which is supposed to
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Figure 3. CRE site substitution by Gal4-binding site reduces NDR which is restored by artificially tethering Gal4-Atf1 or the Gal4 binding domain. (A)
Schematic representation of CRE site substitution by a Gal4 binding site (G4BS). (B and C) Nucleosome-scanning analysis was performed as described in
Figure 1B and C from cultures of strains 972 (WT) and EP184 (c7t1.G4BS; B) or EP255 (gpd1.G4BS; C). (D) Schematic representation of the fusion proteins
Gald-Atf173% (lacking the bZIP; G4-Atf1) and Gal4 DNA binding domain (G4). (E) Gal4 binding domain and Gal4-Atf1'-3%° physically bind to ctt/ or
gpdl promoters with a CRE-to-G4BS substitution. Cultures of strains 972 (no-tag), EP213 (ctt1.G4BS pG4), EP212.AbZIP (cttl1.G4BS pG4-atfl), EP286
(gpdl.G4BS pG4) and EP287.AbZIP (gpdl.G4BS pG4-atfl) were used to perform ChIP experiments using primers at c7¢/, gpdl, hsp9 and srx/ promoters.
An intergenic region was used as a negative control (control). Error bars (SEM) for all ChIP experiments were calculated from biological triplicates. (F)
Mononucleosomes were isolated from cultures of strains 972 (WT), EP184 (ctt1.G4BS), EP213 (ctt1.G4BS pG4) and EP212.AbZIP (ctt!1.G4BS pG4-atfl),
and nucleosome scanning performed as described in Figure 1B. (G) Mononucleosomes were isolated from cultures of strains 972 (WT), EP255 (gpd1.G4BS),
EP286 (gpdl.G4BS pGal4) and EP287.AbZIP (gpdl.G4BS pG4-atfI) treated with trichostatin A for eight generations, then washed and allowed to grow for

eight generations without the drug; nucleosome scanning was then performed as described in Figure 1B. Error bars (SEM) were calculated from biological

duplicates (B, C, F and G).

infer the position of nucleosomes based exclusively on DNA
sequence (6); as observed in Supplementary Figure S2, this
program did not reveal NDRs at stress promoters, confirm-
ing that factors other than base composition should direct
nucleosome exclusion at these loci.

We used our genome-wide nucleosome maps to inves-
tigate the role of Atfl in nucleosome exclusion determin-
ing the relative nucleosome occupancy at CRE sites of
genes showing the highest induced expression under H,O,
stress, determined by microarray data (1,28) (Supplemen-
tary Table S4). The average nucleosome profile of these
Atfl-dependent genes revealed a region depleted of nucleo-
somes coinciding with the CRE site that was not present in
Aatfl cells (Figure 4B). A very similar profile was observed
when other 35 CRE-containing promoters, extracted from
an Atf1-ChIP-sequencing report (Supplementary Table S5),
were added to the analysis (Supplementary Figure S3A).
This result correlated with nucleosome occupancy showed
at gpdl and cttl promoters in the absence of Atfl (Figure

1B and C) and indicates a general situation in which Atfl
DNA-binding impairs nucleosome deposition.

It has been proposed that NDRs may potentially serve
as barriers that, by locally preventing nucleosome estab-
lishment, may promote statistical positioning of flanking
nucleosomes forming an array emanating from the bar-
rier (for a review, see (29)). However, this pattern is not
apparent in vitro and it has recently been demonstrated
that this is not a passive process since ATP-dependent re-
modellers are required to create an array around the TSS
(10,27,30,31). We decided to analyse the nucleosome posi-
tioning at stress genes in wild-type and Aatf7 strains. Atfl-
dependent genes (Supplementary Table S4) were aligned at
their first nucleosome (+1) and the average of their logy nu-
cleosome occupancy data was plotted (Figure 4C). Wild-
type cells showed the classical nucleosome organization pat-
tern, with a pronounced NDR upstream of the TSS flanked
by a highly positioned +1 nucleosome and an organized nu-
cleosome array at coding regions (Figure 4C, solid line).
This tightly positioned nucleosome array downstream of
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Figure 4. The regularly organized nucleosome arrays in stress coding regions are disrupted in the Aatf] strain causing enhanced antisense transcription.
(A) Scheme depicting the MNase-seq assay. (B) Composite plots of relative nucleosome occupancy for strains 972 (WT) and MS98 (Aatf1). Thirty five
stress genes were aligned at their CRE sites and the average of their logy nucleosome occupancy was plotted. (C) Composite plots of relative nucleosome
occupancy for strains 972 (WT), MS98 (Aatf1) and EP203.bZIP (Aatfl pHA-bZIP). The genes represented in (B) were aligned at their +1 nucleosome and
the average of their log, nucleosome occupancy data was plotted. (D) Fifty Atfl-independent genes were aligned as in (C). (E and F) The expression levels
of antisense transcripts in strains 972 (WT), MS98 (Aatf1), EP110 (Ahrp3) and IV69 (Ahrpl) for Atfl-dependent (ctz1, gpdl, hsp9, srxI and gpx1; E) and
-independent (arol, cyp4, pedl, gstl, mep33 and idhl; F) genes were analysed by reverse transcription-qPCR. The graphs show the amount of transcripts
of each gene relative to that in the wild-type strain. Error bars (SEM) were calculated from biological triplicates.

