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ABSTRACT

The first nucleosomes in the downstream of tran-
scription starting sites are called +1 nucleosomes,
which are expected to be readily unwrapped for DNA
transcription. To investigate DNA accessibility in +1
nucleosomes, MNase-seq experiments were carried
out with 20 reconstituted +1 nucleosomes of budding
yeast. Although MNase has been known for its se-
quence preference in DNA digestions, we confirmed
that this sequence preference is overwhelmed by
DNA accessibility by identifying the sequence-driven
and accessibility-driven cleavages. Specifically, we
find that sequences favoured by MNase at the end
regions such as TA dinucleotide are prohibited from
cleavage at the internal sites in the early stage of
digestion. Nevertheless, sequences less favoured
by MNase at the end regions such as AA/TT din-
ucleotide are predominantly cleaved at the internal
sites in the early stage of digestion. Since AA/TT is
known as a rigid dinucleotide step resistant to DNA
bending, these internal cleavages reflect the local
site exposures induced by DNA mechanics. As the
DNA entry site of +1 nucleosomes in yeast is found
AA/TT-rich, this sequence element may play a role in
gene activation by reducing DNA-histone affinities
along the direction of DNA transcription.

INTRODUCTION

Eukaryotic genes are organized in arrays of nucleosomes
initiating from their transcription starting sites (TSS). The
first nucleosomes in these arrays, termed as +1 nucleosomes,

are highly positioned, leading the downstream nucleosomes
(i.e. +2, +3 ...) in a gradually decreased positioning (1).
Such a pattern of nucleosome organization of genes has
been found in many species, though the reason behind is
still under investigation (2).

As the first hurdle to DNA transcription, +1 nucleosomes
have been found to play critical roles in gene regulation. It
has been reported that +1 nucleosomes interfere in tran-
scription elongation by enhancing RNA Polymerase II (Pol
II) pausing at the promoter-proximal region (3). The stall
enhanced by +1 nucleosomes can serve as a break to recruit
factors for transcription elongation and pre-mRNA pro-
cessing. Furthermore, genome-wide analyses have shown
that +1 nucleosomes especially of active genes are largely
subjected to histone variant substitutions and histone mod-
ifications (4,5). Histone variant H2A.Z is found prevalent
in the +1 nucleosomes of yeast; by replacing the canonical
histone H2A, it can stimulate histone turnover and destabi-
lize +1 nucleosomes for gene activation (6,7). On the other
hand, histone modifications such as acetylation, methyla-
tion and phosphorylation have been extensively studied on
their effects to perturb nucleosome structure and/or reg-
ulate molecular recognition by transcription factors and
chromatin remodellers (8,9). The frequent presence of these
modifications in the +1 nucleosomes is believed to play an
important role in modulating DNA accessibility in nucleo-
somes and facilitating the sequential binding events for Pol
IT transit. Nevertheless, spontaneous site exposures of nu-
cleosomes have also been observed at physiological condi-
tions in vitro (10,11), indicating the inherent dynamic nature
of nucleosomes. DNA sequence, which can encode DNA-
histone interactions and DNA bending mechanics, should
also play a non-negligible role. In this work, we examined
the role of DNA sequence on DNA accessibility in the +1
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nucleosomes of budding yeast by using Micrococcal Nucle-
ase (MNase).

MNase is an endo- and exo-nuclease, which can specif-
ically break down the phosphodiester bond between adja-
cent nucleotides at the presence of calcium ions and in a
pH range from 8.6 to 10.3 (12). In the crystal structure of
MNase complexed with a 3’, 5'-biphosphate thymidine (13),
it shows that M Nase engulfs the thymine base into a binding
pocket and exposes the leaving phosphate group towards a
calcium ion. It is clear that MNase cleaves DNA in a single-
stranded manner. When the substrate is double helix, the
original DNA base pairing and base stacking must be inter-
rupted so that a single DNA base can insert into the bind-
ing pocket, forming a proper binding complex for cleavage.
Since the dissociation of base pairing, deformation of base
stacking and accommodation of a DNA base at the binding
pocket are apparently sequence-dependent, MNase exhibits
evident sequence preference as reported earlier (14-17). De-
spite this, MNase has been successfully used as a probe to
detect DNA accessibility in DNA foot-printing assays. Not
only histones but also other DNA-binding proteins have
demonstrated their ability to shield DNA from MNase di-
gestions (18-20).

In this study, we used MNase to probe the +1 nucleo-
somes of yeast in vitro, to investigate the correlation be-
tween DNA sequence and nucleosome site exposures mir-
rored by MNase digestions. Specifically, we looked into the
cleavages made by MNase on the nucleosome core struc-
tures. This topic may be overlooked in studies where MNase
has been used for chromatin digestions whilst only the
mononucleosomal-sized DNA fragments were sifted for nu-
cleosome positioning mapping. One of the direct conse-
quences is exemplified by the observed discrepancy of nu-
cleosome positioning near the 5 nucleosome free region
(NFR) at very low and high M Nase concentrations (21,22).
Since cleavages made on the nucleosome core structures
could lead to an underestimated positioning, features of nu-
cleosomes which can be both well-positioned and dynami-
cally site-exposed may not be fully recognized. In short, our
results depict how MNase cleaves nucleosomal DNA at a
base pair resolution. We find that the digestion is dictated
by MNase sequence preference at the end regions whereas
driven by a bending-resistant sequence element at the inter-
nal sites in the early stage of digestion. This sequence ele-
ment observed in the +1 nucleosomes of yeast and exam-
ined along the direction of DNA transcription is found to
associate with gene transcription profile of the yeast genome
(23), suggesting the comprehensive role of DNA sequence
in gene regulation.

MATERIALS AND METHODS
Extracting DNA sequences of +1 nucleosomes

The reference genome and TSS of Saccharomyces cerevisiae
were obtained from http://www.yeastgenome.org and http:
/[cosbi3.ee.ncku.edu.tw/yna/statistic, respectively. Nucleo-
some dyad positions were obtained from (24). Along the di-
rection of DNA transcription, nucleosomes with their dyad
positions within 73 bp in the downstream of TSS were de-
fined as +1 nucleosomes in this study. Hence, 3043 +1 nucle-
osomes were identified and their sequences were extracted.
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Frequencies of occurrence of DNA dinucleotides

The +1 nucleosomal DNA sequences were aligned from the
DNA entry site to the exit site, i.e. the direction of DNA
transcription. Frequencies of occurrence were calculated for
each type of DNA dinucleotide steps at each position in a
nucleosome based on the 3043 +1 nucleosomes.

