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SUMMARY
Despite the symmetrical structure of nucleosomes, in vitro studies have shown that transcription proceeds
with different efficiency depending on the orientation of the DNA sequence around them. However, it is un-
clear whether this functional asymmetry is present in vivo and whether it could regulate transcriptional direc-
tionality. Here, we report that the proximal and distal halves of nucleosomal DNA contribute differentially to
nucleosome stability in the genome. In +1 nucleosomes, this asymmetry facilitates or hinders transcription
depending on the orientation of its underlying DNA, and this difference is associated with an asymmetrical
interaction between DNA and histones. These properties are encoded in the DNA signature of +1 nucleo-
somes, since its incorporation in the two orientations into downstream nucleosomes renders them asymmet-
rically accessible to MNase and inverts the balance between sense and antisense transcription. Altogether,
our results show that nucleosomal DNA endows nucleosomes with asymmetrical properties that modulate
the directionality of transcription.
INTRODUCTION

Nucleosomes are the basic structural units of chromatin upon

which the three-dimensional organization of the genome is built.

Comparative analyses among species have revealed that nucle-

osomes occupy specific positions relative to the DNA sequence

that have beenmaintained across evolutionary timescales.1 That

stable association has left its imprint in the distribution of poly-

morphisms in phase with the nucleosomal profile in yeast and

Drosophila2,3 and has contributed to the emergence of new

exons in the human genome.4

Nucleosomal organization relies on ATP-dependent remod-

eler complexes that facilitate the displacement, eviction, or

replacement of histones in nucleosomes.5,6 Removal of specific

remodelers disarranges the nucleosomal order, deregulates

transcription, and causes unscheduled antisense expres-

sion.7–13 Histone chaperones and histone-modifying enzymes

also contribute to maintaining nucleosomal order and regulate

transcription in the chromatin context.14–17 An additional deter-

minant of nucleosome positioning is the DNA sequence. The

tight wrapping of 147 bp of double-stranded DNA around the

histone core imposes a strong bending along the axis of the

molecule and distorts the spacing and twist between adjacent

nucleotides, especially in sites where the minor groove con-

tacts the octamer surface.18,19 This implies that different DNA

sequences have different energetic requirements to maintain

a stable DNA-histone interaction,19–21 and several studies
C
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have revealed that, despite the symmetrical structure of the

histone octamer, sequence differences between the two halves

of nucleosomal DNA endow nucleosomes with asymmetrical

properties.22–27 For example, single-molecule analyses using

optical tweezers have shown that the force required to unwind

the two DNA strands differs between the two ends of nucleo-

somal DNA. These properties depend on sequence elements

asymmetrically located in the two halves of nucleosomal

DNA, since their swapping inverts the resistance to unwind-

ing.22 These observations parallel previous results that mono-

nucleosomes offer different resistance to the passage of RNA

polymerase II (RNA Pol II) depending on the polarity of tran-

scription.28 As in the case of unwinding, detailed dissection

of the nucleosomal barrier showed that RNA Pol II pausing de-

pends on sequences asymmetrically located relative to the

nucleosomal dyad.29–34 Altogether, this evidence supports

that, despite the symmetrical structure of the histone octamer,

specific sequence elements on the distal and proximal regions

of mononucleosomal DNA can confer asymmetrical properties

to nucleosomes. Most of those studies, however, were done

in vitro and, for technical reasons, focused on a small number

of nucleosomes. Therefore, it is unclear whether these

sequence-dependent polarized properties of nucleosomes are

present in the genomic context and whether they could

contribute to the regulation of transcription directionality. We

have shown that nucleosomal signatures contain information

to target nucleosomes to specific positions on natural and
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artificial DNA molecules in vivo.35,36 Here, we report that nucle-

osomal signatures along genes in the fission yeast Schizosac-

charomyces pombe are asymmetrical and uncover an unsus-

pected layer of information of nucleosomal DNA that

facilitates or hinders the passage of RNA polymerase to regu-

late the polarity of transcription.

RESULTS

Asymmetrical nucleosome signatures and RNA
polymerase pausing along transcription units
Nucleosome signatures were initially described as symmetrical,

because they were derived from nucleosomes along coding

and non-coding genomic regions without taking into account

the directionality of transcription (Figure 1A, genome average

charts).35 In this case, the distribution of the A and C nucleo-

tides is mirrored by the distribution of T and G, respectively,

along the same strand of DNA relative to the dyad. This implies

that the two strands of nucleosomal DNA are palindromic in

terms of base composition and that the amount of A and C is

higher than T and G in the 50 compared with the 30 region of

each strand. However, in view of the mounting evidence of

nucleosomal DNA asymmetry commented on in the introduc-

tion, we wondered whether the A and C signatures would

remain symmetrical to T and G when taking into account the

polarity of transcription.

To test this possibility, we selected seven non-overlapping

groups of nucleosomes along genes in S. pombe and repre-

sented their signatures relative to the direction of transcription.

Figure 1A (top row) shows that the distribution of the four nu-

cleotides in the seven groups was asymmetrical relative to the

dyad position. Asymmetrical signatures are also detectable in

the phylogenetically distant yeast S. cerevisiae (Figure 1A, bot-

tom row) and in Candida albicans and two other species of

Schizosaccharomyces (Figure S1A), although their profiles

are different from those in S. pombe, as expected from the

species specificity of nucleosomal signatures.35 Asymmetry

was more pronounced in the first nucleosome (+1N) than in

downstream nucleosomes in all the species tested, especially

in its promoter-proximal half. Since �1 nucleosomes (�1N)

also flank promoters, we have examined their signature in

S. pombe. Figure S1B shows that the distribution of the four

nucleotides is also asymmetrical but different from that

of +1N, suggesting that they could confer distinctive proper-

ties to +1N to facilitate transcription from unidirectional

promoters.

Experiments on single nucleosomes in vitro have shown that

RNA Pol II pauses at specific positions along nucleo-

somes.28,31,34,38,39 To test whether pausing also occurs in

S. pombe in vivo, we mapped the position of active RNA Pol II

sites reported by Booth et al.37 onto the seven groups of nucle-

osomes. Figure 1B shows a prominent peak of RNA Pol II up-

stream of the dyad of +1N, as previously reported,37 but we

also found higher polymerase occupancy in the proximal half

of each group of downstream nucleosomes relative to the tran-

scription start site (TSS), indicating that RNA Pol II pauses in vivo

before reaching the nucleosomal dyad in S. pombe as has been

reported in S. cerevisiae.40
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The two halves of mononucleosomal DNA contribute
differentially to nucleosome positioning
In vitro experiments have shown that RNA Pol II pausing is

important to generate an intranucleosomal DNA loop during

transcription to maintain the position of nucleosomes relative

to the DNA sequence.29,31,33,34,41 The formation of this loop de-

pends on DNA sequences in the distal half of nucleosomal DNA

relative to the TSS, making it possible that the two halves might

contribute differentially to the stability of nucleosomes.30 To test

this, we modified the proximal and distal halves of nucleosomal

DNA along the S. pombe ura4 and his7 genes to evaluate the

consequences on the stability of their nucleosomal pattern and

transcription in vivo. We selected these two genes as models

because they are non-essential in S. pombe and they are orga-

nized in arrays of well-positioned nucleosomes in wild-type cells

(Figure 2A, WT). We have reported that replacing codons with

synonymous codons in nucleosomal DNA alters the nucleo-

somal positioning profile along genes.36 To test the individual

contributions of the proximal and distal halves to positioning,

we constructed four S. pombe strains in which we replaced 17

codons with synonymous codons between positions �10/�61

(distal) and +10/+61 (proximal) relative to the dyad and to

the TSS of each nucleosome along the open reading frames

(ORFs) of the ura4 and his7 genes. Micrococcal nuclease

sequencing (MNase-seq) occupancy maps showed that

changes in the proximal half of nucleosomal DNA generated a

nucleosomal profile and a distribution of MNase cuts compara-

ble to that of the wild type (Figures 2A and S2). Quantitative anal-

ysis of positioning using DANPOS42 showed that the fuzziness of

only one nucleosome in each gene was higher than in the wild-

type pattern. In contrast, modification of the distal half altered

the position of five nucleosomes in each of the ura4 and his7

genes relative to the wild type and reduced their occupancy,

mostly in ura4, where the alteration in nucleosome positioning

was more severe (Figures 2A and S2). We have made biological

duplicates of the occupancy maps of all the strains in this work,

and we have compared them by the size distribution of MNase

fragments and the concordance of nucleosome fuzziness and

by direct comparison of several specific genomic regions. Re-

sults in Figures S3 and S4 show that differences between repli-

cates fall within the range of experimental variation.