the TSS was also observed in data extracted from published
data by Shim et al. (Supplementary Figure S3B, dashed
line), even though the average NDR at stress genes was less
pronounced in this wild-type dataset. Interestingly, Aatf]
cells showed a wider +1 nucleosome position with a shoul-
der getting into the NDR, indicating a defect defining the
position of the first nucleosome (Figure 4C, arrow, large
dashed line, and Supplementary Figure S3C). As a result,
the NDR becomes narrower, in agreement with the nucle-
osome patterns showed at gpdl and cttl promoters (Fig-
ure 1B and C). Furthermore, the phased nucleosome ar-
ray downstream of +1 quickly vanishes in cells lacking Atf1
(Figure 4C and Supplementary Figure S3C). As a control,
we selected 50 Atfl-independent genes (Supplementary Ta-

ble S6) (28), and analysed their nucleosome arrays: wild-
type and Aatfl cells shared the same nucleosome profile
along the coding regions (Figure 4D and Supplementary
Figure S3D), indicating that the nucleosome disorganiza-
tion is specifically observed in genes regulated by Atfl. Im-
portantly, expression of only the bZIP domain of Atfl in
Aatfl cells restored the phased nucleosome profile at stress
coding regions (Figure 4C, dotted blue line), while it had no
effect on Atfl-independent genes (Figure 4D, dotted blue
line).

In S. pombe, the ATP-dependent chromatin remodellers,
Hrpl and Hrp3, have been described to mediate the forma-
tion of a nucleosome array downstream of the TSS, with
this correct nucleosome array formation being required for
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(1) preventing cryptic promoter activity, (ii) silencing anti-
sense transcription and (iii) promoting sense transcription
(27,30,31). To investigate whether the lack of Atfl could
mediate a similar effect at stress promoters, we measured
the antisense transcription levels in wild-type and Aatf1
cells at several Atfl-dependent and independent genes, and
used cells lacking Hrpl or Hrp3 as reference strains. Strand-
specific reverse-transcription-PCR analysis showed a small
but significant increase in antisense transcripts in Ahrpl
and Ahrp3 cells at both Atfl-dependent and -independent
genes (Figure 4E and F). Strikingly, Aatf1 cells had an even
larger effect than the chromatin remodeller mutants at Atf1-
dependent genes, but did not have any effect at indepen-
dent ones (Figure 4E and F), suggesting an indirect role for
Atfl in preventing cryptic transcription through promot-
ing phased nucleosome arrays. As expected, the sense tran-
scripts decreased at most Atfl-dependent genes and did not
change at independent ones (Supplementary Figure S3E
and F). Importantly, expression of only the bZIP domain of
Atfl in AatfI cells efficiently prevented antisense transcrip-
tion at stress coding regions (Supplementary Figure S3G).