MNase-seq experiments

Selection of 20 +1 nucleosomal DNA sequences. The +1
nucleosomes with a nucleosome centre positioning score-
to-noise ratio higher than 2.0 (24) were selected and sorted
by the ratio of adenine contents in the entry-to-dyad region
and exit-to-dyad region of the DNA sense/+ strand in a de-
scending order. The top 10 +1 nucleosomes with the highest
ratios of adenine content and another 10 with a ratio of 1.0
were selected (Supplementary Table S1).

Nucleosome reconstitution assays. Chemically synthesized
147 bp DNAs (Fasmac) were used for the nucleosome re-
constitution. The human histone proteins (H2A, H2B, H3.1
and H4) were expressed and purified as described previ-
ously (25,26). To reconstitute the histone octamer, freeze-
dried H2A, H2B, H3.1 and H4 were mixed in 20 mM Tris—
HCI (pH 7.5) buffer, containing 20 mM 2-mercaptoethanol
and 7 M guanidine hydrochloride. The sample was dialyzed
against 10 mM Tris—HCl (pH 7.5) buffer, containing 2 M
NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA) and
5 mM 2-mercaptoethanol. Reconstituted histone octamer
was purified by superdex200 gel filtration column chro-
matography in 10 mM Tris—HCI (pH 7.5) bufter, containing
2M NaCl, ] mM EDTA and 5 mM 2-mercaptoethanol. The
nucleosomes were reconstituted by the previously described
method with modification (27). The DNAs were mixed with
the histone octamer in 17 mM Tris-HCI (pH 7.5) buffer,
containing 0.4 mM EDTA, 0.7 M NaCl, 1.3 M KCl, 1.7mM
2-mercaptoethanol and 0.3 mM DTT. The samples were di-
luted with 20 mM Tris—HCI (pH 7.5) buffer, containing 1
mM DTT in six steps: sum of the NaCl and KCl concentra-
tions was decreased in each step to 2, 1.33, 1, 0.8, 0.57 and
0.25 M. Reconstituted nucleosomes were incubated at 55°C
for 1 h.

MNase digestion assays. The nucleosome mixture (94
nM), containing all types of nucleosomes, was incubated
with 5.5 units/ml of MNase (Takara) at 37°C for 1, 3, 6
and 10 min, in 50 mM Tris—HCI (pH 8.0) buffer, contain-
ing 2.5 mM CaCl,, 69 mM NaCl, §1 mM KCI and 1.9
mM dithiothreitol. The reaction was stopped by adding
half volume of deproteinization solution (20 mM Tris—HCI
(pH 8.0), 20 mM EDTA, 0.5 mg/ml proteinase K (Roche)
and 0.1% sodium dodecyl sulphate). The DNA fragments
were purified by using Wizard SV Gel and PCR Clean-
Up System (Promega). For the MNase digestion exper-
iments with nucl9 and its mutants (Supplementary Ta-
ble S1), each nucleosome (94 nM) was incubated with 5.5
units/ml of MNase (Takara) at 37°C for 1 and 3 min un-
der the same conditions as described above. The DNA frag-
ments were extracted by phenol/chloroform/isoamyl al-
cohol and precipitated by ethanol. For the MNase diges-
tion experiments with free DNAs, DNA mixture (94 nM)
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was incubated with 0.5 units/ml of MNase (Takara) at
37°C for 1 and 3 min under the same conditions as nu-
cleosome digestion experiments. The DNA fragments were
purified by phenol/chloroform/isoamyl alcohol extraction
and ethanol precipitation.

Next-generation sequencing. The libraries were prepared
by using the NEBNext Ultra DNA Library Prep Kit (New
England Biolabs). The optimal cycle number was deter-
mined by using the KAPA Real-time Library Amplification
Kit (KAPA Biosystems). The libraries for the digestion as-
says of the 20 +1 nucleosomes were subjected to single-end
sequencing for 50 cycles on an Illumina HiSeq 1500. The
libraries for the digestion assays of free DNAs of the 20
+1 nucleosomes and the mutation experiments were sub-
jected to paired-end sequencing for 50 cycles on an [llumina
MiSeq.

Sequence alignments with Bowtie

After sequencing, DNA reads were mapped to the original
DNA sequences of the 20 +1 nucleosomes with Bowtie. De-
fault parameters for the -n’ alignment mode in Bowtie were
used, so that up to two mismatches were allowed in the seed
region of a length of 28 bp and the sum of quality values at
all mismatched positions would not exceed 70.

Read frequency and cut frequency

A read frequency is defined as the ratio of the number of
reads starting from position ‘p’ on a strand of nucleosome
and the total number of reads aligned on that strand, as
follows:

(p, +)
f(!% +) T = p=96
Z[}:O n(p, +)
(p, -)
f(}h -) = =9
Z,;:o np, -
where ‘+’ and ‘—’ denote the sense and antisense strands,

respectively. Since the minimum length of a DNA fragment
sequenced is 51 bp, the last read start position is 96. A cut
frequency describing the frequency of cleavage between po-
sition ‘p’ and ‘p+1°, denoted as g(,+1, +), is equivalent to the
read frequency at position ‘p+1°, fi,+1, 4).

Non-parametric statistic tests

To compare the cut frequencies of dinucleotides at the spec-
ified region, one-sided Mann—Whitney U-test was used at a
significance level of « = 0.05. The sample to be compared in
the tests is a group of cut frequencies for each dinucleotide
at the end or internal regions, respectively. The end region
is defined from position 1 to 7, which is around the contact-
ing site of the first super helical turn on nucleosome core
structure. At the end region, U-tests were carried out with
the alternative hypothesis defined as H1: AA < TX (X = A,
C, G). For the internal region, a tentative region is defined
from ‘p’ to 73 (dyad), where ‘p’ varies from 1 to 73. For each
tentative region, a U-test between AA and TA dinucleotide

was carried out with H1: AA > TA. It is found that when p
is in the range from 37 to 42, the one-sided P-value is uni-
formly <0.05, with p = 38 showing the highest significance
(P-value = 0.01). The internal region is thus defined from 38
to 73. At the internal region, U-tests were carried out with
H1: AA >TX (X =A, C, G).

Correlation between AA/TT content and MNase digestion
by comparing the two ends of a nucleosome

The amount of digestion at one end of nucleosome is de-
fined as the sum of read frequencies from position 2 to ‘p’,
where ‘p’ varies from 2 to 73. Position 1 was not included
because of the patent MNase sequence specificity at this po-
sition. Similarly, the AA/TT contents of one end of nucle-
osome were determined accordingly. Then, the ratio of di-
gestions and the ratio of AA/TT contents (entry versus exit)
were calculated for each 2 to ‘p’ region of each nucleosome.
The ratios of AAAA/TTTT contents were similarly deter-
mined for each 3 to ‘p’ region of each nucleosome.

