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In the yeast genome, a large proportion of nucleosomes occupy well-defined and stable positions. While the contribution of
chromatin remodelers and DNA binding proteins to maintain this organization is well established, the relevance of the DNA
sequence to nucleosome positioning in the genome remains controversial. Through quantitative analysis of nucleosome po-
sitioning, we show that sequence changes distort the nucleosomal pattern at the level of individual nucleosomes in three
species of Schizosaccharomyces and in Saccharomyces cerevisiae. This effect is equally detected in transcribed and nontranscribed
regions, suggesting the existence of sequence elements that contribute to positioning. To identify such elements, we incor-
porated information from nucleosomal signatures into artificial synthetic DNA molecules and found that they generated
regular nucleosomal arrays indistinguishable from those of endogenous sequences. Strikingly, this information is species-
specific and can be combined with coding information through the use of synonymous codons such that genes from
one species can be engineered to adopt the nucleosomal organization of another. These findings open the possibility of
designing coding and noncoding DNA molecules capable of directing their own nucleosomal organization.

[Supplemental material is available for this article.]

Most nucleosomes occupy well-defined positions along the yeast
genome that remain constant under many different physiological
conditions (Yuan et al. 2005; Lee et al. 2007; Zhang et al. 2011a;
Soriano et al. 2013). This precise positioning is essential to modu-
late the access of proteins to specific sites in the chromosomes to
regulate transcription (Bai et al. 2010; Koster et al. 2015), replica-
tion initiation (Lipford and Bell 2001; Eaton et al. 2010; Soriano
et al. 2014), and recombination (Pan et al. 2011; de Castro et al.
2012).

Nucleosomal patterns result from the combined contribution
of chromatin remodelers, DNA-binding proteins, and the differen-
tial affinity of nucleosomes for different DNA sequences.
Chromatin remodelers are multiprotein complexes that use ATP
hydrolysis to facilitate the sliding, eviction or histone exchange
of nucleosomes (Clapier and Cairns 2009). Remodelers show dif-
ferent specificity and directionality in their mode of action
(Stockdale et al. 2006; Yen et al. 2012), and the removal of some
of them, like Hrp3 in Schizosaccharomyces pombe (Hennig et al.
2012; Pointner et al. 2012; Shim et al. 2012) or Iswl and Chdl
in Saccharomyces cerevisiae (Gkikopoulos et al. 2011), results in
gross genome-wide alteration of their nucleosomal patterns.

Transcription factors contribute to chromatin organization
through the recruitment of remodelers to promoters (Yudkovsky
et al. 1999; Korber et al. 2004) and also through their ability to
compete with nucleosomes for their binding sites (Badis et al.
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2008; Hartley and Madhani 2009; Tsankov et al. 2011; Soriano
etal. 2013; Koster et al. 2015). Transcriptional regulatory complex-
es bound at promoters could also act as physical barriers from
which regular nucleosomal arrays are generated, as proposed by
the statistical positioning model (Kornberg and Stryer 1988;
Mavrich et al. 2008), through active ATP-dependent mechanisms
(Zhang et al. 2011b).

The third element contributing to nucleosome positioning is
the DNA sequence. The DNA molecule is strongly bent along its
axis, and adjacent nucleotides are also under strong lateral dis-
placement to accommodate 147 base pairs (bp) of double-stranded
DNA in 1.7 turns around the histone octamer (Luger et al. 1997).
Sequence motifs vary in their resistance to deformation, and there-
fore, different DNA molecules offer a different resistance to bend-
ing (Drew and Travers 1985; Thastrom et al. 1999). Sequence
analyses of aggregated nucleosomal profiles have revealed that
some AT-rich dinucleotides are preferentially positioned in the mi-
nor groove of DNA facing the histone core, while GC-rich dinucle-
otides face outward (Satchwell et al. 1986; Ioshikhes et al. 1996;
Lowary and Widom 1998; Segal et al. 2006; Albert et al. 2007).
This alternating organization favors the bending of the DNA mol-
ecule and the electrostatic interaction between arginine residues
and AT-rich sequences in the minor groove of DNA around the his-
tone core (Rohs et al. 2009).

The search for sequence determinants of nucleosome posi-
tioning has led to the identification of some synthetic sequences
with great affinity to form nucleosomes in vitro (Lowary
and Widom 1998), among which the 601 sequence has been

© 2016 Gonzalez et al. This article, published in Genome Research, is available
under a Creative Commons License (Attribution-NonCommercial 4.0 Inter-
national), as described at http://creativecommons.org/licenses/by-nc/4.0/.

1532 Genome Research
www.genome.org

26:1532-1543 Published by Cold Spring Harbor Laboratory Press; ISSN 1088-9051/16; www.genome.org


mailto:cpg@usal.es
mailto:cpg@usal.es
http://www.genome.org/cgi/doi/10.1101/gr.207241.116
http://www.genome.org/cgi/doi/10.1101/gr.207241.116
http://genome.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://genome.cshlp.org/site/misc/terms.xhtml

Nucleosomal signatures and nucleosome positioning

extensively used in many structural studies (Olson and Zhurkin
2011; Ngo et al. 2015 and references therein). Natural sequences
like the 5S RNA also have strong positioning potential in vitro
and in vivo (Simpson and Stafford 1983; Pennings et al. 1991).
Despite these preferences, the extent to which the DNA se-
quence contributes to nucleosome positioning in the genomic
context remains unclear. In some cases, the nucleosomal pattern
in vitro coincides with that of native chromatin in discrete geno-
mic regions (Shen and Clark 2001; Allan et al. 2013; Beh et al.
2015). However, unlike the situation in vitro, the 601 and 603 ar-

tion to probe 1 revealed a gross alteration in nucleosome position-
ing where the sharp regular wild-type profile was replaced by a
much more diffuse pattern (Fig. 1A, 1_6). This altered profile was
confirmed by hybridization to probe 2 to visualize the same region
from the other end of the Hind III fragment (Fig. 1B).

