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Intrinsic histone-DNA interactions are not the major
determinant of nucleosome positions in vivo

Yong Zhang!, Zarmik Moqtaderi?, Barbara P Rattner®, Ghia Euskirchen*, Michael Snyder?,

James T Kadonaga®, X Shirley Liu! & Kevin Struhl?

We assess the role of intrinsic histone-DNA interactions by mapping nucleosomes assembled in vitro on genomic DNA.
Nucleosomes strongly prefer yeast DNA over Escherichia coli DNA, indicating that the yeast genome evolved to favor
nucleosome formation. Many yeast promoter and terminator regions intrinsically disfavor nucleosome formation, and
nucleosomes assembled in vitro show strong rotational positioning. Nucleosome arrays generated by the ACF assembly factor
have fewer nucleosome-free regions, reduced rotational positioning and less translational positioning than obtained by intrinsic
histone-DNA interactions. Notably, nucleosomes assembled in vitro have only a limited preference for specific translational
positions and do not show the pattern observed in vivo. Our results argue against a genomic code for nucleosome positioning,
and they suggest that the nucleosomal pattern in coding regions arises primarily from statistical positioning from a barrier near
the promoter that involves some aspect of transcriptional initiation by RNA polymerase II.

Eukaryotic genomes are packaged into regularly spaced arrays of nucleo-
somes, although the spacing between nucleosomes varies among species
and cell types'. Despite this regularity, high-resolution, genome-wide
analyses reveal a common nucleosomal pattern’$. Nucleosomes are
depleted at many (but not all) enhancer, promoter and terminator
regions, and they typically occupy preferred positions within mRNA
coding regions and just upstream of the promoter. In yeast, the —1 and
+1 nucleosomes flanking the promoter are strongly positioned, and
the degree of nucleosome positioning gradually decreases from the 5’ to
the 3’ end of the coding region®®,

There are three distinct mechanisms for nucleosome depletion
in vivo. First, specific DNA-binding activator proteins can generate
nucleosome-depleted regions by recruiting ATP-dependent remodeling
complexes and histone acetylases®!!; this mechanism is independent
of transcriptional activity!2. Second, the process of transcriptional
elongation by RNA polymerase II (Pol II) involves cycles of histone
eviction and reassembly, and continuous high levels of Pol II elonga-
tion reduce histone density within coding regions'>'%. Third, certain
DNA sequences, notably poly(dA:dT) tracts, intrinsically disfavor
nucleosome formation in vitro, increase chromatin accessibility in vivo
and are strongly overrepresented in nucleosome-free regions'®!8, indic-
ating a role of intrinsic histone-DNA interactions.

The positioning of nucleosomes along the DNA is related to, but
distinct from, the issue of nucleosome occupancy. Nucleosome occu-
pancy or density reflects the average histone levels on a given region
of DNA in a population of cells, but it does not address where an

individual nucleosome is positioned with respect to a certain DNA
sequence. Indeed, differently positioned nucleosomes within a given
genomic region will all contribute to nucleosome density. Nucleosome
positioning refers to two fundamental relationships between the
histone octamer and the DNA wrapped around it. Rotational posi-
tioning defines the orientation of the DNA helix on the histone
surface. Nucleosomes are rotationally positioned with a 10-bp helical
periodicity, reflecting preferences for dinucleotides that face inwards
or outwards with respect to the histones and optimize DNA bend-
ing!°2!, The translational position of a nucleosome refers to the
specific 146-bp sequence covered by the histone octamer, and it is
often defined as the midpoint of this sequence. The degree of
translational positioning can vary from perfect positioning, in which
a nucleosome occupies a given 146-bp stretch in all DNA molecules in
a population, to random positioning, in which nucleosomes occupy
all possible genomic positions equally. In vivo, translational position-
ing is strongly influenced by relatively constant spacing between
nucleosomes, which is presumably due to the action of nucleosome-
remodeling complexes.

Nucleosomes can also be statistically positioned from a fixed barrier
such as a DNA-binding protein?2. Nucleosomes near the barrier are
highly positioned, and the degree of positioning decreases in accord-
ance with the distance from the barrier owing to variations in spacing
between nucleosomes. A barrier model for statistical positioning can
explain the location of nucleosomes in yeast genes®, but the molecular
nature of the barrier is unknown.