RESULTS
DNA entry site of +1 nucleosomes in yeast is AA/TT-rich

Genome-wide nucleosome positioning map of S. cerevisiae
has been determined at a base-pair resolution by Brogaard
et al. in 2012 (24), which enabled us to extract the DNA
sequences of +1 nucleosomes in budding yeast for this study.

In our initial analyses on the +1 nucleosomal DNA se-
quences, we found that there are more AA/TT dinucleotide
steps positioned near the DNA entry site than the exit site
and such a positioning diminishes gradually from the entry
site to the dyad (Figure 1A). However, we did not observe
any featured patterns for the other types of dinucleotide
steps. In the downstream nucleosomes (+2, +3 and +4),
it is only shown that AA/TT is more abundant than the
other types of dinucleotide steps as in the +1 nucleosomes;
whereas there is no difference in AA/TT content between
the entry and exit sites (Supplementary Figure S1). This
finding has also been reported in an earlier study in which
the nucleosome positions of yeast were mapped with a dif-
ferent method (2). Since AA/TT has been characterized as
a bending-resistant dinucleotide step in previous computa-
tional and experimental studies (28-30), we asked if this se-
quence element is utilized in yeast to assist their +1 nucleo-
somal DNA unwrapping for transcription.

To investigate this, MNase-seq experiments were car-
ried out as sketched in Figure 1B. Firstly, 20 +1 nucleoso-
mal DNA sequences (147 bp) were selected to reconstitute
mononucleosomes with human histones. The gel mobility
shift assay revealed that all the reconstituted nucleosomes
migrated similarly on a native polyacrylamide gel as single
sharp bands (Supplementary Figure S2). This result sug-
gests that all DNAs were wrapped properly around histone
octamers within the nucleosomes. It is possible that the re-
constituted nucleosomes exhibit local structural defects (1
or 2 bp) due to the spontaneous rotational repositioning
of nucleosome. However, at a length of 147 bp and with-
out the presence of chromatin remodellers or other chro-
matin regulators, nucleosomal DNAs in the reconstituted
nucleosomes would not undergo the long-range rotational
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Figure 1. Frequencies of occurrence of DNA dinucleotide steps in the +1
nucleosomes of yeast and the sketch of MNase-seq experiments. (A) Fre-
quencies of occurrence of dinucleotide steps at each position in the +1 nu-
cleosomes of yeast were plotted. The DNA sequences were aligned from
the DNA entry to exit site. It is shown that the frequencies of AA/TT din-
ucleotide step are distinctively higher than those of the other dinucleotide
steps at all positions and that the DNA entry site of +1 nucleosomes in
yeast is AA/TT-rich. (B) Schematic illustration of MNase-seq experiments
carried out in this study is shown.

repositioning in super-helical turns. The reconstituted nu-
cleosomes were then incubated with MNase for 1, 3, 6 and
10 min at 37°C. After digestions, DNA fragments on nu-
cleosomes were released from histone cores and sequenced
via single-end sequencing approach. Each experiment was
repeated three times.

Digestion profile changes with incubation time

After sequencing, DNA reads were mapped to the origi-
nal DNA sequences of the 20 +1 nucleosomes with Bowtie.
In our sequencing processes, each DNA fragment was se-
quenced in 50 cycles; therefore, each read originated from
a DNA fragment of a minimum length of 51 bp from the
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starting position to the 3’ end. Read frequencies were cal-
culated for each position on each DNA strand of a nucleo-
some, averaged over the three parallel experiments for each
incubation time. A read frequency, denoted as f(,, ), is the
frequency of fragments starting from position ‘p’ on the
DNA sense (+) or antisense (—) strand of a nucleosome. To
index DNA position ‘p’, the 5’ terminal nucleotides of both
DNA strands were defined from “0’.

Firstly, read frequencies at positions 0(+) and 0(—) and
positions inward are shown in Supplementary Figure S3
and Figure 2A-B, respectively. The read frequencies at O(+)
and 0(—) can approximately reflect the extent of digestions
in the assays, suggesting that around 40-60% of nucleo-
somes were digested amongst different incubation times.
However, these frequencies ( fi, +) and fo, —)) are not pre-
cisely equivalent to the amount of undigested nucleosomal
DNAs. Since single-end sequencing approach was used in
this set of experiments, we could not differentiate DNA
fragments starting from 0(+) or 0(—) by their lengths (>51
bp) to calculate the exact amount of intact nucleosomal
DNAs (147 bp). However, because the read frequencies
were normalized on a strand basis and the cleavages on nu-
cleosomes were measured by read frequencies from 1(+) and
1(—) inward, we do not think the use of single-end sequenc-
ing approach here would bias our further analyses. By us-
ing paired-end sequencing approach, however, the informa-
tion of where a DNA fragment terminates is provided and
therefore the frequencies of fragments terminating at each
position on each DNA strand of a nucleosome can be deter-
mined. In our additional experiments, paired-end sequenc-
ing approach was used.

Next, we compared the read frequencies from 1(+) and
1(—) to the dyad between the 1- and 3-min assays, shown
in Figure 2A and B, respectively. We found that read fre-
quencies at regions from 7(+) and 7(—) to the 5’ ends are
higher in the 3-min assay, indicating that the end regions
were subjected to more digestions in the longer assay. How-
ever, there is a decrease in read frequency at regions from
20(+) and 20(—) toward the dyad in 3 min, revealing that
the 1-min assay is characteristic of more internal cleavages.

To further compare digestions at the end and internal re-
gions between incubation times, cumulative read frequen-
cies were calculated from position 1 averaged over the 40
strands of the 20 +1 nucleosomes, as shown in Figure 2C.
It is clear that at the region from 1 to ~20, digestions were
uniformly enhanced with time. However, at the internal re-
gion from ~20 to ~50, there were more digestions resulted
in the 1-min assay than the longer assays, indicated by the
steepest increment of cumulative read frequencies in 1 min.
More details can be obtained from the differentials of cu-
mulative read frequencies between times as shown in Fig-
ure 2D. Compared with 1 min (3 versus 1 min, 6 versus 1
min and 10 versus 1 min), digestions at positions from 1 to
~20 were gradually intensified from 3, 6 to 10 min. How-
ever, from ~20 to ~50, cleavages at each position of this re-
gion in 1 min were much more frequent, so that the differen-
tials decrease evidently. Moreover, if compared between the
longer assays (6 versus 3 min, 10 versus 3 min and 10 versus
6 min), the differentials first increase as a result of enhanced
cleavages at the end regions and then reach a slowly growing
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plateau indicating that the internal cleavages were slightly
increased with time in these assays.