Expression analysis of the two ura4 and his7-modified strains

showed that disruption of the nucleosomal pattern in the distal

strain correlated with a strong downregulation of their expres-

sion, indicating that the loss of positioning was not caused by

overexpression, as happens in highly transcribed genes in

S. pombe.43 By contrast, expression in the ura4 and his7 prox-

imal strains was similar to that of wild type, consistent with their

less-altered nucleosomal profiles (Figure S5A). Analysis of

mRNA stability by thiolutin showed that differences in expression

between the proximal and the distal strains are not due to a lower

RNA stability of the distal RNAs44 (Figure S5B).

Given that theORF of ura4 starts approximately in the center of

the +1N nucleosome, it was not possible to modify the proximal

half of its DNA by codon substitution. This implied that the

sequence underlying +1N remained unmodified in the proximal

strain (Figure 2A, ura4 proximal), while its distal half wasmodified

in the distal strain (Figure 2A, ura4 distal). This left open the
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Figure 1. Asymmetrical nucleosomal signatures and RNA polymerase pausing along transcription units

(A) Base composition along DNA of S. pombe and S. cerevisiae nucleosomes overlapping the transcription initiation (+1N) and termination (TN) sites. +2N

and +3N represent the two nucleosomes immediately downstream of +1N, and TN�2 and TN�3 the two nucleosomes immediately upstream of TN. CN indicates

nucleosomes in the central position of transcription units. The average number of nucleosomes analyzed in each group was 2,600 and 2,700 in S. pombe and

S. cerevisiae, respectively. The arrow indicates the direction of transcription. The genome average charts show the aggregated signatures of nucleosomes in

genes and intergenic regions genome-wide without considering transcription directionality. The random charts indicate the nucleotide distribution along 2,700

DNA regions of 147 bp selected at random along each genome. Vertical dotted lines indicate the dyad position in each group of nucleosomes. The x axis

spans ±75 bp from the dyad in each chart.

(B) Pausing sites of RNA Pol II accumulate in the proximal half of nucleosomes relative to the transcription initiation site in the seven groups shown in (A). The

relative occupancy of RNA Pol II scale is different in +1N and downstream nucleosomes andwas normalized relative to the spike-in average genome as described

by Booth et al.37 The random chart represents the distribution of pausing sites in 660 sequences of 150 bp selected at random in the genome. The dyad position

and the direction of transcription are indicated as in (A).
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possibility that the disorganized nucleosome pattern in the distal

strain could be a consequence of the loss of positioning of +1N.

To test this, we constructed another strain in which we modified

the distal half of +1N in the proximal strain. The MNase-seq map

showed that occupancy of +1N was drastically reduced in this

strain, while the positioning of downstream nucleosomes 2–6

was similar to that of the proximal and wild-type cells (Figure 2A,

proximal (+1N) and Figure S2). RNA expression in this case was

intermediate between the level of the proximal and the distal

strains (Figure S5A). Altogether, these results indicated that the

two halves of nucleosomal DNA along genes contribute differen-

tially to nucleosome positioning and transcription and that posi-

tioning of downstream nucleosomes does not depend on the

correct positioning of +1N.

These results raised the questions of whether the differential

contribution of the two halves of nucleosomal DNAwas a general

property of nucleosomes and whether each half encoded
different and complementary positioning information. To test

these questions, we replaced the DNA region encompassing

the six nucleosomes along the ura4 gene (bracket in Figure 2A)

by six fragments of 150 bp, each generated by combining the

proximal and distal halves of unrelated nucleosomes from

different genes selected at random in the genome (Figure 2B,

complementary). Occupancy maps showed that these chimeric

nucleosomal DNA fragments specified a regular positioning

pattern virtually identical to that of the endogenous ura4 nucleo-

somes that they replaced. By contrast, this pattern was

completely lost if the same sequences of the six proximal and

distal halves were arranged in the same orientation (Figure 2B,

codirectional, and Figure S6). These results indicate that the

two halves of nucleosomal DNA contribute differentially and

complementarily to nucleosome positioning and that this is a

general property of nucleosomes along transcription units. The

sequence of each half of the nucleosomal DNA and their
Cell Reports 43, 113605, January 23, 2024 3
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endogenous positions in the genome are indicated in Table S1.

Biological replicates of all the maps in Figure 2 are shown in

Figure S7.

The orientation of nucleosomal DNA regulates
transcription directionality
Given the asymmetrical contribution of mononucleosomal DNA

to nucleosomal positioning (Figure 2) and the accumulation of

RNA Pol II in the proximal half of +1N and downstream nucleo-

somes (Figure 1B), we asked whether the orientation of nucleo-

somal DNA relative to the directionality of transcription would be

functionally relevant. To address this question, we synthesized

two chimeric constructs (+1N-A and +1N-B), each made up

of eight +1 nucleosomal DNA fragments derived from 16

S. pombe genes selected at random, maintaining the same

orientation relative to transcription as in their endogenous loci.

We also synthesized another two fragments of the same size

(CN-A and CN-B) from nucleosomes in the central position of

another 16 genes, also maintaining the same orientation (Fig-

ure 3A; Table S1). We used these four constructs to replace a

genomic region of the same size encompassing eight well-posi-

tioned nucleosomes along the S. pombe SPAC11D3.16c non-

essential gene. Each construct was inserted in the two orienta-

tions to generate eight strains that maintained the endogenous

nucleosome-depleted promoter region of SPAC11D3.16c (Fig-

ure 3A). Since the chimeras were created by assembling unre-

lated genomic DNA fragments, none of them included any ORF

spanning its entire length.

We measured transcription of the eight constructs on total

RNA using primers at their 30 end to synthesize the cDNAs prior

to qPCR (arrowhead in Figure 3A). Results in Figure 3B (30 bar
charts) show that the level of transcripts of the reverse +1N-A

and +1N-B constructs was strongly reduced relative to the for-

ward versions. We also detected that transcription of +1N-B

was about 10-fold lower than that of +1N-A, although both

were expressed from the same promoter. To explore the causes

of this difference, we repeated the analysis using cDNA primers

approximately 200 bp downstream of the transcription initiation

site (arrowhead in Figure 3A). In this case, the level of transcrip-

tion was similar in the forward and reverse +1N-A and +1N-B

(Figure 3B, 50 bar charts), indicating that RNA Pol II reaches

the 30 end of +1N-B less efficiently than that of +1N-A. This is

likely due to differences in the sequence of the constructs, since

the stabilities of the corresponding RNAs were comparable (Fig-

ure S8A). This difference in transcription at the 30 end of +1N-B

correlates with a lower value of the ratio of Ser2/total RNA Pol

II in +1N-B relative to +1N-A (Figure 3D). Figure 3D also shows
Figure 2. The two halves of mononucleosomal DNA contribute differe

(A) Nucleosome occupancy map (blue) and distribution of MNase cutting sites (b

genome average. Blue rectangles indicate the modified proximal or distal halves r

orange ovals represent nucleosomes along the wild-type ura4 and his7 genes (WT

and ORFs. In the proximal (+1N) strain (top diagram), the distal half of +1N and the

at the same scale of nucleosomal occupancy shown on the left.