To test whether the loss of positioning along the ORF was
dependent on the destabilization of the +1 nucleosome, we gener-
ated the S. pombe ura4 1_3 strain in which only codons correspond-
ing to nucleosomes 1, 2, and 3 were replaced by the same
synonymous codons as in the ura4 1_6 strain (Supplemental Fig.

tificial sequences do not preferentially
form nucleosomes when integrated into
the genome of S. cerevisiae (Gaykalova
et al. 2011; Perales et al. 2011). Other
studies have shown that the DNA se-
quence is unable to recapitulate the in
vivo positioning pattern at the genomic
scale in chromatin assembly assays in vi-
tro (Zhang et al. 2009).

We have recently described that the
aggregated pattern of the four nucleo-
tides along mononucleosomal DNA
follows well-defined and asymmetrical
patterns that we have called nucleosomal
signatures. They are present in tran-
scribed and nontranscribed regions and
vary widely even among species of the
same genus (Quintales et al. 2015a). In
this work, we have analyzed whether nu-
cleosomal signatures contain informa-
tion capable of targeting nucleosomes
to specific positions in natural and syn-
thetic DNA molecules integrated into
the genome.

Results

Sequence changes in mononucleosomal
DNA destabilize individual nucleosomes

To analyze how robust nucleosomal or-
ganization was to changes in the DNA se-
quence, we selected the genomic region
encompassing the ura4 gene of S. pombe.
This region is organized in a regular
pattern of nucleosomes as shown by par-
tial micrococcal nuclease (MNase) diges-
tion and end-terminal hybridization
(Fig. 1A,B, WT). To modify the sequence
of the ura4 open reading frame (ORF), we
replaced the wild-type codons (except
for the START and STOP codons) by
their synonymous codons such that,
when possible, A or T nucleotides were
changed to C or G, and vice versa. The re-
sulting ORF (61.5% identity to the wild-
type ORF but encoding the same Ura4
protein) was used to replace the wild-
type ORF in its endogenous locus to gen-
erate the S. pombe wura4 1_6 strain
(sequence in Supplemental Fig. S1A).
Partial MNase digestion and hybridiza-
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Figure 1. Sequence changes destabilize nucleosome positioning in the ura4 gene. (A) Chromatin from
wild-type cells (WT) and from the indicated mutant strains were digested with increasing amounts of
MNase (triangles) prior to digestion with Hindlll or Tfil (Shuffled). Samples were electrophoresed, blot-
ted, and hybridized to probe 1, shown in C. (B) WT and 1_6 membranes in A were stripped and rehybri-
dized using probe 2. Some controls of naked DNA digested with MNase, and of chromatin incubated
without MNase, are shown in Supplemental Figure S8. Similar controls were carried out for all the remain-
ing MNase experiments. (C) Diagram of the analyzed region. The ura4 gene is represented by a pointed
rectangle, and the coding region is shown in red. Restriction sites for Hindlll (H) and Tfil (T) and the lo-
calization of the hybridization probes are indicated. The nucleosome occupancy map of wild-type cells
generated by MNase-seq is shown in green. The y-axis indicates occupancy normalized to the genome
average. Vertical dashed lines indicate the position of the ura4 ORF. Nucleosomes are numbered as in A.
(D) Nucleosome occupancy map of the 1_6, 1_3, and Shuffled strains (blue) and DANPOS analysis. Left y-
axis indicates the log,-fold difference in fuzziness in the analyzed region. Red dots represent values above
or below 2c (horizontal dotted lines) of the distribution of this difference between the three modified ura4
versions and the WT. Right y-axis indicates nucleosome occupancy as in C.
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STA). In this case, the impact was lower than in the 1_6 strain and
affected preferentially the region encompassing these three nucle-
osomes, as revealed by the enhanced sensitivity to MNase of their
linker regions (Fig. 1A, panel 1_3).

To quantitatively measure the differences in positioning
among strains, we generated genome-wide MNase-seq maps of
the wild type, 1_6, and 1_3 cells. Briefly, we digested chromatin
with MNase, isolated mononucleosomal DNA, and sequenced it
using the Illumina paired-end protocol (see Methods). We ana-
lyzed the MNase-seq data using the DANPOS 2 application
(Chen et al. 2013a), which is widely used in the analysis of nucle-
osome dynamics (Chen et al. 2013b; Beh et al. 2015; Sebé-Pedros
et al. 2016). This tool allows comparing the position of the nucle-
osome dyad and the degree of positioning and occupancy of indi-
vidual nucleosomes between different MNase-seq maps in a scale
of fuzziness (Chen et al. 2013a; see Methods). The red dots in
Figure 1D show that the level of log,-fold change of fuzziness, in
regions encompassing the modified ura4 sequences (blue) relative
to the wild-type ORF (green), was above 26 (6=0.1) of the mean of
the difference between the two genome-wide maps. The altered
positioning was more extended to the 3’ end of the ura4 ORF in
the 1_6 strain than in the 1_3 strain. The level of occupancy of nu-
cleosomes -1 and -2 was slightly reduced in the mutant strains,
probably due to the altered positioning of the nucleosomes imme-
diately upstream of them.

Genome-wide differences between biological duplicates are
very small, as shown by the overlap between the profiles of dupli-
cated maps corresponding to Figure 1 (Supplemental Fig. S2).
Accordingly, the DANPOS value of the differences between dupli-
cates is close to zero. The same level of coincidence was found be-
tween duplicates of the remaining strains used in this work. The
same quantitative analyses showed no significant differences in
nucleosome positioning between different strains outside the
modified regions (Supplemental Fig. S3).

It is important to note that small differences between nucle-
osomal profiles generated by end-labeling hybridization or by
MNase-seq are likely due to the very different degrees of MNase
digestion. In the first case, chromatin is very mildly digested to al-
low visualization of the entire nucleosomal ladders. As a conse-
quence, most of the hybridization signal is detected at the full-
length restriction fragment. In contrast,
in the MNase-seq analyses, digestion pro-

yses showed that the regular wild-type nucleosomal array was
also significantly disrupted in this strain, suggesting that the
loss of positioning was due to the modification of the primary
DNA sequence and not to changes in the overall base composi-
tion of the ORF (Fig. 1A,D, Shuffled). The distribution of
MNase cutting sites along the ura4 ORF provides a higher resolu-
tion view of the differences between the wild type and the three
mutant strains (Supplemental Fig. S4).