In summary, the overall digestion profile reflects the gen-
eral accessibility of DNA in nucleosomes, i.e. the end re-
gions are more accessible than the internal sites. More im-
portantly, the outstanding internal cleavages in the 1-min
assay reveal an evolution of substrate for digestion with
time. In 1 min, the initial substrates were intact nucleo-
somes; therefore, MNase would cleave the relatively acces-
sible end regions and the internally exposed sites. However,
with time going on, substrates in the 3, 6 and 10 min assays
became diversified, including both intact nucleosomes and
diversely cleaved intermediates. Hence, although MNase
would continue cleaving the internally exposed sites in the
longer assays, digestions were much more frequent at the
end regions of previously cleaved nucleosomes.

MNase digestion on nucleosomal DNA involves sequence-
driven and accessibility-driven cleavages

To understand how MNase cleaves nucleosomal DNA in a
sequence-dependent manner, we correlate the read frequen-

cies with sequence information of the 20 +1 nucleosomes
as shown in Supplementary Appendix I. From these data,
we identified two distinct digestion patterns on the TA- and
AA-repeated regions.

Digestion of TA-repeated region is hindered by DNA acces-
sibility.  Amongst the 20 +1 nucleosomes, there are three
TA-repeated regions located at different sites in nucOl,
nuc02 and nuclO, respectively (Figure 3A, left panel). In
each of these regions, read frequencies are gradually go-
ing up from the upstream to the downstream since 1 min.
This pattern features a fast digestion of MNase on TA din-
ucleotides in the exo-cleaved manner, so that the upstream
is substantially digested, contributing to the gradually as-
cending frequencies in the downstream. Moreover, if com-
pared between the three TA-repeated regions, digestions
are markedly dependent on the distance to the 5’ end of
DNA. This position-dependent manner suggests that TA
dinucleotides are generally well wrapped on histones, there-
fore MNase is prohibited from accessing the inward TAs if
the upstream has yet been digested.
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Figure 3. MNase digestions on TA- and AA-repeated regions. (A) Read frequencies of TA-repeated regions from the sense/+ strand of nuc01, nuc02 and
nucl0 are shown as a function of incubation time and DNA position. The digestions of nucleosomal DNAs (left panel) are compared with the digestions
of free DNASs (right panel). It shows that although TAs are favourably cleaved in free DNA, they are generally well wrapped on histones and cleavages
on nucleosomal TAs are suspended by the upstream. Therefore, MNase cleaves TAs in nucleosomes from the 5 end of DNA as an exonuclease. (B)
Read frequencies of AA-repeated regions from the antisense/— strand of nuc01, nuc03 and nuc07 are shown as a function of incubation time and DNA
position. The digestions of nucleosomal DNAs (left panel) are compared with the digestions of free DNAs (right panel). It shows that at the inward sites
of nucleosomes, digestions of AAs are allowed via nucleosome site exposures. The evenly distributed read frequencies in AA-repeated regions suggest that

MNase cleaves AAs as an endonuclease in the early stage of digestion.

Further evidence is provided by the digestion results on
free DNA of the same sequence (Figure 3A, right panel)
(full data of free DNA digestions shown in Supplementary
Appendix II). In the form of free DNA, all of the TAs within
the same TA-repeated regions were substantially digested,
regardless of the distance to the 5’ end of DNA; as a result,
there were barely reads starting from thymine and nearly
all of the reads were starting from adenine. However, in
the form of nucleosomal DNA, reads starting from thymine
were still present in the digestion products, suggesting that

digestions on these TAs were prohibited by histone bind-
ing. This result provides the evidence that histone binding
can shield nucleosomal DNA from MNase digestion, even
if the DNA sequence is favoured by M Nase. It is worth men-
tioning that if compared between the three sequences in free
DNA, digestions were also weakened from the end to the in-
ward sites. This is because digestions on TAs in free DNA
proceed in an exo- and endo-manner; therefore, regions near
the 5" end would be more digested due to the exo-cleavages.
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Digestion of AA-repeated region is allowed by nucleosome
site exposure.  Digestions of the AA-repeated regions from
nuc01, nuc03 and nuc07 are presented in Figure 3B (left
panel). It is shown that AA dinucleotides in each of these
regions were evenly cleaved by MNase in the 1-min assay,
nearly independent of the distance to the 5’ end of DNA.
This pattern suggests that MNase can evenly cleave each
dinucleotide in an AA-repeated region as an endonuclease.
To result such a simultaneous accessibility for MNase di-
gestion, exposure of the AA-repeated region is expected.
If these regions were well protected by histone binding,
MNase could only cleave from the 5 end of DNA to re-
sult the wedge-shaped read frequencies as observed in TAs.
However, with digestion going on, the evenly cleaved prod-
ucts were further digested by MNase as an exo-nuclease; as
a result, the ascending read frequencies are observed in the
longer assays.

Digestions of AA-repeated regions in free DNA are
shown in Figure 3B (right panel). No clear differences are
observed for AA digestions in the form of free and nucle-
osomal DNA, as AAs in nucleosomes can also be acces-
sible to MNase via nucleosome site exposure. Nevertheless,
AAsin free DNA are digested in the exo- and endo-manner;
and the exo-cleavages can lead to the wedge-shaped read fre-
quencies as observed in the free DNA of nuc07 since 1 min.
Differently, AAs in nucleosomes are mainly cleaved in the
endo-manner in 1 min, indicated by the evenly distributed
frequencies.

Observations in TA- and AA-repeated regions are confirmed
by mutation experiments. To confirm the observations in
TA- and AA-repeated regions, mutation experiments were
performed. ‘nucl9’ was selected as the wild-type since it
does not have these sequence features and did not exhibit
characteristic digestion patterns in the digestion assays of
the 20 +1 nucleosomes. Four mutants were designed by
replacing the end (position: 0-15) and a further inward
site (position: 14-29) on the ‘“+’ strand of nucl9 with TA-
repeated and imperfect poly-A sequences, respectively (Sup-
plementary Table S1). The wild-type and four mutants were
incubated with MNase individually for 1 and 3 min, and the
digestion products were sequenced via paired-end sequenc-
ing approach.

As shown in Figure 4 (upper half) (full data shown
in Supplementary Appendix III), TAs at the end region
(mut_1) were dramatically digested from the 5 end of DNA
in the exo-manner in 1 min; whilst at the internal site
(mut_3), digestions on TAs were clearly hindered by DNA
accessibility. Differently, AAs at the internal site (mut_4)
were still evenly cleaved due to nucleosome site exposure,
and the digestions in this region were clearly more frequent
than the digestions of the same region in the wild-type se-
quence.

