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Relationship between nucleosome positioning and

DNA methylation
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Nucleosomes compact and regulate access to DNA in the nucleus,
and are composed of approximately 147 bases of DNA wrapped
around a histone octamer'’. Here we report a genome-wide
nucleosome positioning analysis of Arabidopsis thaliana using
massively parallel sequencing of mononucleosomes. By combin-
ing this data with profiles of DNA methylation at single base reso-
lution, we identified 10-base periodicities in the DNA methylation
status of nucleosome-bound DNA and found that nucleosomal
DNA was more highly methylated than flanking DNA. These
results indicate that nucleosome positioning influences DNA
methylation patterning throughout the genome and that DNA
methyltransferases preferentially target nucleosome-bound
DNA. We also observed similar trends in human nucleosomal
DNA, indicating that the relationships between nucleosomes
and DNA methyltransferases are conserved. Finally, as has been
observed in animals, nucleosomes were highly enriched on exons,
and preferentially positioned at intron-exon and exon—intron
boundaries. RNA polymerase II (Pol IT) was also enriched on exons
relative to introns, consistent with the hypothesis that nucleosome
positioning regulates Pol II processivity. DNA methylation is also
enriched on exons, consistent with the targeting of DNA methyla-
tion to nucleosomes, and suggesting a role for DNA methylation in
exon definition.

To investigate the position of nucleosomes in Arabidopsis thaliana, we
sequenced micrococcal nuclease (MNase)-digested nucleosomal DNA
using an Illumina GAII sequencer to achieve a roughly 68-fold coverage
of nucleosomes (see Supplementary Methods). The data are displayed in
amodified UCSC genome browser (http://epigenomics.mcdb.ucla.edu/
Nuc-Seq/) along with nucleosome density tracks that allow easy visu-
alization of nucleosome positions throughout the genome (Fig. 1a).

To obtain a chromosomal view of nucleosome content, we plotted
reads in bins of 100 kilobases tiling the chromosomes. As a control for
biases in mapping and sequencing we also sequenced a library of
randomly sheared Arabidopsis genomic DNA. We then normalized
the nucleosome counts by the number of uniquely mapping genomic
DNA counts within each bin along the chromosomes. Nucleosome
content was relatively uniform throughout the euchromatic regions
of chromosomes, but showed significant enrichment in pericentro-
meric heterochromatin regions, (Fig. 1b, Supplementary Fig. 1). To
confirm these results, we performed chromatin immunoprecipita-
tion followed by massively parallel sequencing (ChIP-Seq) using an

antibody against unmodified histone H3 (Fig. 1b and Supplementary
Fig. 1). These observations indicate that nucleosomes are more den-
sely packed in pericentromeric regions that are transcriptionally
silent, are rich in transposons and contain heavily methylated
DNA, than in the euchromatic arms’.

By examining the relationship between reads that map to opposite
strands of DNA, we observed a peak of reads on the reverse strand
that occurred approximately 145-170 bases downstream of the reads
on the forward strand (Supplementary Fig. 2a). This broad peak in
the general vicinity of the accepted size of a nucleosome indicates that
many nucleosomes are well positioned, leading to the repeated
sequencing of both the forward and reverse complement of the cor-
responding nucleosome regions. Similarly, when we plotted the cor-
relation between positive strand reads with other positive strand
reads we saw a progressively decreasing correlation from the start
of the nucleosome (Fig. 1c and Supplementary Fig. 2b), with smaller
peaks spaced at 174 and 355 base pairs from the starting position of
the reference reads indicating some preference for regular spacing of
nucleosomes genome-wide. Assuming that nucleosomes are
wrapped around 147 base pairs of DNA, the average length of the
linkers of regularly spaced nucleosomes is about 30 base pairs.
Consistent with the higher content of nucleosomes in pericentro-
meric heterochromatin regions, we found that the peaks at 174 and
355 were more pronounced in these regions than in the euchromatic
arms (Fig. 1¢), indicating that pericentromeric nucleosomes have a
higher tendency to be in regularly spaced arrays. These results are
consistent with earlier evidence for more regular spacing of nucleo-
somes in Drosophila heterochromatin®.