We have previously shown that nucleosome positioning in S.
pombe is altered in approximately 60 genes that are highly ex-
pressed and show an elevated RNA polymerase II occupancy
(Soriano et al. 2013). Chromatin immunoprecipitation and
qPCR analyses showed that the occupancy of RNA polymerase II
along the ura4 gene in the three mutants ranged between 1.0-
and 1.5-fold relative to wild-type cells. Such a small difference is
well below the level at which positioning is disrupted, indicating
that the observed alterations in the nucleosomal profiles were un-
likely to result from major changes in transcription (Supplemental
Fig. S5).

The results obtained with the ura4 ORF raised the question of
whether the link between the DNA sequence and nucleosome po-
sitioning would be exclusive to transcribed regions. To test this
possibility, we selected two well-positioned nucleosomes in an
intergenic region lacking any detectable transcription, as deter-
mined by microarray analysis (Soriano et al. 2013) or by RNA-seq
(Rhind et al. 2011), and substituted their sequences for their ran-
domized versions in the same genomic locus (therefore maintain-
ing the original base composition) (Supplemental Fig. S1B). End-
labeling (Fig. 2A) and DANPOS analyses (Fig. 2B) showed that
the positioning of the two nucleosomes was strongly altered rela-
tive to the wild-type cells. This effect coincided with the modified
sequences and extended to the immediately adjacent nucleosomes
1 and 2, probably as a consequence of the altered interaction be-
tween nucleosomes 3 and 4 with DNA (Fig. 2A,B). In any case,
the additional disruption was due to the randomization of the se-
quences underlying nucleosomes 3 and 4, since this is the only dif-
ference relative to the wild-type control. These results indicated
that modification of mononucleosomal sequences alter the posi-
tioning of nucleosomes associated with them, independently of
transcription.

B
1
SPAC6F6.11c

—Z
=

ceeds until ~80% of the chromatin is re- A
covered as mononucleosomes prior to
sequencing (Lantermann et al. 2010; Kb
Soriano et al. 2013). Despite these differ- 2.00
ences, the two approaches generate com- 1.65
parable results (Fig. 1).

In view of the sensitivity of posi- 1.00 6
tioning with regard to codon changes, 0.85 /1 i
we wondered whether the distribution 3'22 : B
of wild-type codons would be relevant 0.40 | we
to nucleosome positioning. To test this 0.30 | . | 2
possibility, we generated the Shuffled 020 ||
ura4 strain, where we swapped the dif- 0.10 |-
ferent synonymous codons for each wr
amino acid along the wild-type ura4 Figure 2.
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same codons, encoded the same protein,
and was 77.7% identical to the wild type
(Supplemental Fig. S1A). However, end-
labeling, MNase-seq, and DANPOS anal-
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Sequence changes destabilize nucleosome positioning in nontranscribed regions. (A) MNase
end-labeling analysis from wild-type cells (WT) and from the strain harboring randomized sequences un-
derlying nucleosomes 3 and 4 (green). (B) (Top) The position of the SPAC6F6.11c gene and the kanMX
marker gene is indicated. Restriction sites for Nsil (N) and the position of the hybridization probe are in-
dicated. (Middle) Nucleosome occupancy map of the wild-type strain with nucleosomes numbered as in
A. (Bottom) DANPOS analysis of nucleosome positioning of the Random strain relative to the wild type.
Vertical dashed lines indicate the position of nucleosomes 3 and 4. Other symbols are as in Figure 1.
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Mononucleosomal DNA encodes portable positioning
information

Given the close link between nucleosomes and their underlying
sequence, we asked whether mononucleosomal DNA could main-
tain the positioning of individual nucleosomes in ectopic genomic
positions. To address this point, we tried to recapitulate the nucle-
osomal profile of the ura4 ORF by assembling individual mononu-
cleosomal sequences from unrelated genomic loci. We selected six
of these regions from the three chromosomes (sequences and ge-
nomic localization in Supplemental Fig. S1C) and linked them to-
gether to generate a fragment of the same size of the ura4 ORF to
replace it in the endogenous locus. Since only a part of the se-
quences underlying nucleosomes 1 and 6 were included in the
ORF of the ura4 gene, only sequences including the equivalent re-
gions relative to the dyad position were selected from two nucleo-
somes located elsewhere in the genome (Fig. 3A, half-colored
ovals). MNase mapping showed that the nucleosomal pattern of
the chimeric construct was virtually identical to the wild-type
ura4 pattern (Fig. 3B). Even nucleosomes 1 and 6 were well posi-
tioned despite the chimeric origin of their underlying sequences.
As a control, we generated another strain where the sequences of
the six ectopic DNA fragments were randomized individually be-
fore ligating them together in the same order. In this strain,
MNase analysis generated multiple irregularly spaced bands, indic-
ative of the absence of nucleosomal positioning (Fig. 3B, random).
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Figure 3. Mononucleosomal DNA encodes portable positioning infor-
mation. (A) White ovals represent nucleosomes across the ura4 region as
shown in Figure 1, A and C. Colored ovals 2-5 indicate regions that
were replaced by nonadjacent mononucleosomal sequences from unrelat-
ed genomic regions. In nucleosomes 1 and 6, only colored regions were
replaced by equivalent regions from other mononucleosomal DNA se-
quences. The restriction site for Psul (P) and the hybridization probe
(green) are indicated. (B) The MNase end-labeling analysis of wild-type
cells (WT) and of the chimeric construct generated a comparable position-
ing pattern. Nucleosome positioning was lost after individual randomiza-
tion of the sequences underlying the colored regions in A (Random).

These results showed that individual mononucleosomal DNA se-
quences associated with positioned nucleosomes in the genome
maintain their positioning potential when transferred to ectopic
loci.

Positioning information is dispersed across mononucleosomal
DNA

The relevance of the DNA sequence in nucleosome positioning
raised the question of whether different regions of mononucleoso-
mal DNA would contribute differentially to it. To address this
point, we generated three strains where only one third of the
mononucleosomal DNA sequence associated with each of the six
nucleosomes along the ura4 ORF was replaced by the same synon-
ymous codons used in the S. pombe 1_6 strain (Supplemental Fig.
S1D). In the dyad and linker strains, we replaced 51 bp centered
on the midposition of mononucleosomal DNA or on the linker be-
tween adjacent nucleosomes, respectively (Fig. 4A, green and or-
ange sections). In the third strain (int), we replaced the two
remaining internal regions of each mononucleosomal DNA be-
tween positions —51 to —24 and +24 to +51 relative to the dyad
(Fig. 4A, black sections). MNase end-labeling analysis showed
that internucleosomal bands were slightly more diffused than in
the wild type in the three cases, suggesting a small reduction in
the affinity between the modified sequences and the histone
octamers (Fig. 4A). These differences, however, were not detected
as significant by the DANPOS analysis of this region (Fig. 4B) ex-
cept in one or two nucleosomes in each strain. The comparable
profile in the three mutant strains suggested that positioning in-
formation was not preferentially associated with specific regions
of mononucleosomal DNA but probably depended on the collec-
tive contribution of redundant and degenerated elements dis-
persed along its length.