DISCUSSION

Several genome-wide studies have demonstrated that nu-
cleosomes in genomes are often tightly positioned in spe-
cific locations. In some organisms, DNA-based computa-
tional programs are able to predict nucleosome locations
with some success, but increasing evidences have demon-
strated that chromatin remodelling activities position nucle-
osomes around TSSs, as if the +1 nucleosome could serve as
a barrier to the +2-to-+n nucleosomes in a given gene (for a
review, see (29)). However, who locks the +1 nucleosome at
its position? Interestingly, nucleosome depleted regions are
often preceding the TSSs. Taking advantage of the known
nucleosome architecture of stress genes in S. pombe, we have
here studied the effect of a transcription factor, Atfl, in the
establishment of NDRs at promoters and in the nucleation
of downstream nucleosome arrays. We show here that in the
absence of Atfl the NDRs are loosely positioned and there
is a lack of nucleosome phasing at stress genes.

Fission yeast NDRs seem to be poorly defined by DNA
sequence. Thus, while poly(dA-dT) is a strong nucleosome
exclusion signal in S. cerevisiae, these sequences occur with
less frequency in NDRs than elsewhere in the S. pombe
and human genomes (11,12). Furthermore, when we ap-
plied a computational program designed by Segal et al. for
the prediction of nucleosome positions based on DNA se-
quence alone to the S. pombe genome (6), this program did
not reveal NDRs at stress promoters (Supplementary Fig-
ure S2), suggesting that trans factors and not base compo-
sition drive nucleosome exclusion at these Atfl-dependent
loci. We present here two types of evidences demonstrating
that Atf1 forces the appearance of NDRs at stress promot-
ers: nucleosome scanning experiments in the presence or ab-
sence of the TF or its DNA binding site (Figures 1-3), and
genome-wide nucleosome maps of wild-type and Aatf1 cells
(Figure 4).

Using both our genome-wide data and nucleosome scan-
ning of specific Atfl target genes, we can conclude that
binding of the TF to its specific DNA site competes with

histones and generates NDRs. In cells lacking Atfl, nar-
rower NDRs are still present at these promoters which may
be explained by the fact that stress genes are regulated by
multiple TFs (32). Moreover, our results suggest that bind-
ing of just a DNA binding domain with high affinity for a
specific DNA sequence is enough to exclude nucleosomes
from promoters [truncated Atfl to CRE site (Figure 2D) or
DNA binding domain of Gal4 to Gal4 binding site (Figure
3F and G)].

Interestingly, the loss of Atf1 at promoters of stress genes
causes an ‘unlocked’ +1 nucleosome, an irregular nucle-
osome array in coding regions and an increase in anti-
sense transcripts (Figure 4C). Several reports have already
shown similar loss of nucleosome phasing downstream of
the TSS in chromatin remodeller mutants, and always such
nucleosome disorganization brings as a consequence gen-
eral enhanced cryptic transcription (27,30,31). These mu-
tants, however, did not display changes in the +1 nucleo-
some positioning conversely to what we report here in the
absence of a TF. Probably, chromatin remodellers regulate
nucleosome spacing but they do not affect a hypothetical
barrier fixing the +1 nucleosome. On the contrary, binding
of a TF to DNA may serve as a barrier that in turn allows
a correct positioning of downstream nucleosomes but does
not affect the regulation of nucleosome spacing per se.

RNA polymerase II has also been proposed to influence
nucleosome positioning within coding regions in budding
yeast (21). However, the effects we describe in our report
are only due to the interaction of the TF with its DNA
site at promoters, since the bZIP of Atfl, a truncated form
of the TF lacking two-thirds of the protein and unable to
trigger transcription of target genes after stress imposition
(Figure 2A and C), is able to displace histones at promot-
ers (Figure 2D), to promote wild-type nucleosome phasing
at stress coding regions (Supplementary Figure S3C) and
to suppress enhanced antisense transcription of Aatf1 cells
(Supplementary Figure S3G).

Our results prompt us to speculate that TFs may function
as effective nucleosome barriers to promote proper deposi-
tion of the +1 nucleosome. We propose here that Atf1 com-
petes with histones to bind DNA, and functions as an effec-
tive barrier that blocks the +1 nucleosome positioning and
in turn allows the proper organization of the downstream
nucleosome array that is essential for preventing cryptic
transcription events. It has been speculated previously that
DNA bound factors, such as TF, may function as nucle-
osome barriers (for a review, see (29)), but to the best of
our knowledge ours is the first report demonstrating so in
vivo. Further studies will be required to demonstrate that
the role of Atfl as a barrier can be extended to other TFs
which, by high affinity interaction with their DNA sites,
should establish the boundaries towards which nucleosomes
are ‘pushed’ by chromatin remodellers.
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Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENT

We thank Charlie Hoffman for strains, plasmids and advice
on the construction of gene deletions.


http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku704/-/DC1

FUNDING

Spanish Ministry of Science and Innovation [BFU2012-
32045]; PLAN E and FEDER; Generalitat de Catalunya
(Spain) [SGR2009-195 to E.H.]; ICREA Academia Awards
(Generalitat de Catalunya) [to JA. and E.H.]; Juan de la
Cierva from the Spanish Ministry of Science and Innova-
tion [to P.G.]. Funding for open access charge: Spanish Min-
istry of Science and Innovation [BFU2012-32045]; PLAN E
and FEDER; Generalitat de Catalunya (Spain) [SGR2009-
195 to E.H.].

Conflict of interest statement. None declared.

REFERENCES

1.

10.

11.

12.

Sanso, M., Vargas-Perez, 1., Quintales, L., Antequera, F., Ayte, J., and
Hidalgo, E. Sanso, M., Vargas-Perez, 1., Quintales, L., Antequera, F.,
Ayte, J., and Hidalgo, E. (2011) GenS facilitates Pol II progression,
rather than recruitment to nucleosome-depleted stress promoters, in
Schizosaccharomyces pombe. Nucleic Acids Res., 39, 6369-6379.

. Sanso, M., Vargas-Perez, 1., Garcia, P., Ayte, J., and Hidalgo,

E.Sanso, M., Vargas-Perez, 1., Garcia, P., Ayte, J., and Hidalgo, E.
(2011) Nuclear roles and regulation of chromatin structure by the
stress-dependent MAP kinase Styl of Schizosaccharomyces pombe.
Mol. Microbiol., 82, 542-554.

. Davidson, M.K., Shandilya, H.K., Hirota, K., Ohta, K., and Wahls,

W.P.Davidson, M.K., Shandilya, H.K., Hirota, K., Ohta, K., and
Wabhls, W.P. (2004) Atf1-Pcrl-M26 complex links stress-activated
MAPK and cAMP-dependent protein kinase pathways via chromatin
remodeling of cgs2+. J. Biol. Chem., 279, 50857-50863.

. Jiang, C. and Pugh, B.F.Jiang, C. and Pugh, B.F. (2009) Nucleosome

positioning and gene regulation: advances through genomics. Nat.
Rev. Genet., 10, 161-172.

. Rando, O.J. and Chang, H.Y.Rando, O.J. and Chang, H.Y. (2009)

Genome-wide views of chromatin structure. Annu. Rev. Biochem., 78,
245-271.

. Kaplan, N., Moore, 1.K., Fondufe-Mittendorf, Y., Gossett, A.J.,

Tillo, D., Field, Y., LeProust, E.M., Hughes, T.R., Lieb, J.D., and
Widom, J. et al. Kaplan, N., Moore, 1.K., Fondufe-Mittendorf, Y.,
Gossett, A.J., Tillo, D., Field, Y., LeProust, E.M., Hughes, T.R.,
Lieb, J.D., and Widom, J. (2009) The DNA-encoded nucleosome
organization of a eukaryotic genome. Nature, 458, 362-366.

. Bai, L., Ondracka, A., and Cross, F.R.Bai, L., Ondracka, A., and

Cross, F.R. (2011) Multiple sequence-specific factors generate the
nucleosome-depleted region on CLN2 promoter. Mol. Cell, 42,
465-476.

. Hartley, PD. and Madhani, H.D.Hartley, P.D. and Madhani, H.D.

(2009) Mechanisms that specify promoter nucleosome location and
identity. Cell, 137, 445-458.

. van Bakel, H., Tsui, K., Gebbia, M., Mnaimneh, S., Hughes, T.R.,

and Nislow, C.van Bakel, H., Tsui, K., Gebbia, M., Mnaimneh, S.,
Hughes, T.R., and Nislow, C. (2013) A compendium of nucleosome
and transcript profiles reveals determinants of chromatin architecture
and transcription. PLoS Genet., 9, e1003479.