!Department of Biostatistics and Computational Biology, Dana-Farber Cancer Institute and Harvard School of Public Health, Boston, Massachusetts, USA.
2Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School, Boston, Massachusetts, USA. 3Section of Molecular Biology, University
of California, San Diego, La Jolla, California, USA. 4Department of Molecular, Cellular, and Developmental Biology, Yale University, New Haven, Connecticut, USA.

Correspondence should be addressed to K.S. (kevin@hms.harvard.edu).

Received 9 April; accepted 9 June; published online 20 July 2009; doi:10.1038/nsmb.1636

NATURE STRUCTURAL & MOLECULAR BIOLOGY VOLUME 16 NUMBER 8 AUGUST 2009

847


http://www.nature.com/doifinder/10.1038/nsmb.1636
mailto:kevin@hms.harvard.edu
http://www.nature.com/nsmb/

© 2009 Nature America, Inc. All rights reserved.

npg

ARTICLES

19,20,23) and

Nucleosomes have intrinsic DNA sequence preferences
many yeast promoter regions are nucleosome depleted because the
DNA sequence intrinsically disfavors nucleosome formation!'®!”.
More generally, it has been proposed that there is a nucleosome
code in which the pattern of nucleosome positioning in vivo is deter-
mined primarily by genomic DNA sequence and hence can be pre-
dicted'®?*. Here we use Saccharomyces cerevisiae and E. coli DNA to
examine the role of intrinsic histone-DNA interactions for establishing

the nucleosomal pattern in vivo on a genome-wide basis.

RESULTS

Assembly of nucleosome arrays on genomic DNA

The experimental design involves a comparison of nucleosome posi-
tions in samples prepared from yeast cells with those generated in vitro
with purified histones and yeast genomic DNA, and it represents a
genome-wide and high-resolution version of an approach we have
used previously!”. We assembled nucleosomes on a mixture of yeast
and E. coli genomic DNAs either by salt dialysis or by ACFE, an ATP-
dependent chromatin assembly factor, using a 1:1 mass ratio of core
histones to DNA to produce arrays of regularly spaced nucleosomes
(Fig. 1 and Supplementary Methods). Nucleosomes assembled by salt
dialysis are formed solely by intrinsic histone-DNA interactions, and
the linker regions between nucleosomes are short. In contrast, ACF
assembles nucleosomes into regularly spaced arrays with ~ 20-bp linker
regions between nucleosomes that are similar to those observed in yeast
cells. The comparison between nucleosomes assembled by salt dialysis
or ACF addresses the issue of how chromatin assembly factors and
nucleosome spacing affects nucleosome positioning. We treated the
assembled chromatin with micrococcal nuclease (MNase) under condi-
tions in which mononucleosomes were the major product and linker
regions were degraded. As a control, the same mixture of yeast and
E. coli DNA was sonicated to generate DNA fragments of comparable
size. Parallel DNA sequencing of the resulting samples generated
1-3 million uniquely mapped reads per sample, which corresponds
to approximately 10-fold to 40-fold coverage of the genome.

Nucleosomes preferentially form on yeast DNA

Although we were primarily interested in the comparison between
nucleosomes assembled in vitro and in vivo on yeast genomic DNA,
we included E. coli DNA in the samples to address whether yeast
cells show evolutionary selection either for or against sequences that
favor nucleosome formation. As E. coli does not have histones, we
presumed that E. coli DNA sequences are evolutionarily neutral with
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respect to nucleosome formation, such that preferred nucleosome-
forming sequences will occur by chance. Notably, when compared to
the sonication control, nucleosomes assembled in vitro by salt dialysis
are nine times more likely to form on yeast DNA than E. coli DNA
(Fig. 1). A similar effect, albeit to a lesser extent (three-fold), is observed
with ACF-assembled nucleosomes. These results strongly argue that the
yeast genome has evolved to favor nucleosome formation.