Engineering nucleosomal positioning on synthetic noncoding
DNA sequences

If the DNA sequence plays a significant role in nucleosome posi-
tioning, we surmised that it might be possible to design synthetic
DNA molecules capable of targeting nucleosomes to specific sites
in the genomic context. However, it was not immediately obvious
how to design such sequences given the expected degeneracy of
the putative sequence determinants. Despite the large variability
among the thousands of mononucleosomal sequences in the ge-
nome, their aggregated profiles generate well-defined patterns in
the distribution of the four nucleotides that we have called nucle-
osomal signatures (Quintales et al. 2015a). We hypothesized that
the information contained within these signatures could contrib-
ute to nucleosome positioning, and therefore, we used them as a
starting point in the design of the synthetic DNA sequences. To ex-
tract the sequence information contained in nucleosomal signa-
tures, we generated a position-specific weight matrix (PSWM),
which incorporated the frequency of each of the 16 dinucleotides
along the aggregated profiles of thousands of mononucleosomal
sequences underlying well-positioned nucleosomes (see
Methods). As a consequence of the species-specific nature of nucle-
osomal signatures, PSWMs showed different positional values in S.
pombe, Schizosaccharomyces octosporus, Schizosaccharomyces japoni-
cus, and S. cerevisiae (Fig. 5).

Based on this information, we generated six random sequenc-
es 153 bp long (147-bp core DNA plus 6-bp linker) (Lantermann
et al. 2010) and subjected them to reiterated rounds of mutation
in silico to select those with a high score relative to the S. pombe
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Figure 4. Positioning information is dispersed across mononucleosomal
DNA. (A) MNase end-labeling analysis of wild-type (WT) and the dyad,
linker, and internal mutant strains. Ovals represent nucleosomes across
the ura4 gene. Colored sections indicate the third of the mononucleoso-
mal DNA sequence that was replaced by synonymous codons in the
dyad (green), linker (orange), or internal (black) regions of nucleosomes
1-6. The restriction site for Hindlll and the hybridization probe are indicat-
ed. (B) Nucleosome occupancy maps of the four strains and DANPOS anal-
ysis of nucleosome positioning of the three mutant strains relative to the
wild type. Symbols are as in Figure 1.

PSWM (see Methods for details on the design of the synthetic se-
quences). The resulting 918-bp fragment (Supplemental Fig. S1E)
was integrated into the intergenic, nontranscribed region between
the S. pombe SPAC6F6.11c and SPAC6F6.12 genes (Fig. 6A, red ar-
rowhead). MNase end-labeling and MNase-seq analyses across
the synthetic fragment revealed a regular array of six nucleosomes,
which mapped precisely to the positions predicted by the nucleo-
somal signatures (Fig. 6B, Seq-Sp/Sp; Fig. 6D, red trace).

Since nucleosomal signatures differ among species, we tested
whether the same fragment would also position nucleosomes in
S. cerevisiae. Insertion into the nontranscribed intergenic region
upstream of the YDL211C gene in chromosome IV (Fig. 6A, red ar-
rowhead), followed by MNase end-labeling analysis (Fig. 6B, Seq-
Sp/Sc), showed a banding pattern indicative of some preferred po-

sitions but different from the pattern generated by the same artifi-
cial sequence in S. pombe. MNase-seq analysis (Fig. 6D, dotted
trace) confirmed this result and showed that, in some cases, inter-
nucleosomal positions in S. cerevisiae coincided with dyad posi-
tions in S. pombe. This could be due to the fact that A+ T-rich
sequences are preferentially found at the dyad and linker regions
in S. pombe and S. cerevisiae, respectively (Tillo and Hughes 2009;
Moyle-Heyrman et al. 2013; Quintales et al. 2015a).

These results suggested that it might be possible to design se-
quences based on the S. cerevisiae nucleosomal signature capable of
positioning nucleosomes in its own genome but, maybe, not in
S. pombe. To test this possibility, we synthesized a DNA molecule
of 1008 bp (Supplemental Fig. S1E) based on the S. cerevisiae
PSWM capable of accommodating six nucleosomes (147-bp core
plus 21-bp linker) (Lantermann et al. 2010) following the same
strategy as used for S. pombe. The resulting fragment was integrated
into the same two genomic positions as the previous construct
(Fig. 6A), and end-labeling analysis showed that it generated a per-
fectly regular array of six nucleosomes at the expected positions in
S. cerevisiae (Fig. 6C, Seq-Sc/Sc) but failed to do so in S. pombe (Fig.
6C, Seq-Sc/Sp). The same result was found by MNase-seq analysis
(Fig. 6E). These results show that nucleosomal signatures contain
positioning information capable of targeting nucleosomes to pre-
determined positions on synthetic artificial DNA sequences in a
species-specific manner.

Nucleosome positioning is not maintained on orthologous
sequences of closely related species

Given the incompatibility in positioning between the distantly re-
lated S. pombe and S. cerevisiae species within the Ascomycete lin-
eage (Hoffman et al. 2015), we wondered whether nucleosome
positioning would be maintained over orthologous sequences of
closely related species. To address this question, we replaced the
OREF of the S. pombe ura4 gene by the orthologous ura4 ORFs of
two species of the same genus, S. octosporus and S. japonicus. The
three ORFs are identical in size (795 bp) (Supplemental Fig. S1F),
have a nucleotide identity of 75.0% and 70.2% relative to S. pombe,
respectively, and their encoded amino acid sequences are suffi-
ciently similar (82.6% and 74.6% identity) for them to generate
functionally interchangeable Ura4 proteins. In addition, the
S. octosporus and S. japonicus ura4 ORFs encompass six positioned
nucleosomes in their respective genomes at positions comparable
to those in S. pombe (Supplemental Fig. S6). Despite these similar-
ities, the sharp internucleosomal bands generated by MNase in the
endogenous S. pombe ura4 ORF became slightly more diffuse after
its replacement by the S. octosporus ORF (Fig. 7A, Native). This sug-
gested an increased accessibility of MNase to sequences adjacent to
the linker DNA, perhaps due to a less tight interaction between nu-
cleosomes and DNA than in the endogenous S. pombe ura4 ORF.