(B) The DNA region encompassing six nucleosomes along the ura4 gene (brac

complementary halves from 12 nucleosomes selected at random in the genome (b

in their endogenous loci, and in the codirectional strain, halves are arranged cod

fragment is indicated in Table S1.
that the ratio Ser2-P/total RNA Pol II declines from 50 to 30 in
the reverse +1N-A and +1N-B, in line with the downregulation

of transcription in the same constructs. A possible explanation

for the similar levels of transcription at the 50 end in the forward

and reverse +1N-A and +1N-B is that the two specific +1 nucle-

osomes of the two constructs, which we selected from two

genes chosen at random in the genome (Table S1), do not affect

transcription significantly in the reverse orientation. It is likely that

individual +1 nucleosomes will vary in their potential to allow or

disfavor transcription because the mechanical properties of

bending will depend on their DNA sequence. It is possible that

the strong transcription downregulation at the 30 end of the

reverse +1N-A and +1N-B is due to the cumulative effect of

the eight nucleosomes that make up each construct. A second

and non-exclusive possibility is that the +1 nucleosome in the

reverse orientation might allow the RNA polymerase to escape

the promoter before complete maturation of the preinitiation

complex, whose effect could be undetectable on the +1 nucleo-

some but would result in defective elongation or premature

termination along the reverse constructs.

By contrast, in the case of central nucleosomes, only CN-A

showed a small decrease in transcription in the reverse relative

to the forward construct in total RNA that was not detected in

nascent RNA (see below) (Figures 3B and 3C), consistent with

a similar ratio of Ser2-P/total RNA Pol II in the 50 and 30 regions
of CN-A and CN-B (Figure 3D). The individual distributions of to-

tal and Ser2-P RNA Pol II are shown in Figure S9.

To confirm the differences in transcription between the for-

ward and the reverse constructs, we isolated nascent RNA after

a 6 min pulse with 4-thiouracil using a fixed amount of labeled

S. cerevisiae nascent RNA as spike-in for normalization.45 Re-

sults in Figure 3C show a reduction in transcription in the

reverse +1N-A and +1N-B relative to their forward versions,

similar to that found on total RNA. This approach also detected

the reduced level of transcription at the 30 end of +1N-B relative

to +1N-A.We found no differences between CN-A and CN-B for-

ward and reverse nascent transcripts (Figure 3C), also consis-

tent with the results on total RNA.We have not detected any anti-

sense transcription in any of the eight chimeric constructs nor in

the SPAC11D3.16cwild-type gene, in agreement with published

datasets of transcription in S. pombe46 (www.pombase.org).

To assess whether the resulting chimeras adopted the nucle-

osome profile predicted by their constituent units, we generated

duplicatemaps of nucleosomal occupancy of the eight strains. In

all cases, the eight nucleosomes in their ectopic localization dis-

played a well-positioned profile along the forward and reverse

constructs (Figure S8C). Altogether, these results imply that
ntially to nucleosome positioning

lack vertical lines) along the S. pombe ura4 and his7 genes normalized to the

elative to the TSS in the proximal and distal strains, respectively, and numbered

). Pointed rectangles and red bar spans represent the ura4 and his7 transcripts

proximal half of downstream nucleosomes were modified. All maps are shown

ket in A) was replaced by a DNA fragment of the same size made up of six

rackets). In the complementary strain, halves maintain the same orientation as

irectionally as indicated by their color and number. The genomic origin of each
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the wild-type (forward) orientation of +1 nucleosomal DNA is

permissive for transcription, while its reverse orientation re-

strains it. This effect seems to be specific for +1 nucleosomes,

since parallel analyses did not detect significant differences in

downstream nucleosomes regardless of their orientation.

The polarity of DNA-encoded nucleosomal signatures
modulates the balance between sense and antisense
transcription
The different impacts of the orientation of +1N nucleosomal

DNA on transcription raised the question of whether the +1N

signature could confer the properties of +1 nucleosomes to

other nucleosomes. To test it, we incorporated the +1N signa-

ture in the two orientations in the nucleosomes along the ura4

and his7 genes (Figure 4A) and measured transcription in the

four modified strains. Signatures can be incorporated into

nucleosomal DNA along ORFs by replacing each codon in

the sequence to be modified by the synonymous codon with

the highest score in the corresponding position in the matrix

that defines the signature to be incorporated. This matrix con-

tains the frequency of each dinucleotide along the 147 bp

of +1N nucleosomal DNA derived from thousands of +1 nucle-

osomes (see Quintales et al.35 and González et al.36 and STAR

Methods for details). The resulting modified nucleosomal

sequence mimics the +1N signature as closely as allowed by

the degeneracy of the genetic code and continues to encode

the wild-type protein.

Measurement of the level of sense RNA of the ura4 and his7

genes harboring the reverse +1N signature revealed a 4- and

3-fold decrease, respectively, relative to the +1N forward ver-

sions (Figure 4B, ura4 (S) and his7 (S)), suggesting that the asym-

metrical signature of +1N contains directional information that

favors transcription in the wild-type (forward) orientation and

downregulates it in the reverse. Analysis of RNA stability by thi-

olutin showed slightly higher values for the forward version of the

his7mRNA (Figure S8B) that could partially contribute to the dif-

ferences in the level of sense RNA. Since the ura4 gene, along

with many other genes, is induced in the presence of thiolutin,47

we took advantage of the fact that this gene is rapidly repressed

upon removal of glucose from the medium48 to measure the

decline of its mRNA under these conditions. Results in Fig-

ure S8B show that the stability of the reverse-construct RNA

was slightly higher than that of the forward construct.
Figure 3. The orientation of nucleosomal DNA regulates transcription
(A) Nucleosome occupancy map of the SPAC11D3.16C gene of S. pombe (blue)

ovals represent nucleosomes, the pointed rectangle indicates the transcript, an

and 50 amplicons analyzed by ChIP in (D). Arrowheads indicate the positions of

and +1N-B) made up of 16 fragments of nucleosomal DNA derived from +1N nucle

transcription in their endogenous loci. The same applies to the light and dark red

selected at random (CN-A and CN-B).

(B) Expression of each construct in the forward and reverse orientation using th

Expression was normalized to the S. pombe actin act1 gene. Histograms repres

(C) Expression of the same constructs using the same 30 primers as in (B) but us

ACT1 gene of S. cerevisiae as a spike-in control of nascent RNA. The � histogra

represent the average of two biological replicates.

(D) Ratio of active (Ser2-P) versus total RNA Pol II occupancy measured by ChIP

mating locus. 50 and 30 in the x axis refer to the 50 and 30 amplicons of the eight str

biological replicates per sample. Error bars indicate standard deviation. Student
The wild-type ura4 and his7 genes are adjacent to two conver-

gent genes, tam14 and ccc2, respectively, whose transcripts

overlap with the sense transcripts of the two genes.46 We took

advantage of this fact to test whether the reverse remastered

strains would be more permissive than the forward to antisense

transcription. Figure 4B (ura4 (AS)) shows that antisense ura4

increased dramatically in the reverse construct relative to the for-

ward and also in the his7 gene, although in a lower proportion

(his7 (AS)).

To confirm these differences in expression between the for-

ward and the reverse constructs of ura4 and his7, we measured

transcription on nascent RNA in the four strains by 4-thiouracil

labeling as in Figure 3C. Results in Figure 4C (ura4 (S)) show

that sense transcription in the forward and reverse ura4 strains

was not significantly higher than in the non-labeled control, prob-

ably due to a low rate of RNA synthesis during the short 6 min

pulse of 4-thiouracil, in agreement with the very low level of tran-

scripts detected in the two strains in total RNA (Figure 4B, ura4

(S)). Antisense transcription, however, was clearly higher in the

reverse than in the forward construct (Figure 4C, ura4 (AS)),

also in agreement with the differences found on total RNA (Fig-

ure 4B, ura4 (AS)). In the case of his7, sense transcription was

higher in the forward than in the reverse construct (Figure 4C,

his7 (S)), while the opposite was found for antisense transcription

(Figure 4C, his7 (AS)), also consistent with the results on total

RNA (Figure 4B, his7 (S) and (AS)). Antisense transcription is

also detectable in the ura4 and his7 genes in wild-type cells,

but their level is approximately 30- and 300-fold lower than the

sense, respectively (Figure S5C).