Many promoters and terminators disfavor nucleosomes

For in vivo and in vitro samples, we generated a heat map of histone
density at each nucleotide position and aligned these to promoters
(Fig. 2a—c), terminators (Fig. 2d—f) and transcription factors (Fig. 2g,h)
on a gene-by-gene basis. As observed in vivo, promoter and terminator
regions are substantially nucleosome depleted (visualized as blue in
Fig. 2) in comparison to coding regions in chromatin assembled
by salt dialysis or ACE However, only a subset of nucleosome-
depleted promoters in vivo are also depleted in chromatin assembled
in vitro, and histone depletion at promoters is markedly more pro-
nounced (darker blue) in vivo than in vitro. These observations indicate
that intrinsic histone-DNA interactions are important for generating
nucleosome-depleted promoter regions in vivo, but other mecha-
nisms (for example, activator-dependent recruitment of nucleosome-
remodeling activities and perhaps transcriptional initiation) have an
important (and perhaps greater) role at many promoters. Intrinsic
histone-DNA interactions seem to be more important at terminator
regions in vivo, because the correlation between in vitro and in vivo data
is higher for terminators than for promoters (Supplementary Fig. 1).

Rotational positioning is intrinsically determined

To address the role of intrinsic histone-DNA interactions on rotational
and translational positioning, we used an approach that did not involve
histone density but, rather, treated each mapped read as an individual
146-bp nucleosome in the population. For chromatin assembled by
salt dialysis, alignment of nucleosome 5" ends reveals a marked 10-bp
periodicity of AA/TT/AT dinucleotides both for yeast (Fig. 3a) and
E. coli (Fig. 3b) DNA, indicating that intrinsic histone-DNA inter-
actions have a major role in rotational positioning. Power spectrum
analysis (a discrete Fourier transform that quantifies the amount versus
the frequency component of the data) shows that this 10-bp periodicity
is substantially lower in nucleosomes assembled in vivo (Fig. 3c),
suggesting that nucleosome assembly or remodeling factors decrease
the effect of rotational positioning. Our results are consistent with the
presumption that rotational positioning reflects the requirement of
DNA to bend around the histone octamer,
with more bendable sequences in contact with
the histones and less bendable sequences being
solvent exposed. In this regard, the yeast
genome shows preferential 10.2-bp periodicity
of AA and TT dinucleotides, whereas the
E. coli genome does not (Fig. 3d), and this
probably contributes to the preferential
assembly of nucleosomes on yeast DNA.
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1121 Figure 1 MNase digestion analysis of chromatin

and generation of mononucleosomes. Chromatin
assembled using ACF (a) or salt dialysis (b)

was partially digested with MNase. (c) Mono-
nucleosomes were generated by extensive
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Translational positioning is primarily not intrinsic

We determined the degree of translational positioning by defining
the central position of each nucleosome and counting the number of
hits within 20-bp windows (to allow for the imprecision of MNase
cleavage). In principle, if a nucleosome is perfectly positioned (that
is, 100% of the DNA molecules contain a nucleosome center within
the window), the expected number of hits is determined by the
sequencing coverage, and we define this value as 1. Thus, the degree
of nucleosome positioning is defined as the
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Figure 2 Nucleosome density profiles. (a-¢) Nucleosome density profiles
around transcriptional initiation sites (TSS) of 1,752 genes with isolated
promoters (defined as having upstream regions of 1 kb that do not overlap
with other genes) for chromatin assembled by salt dialysis, ACF or in vivo
in YPD medium!®. Each tag was extended to 146 bp, piled up and then
normalized by average sequencing coverage. Nucleosome density for each
gene is represented by a horizontal line, and genes are ranked from above
to below by expression level. (d-f) Nucleosome density profiles of the
indicated chromatin preparations around transcriptional termination sites
(TTS) of 1,548 genes (ranked by expression level) with isolated terminator
regions (defined as having downstream regions of 1 kb that do not overlap
with other genes). (g-h) Nucleosome density profiles in vivo around the
binding sites (ranked by genomic location) of transcription factors Abfl
and Rebl.

Fig. 2). Nucleosomes assembled by either in vitro method show
substantially less translational positioning than observed in vivo. Never-
theless, translational positioning of these in vitro assembled nucleo-
somes is above the level observed in randomly positioned nucleosomes.