Zhang, Z., Wippo, C.J., Wal, M., Ward, E., Korber, P., and Pugh,
B.F. Zhang, Z., Wippo, C.J., Wal, M., Ward, E., Korber, P, and
Pugh, B.F. (2011) A packing mechanism for nucleosome organization
reconstituted across a eukaryotic genome. Science, 332, 977-980.
Lantermann, A.B., Straub, T., Stralfors, A., Yuan, G.C., Ekwall, K.,
and Korber, P.Lantermann, A.B., Straub, T., Stralfors, A., Yuan,
G.C., Ekwall, K., and Korber, P. (2010) Schizosaccharomyces pombe
genome-wide nucleosome mapping reveals positioning mechanisms
distinct from those of Saccharomyces cerevisiae. Nat. Struct. Mol.
Biol., 17, 251-257.

Moyle-Heyrman, G., Zaichuk, T., Xi, L., Zhang, Q., Uhlenbeck,
0.C., Holmgren, R., Widom, J., and Wang, J.P.Moyle-Heyrman, G.,
Zaichuk, T., Xi, L., Zhang, Q., Uhlenbeck, O.C., Holmgren, R.,
Widom, J., and Wang, J.P. (2013) Chemical map of
Schizosaccharomyces pombe reveals species-specific features in
nucleosome positioning. Proc. Natl. Acad. Sci. U.S. A., 110,
20158-20163.

13.

15.

17.

18.

20.

21

22.

23.

24.

25.

26.

27.

28.

Nucleic Acids Research, 2014, Vol. 42, No. 16 10359

Sanso, M., Gogol, M., Ayte, J., Seidel, C., and Hidalgo, E.Sanso, M.,
Gogol, M., Ayte, J., Seidel, C., and Hidalgo, E. (2008) Transcription
factors Pcrl and Atfl have distinct roles in stress- and
Styl-dependent gene regulation. Eukaryot. Cell, 7, 826-835.

. Fernandez-Vazquez, J., Vargas-Perez, 1., Sanso, M., Buhne, K.,

Carmona, M., Paulo, E., Hermand, D., Rodriguez-Gabriel, M., Ayte,
J., and Leidel, S. et al. Fernandez-Vazquez, J., Vargas-Perez, 1., Sanso,
M., Buhne, K., Carmona, M., Paulo, E., Hermand, D.,
Rodriguez-Gabriel, M., Ayte, J., and Leidel, S. (2013) Modification of
tRNA(Lys) UUU by elongator is essential for efficient translation of
stress mMRNAs. PLoS Genet., 9, €1003647.

Gao, J., Davidson, M.K., and Wahls, W.P.Gao, J., Davidson, M.K.,
and Wahls, W.P. (2008) Distinct regions of ATF/CREB proteins Atfl
and Pcrl control recombination hotspot ade6-M26 and the osmotic
stress response. Nucleic Acids Res., 36, 2838-2851.

. Gao, J., Davidson, M.K., and Wahls, W.P.Gao, J., Davidson, M.K.,

and Wahls, W.P. (2009) Phosphorylation-independent regulation of
Atfl-promoted meiotic recombination by stress-activated, p38 kinase
Spcl of fission yeast. PLoS One, 4, €5533.

Mudge, D.K., Hoffman, C.A., Lubinski, T.J., and Hoffman,
C.S.Mudge, D.K., Hoffman, C.A., Lubinski, T.J., and Hoffman, C.S.
(2012) Use of a uraS+-lys7 +cassette to construct unmarked gene
knock-ins in Schizosaccharomyces pombe. Curr. Genet., 58, 59-64.
Moreno, S., Klar, A., and Nurse, PMoreno, S., Klar, A., and Nurse,
P. (1991) Molecular genetic analysis of fission yeast
Schizosaccharomyces pombe. Methods Enzymol., 194, 795-823.

. Lantermann, A., Stralfors, A., Fagerstrom-Billai, F., Korber, P., and

Ekwall, K.Lantermann, A., Stralfors, A., Fagerstrom-Billai, F.,
Korber, P, and Ekwall, K. (2009) Genome-wide mapping of
nucleosome positions in Schizosaccharomyces pombe. Methods, 48,
218-225.

Sekinger, E.A., Mogqtaderi, Z., and Struhl, K.Sekinger, E.A.,
Mogqtaderi, Z., and Struhl, K. (2005) Intrinsic histone-DNA
interactions and low nucleosome density are important for
preferential accessibility of promoter regions in yeast. Mol. Cell, 18,
735-748.