What is more, since paired-end sequencing approach was
used in the mutation experiments, frequencies of DNA frag-
ments terminating at each position on each DNA strand of
a nucleosome can be determined. In Figure 4 (lower half),
we plotted the frequencies of fragments terminating at po-
sitions on the opposite strand of the mutated regions. It is
shown that both DNA strands were nearly symmetrically
digested. As MNase cleaves DNA in a single-stranded man-

ner, our results suggest that when MNase nicks one strand
of DNA at a certain position, it will also cleave the same or
neighbouring positions on the opposite strand.

MNase sequence preference and DNA accessibility dominate
DNA digestions in nucleosome at different regions

We have demonstrated that the sequences favoured by
MNase are well wrapped on histones, therefore, at the end
regions where MNase can easily access from the 5" end of
DNA, digestions could be largely affected by MNase se-
quence preference. Whilst at the internal sites where DNA
is supposed to be inaccessible to MNase, digestions should
be mainly attributed to nucleosome site exposures. To ver-
ify this assumption, we analysed the frequencies of dinu-
cleotide cleavages at the end and internal regions, respec-
tively, based on the digestion results of the 20 +1 nucleo-
somes. Cut frequency is used hereafter to describe the fre-
quency of cleavage on a DNA dinucleotide composed of po-
sitions ‘p” and ‘p+1’ (see “‘Materials and Methods’ section).

MNase sequence preference biases digestions at the end re-
gion. There are three types of dinucleotides standing out
with the highest cut frequencies at position = 1; they are
TA, TC and TG (Figure 5A). Compared with others, these
dinucleotides show extensive digestions at this presumably
accessible region, indicating that they are the preferential
sequences for MNase. Referring to the cleaving mechanism
of MNase revealed by the X-ray crystal structural analysis
(13), it is implied that these three dinucleotides are prone to
deform their base pairing and base stacking to be favourably
cleaved by MNase, which is supported by earlier studies on
DNA mechanics (28,29,31). More importantly, when ex-
tending inward, i.e. from position 1 to 7 which is around
the contacting site of the first super helical turn on nucle-
osome core structure, cut frequencies of these preferential
sequences decrease with distance, consistent with our ear-
lier observations in the TA-repeated regions. Whereas AA
dinucleotide behaves in a different manner that the cut fre-
quencies are modest at position = 1 and nearly independent
of the distance to the 5’ end of DNA from position 2 to 7 in
1 min.

Next, we did statistic tests to verify the significance of dif-
ferences observed in the dinucleotide digestions. We incor-
porated the cut frequencies of each dinucleotide at the spec-
ified region into a group and compared the groups of cut
frequencies between dinucleotides by using the one-sided
Mann—Whitney U-test (¢ = 0.05). U-test compares the me-
dians of two samples and does not require the samples to
be normally distributed as 7-test, which meet our needs. Be-
cause the frequencies are position-dependent and the occur-
rences of different dinucleotides at the same position given
by the 20 +1 nucleosomes are not even, which lead to the
non-normal distributions of cut frequencies.

As shown in Figure 5A, although the preferential se-
quences show extensive digestions at position = 1, the dif-
ferences between AA and TX (X = A, C, G) at the end re-
gion (from position 1 to 7) turn out to be insignificant in
1 min. This is because as mentioned earlier the preferential
sequences are of a higher affinity to histones, as a result, in
the early stage cleavages on these sequences are suspended
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Figure 4. MNase digestions on nucl9 and its four mutants. Read frequencies of nucl9 and its four mutants from 1-min digestion assays are shown. The
digestion products were sequenced via paired-end sequencing approach. In ‘mut_1’ and ‘mut_2’, positions 0—15 on the ‘+’ strand of nucl9 were replaced
with the TA-repeated and imperfect poly-A sequences, respectively. In ‘mut_3’ and ‘mut_4’, positions 14-29 on the ‘+’ strand of nucl9 were replaced with
the TA-repeated and imperfect poly-A sequences, respectively. The mutated regions are shaded in blue. The frequencies of reads starting from each position
in the range from 0 to 40 on the ‘+’ strand are shown in the upper panels. The frequencies of reads terminating at each position on the opposite strand
(‘=) of the mutated regions are shown in the lower panels. Note that frequencies at positions 0(+) and the paired positions on the opposite strand (‘—") of

nucl9, mut_2, mut_3 and mut_4 are above 0.08 and therefore not shown.

by the upstream. However, in 3 and 6 min, the preference of
MNase for TA and TC over AA is shown to be significant.
Whilst in 10 min, digestions at the end region have been ex-
haustive, therefore the significance of differences vanishes.
As for TG, although it shows a higher cut frequency at po-
sition = 1 than AA as well as a higher median in the 6 and 10
min assays, the differences are suggested to be insignificant.

DNA accessibility dominates digestions of inward DNA in the
early stage. Initially we did not know from which starting
position to the dyad can be defined as an internal region
to account for nucleosome site exposure. Thus, we varied
the starting position from 1 to 73 (dyad) and did U-tests
for each tentative internal region between AA and TA din-
ucleotides for the 1-min assay. The result suggests that when
the region is defined from 37~42 to the dyad, AA is signif-
icantly more cleaved than TA, with 38 showing the highest
significance (P-value = 0.01) (Supplementary Figure S4).
Such a range (37~42) for the starting position of internal
region is expected, because MNase sequence preference af-
fects the digestions in the upstream towards the 5’ end and
the digestions in the downstream close to the dyad are too
weak to observe a significant difference. Thus, we defined
the internal region from 38 to 73.

The results for the internal region are shown in Figure 5B.
Firstly, digestions of each dinucleotide in 1 min are shown
to diminish towards the dyad where DNA-histone interac-
tions have been predicted as the strongest (32). More impor-
tantly, as expected, AA dinucleotide is significantly more
cleaved than all the identified preferential sequences in 1
min, confirmed by the U-tests (Figure 5B). However, in 3
min, TA is quickly more digested than AA, due to the in-

creased accessibility of TA to MNase with digestion going
on. Whilst for TC and TG, it is only in the 10-min assay
that the preference of MNase starts to effectively bias the
digestions.

Thus, we conclude that it is DNA accessibility rather than
MNase sequence preference that dominates digestions of
inward DNA in the early stage and that AA dinucleotide
is the site-exposure sequence, less favoured by MNase com-
pared with the preferential sequences.