To determine the contribution of intrinsic histone-DNA inter-
actions for the nucleosome positioning pattern in vivo, we defined
the peak 20-bp window for the +1, +2 (and so on) nucleosomes on
an individual gene basis using in vivo nucleosome datal®. We then
determined the number of nucleosomes within each of these defined
windows in the various nucleosome preparations (Fig. 4b—d). For
nucleosomes generated by salt dialysis or ACEF, the extent of nucleo-
some positioning was above that expected from randomly positioned
nucleosomes (Supplementary Fig. 3). However, the degree of transla-
tional positioning was far below that observed with an independent
sample of nucleosomes from yeast cells (compare Fig. 4b,c with 4d).
These observations indicate that intrinsic histone-DNA interactions
make only a modest contribution to the in vivo pattern of translational
positioning, and we estimate that they account for ~20% of the
in vivo positions (Supplementary Fig. 3). More notably, unlike the
situation in vivo (Fig. 4d), this modest contribution of intrinsic
positioning is not appreciably affected by the location of the posi-
tioned nucleosome with respect to the mRNA initiation site (that
is, nucleosomes defined as +1 through +10), indicating that other
features underlie this positioning pattern.
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Figure 4 Intrinsic histone-DNA interactions do not account for the nucleosome positioning pattern in vivo. (a) Degree of translational positioning for each
nucleotide position is determined by the number of nucleosome centers within a 20-bp window divided by the number of nucleosome centers within the
corresponding 160-bp window. Then, for the indicated samples, the percentage of regions (y axis) above the maximal positioning degree within a 160-bp
window (x axis; a value of 1 indicates a perfectly positioned nucleosome) is plotted. (b—d) Relationship between nucleosomal positions in vivo and in vitro.
Predefined 20-bp windows for the centers of +1 through +10 nucleosomes were defined on a gene-by-gene basis in chromatin from cells grown in YP
ethanol. For the indicated samples (in vivo represents cells grown in YPD and serves as a control for experimental variation), the percentage of nucleosomal
loci (y axis) is plotted as a function of the number of tags (defined by the central position of each nucleosome) within the predefined windows (different
colors indicate the +1 through +10 nucleosomes). (e) Tag position relationship. Start-to-start distances of tags in the same strand are shown, with the right
plots being a blow-up of the boxed areas in the left plots. (f) The distribution of distance between +1 nucleosome center location and transcriptional start

site (TSS), binned by 10 bp.

ACF reduces effect of intrinsic histone-DNA interactions

We assessed how a chromatin assembly factor affects intrinsic nucleo-
some positioning by comparing the samples generated in vitro by
ACF and salt dialysis. First, both the fraction of nucleosome-depleted
promoters and the degree of histone depletion are lower in chromatin
assembled by ACF as compared to chromatin assembled by salt dialysis
(Fig. 2). Second, the 10-bp periodicity is substantially lower in nucleo-
somes assembled by ACF (Fig. 3b), indicating that nucleosome assembly
decreases the effect of rotational positioning. Third, ACF reduces the
degree of translational positioning beyond that which is due to intrinsic
histone-DNA interactions (Fig. 4a). These observations indicate that
ACF diminishes the effect of intrinsic histone-DNA interactions, pre-
sumably because nucleosome spacing constraints force nucleosomes
to occupy positions that are not preferred solely on the basis of DNA
sequence. These observations are consistent with the function of the Isw2
nucleosome-remodeling complex in yeast cells*> and with the reduced
rotational positioning in vivo (Fig. 3b). Furthermore, they suggest that
nucleosome assembly factors that govern nucleosome spacing in vivo will
diminish the effects of intrinsic histone-DNA interactions on histone
density as well as rotational and translational positioning.