Similar to findings in animal and fungal high-throughput nucleo-
some sequencing studies®®, we found 10-base periodicities in WW
(W = A or T) dinucleotides, and SS (S = G or C) dinucleotides that
were 5 bases out of phase with the WW dinucleotides (Fig. 1d and
Supplementary Figs 3—5). WW dinucleotides are favoured at sites where
the minor groove faces the histone core, whereas SS dinucleotides are
favoured at sites where the minor groove faces away from the histone
core”'®. The out of phase peaks in the frequencies of these dinucleotides
leads to optimal bending of DNA, as A/T nucleotides cause a negative
base roll and G/C nucleotides cause a positive base roll**°.

To study the relationship of DNA methylation with nucleosome
positions, we used our single-nucleotide resolution whole-genome
bisulphite-sequencing data’. Arabidopsis cytosines are methylated by
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Figure 1| Characterization of A. thaliana nucleosome data.

a, Representative UCSC Browser screenshot of a gene showing calculated
nucleosome densities. b, Chromosomal view of nucleosome read counts and
ChIP-seq read counts in 100-kb tiles along chromosome 1 shows
nucleosome enrichment in pericentromeric regions. ¢, Autocorrelation of
positive stranded reads shows local peaks at positions 174 and 355 bases.
d, AA and GC dinucleotide and CG methylation profiles show a 10-base
periodicity over nucleosome-bound DNA, with DNA methylation profiles in
phase with WW dinucleotide profiles, and out of phase with SS dinucleotide
profiles.
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one of three different DNA methyltransferases depending on their
sequence context. CG sites are methylated by MET1, and CHG sites
(where H is A, C or T) are methylated by CMT3. Finally, CHH sites
are methylated by DRM2, a de novo methyltransferase that is targeted
by small RNAs''". Notably, all three types of methylation showed a
10-base periodicity on nucleosomal DNA, which was in phase with
the WW dinucleotides and out of phase with the SS dinucleotides
(Figs 1d, 2a—c and Supplementary Fig. 6). These methylation pre-
ferences were not correlated with preferences for CG, CHG or CHH
sequences at these locations (Supplementary Fig. 7). Because DNA
methyltransferases access the major groove, this methylation would
be on DNA that is on the outside of the nucleosome (minor groove
facing the histones) and thus more accessible to the DNA methyl-
transferases. This in turn indicates that DNA might be in part methy-
lated as the DNA is still bound to nucleosomes, leading to the
observed 10-base pair periodicity. It has been proposed that chro-
matin remodelling enzymes are required for DNA methyltransferases
to gain access to the DNA, and indeed DRD1, DDM1 and LSH1 are
remodellers known to be important factors controlling DNA methy-
lation"?. However, our data indicate that nucleosomal DNA may also
be a substrate for DNA methyltransferases in vivo, demonstrating a
prominent role of the nucleosome in determining methylation pat-
terning throughout the genome.

We previously reported a 10-nucleotide periodicity in CHH
methylation data when performing autocorrelation analysis on the
methylation pattern of the whole genome®. Our previous interpreta-
tion was that the structure of the DRM2 enzyme might be responsible
for this pattern, because the orthologous Dnmt3 enzymes in mam-
mals are known to act as heteromeric complexes in which two
methyltransferase active sites have a spacing equivalent to roughly
10 nucleotides of DNA". However, the current data in which we see
10-base pair periodicities for all types of methylation indicate a more
general explanation: that nucleosomes are to some extent dictating
access to the DNA and therefore setting the register of methylation
for all DNA methyltransferases. Nucleosomal preferences could also
partially explain the sequence preferences that we observed prev-
iously for CHG and CHH methylation®. Highly methylated cytosines
tended to be followed immediately by A/T but not C, consistent with
our finding that DNA methylation is out of phase with CC dinucleo-
tides (Supplementary Fig. 6).