Successive rather than isolated AA|TT steps are responsible
for site exposure.  Since AA and TT refer to the same din-
ucleotide step, they should share the same mechanics to in-
duce site exposure and be detected by MNase. However, we
did observe discrepancies between the two dinucleotides in
the U-tests. It is shown that at the end region the median
of TT is generally lower than those of the preferential se-
quences in all assays, whereas a significant difference is only
observed in 10 min against TC (Figure 5SA). As for the in-
ternal region in 1 min, TT is only shown to be significantly
more cleaved than TG (Figure 5B). If TT is also responsi-
ble for site exposure as AA, overwhelming digestions on TT
should be expected when compared with TA and TC as well.

To find out the reason, we examined the frequencies of
occurrence of AA and TT in the 20 +1 nucleosomes. We
find that there are 49% of AA dinucleotides residing in a
AA-repeated region of a minimum length of 4 bp (i.e. an A-
tetramer) in the regions from 0 to 73 of both DNA strands.
However, this value for TT is only 26%, indicating that
most TTs are in the same region as isolated dinucleotides.
This difference may explain our concern above, as succes-
sive AA/TT dinucleotide steps should be able to induce site
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Figure 5. Frequencies of dinucleotide cleavage at the end and internal regions. (A) Cut frequencies of dinucleotides AA, TA, TC, TG and TT at the
end region are shown in boxplots for different incubation times. The end region was defined from dinucleotide position 1 to 7 and the frequencies were
transformed in the log10 scale. One-sided Mann—Whitney U-tests were carried out to compare the digestions at the end region between AA/TT and TX (X
=A, C, G) at a significance level of 0.05. The alternative hypotheses were defined as H1: AA < TX and H1: TT < TX, respectively. If the one-sided P-value
is lower than 0.05, the null hypothesis is rejected in favour of the alternative hypothesis. The symbolic indications of statistical significance are as follows:
(1) *: P-value < 0.05; (ii) **: P-value < 0.01; (iii) ***: P-value < 0.001; (iv) ****: P-value < 0.0001 (same below). (B) Cut frequencies of dinucleotides
AA, TA, TC, TG and TT at the internal region are shown in boxplots for different incubation times. The internal region was defined from dinucleotide
position 38 to 73 and the frequencies were transformed in the logl0 scale. One-sided Mann—Whitney U-tests were carried out to compare the digestions
at the internal region between AA/TT and TX (X = A, C, G) at a significance level of 0.05. The alternative hypotheses were defined as HI: AA > TX and

HI1: TT > TX, respectively. Here, the alternative hypotheses were reversed from those defined for the end region so that the expected decisions are always
indicated by P-value < 0.05.



exposures whereas the bending rigidity of a single AA/TT
step may not.

In addition, since single-end sequencing approach was
used to sequence the digestion products of the 20 +1 nu-
cleosomes, we could not determine the frequencies of cleav-
age on the opposite strand of AA-repeated regions (i.e. TT-
repeated regions). However, in our mutation experiments
where paired-end sequencing approach was used, we do ob-
serve the comparable digestions of TT-repeated regions on
the opposite strand (Figure 4).

Besides the dinucleotides discussed so far, we also exam-
ined digestions on the other dinucleotides (Supplementary
Figures S5 and 6). For the preferential sequences, we did not
identify dinucleotides other than those mentioned above for
which MNase shows a preference (Supplementary Figure
S7). However, for the site-exposure sequences, we did ob-
serve others which have also been recognized as rigid din-
ucleotides in previous studies (28,29), showing significant
cleavages in 1 min, such as AC, AG and AT (Supplemen-
tary Figure S8). We believe that these dinucleotides could
also induce nucleosome site exposures at sites in genomes
where they are abundant.

Correlation between MNase digestions and contents of site-
exposure sequence

Next, we compared the two ends of a nucleosome to investi-
gate the correlation between MNase digestion and AA/TT
content. The two ends refer to the DNA entry and exit site
of a nucleosome. By extending from the entry and exit site
to the dyad one position at a time, we calculated the ratio of
digestions (sum of read frequencies) between the two ends
(entry versus exit) and the corresponding ratio of AA/TT
contents.

Firstly, we classified the 20 +1 nucleosomes into two
groups based on the numbers of site exposure sequence
elements (denoted as ‘SESEs’ and defined as discrete
AAAA or TTTT segments) in their sequences. Specifically,
if there are three or more SESEs in the region from 0 to
73 on either strand of a nucleosome, that nucleosome is
grouped into the class of nucleosomes with SESEs; on the
other hand, nucleosomes with two or fewer SESEs in the
same region on each strand are grouped into the class of
nucleosomes with no or fewer SESEs.

Correlations of the two classes of nucleosomes from the
1- and 3-min assays are shown in Figure 6A. The rectangle
regions shaded in red and blue indicate that the entry site of
a nucleosome with more AA /TTs is more digested and that
the exit site with more AA/TTs is more digested, respec-
tively. It is shown that data points of the class of nucleo-
somes with SESEs are well confined in the shaded rectangle
regions, with a correlation coefficient of 0.35 and 0.63 for
the 1- and 3-min assays, respectively. This result reveals a
positive correlation between AA/TT content and the ten-
dency of one end of nucleosome to dissociate from his-
tones driven by the AA/TT-dependent site exposures and
reflected by MNase digestions.

However, for nucleosomes with no or fewer SESEs, data
points are largely scattered outside of the shaded regions
and show nearly no correlations, as indicated by the correla-
tion coefficients of 0.07 and 0.00 for the 1- and 3-min assays,
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respectively. This result is expected that not all of the 20 +1
nucleosomes show positive correlations between MNase di-
gestions and AA/TT contents. Because MNase digestion is
not exclusively on AA/TT dinucleotides, substantial diges-
tions can also occur on other types of dinucleotides if they
are favoured by MNase especially at the end regions where
DNA is presumably accessible. For nucleosomes with no or
fewer SESEs, AA/TT dinucleotides in these nucleosomes
are mostly as isolated dinucleotides which cannot provoke
nucleosome site exposures, therefore digestions were mainly
proceeded from the 5 end of DNA and fluctuated by the
sensitivity of MNase to different types of dinucleotides en-
countered. Hence, for nucleosomes with no or fewer SESEs,
MNase digestion is not AA/TT-dependent.

In addition, we have also examined the correlations be-
tween MNase digestions and AAAA/TTTT contents (Fig-
ure 6B). Compared with the correlations examined on the
AA/TT content, higher correlation coefficients were ob-
served, especially for the class of nucleosomes with no or
fewer SESEs (0.19 and 0.33 for the 1- and 3-min assays,
respectively). This result suggests that as long as there are
SESEs in the sequence which can induce nucleosome site
exposures to promote MNase digestions, MNase digestion
is positively correlated with AAAA/TTTT content and that
AAAA/TTTT is more robust than AA/TT when referred
as a site-exposure sequence.