Statistical positioning is not intrinsically determined

In yeast cells, the +1 nucleosome is highly positioned, and the degree
of positioning decreases progressively at more downstream positions
within the coding region®, a hallmark of statistical positioning. Thus,

the mechanism by which the +1 nucleosome becomes highly posi-
tioned is the key to understanding the nucleosomal pattern in vivo.
Our results in Figures 2 and 4 demonstrate conclusively that the
strong positioning of the +1 nucleosome is not due to intrinsic
histone-DNA interactions. Furthermore, several observations indicate
that nucleosome-depleted regions per se are insufficient to constitute
the barrier needed for statistical positioning. First, statistical position-
ing occurs to a much lesser extent for nucleosomes upstream of
nucleosome-free promoter regions (Fig. 2c), and hence it is largely
directional. Second, statistical positioning is very limited in either
direction from the nucleosome-depleted terminator regions (Fig. 2f).
Third, strong statistical positioning is observed in both directions
from Abfl and Rebl sites in promoter regions (Fig. 2g,h), indicating
that these DNA-binding proteins (with associated factors) can serve
as barrier elements for statistical positioning. Rapl and (to a lesser
extent) Mbpl and Cbpl also serve as barrier elements, but this is not
the case for many other transcription factors (Supplementary Fig. 4).
Last, the spacing between nucleosome ends (that is, tag position rela-
tionships) for the entire data set reveals strong statistical positioning
in vivo, whereas this is limited in the salt-assembled chromatin and
not detectable in ACF-assembled chromatin (Fig. 4e).

+1 Nucleosome linked to the transcriptional initiation site
The observation that statistical positioning occurs directionally from
promoter regions strongly argues that the transcription initiation
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process is crucial for establishing the strong translational position of
the +1 nucleosome. This view is reinforced by the strong relationship
between the position of the +1 nucleosome and the location of the
mRNA initiation site (Fig. 4f). We therefore propose that, although
intrinsically nucleosome-depleted regions facilitate assembly of the
pre-initiation complex, an early step(s) in the transcription process
(that is, those preceding extensive elongation) is the major determi-
nant for a strongly positioned +1 nucleosome (see Discussion).

DISCUSSION

Evidence against the nucleosome code

Our results strongly argue against the idea of a nucleosome code
in which nucleosome positions in vivo are determined primarily by
DNA sequence!®?*, Most notably, the in vivo pattern of statistical
positioning (the strong positioning of the +1 and to a progressively
lesser extent more downstream nucleosomes) is not observed in vitro
and instead is linked to the process of transcriptional initiation. In
addition, a nucleosome code does not explain why an S. cerevisiae
genomic region shows different nucleosomal positions when present
in S. cerevisiae or Schizosaccharomyces pombe cells'’, and it does not
easily account for species- and cell type—specific differences in nucleo-
some spacing!. Our genome-wide analysis is consistent with the well-
established idea that histones have strong DNA sequence preferences
for nucleosome formation and rotational positioning!®?! and that
intrinsic histone-DNA interactions have an important role in generat-
ing nucleosome-depleted promoter regions!'”!8. However, the fact that
histones have DNA sequence preferences for nucleosome formation is
conceptually different from a nucleosome code that determines where
nucleosomes are located in vivo. By analogy, DNA sequence motifs for
a transcription factor do not constitute a code that is sufficient to
specify where a protein binds in vivo*®?7.

Our central conclusion disagrees with that of a related study'® that
appeared after our work was completed and also involved large-scale
sequencing of nucleosomes assembled on yeast genomic DNA by salt
dialysis. However, our analysis of this independent data set (and a
related analysis of this data; figure 4a of ref. 9) confirms, and indeed
provides additional support for, the conclusion that the in vivo pattern
of statistically positioned nucleosomes is not due to intrinsic histone-
DNA interactions (Supplementary Fig. 5). The conflicting conclu-
sions of these two studies are largely explained by the difference
between the concepts of histone density and translational position-
ing. Although these concepts are related, histone density measures the
average amount of histones on a given region of DNA in a population,
and this cannot be used to determine translational positioning, which
refers to the precise position of an individual nucleosome with regard
to a given DNA sequence. Our central conclusion is based primarily
on translational positioning analysis, whereas the major conclusion of
the other study was based on the high correlation coefficient of histone
densities between the in vivo and in vitro samples (see below) rather
than on direct measurements of translational positioning. Thus, whereas
low nucleosome density at many promoters and terminators in vivo is
largely due to intrinsically weak histone-DNA interactions, the transla-
tional positions of where nucleosomes are actually located in vivo are
not determined primarily by the underlying DNA sequence.