The mirror image distribution of total and active Ser2 RNA Pol

II along the forward and reverse ura4 genes (Figure 4D, ura4) is

probably due to the low level of sense transcription described

above (Figure 4C). In his7, sense transcription was higher than

in ura4, and the levels of total and Ser2 RNA Pol II increased

from 50 to 30, although the increase was lower in the reverse

than in the forward construct (Figure 4D, his7). Altogether, these

results show that the +1N signature contains information such

that it is more permissive to sense transcription when is incorpo-

rated into the forward than into the reverse orientation along the

S. pombe ura4 and his7 genes, while incorporation in the reverse

orientation favors antisense transcription.

Since we modified the nucleosomal DNA sequences of all the

nucleosomes along the entire ura4 and his7ORFs, we wondered
directionality
. Scale on the left indicates occupancy relative to the genome average. White

d the red bar indicates the ORF. White bars below the genes represent the 30

the 30 and 50 cDNA primers. Blue ovals represent the two constructs (+1N-A

osomes in the forward (light blue) and reverse (dark blue) orientation relative to

ovals but using nucleosomal DNA from the central nucleosomes of 16 genes

e 30 and 50 primers indicated in (A) to synthesize the cDNAs from total RNA.

ent the average of two or three biological replicates per sample.

ing nascent RNA as a template (+ histograms). Values were normalized to the

ms indicate transcription on RNA isolated without 4-thiouracil labeling. Values

normalized to input chromatin and to a non-transcribed region of the S. pombe

ains shown in (A). Histograms in (B) and (D) represent averages of three or four

’s t test p values of all the comparisons are shown in Table S2.
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whether the reverse orientation of the +1N by itself would down-

regulate transcription or whether downstream nucleosomes

would also contribute to it. To test the independent contribution

of the two groups of nucleosomes, we generated two strains in

which we incorporated the +1N signature in the two orientations

into the first nucleosome of his7 while maintaining the wild-type

sequence in the remaining eight nucleosomes downstream (Fig-

ure 4E, only +1N). For comparison, we generated two additional

strains in which we maintained the wild-type version of the first

nucleosome but introduced the +1N signature in the two orienta-

tions into the downstream nucleosomes (Figure 4E, not +1N).

Figure 4F shows that incorporation of the reverse +1N signature

into the only +1N strain reduced transcription by 80% relative to

the forward version, while in the not +1N strain, downregulation

was non-significant. Analysis of nascent RNA labeled with

4-thiouracil showed similar differences in the only +1N strain

but detected no significant differences in the not +1N strain (Fig-

ure 4G). These results indicate that the asymmetry of the signa-

ture encoded in the 147 bp sequence of +1 nucleosomal DNA fa-

vors or restrains transcription depending on its orientation, even

when incorporated only in the +1 nucleosome. However, the ef-

fect is undetectable under the same conditions when the reverse

signature is incorporated only into downstream nucleosomes,

highlighting the key role of the asymmetrical signature of +1N

in transcriptional regulation.

Asymmetrical accessibility of +1 nucleosomes toMNase
The asymmetrical contribution of nucleosomal DNA to nucleo-

some stability (Figure 2) opened the possibility that the DNA-

histone interaction could also be different in each half. To test

this, we measured the accessibility to MNase along the

147 bp of nucleosomal DNA around the histone core in the

seven groups of nucleosomes in Figure 1A. After chromatin

digestion with MNase, we isolated DNA fragments without a

size-selection step49 and mapped the distribution of the end

of subnucleosomal fragments included between positions

�75 and +75 relative to the dyad. Histograms in Figure 5A

show that the distributions of 50 and 30 ends in +1N was asym-

metrical relative to the dyad position. This asymmetry, howev-

er, was not detectable in +2N and terminal (TN) nucleosomes

(Figure 5A) or in any of the remaining groups of nucleosomes
Figure 4. The polarity of DNA-encoded nucleosomal signatures modu

(A) Blue and red ovals represent nucleosomes along the S. pombe ura4 and his7

forward and reverse orientations into the nucleosomal DNA along the two genes.

for RNA Pol II occupancy in (D). They do not overlap in the forward and reverse co

case.

(B) Strand-specific expression of each construct in the forward and reverse orienta

actin act1 gene.

(C) Expression of the same constructs using nascent RNA as a template (+ histog

control of nascent RNA. The � histograms indicate the level of transcription on R

biological replicates.

(D) Active (Ser2-P) and total RNA Pol II occupancy measured by chromatin immu

and 30 amplicons of the four strains shown in (A). Histograms in (B) and (D) represe

standard deviation.

(E) The +1N signature was incorporated into the forward and reverse orientations

nucleosomes downstream, while maintaining the wild-type version of +1N (not +

(F) Expression of the four constructs in (E) using total RNA as a template. Expres

(G) Expression of the same constructs using nascent RNA as a template (+ colu

histograms are as in (C). Student’s t test p values of all the comparisons are sho
along the transcripts. Differences in the distribution of MNase

ends are also evident in the +20/�20 region surrounding the

dyad position of +1N (Figure 5B). To analyze the accessibility

of each nucleosomal half independently, we selected subnu-

cleosomal fragments exclusively derived from the proximal

and distal halves (fragments not spanning the dyad position)

of the seven groups of nucleosomes in Figure 1 and analyzed

the distribution of 50 and 30 ends in each of them. Figure 5C

shows that the asymmetrical distribution of MNase cuts of +1

nucleosomes is detectable only in their proximal half. Similar

differences were detected using a 3.5-fold lower amount of

MNase relative to the amount in Figure 5 (Figure S10A). Asym-

metry in +1 nucleosomes was not due to a sequence bias of

the MNase, since the distribution of cuts along the same se-

quences on naked DNA partially digested with MNase showed

a symmetrical distribution of cuts along the corresponding

mononucleosomal regions and in the proximal and distal halves

(Figure S10B).

To test whether the asymmetric accessibility to MNase of +1N

was influenced by its proximity to the nucleosome-depleted re-

gions (NDRs) present in many S. pombe genes,43,50 we ranked

genes by the size of their 50 NDR and analyzed the distribution

of MNase cuts in the top 1,000 +1 nucleosomes associated

with NDRs and in the bottom 1,000 that are not (Figure 5D). Fig-

ure 5E, NDR, shows that the pattern of MNase cuts in the prox-

imal half was equally asymmetric in both groups, indicating that it

was not favored by the proximity to an NDR.

In S. cerevisiae, asymmetric accessibility to MNase and to

chemical cleavage in +1N has been correlated with the presence

of the Remodeling the Structure of Chromatin (RSC) complex

and of the H2A.Z histone.51 To test whether this correlation

was also detectable in S. pombe, we ranked +1 nucleosomes

according to their enrichment in RSC or H2A.Z using the chro-

matin immunoprecipitation (ChIP) datasets of Lee et al.52 and

Clement-Ziza et al.,53 respectively (Figure 5D). Figure 5E shows

that, in both cases, the asymmetric accessibility to MNase

of +1N was maintained in the 1,000 top and bottom groups

of +1 nucleosomes, indicating that it was not caused by the pres-

ence of RSC or H2A.Z. To confirm these results, we generated

libraries of subnucleosomal fragments in the S. pombe rsc1D

mutant lacking the Rsc1 subunit of RSC and in the pht1Dmutant
lates the balance between sense and antisense transcription

genes. Angles inside the ovals represent the +1N signature incorporated in the

Bars below the genes indicate the 50 and 30 amplicons of each construct tested

nstructs because optimal sequences to place the primers are different in each

tion using total RNA as a template. Expression was normalized to the S. pombe

rams). Values were normalized to the ACT1 gene of S. cerevisiae as a spike-in

NA isolated without 4-thiouracil labeling. Values represent the average of two

noprecipitation normalized as in Figure 3D. 50 and 30 in the x axis refer to the 50

nt averages of three or four biological replicates per sample. Error bars indicate

only in the first nucleosome of the his7 gene (only +1N) or in the eight remaining

1N).

sion was normalized as in (B).

mns). Values were normalized to S. cerevisiae spike-in nascent RNA. + and �
wn in Table S2.
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Figure 5. Asymmetrical accessibility of +1 nucleosomes to MNase

(A) Distribution of 50 (blue) and 30 (orange) ends of MNase fragments along nucleosomal DNA associated with +1N, +2N, and terminal (TN) groups of nucleosomes

in Figure 1. Transcription proceeds from left to right. Vertical dotted lines indicate the dyad position in each group of nucleosomes. Differences in the symmetry of

the distributions of 50 and 30 ends were estimated using the Kolmogorov-Smirnov (K-S) test (p values are indicated in each graph).