AA/TT contents in the +1 nucleosomes of yeast are associ-
ated with gene transcription levels

Since AA/TT is abundant at the entry site of +1 nucleo-
somes in yeast, we propose that this sequence element might
be utilized in gene regulation to facilitate DNA unwrapping
for transcription. Here, we associate the transcription lev-
els of yeast genes reported in an earlier study (23) with the
AA/TT contents in their +1 nucleosomes.

The results are shown in Table 1. For the low tran-
scribed genes, for example, there are 368 of them associated
with a +1 nucleosome of a greater AA/TT content in the
entry-to-dyad region (than the exit-to-dyad region). On the
other hand, there are 257 low transcribed genes with more
AA/TTs in the exit-to-dyad region in their +1 nucleosomes.
This difference in the numbers of genes gives a ratio of 1.43.
It is found that when the transcription level advances, this
ratio also increases. For the highly transcribed genes, this
ratio reaches 1.99, indicating that nearly two thirds of the
highly transcribed genes are coupled with a +1 nucleosome
with more AA/TTs in the entry-to-dyad region. The signif-
icance of the ratios is indicated by the P-values from Chi-
squared tests shown in the parentheses. Similar results were
obtained for the AAAA/TTTT element.

This analysis unveils a coincidence in the yeast genome
that the highly transcribed genes are more likely to position
more AA/TTs in the entry-to-dyad region than the exit-
to-dyad region in their +1 nucleosomes. As AA/TT is able
to induce nucleosome site exposure, this positioning could
lower the overall DNA-histone affinities in the entry-to-
dyad region of +1 nucleosomes to facilitate DNA dissoci-
ation for Pol II transit.

However, it is worth mentioning that we did not observe
a simple linear correlation between the absolute amount of



7134 Nucleic Acids Research, 2018, Vol. 46, No. 14

* Nucleosomes with SESEs < Nucleosomes with no or fewer SESEs ‘

Log2 ratio of digestion frequency
(entry vs exit)

-2 ; R_with SEsEs=0.35 E R_with SESEs=0.63
ER;JHh no or fewer SESEs=0.07 E _with no or fewer seses=0.00

-3 E i
=3 -2 =1 0 1 2 3-3 -2 = 0 1 2 3

Log2 ratio of AA/TT content (entry vs exit)

* Nucleosomes with SESEs - Nucleosomes with no or fewer SESEs ‘

B
I -
3 : :
- : :
2 : :
s 2 | |
g i i
5% T i -
.?) 2 : L) 3 0 : ' : I G
[N | | PnnRRRRTTe L | R R N
__g’ > 5w O O l 96 o0} T l . e e o0 o ' ol
ol " ’ R
5S, | S d 6600 8 o |
S ' i |
%) -2 R_with SESEs=0.39 R _with seses=0.71
— ER with no or fewer SESEs=0.19 ER with no or fewer SESEs=0.33
-3 5 5
-3 -2 -1 0 1 2 3-3 -2 -1 0 1 2 3

Log2 ratio of AAAA/TTTT content (entry vs exit)

Figure 6. Correlation between MNase digestions and contents of site-exposure sequence by comparing the two ends of a nucleosome. Correlations between
MNase digestions and AA/TT contents in the 1- and 3-min assays are shown on the left and right panels of (A), respectively. Similarly, (B) shows the
correlations of MNase digestion versus AAAA/TTTT content from the 1- and 3-min assays. The shaded rectangle regions in red indicate that the entry
site of a nucleosome with more AA/TTs or AAAA/TTTTs gets more digested; the regions in blue indicate that the exit site with more AA/TTs or
AAAA/TTTTs gets more digested. The 20 +1 nucleosomes are divided into two groups based on the numbers of site exposure sequence elements (SESEs,
defined as discrete AAAA or TTTT segments) in their sequences. Specifically, nucleosomes with SESEs (coloured in black) are those with three or more
SESEs on either strand of the nucleosomes, including nuc01, nuc02, nuc03, nuc05, nuc07, nucl0 and nuc20. Oppositely, nucleosomes with no or fewer
SESEs (coloured in orange) consisting of the rest of the +1 nucleosomes, are those with two or fewer SESEs on each strand. Correlation coefficients for
each class of nucleosomes under each incubation time are also indicated.

Table 1. AA/TT contents and gene transcription levels

AA/TT content AAAA/TTTT content
Range of level Entry-to- Exit-to- Entry-to- Exit-to-
Level (in log2) dyad dyad Ratio dyad dyad Ratio
No_trans (0, 2] 81 67 1.21(0.3) 68 66 1.03 (0.93)
Low (2,4] 368 257 1.43 (2.6 x 1072) 322 212 1.52 (1.7 x 1072)
Medium (4, 6] 531 348 1.53 (2.0 x 1073) 457 299 1.53 (4.1 x 107%)
High (6, +00) 287 144 1.99 (5.7 x 10~%) 245 131 1.87 (3.3 x 107%)

The transcription levels of yeast genes have been measured in a previous study via RNA-seq approach (23) and classified into four categories as listed
above. For each transcription level, the numbers of genes associated with a +1 nucleosome of a greater AA/TT content in the entry-to-dyad region, in the
exit-to-dyad region and the ratio between the two are shown, respectively. Results examined for the AAAA/TTTT element are also shown. P-values from
Chi-squared tests are shown in the parentheses. In the Chi-squared tests, the null hypothesis HO is defined as the ratio = 1.



AA/TTs and transcription levels, i.e. genes with their +1
nucleosomes possessing more AA/TTs in the entry-to-dyad
region than the other genes do not turn out to be more tran-
scribed. Since transcription is a complex process involving
a variety of regulating factors; DNA sequence, as one of
them, may help in nucleosome unwrapping whereas it is not
likely to interfere with gene transcription levels.

What is more, the transcription levels of yeast genes we
referenced in our study were measured under the vegetative
growth. It should be noted that the transcription levels of
genes can vary, dependent on the growth conditions, cellu-
lar states, etc. Hence, it is worth of efforts in future to inves-
tigate how the correlation evolves under different growth
conditions and cellular states.

DISCUSSION

DNA sequence plays a non-negligible role in regulating DNA
accessibility in nucleosomes

Existing studies have elaborated that access to DNA in
nucleosomes can be regulated via different mechanisms,
e.g. chromatin remodelling (33-35), histone modifications
(36,37), histone variants (5,6) and chaperones (38-40).
These mechanisms differ in their ways and outcomes of trig-
gering nucleosome destabilization, but ultimately, they all
destabilize nucleosomes by altering DNA-histone interac-
tions. It has been known that the DNA-histone interac-
tions to promote and sustain the nucleosome core structure
are barely sequence-dependent, evidenced by the reconsti-
tuted nucleosomes with different DNA sequences. However,
upon formation, nucleosomes can be highly dynamic (‘frag-
ile’) or remain stabilized, depending on the binding affinities
between DNA and histones. DNA sequence as a determi-
nant to sequence-dependent DNA-histone interactions and
DNA bending mechanics, should also play a non-negligible
role in regulating nucleosome stability.