The correlation of histone densities between the in vivo and in vitro
samples is lower in our experiments than observed in the indepen-
dent data set (0.74 versus 0.54; Supplementary Fig. 6). However,
correlation coefficients are strongly affected by methodological issues.
Chromatin reconstitution in our study involved equal amounts of
histones and DNA and the generation of regularly spaced nucleosome
arrays. In contrast, reconstitution in the other study involved a
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histone:DNA mass ratio of 0.4, therefore resulting in isolated nucleo-
somes (~ 1 nucleosome per 400 bp) with most of the DNA not in
the form of chromatin. The use of limiting histone concentrations
is advantageous for measuring intrinsic affinities of different genomic
regions, but it also represents an artificial competitive situation between
DNA sequences that does not reflect the conditions in vivo, where
histones are not limiting and most of the genomic DNA is nucleosomal.

Alternatively, the different correlation coefficients might arise from
differences in the extent of micrococcal nuclease cleavage of the in vitro—
generated samples used in the two studies (data from the same in vivo
samples were used in both analyses). This can occur because the extent
of enzymatic cleavage affects the ratio of cleavage within linker or
mononucleosomal DNA, and the considerable sequence specificity of
MNase?® results in both differential cleavage of linker regions and differ-
ential cleavage of mononucleomes. In addition, correlation coefficients,
and hence apparent similarities, of histone densities between in vitro
and in vivo samples are likely to be inflated by the DNA sequence
specificity of MNase and biases in DNA sequencing that apply to the
analysis of all mononucleosomal samples. Indeed, when the contri-
butions of MNase and sequencing bias are removed by measuring
nucleosome affinities of a collection of 150-bp regions, correlation
coefficients are substantially reduced®.

These methodological issues do not affect our conclusion that
intrinsic histone-DNA interactions are not the major determinant of
nucleosome positioning in vivo. Indeed, our conclusions are robust to
different data sets done under different experimental conditions by
different laboratories.

Transcription-based mechanism for statistical positioning

The mechanism by which the +1 nucleosome becomes highly posi-
tioned is the key to understanding how statistical positioning within
mRNA coding regions is achieved. By definition, strong positioning
of the +1 nucleosome must be determined by specific DNA sequences.
In contrast to the prediction from the nucleosome code hypothesis,
we demonstrate that strong positioning of the +1 nucleosome is not
due to intrinsic histone-DNA interactions and that an intrinsic
nucleosome-depleted region is insufficient to strongly position a
nucleosome. Instead, the position of the +1 nucleosome is highly
related to the transcriptional initiation site, and it therefore depends
on DNA sequences linked to the process of transcriptional initiation.

In support of a transcription-based mechanism, Drosophila
melanogaster genes also show a highly preferential spacing between
the transcriptional initiation site and the +1 nucleosome?, although
the spacing is larger. Notably, because the spacing between the
pre-initiation complex and the mRNA initiation site is larger in
yeast than in D. melanogaster®®, the distance between the pre-initiation
complex and the +1 nucleosome is roughly similar in both species.
This suggests the possibility that the location of the pre-initiation
complex may be an important determinant for the location of the +1
nucleosome. However, it is also possible that the difference in spacing
might be related to the fact that, unlike the case for yeast genes, many
D. melanogaster genes have a paused RNA polymerase located down-
stream of the initiation site®.

We propose the following transcription-based model for positioning
the +1 nucleosome. First, as discussed previously”’ls, intrinsically
nucleosome-depleted promoter regions facilitate association of the
transcription machinery. Second, some component(s) of the transcrip-
tional initiation machinery interacts with a nucleosome-remodeling
complex and/or histones to position the +1 nucleosome. Third, once
positioned, the +1 nucleosome might spatially constrain subsequent
initiation events, thereby reinforcing the position of the +1 nucleosome.
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An appealing feature of this model is that it can explain why statistical
positioning occurs on genes that are poorly transcribed. In particular,
Pol IT is detected at nearly all yeast genes®*2, and nucleosome replace-
ment is inversely correlated with transcription33. Hence, it is likely that,
once formed via an initiation event, a positioned +1 nucleosome will
be relatively stable at genes whose transcription is initiated infrequently.
In any event, whatever the precise molecular mechanism, the ultimate
DNA sequence determinant for positioning the +1 nucleosome is an
event linked to transcriptional initiation, not the intrinsic sequence
preferences of histones to form nucleosomes.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/nsmb/.