(B) The asymmetrical distribution of MNase cuts relative to the dyad region in +1N is also detectable in the expanded�20/+20 region indicated by brackets in (A).

(C) Distribution of 50 and 30 ends of fragments derived from the proximal (P) and distal (D) halves of the three groups of nucleosomes shown in (A) (K-S p values of

the distribution of the 50 ends of the proximal half and the 30 ends of the distal half are indicated in each graph).

(D) S. pombe genes (4,474) aligned to the dyad of +1N and ranked according to the size of the 50 NDR (NDR, red) or to the enrichment in RSC or H2A.Z (blue).

Heatmaps represent genomic regions between �1 and +1 kb from the dyad of +1 nucleosomes (0).

(E) Distributions of 50 and 30 ends of fragments in the proximal and distal halves of +1 nucleosomes of the 1,000 top and bottom genes of the distributions indicated

by brackets in (D).

(F) Same as (E) but in +1 nucleosomes of the rsc1D and pht1D mutants.
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lacking H2A.Z and found that the MNase asymmetry of +1N was

maintained as in wild-type cells (Figure 5F).

The signature of +1 nucleosomes specifies
asymmetrical accessibility to MNase
Given the asymmetrical signature of +1 nucleosomes and the

asymmetrical accessibility to MNase, we wondered whether both

features would be functionally related. This possibility predicted

thateachof theninenucleosomesthat incorporated the+1Nsigna-
10 Cell Reports 43, 113605, January 23, 2024
ture into the forward orientation along the his7 gene in Figure 4A

would mimic the asymmetrical accessibility to MNase found

in +1 nucleosomes and that the pattern would be inverted in the

reverse orientation. To test this, we sequenced subnucleosomal

fragments from the two strains harboring the forward and reverse

remastered his7 gene in Figure 4A. Since the number of fragments

aligning to each half of the nine individual nucleosomes along his7

was small, the aggregated profile of MNase cuts along their prox-

imal anddistal halves (Figure 6A)wasmorenoisy than in Figure 5C,



A

C

B

Figure 6. Nucleosomal signatures specify

asymmetrical accessibility to MNase

(A) Aggregated distribution of 50 (blue) and 30 (or-
ange) ends of MNase fragments in the proximal and

distal halves of the nine nucleosomes along the his7

gene that incorporated the +1N signature in the

forward and reverse orientations in Figure 4A. In

both cases, transcription proceeds from left to right.

Results from two independent experiments are

shown (rep 1 and rep 2) (K-S p values of the distri-

bution of the 50 end of the proximal and the 30 end of

the distal half in forward and reverse are indicated in

each plot). Bottom shows the density plots of the

aggregated distributions of 50 and 30 ends in rep 1

and rep 2.

(B) Direct and inverse overlap of the forward and

reverse density plots shown in (A) (K-S p values of

the differences in the distribution of the 50 and 30

ends of the proximal and distal halves in the direct

and inverse overlap are indicated in each plot).

(C) Distributions of 50 and 30 ends in naked DNA in

the same genome regions shown in (A).
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where it was derived from thousands of nucleosomes. However,

results from two independent experiments showed that the profile

of MNase cuts along the nine nucleosomes incorporating the +1N

signature in the forward orientation mimicked the profile of +1N in

the genome (Figure 6A, left). Crucially, this pattern was inverted in

the same nucleosomes along the his7 gene in the strain that incor-

porated the reverse +1N signature (Figure 6A, right). This is clearly

shown by the close overlap of the density profiles of the forward

and the mirror image of the reverse distribution (Figure 6B, inverse

overlap). Naked DNA controls of the same nine nucleosomes

showed that the pattern of MNase cuts in chromatin was not due

to a sequence bias of theMNase (Figure 6C). Altogether, these re-

sults support that the asymmetrical DNA signature of a +1 nucleo-

some by itself can confer asymmetrical accessibility to MNase

when incorporated into nucleosomes along the transcribed region

of the his7 gene.

DISCUSSION

There is increasing evidence from in vitro studies that

nucleosomes can display asymmetrical properties specified by

different sequence elements distributed along nucleosomal

DNA.22,25,28–30,32 During transcription, RNA polymerase pauses

preferentially at specific locations coinciding with sites of stron-

ger DNA-histone interaction. Current models propose that

pausing is required to form an intranucleosomal DNA loop up-

stream of the dyad that could act as a histone transfer intermedi-

ate to maintain the nucleosome position relative to the DNA

sequence. According to these studies, pausingwould be favored

by sequences in the distal half of the nucleosomal DNA that retain

the nucleosome to prevent its eviction while the RNApolymerase

peels off the DNA from the proximal half.29,31,33,34,41

In line with these observations, we have found that the two

halves of nucleosomal DNA contribute differentially to the stabil-

ity of nucleosomes in vivo, such that modifying the distal half of

the S. pombe ura4 and his7 nucleosomes disrupts their organi-

zation and reduces the expression of both genes. By contrast,

changes in the proximal half have a negligible effect, both in

the nucleosomal profile and in expression, suggesting that

sequence elements in the distal half are more critical for nucleo-

some stability (Figures 2A, S5, and S6). This functional comple-

mentarity between the two halves of nucleosomal DNA seems to

be a general property of nucleosomes, since chimeric DNA frag-

ments made by linking the proximal and distal halves of unre-

lated nucleosomes reconstitute the same periodic pattern as

the endogenous sequences (Figure 2B).

It is interesting that disruption of +1N in the ura4 gene does not

affect the position of nucleosomes downstream (Figure 2A),

consistentwith our previous findings.36 This contrastswith the ex-

pectations of the statistical positioning model54 that proposes

that +1N, in combination with transcription factors and ATP-

dependent chromatin remodelers, acts as a barrier from

where downstream nucleosomes are positioned, as supported

by in vitro experiments on reconstituted chromatin in

S. cerevisiae.55,56 Our results suggest that the contribution of

the +1N to positioning adjacent nucleosomes is different in

S.pombeand inS. cerevisiae. This couldbedue todifferencesbe-

tween the twoyeasts in theorganizationofpromoters, theaverage
12 Cell Reports 43, 113605, January 23, 2024
spacingbetweennucleosomes,50or thepresenceof linkerhistone

H1 in S. cerevisiae. Alternatively, the contribution of +1N to statis-

tical positioning could be less relevant in vivo than in vitro.

The importance of the orientation of nucleosomal DNA to

modulate transcription directionality is highlighted by the

different permissiveness along constructs made up of +1 nucle-

osomal DNA in the forward and reverse orientations (Figure 3).

Antisense control is important in the compact genome of

S. pombe, where the average gene density is one every 2–2.5

kb and where many promoters are inherently bidirectional.46,57

In this yeast, transcriptional termination is not as efficient and

sharply defined as in S. cerevisiae, and the RNA polymerase

tends to reach a variable distance downstream of the cleavage

polyadenylation signal.37,46,58–60 Consequently, antisense tran-

scription has been detected in 70% of all S. pombe protein-cod-

ing genes and correlates with downregulation of sense transcrip-

tion.46,57 It is likely that antisense transcription along the reverse

modified ura4 and his7 genes (Figures 4B and 4C) derives from

defective termination of the convergent downstream genes

tam14 and ccc2, respectively. The higher level of antisense in

the reverse modified ura4 gene is consistent with Native Elon-

gating Transcript sequencing (NET-seq) experiments showing

that active polymerases from tam14 reach half way up the

convergent ura4 gene, while in ccc2 they only overlap the 30

end of the his7 gene.46 It also correlates with a higher ratio of

antisense/sense in the wild-type ura4 than in the his7 genes

(Figure S5C).