Evidences for sequence-dependent nucleosome stability
have been provided by previous studies. For example, free
energies for nucleosome formation have been measured for
many DNA sequences in competitive reconstitution assays
and differences in binding affinities have been observed
even between similar sequences (41). On the other hand,
poly-dA/dT as a bending-resistant DNA sequence has been
found frequently present in the 5 NFRs near promoters,
which demonstrates that the bending rigidity of a DNA se-
quence could exclude nucleosome formation (42-44). Ad-
ditional experiments have shown that insertion of this se-
quence element into a nucleosomal DNA sequence could
increase the equilibrium constant for nucleosome site expo-
sure by 1.5- to 1.7-fold per position (30).

MNase sequence preference in DNA digestions is over-
whelmed by DNA accessibility

MNase has long been known for its sequence preference
when it cleaves DNA. But still, it has been extensively used
in the routine to fragment chromatin for nucleosomes. The
reasons can be attributed to the followings. Firstly, there is
no evidence showing that MNase can cleave bound DNA
under the protection of protein binding. Oppositely, exist-
ing studies and this work have demonstrated that protein
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Figure 7. Sequence-dependent site exposure in nucleosome. (A) MNase
digestion on preferential sequence. When the preferential sequence (e.g.
TATA) is at the end region where MNase can access from the 5 end of
DNA, TATA would be favourably cleaved. However, if it is at the internal
region where TATA is tightly bound on histones, cleavages are prohibited.
(B) MNase digestion on site-exposure sequence. When the site-exposure se-
quence (e.g. AAAA) is at the end region, because MNase can access from
the 5" end of DNA and sequence-dependent site exposure occurs, cleav-
ages on AAAA are allowed, though less favourably than TATA. When it
is at the internal site, due to site exposure, cleavages will also occur. (C)
When multiple sites composed of the site-exposure sequence are assem-
bled at one end of nucleosome (i.e. DNA entry site), the overall affinities
between DNA and histones will dwindle to assist nucleosome unwrapping

with the presence of transcription factors or chromatin remodellers (shown
in green ellipse).

Ent

binding can shield DNA from MNase digestion (19,20).
Secondly, experiments have also made it clear that MNase
not only cleaves its favoured DNA sequences, but also other
types of sequences though at a lower rate (14-17). Based on
these two aspects, it can be reasoned that M Nase sequence
preference in DNA digestions is overwhelmed by DNA ac-
cessibility, 1.e. even for the preferred sequences, as long as in
the bound state, cleavage is prohibited.

In this study, we probe the DNA accessibility in the
+1 nucleosomes of yeast by using MNase. By comparing
the digestions at the end and internal regions at different
time scales, we identified the preferential sequences and
site-exposure sequence. As the preferential sequence, TA,
TC and TG are found generally well bound on histones
and therefore they can only be preferentially cleaved in the
exo-manner from the 5 end of DNA (Figure 7A). Being
favoured by MNase means, these dinucleotides should be
able to twist and roll well enough to fit into the binding
pocket of MNase for cleavage, which is consistent with ear-
lier analyses on nucleosomal DNA (31). TA and TG (=
CA) have been recognized as the most flexible dinucleotide
steps with respect to twist, roll and slide, which enables them
to contribute to the smoothing bending at major grooves
and the kinked bending at minor grooves in nucleosomes,
respectively (31). On the other hand, AA ( = TT) dinu-
cleotide step as the site-exposure sequence, can induce nu-
cleosome site exposure and result the concurrent accessibil-
ity of DNA stretch for MNase cleavage in the endo-manner
(Figure 7B). Since the DNA entry site of +1 nucleosomes in
yeast is AA /TT-rich, it is expected that multiple sites com-
posed of the site-exposure sequence and assembled at one
end of nucleosome could effectively lower DNA-histone
affinities for gene activation (Figure 7C).
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Furthermore, existing studies seem to have generalized
the sequence preference of MNase to A/T-rich sequences
(45); however, from our analyses, we want to emphasize
that MNase differentiates dinucleotides (e.g. AA and TA)
even those representing the same dinucleotide step (e.g. TG
and CA). In our study, we find TA is extremely favoured
by MNase and exhibits a fast digestion. Accordantly, it has
been reported that cleavage on poly-d(A-T) is 8 times faster
than poly-d(A) and ~120 times faster than poly-d(G-C)
(17).

MNase cleavages on nucleosome core structures lead to the
underestimated nucleosome positioning

Although M Nase sequence preference could hardly bias the
predictions for nucleosome positions because of the shield-
ing effect of histone binding (46), it does affect the predic-
tions for nucleosome positioning density.

Inconsistent positioning densities of +1 and —1 nucleo-
somes near the 5 NFR have been observed in the yeast (21)
and Drosophila (22) chromatin at very low and high MNase
concentrations. Specifically, a mild digestion at low MNase
strength may only fragment genes into oligo- to mono-
nucleosomes. Therefore, the leading nucleosomes (+1 or
—1) could be well fragmented and exhibit a distinguished
positioning whereas the downstream nucleosomes (+2, +3
...) have yet been digested. On the contrary, a high MNase
strength will not only result a thorough digestion up to
the downstream nucleosomes, but also arouse significant
cleavages on the core structures of the leading nucleosomes,
which will eventually lead to an underestimated positioning.

In the study of Drosophila chromatin (22), genome-
wide MNase-sensitive nucleosomes have been identified to
favour A/T-rich sequences, which is consistent with our
findings of the AA/TT-dependent site exposures. Similar
results have also been reported recently, but concerns have
been raised if the sensitivity of MNase to a nucleosome is
the result of MNase sequence specificity or nucleosome sta-
bility (47,48).

In this study, we demonstrated how MNase cleaves nu-
cleosomal DNA at a base-pair resolution, identified the
sequence-driven and accessibility-driven cleavages and con-
cluded that MNase sequence preference is restrained by
DNA accessibility. Our results suggest that it is inappropri-
ate to attribute the sensitivity of MNase to A /T-rich nucleo-
somes to the preference of MNase for A/T-rich sequences.
The digestion especially at the inward sites of nucleosome
is ultimately a reflection of DNA accessibility, regardless
of MNase sequence preference. We believe that the insights
provided here will help future interpretations of sequencing
data generated from MNase digestion assays.
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