. Weiner, A., Hughes, A., Yassour, M., Rando, O.J., and Friedman,

N.Weiner, A., Hughes, A., Yassour, M., Rando, O.J., and Friedman,
N. (2010) High-resolution nucleosome mapping reveals
transcription-dependent promoter packaging. Genome Res., 20,
90-100.

Langmead, B. and Salzberg, S.L.Langmead, B. and Salzberg, S.L.
(2012) Fast gapped-read alignment with Bowtie 2. Nat. Methods, 9,
357-359.

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N.,
Marth, G., Abecasis, G., and Durbin, R.Li, H., Handsaker, B.,
Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, G., Abecasis,
G., and Durbin, R. (2009) The sequence alignment/map format and
SAMtools. Bioinformatics, 25, 2078-2079.

Flores, O. and Orozco, M.Flores, O. and Orozco, M. (2011) nucleR: a
package for non-parametric nucleosome positioning. Bioinformatics,
27, 2149-2150.

Jara, M., Vivancos, A.P.,, Calvo, I.A., Moldon, A., Sanso, M., and
Hidalgo, E.Jara, M., Vivancos, A.P., Calvo, I.A., Moldon, A., Sanso,
M., and Hidalgo, E. (2007) The peroxiredoxin Tpxl1 is essential as a
H202 scavenger during aerobic growth in fission yeast. Mol. Biol.
Cell, 18, 2288-2295.

Ekwall, K., Olsson, T., Turner, B.M., Cranston, G., and Allshire,
R.C.Ekwall, K., Olsson, T., Turner, B.M., Cranston, G., and Allshire,
R.C. (1997) Transient inhibition of histone deacetylation alters the
structural and functional imprint at fission yeast centromeres. Cell,
91, 1021-1032.

Shim, Y.S., Choi, Y., Kang, K., Cho, K., Oh, S., Lee, J., Grewal, S.I.,
and Lee, D.Shim, Y.S., Choi, Y., Kang, K., Cho, K., Oh, S., Lee, J.,
Grewal, S.I., and Lee, D. (2012) Hrp3 controls nucleosome
positioning to suppress non-coding transcription in eu- and
heterochromatin. EMBO J., 31, 4375-4387.

Chen, D., Wilkinson, C.R., Watt, S., Penkett, C.J., Toone, W.M.,
Jones, N., and Bahler, J.Chen, D., Wilkinson, C.R., Watt, S., Penkett,
C.J., Toone, W.M., Jones, N., and Bahler, J. (2008) Multiple pathways
differentially regulate global oxidative stress responses in fission
yeast. Mol. Biol. Cell, 19, 308-317.



10360 Nucleic Acids Research, 2014, Vol. 42, No. 16

29. Sadeh, R. and Allis, C.D.Sadeh, R. and Allis, C.D. (2011) 31. Hennig, B.P.,, Bendrin, K., Zhou, Y., and Fischer, T.Hennig, B.P.,
Genome-wide “re”-modeling of nucleosome positions. Cell, 147, Bendrin, K., Zhou, Y., and Fischer, T. (2012) Chdl chromatin
263-266. remodelers maintain nucleosome organization and repress cryptic

30. Pointner, J., Persson, J., Prasad, P., Norman-Axelsson, U., Stralfors, transcription. EMBO Rep., 13, 997-1003.

A., Khorosjutina, O., Krietenstein, N., Svensson, J.P., Ekwall, K., 32. Soriano, I., Quintales, L., and Antequera, F.Soriano, I., Quintales,
and Korber, P.Pointner, J., Persson, J., Prasad, P, Norman-Axelsson, L., and Antequera, F. (2013) Clustered regulatory elements at

U., Stralfors, A., Khorosjutina, O., Krietenstein, N., Svensson, J.P., nucleosome-depleted regions punctuate a constant nucleosomal
Ekwall, K., and Korber, P. (2012) CHD1 remodelers regulate landscape in Schizosaccharomyces pombe. BM C Genomics, 14, 813.

nucleosome spacing in vitro and align nucleosomal arrays over gene
coding regions in S. pombe. EMBO J., 31, 4388-4403.