Although in many organisms some antisense transcripts have

a regulatory role,61 a possible threat is that transcription over

NDRs at promoters could cause their inactivation by removal

of transcription factors or by unscheduled nucleosome occu-

pancy through reduced binding of the RSC chromatin remodeler

by deacetylation of the +1 and �1 nucleosomes.62,63 The strong

opposition of +1N to antisense transcription could protect pro-

moters from such an eventuality.

The contribution of nucleosomes downstream of +1N to tran-

scription directionality is not significant under the same conditions

used to analyze +1N, since only one of the twoconstructsmade up

of central nucleosomes along genes (CN-A) showed a small

decrease in transcription in the reverseorientation in totalRNA (Fig-

ure 3B). The signature of these nucleosomes, however, is not as

strongly asymmetrical as that of +1N (Figure 1A), and it is possible

that their input to transcription directionality could vary depending

on the sequence constraints imposed in individual nucleosomal

DNAs to encode a functional protein. The minor contribution of

downstream nucleosomes relative to +1N is also illustrated by

the results inFigures4Fand4G.However, acollective, albeitminor,

contribution could still be significant based on in vitro experiments

showing that the unwrapping of the two ends of nucleosomal DNA

iscoordinatedsuchthatevena relativelysmallasymmetrybetween

the twosidescanbeamplified togenerate a largeasymmetry in the

mechanical stability of the entire nucleosome.22

Asymmetrical accessibility of MNase to the region between the

�6 and the +6 positions flanking the dyad of +1 nucleosomes has

been reported inS. cerevisiae.51 In that case, asymmetrical nucle-

osomes were enriched in the RSC remodeler and the H2A.Z his-

tone variant. In S. pombe, however, asymmetrical accessibility

of +1N is independent of RSC and H2AZ (Figures 5E and 5F).
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It is possible that the accumulation of RNAPol II in the proximal

half of the +1 nucleosome (Figure 1B) or the proximity to tran-

scription factors bound to the promoter could partially contribute

to the asymmetrical accessibility to MNase in S. pombe chro-

matin. However, the relevance of the DNA sequence is sup-

ported by the fact that the same asymmetry is detected in

non-+1 nucleosomes along the his7 gene after incorporating

the +1N signature along their length (Figure 6A). Crucially, the

asymmetry follows a mirror image profile depending on the

orientation of the signature (Figure 6B), suggesting that these

properties depend on the different affinity of each half of nucle-

osomal DNA for the histone core. Very relevant to these results,

a recent genome-wide analysis of DNA cyclizability as ameasure

of bendability of nucleosomal DNA in S. cerevisiae showed that

cyclizability differs not only between +1N and downstream nu-

cleosomes but also between the two halves of +1N. In addition,

substitution of wild-type codons by synonymous codons alters

the potential for cyclizability.27 These observations are consis-

tent with the differential contribution of each half of nucleosomal

DNA to nucleosome stability (Figure 2) and with our previous

report that replacement of the wild-type codons by synonymous

codons completely deranges nucleosome stability.36

Altogether, our results show that asymmetrical signatures

contain information to endow nucleosomes with asymmetrical

properties that modulate transcription directionality. This implies

that nucleosomal DNA has the potential to encode overlapping

layers of information64 that could include, for example, the asym-

metric GC-rich elements in S. cerevisiae +1 nucleosomes that

specify the order in which the Swi2/Snf2-related 1 (SWR1) re-

modeling complex replaces each H2A-H2B with an H2A.Z-

H2B dimer.65

Limitations of the study
A limitation of functional analyses in vivo is the number of cases

that can be analyzed. We have tested eight constructs in the for-

wardand reverseorientations, eachmadeupof eight individual+1

or central nucleosomal DNAs from genes selected at random in

the genome (Figure 3). Since each fragment has a different

sequence, we would expect some variation in the efficiency of

transcription along different constructs. Some examples of the

variability in the shape and pattern of occupancy among individ-

ual wild-type nucleosomes are shown in Figures S2 and S4. It is

possible that the impact of transcription results from the cumula-

tive contribution of each nucleosomal fragment. The same limita-

tion applies to the eight constructs in Figure 4. In this case, incor-

poration of the +1N signature in the two orientations along the

ura4 and his7 genes will show some variation between nucleo-

somes depending on the coding constraints imposed by the co-

dons of the two genes. Despite these limitations, results are

consistent in all the cases that we have analyzed and show that

the forward or reverse orientation of nucleosomal DNA allows or

hinders transcription and modulates the balance between sense

and antisense transcription.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

RNA polymerase II CTD repeat YSPTSPS antibody Abcam ab26721 (RRID: AB_777726)

Anti-RNA polymerase II CTD repeat YSPTSPS

(phospho S2) antibody

Abcam ab5095 (RRID: AB_304749)

Chemicals, peptides, and recombinant proteins

Zymolyase (R) 20T (Arthrobacter luteus) Amsbio 120491-1

Nuclease micrococcal from Staphylococcus aureus Thermo ScientificTM EN0181

Proteinase K Roche 3115879001

CompleteTM Protease Inhibitor Cocktail Roche 11697498001

Phosphatase Inhibitor Cocktail PhosSTOPTM Roche 4906845001

Dynabeads Protein G for Immunoprecipitation InvitrogenTM 10003D

Thiolutin Abcam ab143556

4-Thiouracil Sigma-Aldrich 440736

EZ-Link HPDP-Biotin, No-Weigh Format Thermo ScientificTM 21341

Formaldehyde solution 36,5-38% Sigma-Aldrich F8775

RNase A from bovine pancreas Roche 10109142001

Phenol equilibrated, stabilized : Chloroform :

Isoamyl Alcohol 25 : 24 : 1

PanReacAppliChem A0889

ß-Mercaptoethanol Sigma-Aldrich M6250

Phire Green Hot Start II PCR Master Mix Thermo ScientificTM F126S

Phusion Green Hot Start II High-Fidelity

DNA Polymerase

Thermo ScientificTM F537S

5-Fluoro Orotic Acid Monohidrate Apollo Scientific PC4054

G-418 Disulphate GibcoTM 11811023

Critical commercial assays

RNeasy Mini Kit (50) Qiagen 74104

NZY Total RNA Isolation kit NZYTech MB13402

mMACSTM Streptavidin Kit Miltenyi Biotec 130-074-101

TB Green� Premix Ex TaqTM (Tli RNase H Plus) Takara RR420A

Biotools High Retrotrasncriptase Starter Kit with

Oligo dT and random primers

Biotools 10082-4119

Blood & Cell Culture DNA Midi Kit Qiagen 13343

GFX PCR DNA and gel band purification kit Cytiva 10536295

Freeze ‘N Sequeeze DNA Gel Extraction

Spin Columns

Biorad 7326165

Qubit dsDNA HS Kit, 500 InvitrogenTM Q32854

Qubit Assay tubes, 500 InvitrogenTM Q32856

High Sensitivity DNA Kit Agilent 5067–4626

Sera-Mag Select DNA size selection and

PCR Clean-Up kit

Cytiva 29343052

PhiX v3 control Illumina FC-110-3001

Nextera XT index kit 24 index, 96 samples Perkin-Elmer 820037

NEXTFLEX ChIP-Seq kit 48 rxns Perkin-Elmer 820020

NextSeq� 500 High Output v2.5 Kit (75 cycles) Illumina 20024906

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Sequence Read Archive (SRA) https://www.ncbi.nlm.nih.gov/