These differences fell below the level of detection by DANPOS
(Fig. 7C, S. octosporus, Nat), but a wider dispersion of the MNase
cutting sites was detectable at linker regions in the native S. octospo-
rus ura4 ORF relative to S. pombe (Supplemental Fig. S7). Dispersion
was much greater along the native S. japonicus ura4 ORF
(Supplemental Fig. S7), and the differences in nucleosome posi-
tioning relative to S. pombe were detected by end-labeling (Fig.
7A, S. japonicus, Native) and by DANPOS analysis (Fig. 7C, S. japo-
nicus, Nat). These results reinforce the sensitivity of nucleosome
positioning to exogenous sequences even in the case of ortholo-
gous sequences integrated in the same genomic locus.
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their genomic frequency. Bars on the right represent a color scale associated with the log-odd score

values.

Engineering nucleosomal positioning on orthologous
coding DNA sequences

Given the degenerated nature of nucleosomal signatures, we won-
dered whether they could be incorporated into the ura4 ORFs of S.
octosporus and S. japonicus to reconstitute the S. pombe nucleosomal
pattern. To maintain their native coding specificity, we took ad-
vantage of the degeneracy of the genetic code and replaced the co-
dons along the corresponding six mononucleosomal sequences by
synonymous codons with the highest possible score at each posi-
tion in the S. pombe PSWM. Despite this restriction in the design
of the modified sequences, the two resulting ORFs generated
an MNase end-labeling nucleosomal profile virtually identical
to that of the endogenous ura4 ORF of S. pombe (Fig. 7A,
Remastered). DANPOS analysis of MNase-seq data revealed slightly
negative score values of the remastered S. octosporus ura4 ORF (Fig.
7C, S. octosporus, Rem), indicative of a positioning profile even
sharper than that of the endogenous S. pombe ura4 ORF, which
was used as a reference (Fig. 7B). This effect can be more directly
appreciated in the narrower distribution of MNase cutting sites
at linker regions in the remastered S. octosporus ura4 ORF relative
to S. pombe ORF (Supplemental Fig. S7). A similar reconstitution
of a sharp positioning profile was obtained for the modified S. japo-
nicus ura4 despite the greater differences in positioning of its native
ura4 OREF relative to S. pombe (Fig. 7C; Supplemental Fig. S7). The
nucleotide identity of the modified S. octosporus and S. japonicus
ORF sequences relative to S. pombe was 73% and 71%, respectively,
which is very close to the 75% and 70% identity of their native ver-

neous profile could be induced over the
kan ORF, we generated two versions of
it by replacing its native codons by their
synonymous codons with the highest
score in the S. pombe and S. cerevisiae
PSWM along mononucleosomal DNA
(Supplemental Fig. S1G). MNase end-labeling analysis showed
that these versions generated regular nucleosomal arrays where
nucleosomes occupied the expected positions as determined by
the engineered nucleosomal signatures (Fig. 8B, Kan_Sp; Fig. 8C,
Kan_Sc). Consistent with these results, DANPOS analysis showed
a negative score of the two modified kan sequences relative to
the wild-type kan (Fig. 8D, Kan_Sp; Fig. 8E, Kan_Sc).

To test whether this positioning information was species-spe-
cific, we swapped the modified kan versions between the two
yeasts. Results showed that the regular nucleosomal array of the
Kan_Sc sequence in S. cerevisiae was lost in S. pombe (Fig. 8B,
Kan_Sc) and that the opposite result was obtained when the
Kan_Sp sequence replaced the YKLOO7W OREF in S. cerevisiae (Fig.
8C, Kan_Sp). The MNase-seq occupancy pattern and DANPOS
analysis confirmed a higher fuzziness relative to the wild-type
kan ORF in the two yeasts (Fig. 8D, Kan_Sc; Fig. 8E, Kan_Sp).
Altogether, Figures 7 and 8 show that exogenous eukaryotic or pro-
karyotic ORFs can be engineered in a species-specific manner to di-
rect their packaging into regular nucleosomal arrays with the same
periodicity as those of the endogenous genes of the host.

Discussion

The extent to which the DNA sequence contributes to nucleosome
positioning in the genome remains controversial. As commented
in the Introduction, in vitro approaches using purified compo-
nents have uncovered important aspects of the interaction
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Figure 6. Engineering nucleosomal positioning on synthetic DNA se-
quences. (A) Nucleosomal profile of the genomic regions of S. pombe
and S. cerevisiae, where the artificial sequences were inserted (red arrow-
heads). The restriction sites for Hindlll (H), Bsml (B), and Pagl (P) and
the localization of the hybridization probes (green) are indicated. (B)
The MNase end-labeling analysis of the S. pombe sequence integrated in
S. pombe generates a regular nucleosomal profile as predicted (colored
ovals) (Seg-Sp/Sp). Insertion of the same sequence in S. cerevisiae (bracket)
generates a different pattern (Seq-Sp/Sc). (C) The S. cerevisiae sequence
generates a regular profile after integration in S. cerevisiae (Seq-Sc/Sc)
but fails to position nucleosomes when integrated in the S. pombe genome
(Seqg-Sc/Sp, bracket). (D) MNase-seq occupancy maps of the S. pombe ar-
tificial sequence integrated in S. pombe (red) or in S. cerevisiae (black). (E)
MNase-seq occupancy maps of the S. cerevisiae artificial sequence integrat-
ed in S. cerevisiae (red) or in S. pombe (black).

between DNA and histones but have the inevitable limitation that
they do not always mimic the situation in vivo. This is well illus-
trated by the different positioning potential of the same sequenc-
es, both in vitro and in vivo, at the level of individual nucleosomes
(Gaykalova et al. 2011; Perales et al. 2011) or at genome-wide scale
(Zhang et al. 2009). We have focused our work on the contribution
of the DNA sequence to nucleosome positioning in the genomic
context through two complementary approaches: first, by modify-
ing the sequence in discrete regions, and second, by designing
DNA molecules capable of targeting nucleosomes to specific
positions.