On a larger scale, we also observed that levels of all three types of
DNA methylation were higher in nucleosome-spanning DNA than in
flanking DNA, indicating that nucleosome-bound DNA is enriched
for DNA methylation (Fig. 2 and Supplementary Fig. 8). This finding
supports the view that nucleosomes are preferentially targeted by
DNA methyltransferases. In the case of CMT3, it is predicted that
this enzyme is recruited or activated by histone H3 lysine 9 dimethy-
lation, because a knockout of histone H3 lysine 9 methyltransferase
mimics a knock out of CMT3, and because the CMT3 chromodo-
main can bind to methylated histones'*. However, our data show that
all types of methylation are enriched on nucleosome-bound DNA,
indicating that nucleosomes or histone modifications may assist in
the recruitment of all of the Arabidopsis DNA methyltransferases.

To test whether the patterns of DNA methylation on nucleosomal
DNA are also found in humans, we used previously published MNase
nucleosome sequencing data'® together with our single-nucleotide
resolution bisulphite sequencing data on the human embryonic stem
cell line HSF1 (see Supplementary Methods). We found that human
nucleosome-bound DNA also showed a 10-base periodicity in its CG,
CHG and CHH methylation status (Fig. 3). Furthermore, as in
Arabidopsis, the overall level of methylation was higher on nucleo-
some-bound DNA than in flanking regions. This indicates that
nucleosome architecture has a role in shaping DNA methylation
patterning in the human genome, and is consistent with the recent
finding of stable anchoring of Dnmt3 DNA methyltransferases to
mammalian chromatin'® and more generally with the conservation
of DNA methyltransferase function in plants and animals'’. We also
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Figure 2 | DNA methylation profiles of nucleosome-bound DNA in
Arabidopsis. The weighted average percent DNA methylation was calculated
and plotted at each distance from nucleosome start sites (0). a—¢, CG
methylation (a), CHG methylation (b) and CHH methylation (c) each show
a 10-base periodicity over nucleosome-bound DNA (1-147 bases). Fast
Fourier transforms (FFTs) can be used to deconstruct inherent frequencies
in a complex signal. The FFTs calculated over the region of the nucleosome
(insets) demonstrate this periodicity in CG (a), CHG (b) and CHH

(c) contexts.

analysed DNA methylation patterning on nucleosomes in different
regions of the Arabidopsis and human genomes, including genes,
promoters, pericentromeric regions and euchromatic arm regions
(Supplementary Figs 9-17) and found that the 10-nucleotide peri-
odicity was found in all cases, indicating that the relationship
between nucleosome positioning and DNA methylation is general.
We observed that nucleosomes were much more abundant in
exons than in introns (see Fig. la for an example), consistent with

390

NATURE| Vol 46615 July 2010

76.41 CG CG FFT

76.21 0.010 7

76.01 g 0.006 1

0.002 4

5 10 15 20 25 30
Period b

75.8

75.6

75.4
75.2
75.0

Methylation (%)

74.8
74.6

74.4

b 320

3.151 1

3.10r 1

3.05¢

3.00

Methylation (%)

2.951

2,901

2.85} o 1
0 5 10:15 20 25 30
I?eriod

C 146

1.441 1

1.42f 1

1.40f

1.381 1

1.36 1
CHH FFT

Methylation (%)

1.341

Power
O==NNWw

comowmowow

1.321

1.307 0 5 10 15 20 25 30 |

Period
H

-50 0 100 200 300
Distance from nucleosome (bases)

Figure 3 | DNA methylation profiles of nucleosome-bound DNA in humans.
The weighted average percent DNA methylation was calculated and plotted
at each distance from nucleosome start sites (0). a—¢, CG methylation

(a), CHG methylation (b) and CHH methylation (c) each show a 10-base
periodicity over nucleosome-bound DNA (1-147 bases). The FFTs
calculated over the region of the nucleosome (insets) demonstrate this
periodicity in CG (a), CHG (b), and CHH (c) contexts.