bioproject/PRJNA929707

PRJNA929707

Experimental Models: Organisms/Strains

Strains used in this work are listed in Table S3 Table S3 N/A

Oligonucleotides

Oligonucleotides are listed in Table S4 Sigma-Aldrich N/A

Recombinant DNA

ura4_Proximal(+1N) gBlocksTM Gene Fragments IDT Custom DNA

ura4_Distal gBlocksTM Gene Fragments IDT Custom DNA

ura4_Proximal gBlocksTM Gene Fragments IDT Custom DNA

his7_Distal gBlocksTM Gene Fragments IDT Custom DNA

his7_Proximal gBlocksTM Gene Fragments IDT Custom DNA

Complementary gBlocksTM Gene Fragments IDT Custom DNA

Codirectional gBlocksTM Gene Fragments IDT Custom DNA

+1N-A gBlocksTM Gene Fragments IDT Custom DNA

+1N-B gBlocksTM Gene Fragments IDT Custom DNA

CN-A gBlocksTM Gene Fragments IDT Custom DNA

CN-B gBlocksTM Gene Fragments IDT Custom DNA

ura4_for gBlocksTM Gene Fragments IDT Custom DNA

ura4_rev gBlocksTM Gene Fragments IDT Custom DNA

his7_for gBlocksTM Gene Fragments IDT Custom DNA

his7_rev gBlocksTM Gene Fragments IDT Custom DNA

his7_Only+1N gBlocksTM Gene Fragments IDT Custom DNA

his7_Not+1N gBlocksTM Gene Fragments IDT Custom DNA

Software and algorithms

Bowtie Langmead et al.67 http://bowtie-bio.sourceforge.net/index.shtml

Bedtools Quinlan and Hall68 https://bedtools.readthedocs.io/en/latest/

Nucwave Quintales et al.69 http://nucleosome.usal.es/nucwave

DANPOS Chen et al.42 https://sites.google.com/site/danposdoc/

home?authuser=0

deepTools Ramı́rez et al.70 https://deeptools.readthedocs.io/en/

develop/index.html

Matplotlib Hunter71 https://matplotlib.org

Seaborn Waskom72 https://seaborn.pydata.org/index.html

remaster.py This work https://github.com/rodrigoSantamaria/remaster
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Francisco

Antequera (cpg@usal.es).

Materials availability
Yeast strains generated in this study (Figure S3) are available upon request to the lead contact.

Data and code availability
d All genomic sequencing data generated for this work have been submitted to the NCBI Sequence Read Archive (SRA) and are

publicly accessible under accession number PRJNA929707. (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA929707).

d Code to incorporate nucleosomal signatures into DNA sequences is freely available at GitHub under a GPL 3.0 License (https://

github.com/rodrigoSantamaria/remaster).
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d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Yeast strains
Yeast strains used in this work are listed in Table S3.

METHOD DETAILS

Growth conditions and construction of S. pombe strains harbouring modified DNA sequences
Schizosaccharomyces pombe h-, h- leu 1-32 ura4 DS-E (harbouring an internal deletion of the ura4ORF), h- ura4-d18 and S. pombe

972 h+ ade6-M210 leu1-32 ura4-d18 strains were grown at 32 ºC in rich medium73. All customized DNA molecules used in this work

were synthesized by gBlocks� Gene Fragments (Integrated DNA Technologies). Modified versions of the ura4 gene flanked by

recombination cassettes 100–150 bp long were transformed into the S. pombe ura4 DS-E strain by electroporation and transformant

colonies were selected on plates of minimal medium73. To construct the distal/proximal his7 strains in Figure 2, the endogenous his7

wild type gene was replaced by the ura4 gene in an ura4- S. pombe d18 strain and transformants were selected in minimal medium.

The ura4 genewas subsequently replaced by the distal/proximal versions of the his7 gene and transformants were selected on plates

of minimal medium containing 1 mg/ml 5-fluoroorotic acid (5-FOA). Codirectional and Complementary chimaeric constructs in Fig-

ure 2B were ligated to the kanamycin resistance gene marker and transformed into the S. pombe ura4-d18 strain. Transformants

were selected on rich medium plates containing 100 mg/ml of G418 antibiotic. Chimaeric constructs in Figure 3 were ligated to

the kanamycin resistance marker and used to replace the SPACC11D3.16c gene. The strain where the ura4 gene replaced the

endogenous his7 gene was used to replace ura4 by the modified his7 gene after incorporating the +1N signature in the forward

and reverse orientations byCrispr/Cas9 (Figure 4)74. Transformantswere selected on plates with 5-FOA as above. Correct integration

into the targeted loci in all the strains was confirmed by PCR and DNA sequencing. All the sequences of the constructs used in this

work are shown in Figure S11).

Preparation of mononucleosomal and subnucleosomal DNA fragments and naked DNA controls
Mononucleosomal DNA was prepared from 200 ml of S. pombe cultures growing exponentially at 0.8 x 107 cells/ml. Cells were fixed

with 0.5% formaldehyde for 20 min at room temperature. Glycine was added at 125 mM to stop the reaction and the cells were

washed with water, resuspended in preincubation solution and treated with 8 mg of Zymolyase 20T for 20 minutes at 30 ºC to

generate spheroplasts. Nucleosomes were released by digesting nuclei with a range of micrococcal nuclease (MNase) concentra-

tions between 75 and 250 units/ml at 37 ºC for 45 minutes. The amount of MNase was optimized experimentally for each strain to

generate an 80:20 ratio of mononucleosomes to dinucleosomes50. Samples were incubated at 65 ºC overnight to reverse the cross-

linking in the presence of 1mg/ml Protease K. Nucleosomal ladders were fractionated in 1.5%agarose and the 150 bp band ofmono-

nucleosomal DNA was recovered from the gel to construct the sequencing libraries. Libraries of mononucleosomal DNA were con-

structed 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 experiment, representing 186- to 582-fold genome coverage.

Naked DNA controls were prepared by extracting genomic DNA from the S. pombe strains in Figures 5 and 6 with the Blood & Cell

Culture DNAMidi Kit (Qiagen). Naked DNAwas digested with 1.2 units/ml of micrococcal nuclease (MNase) per microgram of DNA at

37 ºC for 10 minutes. Partially digested DNA was fractionated in a 1.5% agarose gel and the fraction corresponding to fragments

150 bp long (equivalent to mononucleosomal DNA) was recovered and processed to construct the sequencing libraries. Libraries

of subnucleosomal DNA fragments were prepared as described by Henikoff et al.49

Alignment of sequence reads and DANPOS analysis
Reads were aligned using Bowtie67 to the S. pombe genome (ASM294v2.20 assembly 13/08/2013 from PomBase [www.pomba-

se.org]) or to genome versions where wild-type endogenous sequences were replaced by their modified counterparts (Figure S11).

Alignment files were processed using the NucWave algorithm to generate the nucleosome occupancy maps and the frequency dis-

tribution ofMNase cutting sites69. We estimated the difference in fuzziness between specific genomic regions using the dpos utility of

the DANPOS 2 application42 with a span of 1 bp and a read extension of 50 bp to make it compatible with NUCwave maps. We used

the profile utility with a span of 1 bp to analyse the distributions of PRO-Seq counts of RNA polymerase II occupancy in the seven

groups of nucleosomes in Figure 1B.

Chromatin immunoprecipitation and qPCR
Chromatin immunoprecipitation was performed as described by Pidoux et al.75 with somemodifications. Exponential S. pombe cells

were fixedwith 1% formaldehyde for 20min at room temperature. Cells were disrupted in Fast Prep (Fp120, Savant Bio 101) (3 pulses

of 1 minute at speed 4.5) and chilled on ice for 2–3 minutes between each disruption step. Cell extracts were sonicated in a Diage-

node Bioruptor Sonicator Plus (4 cycles of 10 min each with alternating pulses of 30 sec on/off) to shear chromatin to a size range of
18 Cell Reports 43, 113605, January 23, 2024
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200–500 nucleotides. Samples were incubated overnight at 4 ºC with 1 mg of a monoclonal antibody against the CTD repeat

(YSPTSPS) of the largest subunit of RNA polymerase II (ab26721-Abcam) for total RNAPII immunoprecipitation, or with 1 mg of poly-

clonal antibody against the phospho-Ser2 CTD repeat for elongating RNAPII immunoprecipitation (ab5095-Abcam). Samples were

purifiedwith theGFX PCRDNA andGel Band kit (Cytiva). Immunoprecipitated chromatin andwhole cell extract control sampleswere

resuspended in 70 ml of sterile water before being used as a template for qPCR analysis. Primers were designed to amplify fragments

of 70–90 nucleotides corresponding to the 5’ and 3’ regions of each transcript analysed as indicated in Figures 3A and 4A. To ensure

PCR specificity in the chimaeric constructs in Figure 3, forward and reverse primers were designed to anneal to different nucleo-

somes adjacent in the construct but not in the genome.