The first striking finding was the degree of sensitivity of indi-
vidual nucleosomes to sequence changes, even when the modified
regions span only 0.3-1.0 kb (2-6 nucleosomes, approximately).

Nucleosome positioning was altered at transcribed (Fig. 1) and
nontranscribed regions (Fig. 2), suggesting that transcription per
se is not a requirement for nucleosome positioning. This is consis-
tent with the similar RNA pol II occupancy of all the modified ver-
sions of the ura4 gene despite their different nucleosomal profiles
(Fig. 1; Supplemental Fig. S5). Independence from transcription
also agrees with positioning being maintained beyond the tran-
scription termination sites and with the presence of regular nucle-
osomal arrays in active and inactive versions of many genes during
mitosis or meiosis (Soriano et al. 2013).

_—] _—] ] ]
-
- -
-
-
-
.
S. pombe Native Remastered S. pombe  Native Remastered
B S. octosporus S. japonicus
5.0
S. pombe 0.5 kb

c

F ' H 5.0

Figure 7. Engineering nucleosomal positioning on eukaryotic coding
DNA sequences. (A) MNase end-labeling analysis of wild-type S. pombe
ura4 (left panel). The pattern of internucleosomal bands becomes more
diffused when the S. pombe ura4 ORF is replaced by the native S. octosporus
or S. japonicus ORFs. The original sharp profile is restored when the codons
of the two ORFs are replaced by synonymous codons, with the highest
score in the PSWM of S. pombe (Remastered). (B) Nucleosome occupancy
map of wild-type S. pombe. Restriction sites for Hindlll (H) and Tfil (T) and
the localization of the hybridization probe (green bar) are indicated. (C)
Nucleosome occupancy maps of the strains harboring the native (Nat)
and remastered (Rem) ura4 ORF of S. octosporus and S. japonicus (blue).
DANPOS analysis of nucleosome positioning of the four mutant strains rel-
ative to the wild type. Symbols are as in Figure 1.
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Figure 8. Engineering nucleosomal positioning on prokaryotic genes. (A) Nucleosomal distribution
across the indicated regions in S. pombe and S. cerevisiae. Genes are represented by pointed rectangles.
Restriction sites for Xhol (X), Pstl (P), Avall (A), Kpn2l (K), and BstxI (B) and the localization of the hybrid-
ization probes (green) are shown. (B) MNase end-labeling analysis of a S. pombe strain where the
SPBC16G5.03 ORF has been replaced by the wild-type kanamycin ORF (Kan_WT) or a version where their
codons have been replaced by the synonymous codons with the highest score in the PSWM of S. pombe
(Kan_Sp). The same sequence is unable to position nucleosomes when it replaces the YKLOO7W ORF in
the genome of S. cerevisiae (Kan_Sp in C). (C) MNase end-labeling analysis of a S. cerevisiae strain where
the YKLOO7W ORF has been replaced by the wild-type kanamycin ORF (Kan_WT) or a version where their
codons have been replaced by the synonymous codons, with the highest score in the PSWM of S. cere-
visige (Kan_Sc). The same sequence is unable to position nucleosomes when it replaces the SPBC16G5.03
ORF in the genome of S. pombe (Kan_Sc in B). (D) DANPOS analysis of modified kan ORFs in S. pombe and
(E) in S. cerevisiae shows a negative score relative to the wild-type kan in each of them (middle panels).
Dotted vertical lines indicate the position of the kan ORF. The positive score when the two modified se-
quences are swapped (top panels) indicates a lower degree of positioning than the unmodified wild-type
kan ORF in the two yeasts.

Additional support for the relevance
of the sequence to direct nucleosome po-
sitioning came from the restoration of
the endogenous S. pombe pattern after
incorporating information from its nu-
cleosomal signature through the use of
synonymous codons within the S. octo-
sporus and S. japonicus ORFs (Fig. 7) and
by the generation of regular nucleosomal
arrays over prokaryotic genes (Fig. 8) and
even on synthetic DNA molecules (Fig.
6). These results also suggest that nucleo-
somal signatures in different yeast spe-
cies contain positioning information
that is correctly interpreted by the
species from which it is derived. This spe-
cies-specificity can contribute to explain-
ing the previous observations that the
same DNA sequences are packed differ-
ently by nucleosomes of phylogenetical-
ly distant species (Bernardi et al. 1992;
McManus et al. 1994; Sekinger et al.
2005; Hughes et al. 2012).

As regards the origin of nucleosomal
signatures, analyses of the substitution
rate of mononucleosomal DNA in related
species have suggested that nucleosomal
positioning relative to the DNA sequence
has remained stable over evolutionary
timescales (Washietl et al. 2008). This
long-term association between histones
and DNA makes it possible that nucleo-
somal signatures could have emerged as
a consequence of a different rate of muta-
tion or biased repair along mononucleo-
somal and linker DNA, due to small
differences in the structure of histone
octamers; in the bias or accessibility of re-
pair proteins (Washietl et al. 2008; Sasaki
et al. 2009); or in the different impact on
the sequence of chromatin remodelers or
epigenetic modifications. Such a muta-
tional scenario is compatible with the
finding that sequence variation along
mononucleosomal DNA is under posi-
tive selection in S. cerevisiae (Warnecke
et al. 2008) and in humans (Prendergast
and Semple 2011). Recent work has re-
vealed the existence of thousands of re-
gions ~1 kb long in the human genome
made up of intrinsic nucleosome-deplet-

The overlap between the length of the modified sequences
and the loss of positioning suggested that sequence elements con-
tributing to nucleosome positioning could have been disrupted.
The existence of such elements was supported by the ability of in-
dividual mononucleosomal sequences to direct nucleosome posi-
tioning when transferred to ectopic regions in the genome and
by the loss of this property after sequence randomization (Fig.
3). Sequence determinants, however, appeared to be species-spe-
cific as shown by the loss of the regular nucleosomal profile along
the S. pombe ura4 ORF after its replacement by the orthologous
OREFs of S. octosporus and S. japonicus (Fig. 7).