Accession codes. Gene Expression Omnibus: DNA sequencing data
has been deposited with accession number of GSE15188.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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ONLINE METHODS

Assembly of nucleosomes in vitro and sequencing of nucleosomal DNA. We
purified S. cerevisiae and E. coli genomic DNAs separately, lightly sonicated
them to generate fragments 5-10 kb and then combined them in a 3:1 mass
ratio. We assembled the resulting DNA mixture into chromatin either by salt
dialysis or by using a purified system containing recombinant D. melanogaster
NAP-1 and ACF as well as purified native histones from D. melanogaster
embryos, as described®’. We performed three independent chromatin assembly
reactions on the same DNA mixture. We extensively digested chromatin with
MNase to yield core particles, purified the resulting mononucleosomal DNA
and then performed massively parallel sequencing on an Illumina Genome
Analyzer. We aligned sequence tags to the S. cerevisiae (Stanford Genome
Database April 2008 build) and E. coli K12 MG1655 (U00096) genomes,
allowing 2 mismatches per mapped read. Depending on the sample, we
generated 1-3 million uniquely mapped sequence tags. As a control, we
sonicated the mixture of yeast and E. coli DNA to fragments of comparable
size to the mononucleosomal DNA.

Nucleosome density profiles. We generated nucleosome density profiles by
extending the 5" end of each sequence tag 146 bp and then piling up all
extended tags. We obtained heat maps of nucleosome density profiles (normal-
ized to enrichment ratios) for 1,752 isolated promoters aligned by trans-
criptional start sites (TSSs), 1,548 isolated terminator regions aligned by
termination sites (TTSs) and promoter regions aligned by sequence motifs
of DNA-binding transcription factors. To avoid complications arising from
genomic regions with multiple functions, we generated heat maps on genes
with isolated promoter or terminator regions, which are defined as 1-kb
regions upstream or downstream of a given gene that do not overlap with
other genes.

Analysis of rotational positioning. We defined rotational positioning by the
periodicity of AA/TT/AT dinucleotides in the mononucleosomal DNA. We
determined dinucleotide periodicity and tag position relationships by aligning

the 5" ends of sequence tags as described’. For power spectrum analysis of
the mononucleosomal samples, we performed discrete Fourier transform on
the +11 to +160 interval of AA/TT/AT fraction pattern to measure the power
of 10-bp periodicity. To apply power spectrum analysis to yeast and E. coli
DNA, we converted these sequences to binary sequence according to whether
AA/TT/AT was present at each dinucleotide position, split this binary sequence
into 1024-bp fragments and then applied the Fourier transform.

Nucleosome positioning degree. The degree of translational positioning is
defined as the number of nucleosome centers (the position 73 bp downstream
from the 5" end of the sequence tag) within 20-bp windows centered at each
nucleotide position divided by the number of nucleosome centers with a
160-bp window centered at the same position. The maximum positioning
degree within a 160-bp window is the positioning degree of most ‘positioned’
nucleosomes contained in this region; hence, the percentage of genomic regions
with maximum positioning degree larger than a certain threshold is a global
measurement of nucleosome positioning status. To compare the nucleosome
positioning status among samples, we randomly sampled the same number
of tags along with a control comprising the same number of random tags in
mappable genomic regions.

Comparison of in vitro and in vivo nucleosomal patterns in genes. We
defined the nucleosome patterns of 3,774 non-overlapping genes, on a gene
by gene basis, as the peak 20-bp window for the +1 through +10 nucleosome
centers based on chromatin from yeast cells grown in YP ethanol'®. We first
generated the average positions of the +1 to +10 nucleosomes for these 3,774
genes, and then for each gene we identified the peak 20-bp window within the
100-bp region defined by the average position. We then determined the number
of nucleosome centers within these defined 20-bp windows in nucleosomes
generated by salt dialysis, ACF or in cells grown in YPD medium.

34. Fyodorov, D.V. & Kadonaga, J.T. Chromatin assembly in vitro with purified recombinant
ACF and NAP-1. Methods Enzymol. 371, 499-515 (2003).
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