findings from several recent nucleosome positioning studies in other
organisms'®*’. The number of nucleosomes per base pair in introns
was only 63% of the level found in exons. Furthermore, we found a
strong peak of nucleosome start sites at intron—exon junctions and at
exon—intron junctions (Fig. 4, Supplementary Fig. 18). The enrich-
ment of nucleosomes in exons was not solely owing to higher G+C
content (Supplementary Fig. 19a—c), or because of consensus splice
site sequences (Supplemental Fig. 19d—{), and was confirmed using
independent chromatin immunoprecipitation methods (Sup-
plementary Fig. 20). Longer exons contained a higher number of
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Figure 4 | Nucleosome and Pol Il levels in exons. We performed chromatin
immunoprecipitation with an antibody against RNA Pol II, and hybridized
the resulting DNA to a whole genome Affymetrix microarray. We
normalized these data to randomly sheared genomic DNA to control for
probe efficiencies. a, Nucleosomes are phased in exons. Exon size limits were
selected such that the exon could house no more than 1, 2, 3 or 4
nucleosomes. Nucleosome midpoints are plotted over these intron—exon
boundaries. b, Each exon was divided into 25 equal sized bins and the
nucleosome midpoints, Pol IT and CG methylation levels are plotted over the
exon and flanking introns.

nucleosomes. Examination of exons in the size ranges of 170-240,
315-350, 480-550 and 645-715 base pairs revealed peaks of one, two,
three or four well-positioned nucleosomes respectively (Fig. 4a),
indicating that nucleosomes are phased within exons.

Strong nucleosome enrichment on exons was detected both for
genes that are highly expressed and for those not expressed
(Supplementary Fig. 21 and Supplementary Table 1), suggesting that
DNA sequences position nucleosomes in the absence of active tran-
scription and splicing. Consistent with this hypothesis, using a
nucleosome positioning prediction algorithm®* we found similar pat-
terns of nucleosome positioning in introns and exons between the
experimental and theoretical data sets (Supplementary Fig. 22).
Similarly, using theoretically predicted nucleosome positions, we
observed similar patterns of DNA methylation on nucleosome-bound
DNA (Supplementary Fig. 23), as well as enrichment of predicted
nucleosomes in pericentromeric regions (Supplementary Fig. 24).

Because nucleosomes present a barrier to RNA Pol II transcription,
we tested for Pol II occupancy in exons using a chromatin immuno-
precipitation microarray approach. We observed significant enrich-
ment of Pol II in exons relative to introns, consistent with the

LETTERS

hypothesis that Pol II is paused on exonic DNA (Fig. 4). One pos-
sibility is that Pol IT stalling on exons could enhance accurate splicing
of upstream introns, thus reducing exon skipping and aiding in the
fidelity of exon definition®. This is consistent with the finding of Pol
IT enrichment on human exons and indicates that Pol II enrichment
on exons might be a common eukaryotic feature®. Furthermore,
particular histone modifications have been recently shown to recruit
splicing regulators, providing additional possible mechanisms for the
regulation of splicing by nucleosome positioning™.

Because of the enhancement of DNA methylation over nucleosomal
DNA, and the enrichment of nucleosomes on exons, a prediction is
that DNA methylation should be enhanced on exons relative to
introns. Indeed, we found depletion of DNA methylation in introns
and enrichment in exons in a pattern that was similar to nucleosome
occupancy (Fig. 4b). This is consistent with recent findings of
enhanced exonic methylation in other plant species, as well as in the
Chlamydomonas, honeybee, Ciona and human genomes®®*’. This sug-
gests the possibility that DNA methylation, which frequently exists in
the transcribed regions of active genes****, could have a conserved role
in exon definition or splicing regulation. These findings also reinforce
the view that nucleosomal positions have an important role in shaping
the methylation landscape of eukaryotic genomes.

METHODS SUMMARY

Approximately 300 ng of MNase-digested mononucleosome DNA were used for
lumina library generation following manufacturer instructions. Libraries were
sequenced using an Illumina Genome Analyzer II following manufacturer
instructions. Resulting reads were mapped to the TAIR7 annotation of the
Arabidopsis genome and reads that mapped to multiple sites were eliminated.
A total of 24.2 million reads were mapped to the forward strand and 23.9 million
reads to the reverse strand, generating a 68-fold coverage of nucleosome space.

Pol IT ChIP-chip was performed as described previously”. Briefly, crosslinked
chromatin was extracted, sonicated and used in ChIP with an antibody against
Pol IT CTD (ab817; Abcam). Pol II-bound DNA and input genomic DNA were
extracted, amplified, labelled and hybridized to Affymetrix tiling microarrays as
described previously*. Three biological replicates were performed and the log,
ratios of Pol II-bound DNA over input DNA were calculated using the Tiling
Analysis Software (Affymetrix).
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