ed regions flanked by two or three nucleosomes whose positioning
is encoded in the GC content (Drillon et al. 2016). These results
suggest that nucleosomal signatures could have a positive selective
value for their contribution to nucleosome positioning. These sig-
natures are present genome-wide and, in the case of ORFs, the find-
ing that swapping of synonymous wild-type codons disrupts the
regular nucleosomal profile of the S. pombe ura4 gene (Fig. 1,
Shuffled; Supplemental Fig. S4) suggests the intriguing possibility
that, in addition to modulating the stability of mRNA and its rate
of translation (Plotkin and Kudla 2011; Presnyak et al. 2015), the
distribution of synonymous codons might also contribute to
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nucleosome positioning along ORFs. Nucleosomal signatures have
a strong impact in genome and protein evolution to the extent
that, in the case of coding regions, they correctly predict the rela-
tive distribution of the 20 amino acids along proteins based on the
position of the corresponding codons along mononucleosomal
DNA (Warnecke et al. 2008; Quintales et al. 2015a).

The observation that sequences organized in positioned nu-
cleosomes in a species do not maintain the same organization
when integrated in their orthologous loci in a different species
(Fig. 7) raises the question of how exogenous sequences (or endog-
enous randomized sequences) are distinguished from the native
endogenous ones. It has been recently reported that histones
from different organisms have different affinities for the same
DNA molecules (Allan et al. 2013). These authors suggested that
different histone octamers might have been adapted through evo-
lution to pack genomes that differ widely in base composition,
size, gene density, and other structural and functional properties.
Histone amino acid identity among the yeasts that we have studied
ranges from 96.5% to 99.0% in S. octosporus, 94.7% to 98.5% in S.
japonicus, and 83.9% to 92.6% in S. cerevisiae, relative to S. pombe.
These differences are consistent with the phylogenetic distance of
119, 221, and 350 million years of S. octosporus, S. japonicus and S.
cerevisiae, respectively, relative to S. pombe (Rhind et al. 2011;
Hoffman et al. 2015) and with the fact that the nucleosomal signa-
tures are more similar between S. octosporus and S. pombe than be-
tween S. japonicus and S. pombe (Fig. 5; Quintales et al. 2015a). It is
currently unknown whether these small differences in the histone
octamer could be responsible for the different affinity of nucleo-
somes of different organisms for the same DNA sequence or
whether other factors like histone concentration, the linker-to-
core histone ratio, or other thermodynamic or biophysical param-
eters could be involved (Beshnova et al. 2014). A parameter that
might affect the different nucleosomal positioning of the same
sequences in S. pombe and S. cerevisae is the absence or presence
of histone H1 and an internucleosomal repeat length of 154 bp
or 167 bp, respectively (Lantermann et al. 2010). Different se-
quence requirements between the two yeasts are also present at
nucleosome-depleted regions in promoters. They are enriched in
poly dA:dT elements in S. cerevisiae (Iyer and Struhl 1995; Zhang
et al. 2011b), whereas they are not in S. pombe (Lantermann
et al. 2010). In fact, the A+ T content of these regions is lower
than the intergenic average in S. pombe (de Castro et al. 2012).
Chromatin assembly experiments have shown that the in vivo po-
sitioning pattern at the 5’ end of genes of S. cerevisiae can be recon-
stituted in the presence of ATP-dependent trans-acting factors,
suggesting that the DNA sequence would play a minor role in nu-
cleosome positioning (Zhang et al. 2011b). While it is possible that
ATP-dependent remodelers play a dominant role in that system, it
is conceivable that the various factors contributing to positioning
(see the Introduction) could have a different relative weight under
diverse experimental conditions, across species, and even in differ-
ent regions of the same genome (Beshnova et al. 2014).

The information contained in nucleosomal signatures is
degenerated, can accommodate a great variety of sequences with
similar positioning potential (Fig. 6), and is also redundantly dis-
tributed along mononucleosomal DNA (Fig. 4). The combination
of degeneracy and redundancy makes it possible that a great vari-
ety of sequences can contribute to nucleosome positioning in the
genome. Other matrices have been derived from mononucleoso-
mal DNA based on a probabilistic nucleosome-DNA interaction
model (Segal et al. 2006) or on the concatenation of a 12-bp con-
sensus palindromic motif derived from Caenorhabditis elegans

mononucleosomal DNA (Gabdank et al. 2009). These matrices
and other computational tools have been used to predict nucleo-
some positioning on genomic DNA sequences (revised in Teif
2016) whose predictive power varies widely (Liu et al. 2014). We
have used nucleosomal signature matrices to design sequences ca-
pable of inducing nucleosome positioning in vivo, but we have
not tested their potential to predict nucleosomal positioning in
different species. The fact that they position nucleosomes in a spe-
cies-specific manner (Figs. 6-8), together with the differences
among matrices (Fig. 5), suggests that they would probably not
perform very well as positioning predictors across species.

The potential of nucleosomal signatures to customize nucle-
osome positioning in coding and noncoding sequences, together
with the design of promoters of variable strength, based on their
capacity to position or exclude nucleosomes (Curran et al. 2014),
opens up the possibility of incorporating this information
into the design of synthetic genomes (Annaluru et al. 2014;
Haimovich et al. 2015). On a different scale, it will be worth explor-
ing whether the engineering of exogenous sequences to mimic the
endogenous nucleosomal pattern of eukaryotic hosts has the po-
tential to improve the expression, maintenance, or stability of
genes and vectors of biotechnological interest.

Methods

Yeast strains and growth conditions

The S. pombe 972 h- and h- leu 1-32 ura4 DS-E (harboring an inter-
nal deletion of the ura4 ORF) and S. cerevisiae aw303-1a (MATa
ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100) strains were
transformed with the appropriate DNA fragments to generate all
the mutants used in this work. Cell culture conditions are de-
scribed in Supplemental Methods.