RNA isolation, RT-qPCR and transcript stability
Total RNA was extracted with the RNeasy Kit (Qiagen). Strand-specific cDNA was synthesized using the Biotools High

Retrotranscriptase-Starter Kit (Biotools) amplifying in each reaction the target cDNA and the normalizer cDNA (S. pombe act1

gene) following the manufacturer’s instructions. Each qPCR reaction was performed in at least three biological replicates.

To measure transcript stability, 30 ml of exponential cultures (DO645 = 0.8) of the different S. pombe strains were treated with

15 mg/ml thiolutin (Abcam) to inhibit RNA polymerase II.66 Samples were taken at 0, 30, 60, 90, 120 and 180 minutes, pelleted

and frozen in dry ice. RNA isolation and RT-qPCR analysis were performed as described above. Results at each time sample

were normalized to the 0 time point and to 28S rRNA (SPRRNA.47) as an internal reference for transcript stability. RNA stability of

ura4 constructs was measured by removing glucose from the culture medium as described by Kim et al.48

RNA labeling and newly transcribed RNA purification
Labeling of nascent RNA with 4-thiouracil was performed as described45. Briefly, 100 ml of S. pombe cells were grown in YES me-

dium at 32ºC to an OD595z 0.8. Newly synthesized RNAs were labeled for 6 min by adding freshly prepared 4-thiouracil (Sigma-

Aldrich) at a final concentration of 5 mM. In parallel, wild-type S. cerevisiae cells were grown in YPD medium, at 30º C and labeled

for 6 min to be used as a spike-in control reference in all samples. After labeling, cells were immediately pelleted and S. pombe and

S. cerevisiae cells were mixed at a ratio of 3:1. Mixed cells were frozen in liquid nitrogen and stored at -80º C. For non-labeling con-

trols, S. pombe and S. cerevisiae cells were grown as described before, but only newly synthesized RNAs from S. cerevisiae cells

were labeled. All the following steps were performed identically for the labeled and non-labeled S. pombe samples. Total RNAs

were extracted using NZY Total RNA Isolation kit (NZYTech) according to the instructions of the manufacturer. RNA biotinylation

was carried out using EZ-link HPDP- Biotin (Thermo ScientificTM). Newly synthesized biotinylated RNAs were bound to 100 mL of

mMACS streptavidin microbeads (Miltenyi Biotec) for 90 min at room temperature with gentle shaking. Purification of labeled RNA

was then carried out using mMACS streptavidin starting kit (Miltenyi Biotec) as described in45.

QUANTIFICATION AND STATISTICAL ANALYSIS

Identification of nucleosome groups along transcription units
We used the S. pombe and S. cerevisiaemaps of nucleosome occupancy reported by González et al.36 to extract the position of the

nucleosome dyads. Maps for Schizosaccharomyces octosporus and Schizosaccharomyces japonicus were described by Quintales

et al.35 and those forCandida albicanswere generated for this work following the same protocol as for S. pombe. The identification of

well-positioned nucleosomes was performed as described by Quintales et al.35 They were defined as peak positions whose level of

occupancy was 1.4-fold above the average genome occupancy and the nearest maximum on each direction was at least 150 nucle-

otides away. According to this criterion, we selected 49,998 well-positioned nucleosomes in S. pombe, 32,246 in S. cerevisiae,

41,678 in S. octosporus, 21,006 in S. japonicus and 29,744 in C. albicans. We identified +1 (+1N) and terminal (TN) nucleosomes

by selecting those overlapping with TSS and TTS. Schizosaccharomyces pombe TSS were obtained from the Deep-CAGE analysis

by Li et al.76. The analysis was expanded to genes not present in that study by RNA-seq data from our lab. Altogether, we identified

4474 +1 nucleosomes in S. pombe, amounting to 88% of all the annotated coding genes in the genome. For TN, we selected nucle-

osomes overlapping the 2839 TTS positions identified by Lantermann et al.50 ForS. cerevisiaewe used the TSS (3613 genes) and TTS

(3157 genes) described by Nagalakshmi et al.77. TSS for S. octosporus and S. japonicuswere reported by Rhind et al.78 and those for

C. albicanswere taken from the Candida GenomeDatabase. Central nucleosomes (CN) were identified as those overlapping the cen-

tral position between TSS and TTS (3248 for S. pombe and 3826 for S. cerevisiae). +2N and +3N nucleosomes were selected by their

adjacent position downstream from +1N (3442 and 2731 for S. pombe and 3561 and 2339 for S. cerevisiae) and TN-2 and TN-3 nu-

cleosomes as those immediately adjacent upstream from TN (1179 and 661 for S.pombe and 1768 and 788 for S.cerevisiae). All

selected nucleosome groups were mutually exclusive.

Generation of nucleotide profiles along nucleosomal DNA
Nucleosomal DNA sequences 150 bp long associated with well-positioned nucleosomes of the seven groups in Figure 1A and Fig-

ure S1 were aligned to the dyad position following the directionality of transcription (except for genome average panels in Figure 1A).
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Base composition profiles were generated by computing the frequency of each nucleotide at each position. For representation pur-

poses, the frequency shown at each position is themean frequency for a 20 nt window (or smaller in the case in the latest 20 positions)

starting at such position.

Statistical analysis
t-Student p values were calculated using the GraphPad QuickCalcs (https://www.graphpad.com/quickcalcs/ttest1/). p-values of all

the qPCR and ChIP analysis in Figures 3 and 4, S5 and S9 are shown in Table S2. Standard deviation was calculated using Excel.

Kolmogorov-Smirnov (K-S) test p values in Figures 5, 6, and S10 were calculated using R.

Incorporation of nucleosomal signatures in the his7 and ura4 ORFs sequences by codon substitution
Nucleosomal signatures35,36 are defined as a 150 x 16 numerical position-specific weight matrix (PSWM) Fwhere Fij is the frequency

of dinucleotide j at position i, log2 normalized by the whole genome frequency of dinucleotide j:

Fij = log2

�
freqðj; iÞ
genfreqðjÞ

�

To generate the PSWM of S. pombe +1 nucleosomes we aligned the sequences of 4474 +1 nucleosomes to their dyad position in

the direction of transcription. We extracted the genomic sequences from PomBase (www.pombase.org) (ASM294v2.20, assembly

13 August 2013). This directional signature was incorporated into each nucleosome of the ura4 and his7ORFs separately, conserving

the wild type sequence of the three nucleotides of the linkers intact. The incorporation was done by maximizing the dinucleotide fre-

quencies based on the PSWMallowed by the synonymous codons tomaintain amino acid composition of the wild type ura4 and his7

proteins. Let ABC be a codon located at position iwithin nucleosomal DNA, where AB and BC are the two overlapping dinucleotides

of the codon. Let {ABC} be the set of all ABC synonymous codons. The new codon XYZ incorporating the signature will be

rem(ABC,i):

remðABC; iÞ = XYZ;maxðFXYi + FYZi+1ÞcXYZ ˛ fABCg
For the ura4 and his7ORF sequences, we selected the nucleosome positions described by González et al.28 Nucleosomes 1 and 6

of ura4 and 1 and 9 of his7, encompass the boundaries of their ORF sequences (Figure 4A) and only the sequences within the ORF

were modified according to their position along the 150 nucleotides of the PSWM. The incorporation of signatures into ORFs was

programmed into a python3 script called remaster.py that computes nucleosomal signatures and incorporates them into ORF se-

quences. The script is freely available at GitHub under a GPL 3.0 License (https://github.com/rodrigoSantamaria/remaster). The

commands used to generate the modified ura4 and his7 sequences in Figure 4 are described in the website above.
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