Synthesis of modified DNA sequences and yeast transformation

All modified coding and noncoding DNA molecules used in this
work were synthesized by GeneArt (Life Technologies) and
GeneWiz. S. pombe ura4 DS-E cells were transformed by electropo-
ration with modified versions of the ura4 ORF (Figs. 1, 4, 7) flanked
by recombination cassettes. Transformant colonies were directly
selected in minimal medium. S. pombe 972 h- cells transformed
with constructs different from the ura4 gene (Figs. 2, 3, 6, 8)
were ligated to the kan (kanamycin resistance) gene, and trans-
formants were selected on rich medium plates containing 100
pg/mL of G-418 antibiotic (except 25 pg/mL in Fig. 8A, where
the analyzed wild-type and modified ORF was that of the kan
gene). A control strain for each mutant strain was constructed by
targeting the kan gene alone to the same loci in S. pombe 972 h-
cells. S. cerevisiae aw303-1a cells were transformed by the lithium
acetate protocol, and transformants were selected in plates con-
taining 100 pg/mL of G-418. Correct integration in the targeted
loci in all transformants was monitored by PCR or by standard
DNA sequencing.

Chromatin immunoprecipitation and qPCR

ChIP analysis in Supplemental Figure S5 was performed as de-
scribed in Supplemental Methods.

Digestion with MNase, indirect end-labeling, and preparation of
mononucleosomal DNA

Exponential cultures of S. pombe and S. cerevisiae were processed as
described in Supplemental Methods.
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Next-generation sequencing and DANPOS analysis

Libraries of mononucleosomal DNA were constructed following
the Illumina protocol and were sequenced in an Illumina
NextSeq500 platform using the paired-end protocol.

We generated between 18 and 58 million reads per experi-
ment, representing 186- to 582-fold genome coverage. Reads
were aligned using Bowtie (Langmead et al. 2009) to the S. pombe
genome (ASM294v2.20 assembly 13/08/2013 from PomBase), S.
cereviase (SacCer 3), or to genome versions where specific wild-
type sequences were replaced by their respective modified versions
(Supplemental Fig. S1). Alignment files were processed using the
NUCwave algorithm (Quintales et al. 2015b) to generate the nucle-
osome occupancy maps. Altogether, we generated duplicates of 23
MNase-seq maps corresponding to the mutants described in the
text. The DANPOS 2 application was used to calculate the differ-
ence in fuzziness between specific regions using the dpos utility
with a span of 1 bp and a read extension of 50 bp to make it com-
patible with NUCwave maps (Chen et al. 2013a).

Generation of the position-specific weight matrix

Nucleosomal signatures were defined by the asymmetrical and pal-
indromic distribution of the four nucleotides along 38154, 46120,
27024, and 34526 mononucleosomal DNA sequences of S. pombe,
S. octosporus, S. japonicus and S. cerevisiae, respectively, aligned to
their central (dyad) position (Quintales et al. 2015a). The dimen-
sion of the position-specific weight matrix (PSWM) is 16 (dinucle-
otides) x 150 (positions along mononucleosomal DNA). Values for
each position (i) and for each dinucleotide (NN) are calculated ac-
cording to the expression

Freqi™

NN ’

ScoreMN = log, :
rquenomic

where Freq!™ is the frequency of the NN dinucleotide at position i
in the group of aligned sequences, and Freqlgelfwmic is the average ge-
nomic frequency of the same dinucleotide. Each of the 2384 (16 x
149) elements of the matrix represents the score for each dinucleo-
tide depending on their position along mononucleosomal DNA.
Each species generates a different PSWM depending on their differ-
ent nucleosomal signatures. The genomic GC content of S. pombe,
S. octosporus, S. japonicus and S. cerevisiae is 36.1%, 38.8%, 41.2%,
and 39.7%. Despite this relatively similar composition, the distri-
bution of dinucleotides (Fig. 5), mononucleotides, trinucleotides,
and A+ T profile (Quintales et al. 2015a) is very different among
the four species. Maps of nucleosomal occupancy generated using
different methods like MNase digestion or chemical cleavage of
DNA at the dyad position are very similar (Brogaard et al. 2012;
Moyle-Heyrman et al. 2013; Lieleg et al. 2015; Quintales et al.
2015a, b). This implies that matrices derived from well-positioned
nucleosomes from different experiments will probably be very
similar to those described in this work.

Design of sequences for nucleosome positioning on synthetic
noncoding DNA molecules

To incorporate the information from S. pombe nucleosomal signa-
tures in the noncoding synthetic sequences in Figure 6, we gener-
ated six random sequences 153 bp long (147-bp core DNA plus 6-
bp linker) (Lantermann et al. 2010) with a 36% average G + C con-
tent. In the case of S. cerevisiae, the six sequences were 168 bp long
(147-bp core DNA plus 21-bp linker) (Lantermann et al. 2010) and
had a 38% G + C content. We subjected these individual sequences
to reiterate cycles of random single-point mutation and selected
the resulting sequences after each cycle if they had a higher score

in the position-specific weight matrix) than in the previous cycle.
Since unlimited reiteration would generate six identical mononu-
cleosomal sequences, we repeated the process while the average
identity between them was not significantly higher than the
25% average identity between individual genomic mononucleoso-
mal sequences.

Integration of nucleosomal signatures into ORF sequences
by codon substitution

To reproduce the nucleosomal pattern of an endogenous ORF in
an unrelated ORF of the same size in S. pombe, we identified the
midposition of any of the well-positioned endogenous nucleo-
somes. From this coordinate, we considered that the midposition
of flanking nucleosomes in S. pombe would be at a distance equiv-
alent to multiples of 153 bp, as described in the previous section.
In a second step, for each codon along mononucleosomal DNA,
we selected the synonymous codon with the highest score in the
S. pombe PSWM at the corresponding position. The same protocol
was applied to S. cerevisiae, but in this case, the distance between
nucleosomal dyads was 168 bp and the S. cerevisiae PSWM was
used as a reference. We did not modify wild-type codons corre-
sponding to linker sequences in either yeast. Since none of the
ORFs replaced in S. pombe (ura4 in Fig. 7 and SPBC16G5.03 in
Fig. 8) and in S. cerevisiae (YKLOO7W in Fig. 8) encompassed an in-
teger number of nucleosomes, we maintained the ATG and STOP
codons and modified only the codons included in the ORF.
Wild-type codons in the remaining 150 bp of the two mononu-
cleosomal DNAs including the two ends of the ORFs were not
modified.

Data access

All genomic sequencing data generated for this study have
been submitted to the NCBI Gene Expression Omnibus (GEO;
http://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE84910.
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