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Translational and rotational settings of H2A.Z
nucleosomes across the Saccharomyces
cerevisiae genome
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The nucleosome is the fundamental building block of eukaryotic
chromosomes. Access to genetic information encoded in chromo-
somes is dependent on the position of nucleosomes along theDNA.
Alternative locations just a few nucleotides apart can have pro-
found effects on gene expression1. Yet the nucleosomal context in
which chromosomal and gene regulatory elements reside remains
ill-defined on a genomic scale. Here we sequence the DNA of
322,000 individual Saccharomyces cerevisiae nucleosomes, con-
taining the histone variant H2A.Z, to provide a comprehensive
map of H2A.Z nucleosomes in functionally important regions.
With a median 4-base-pair resolution, we identify new and estab-
lished signatures of nucleosome positioning. A single predominant
rotational setting and multiple translational settings are evident.
Chromosomal elements, ranging from telomeres to centromeres
and transcriptional units, are found to possess characteristic nu-
cleosomal architecture that may be important for their function.
Promoter regulatory elements, including transcription factor bind-
ing sites and transcriptional start sites, show topological relation-
ships with nucleosomes, such that transcription factor binding
sites tend to be rotationally exposed on the nucleosome surface
near its border. Transcriptional start sites tended to reside about
one helical turn inside the nucleosome border. These findings
reveal an intimate relationship between chromatin architecture
and the underlying DNA sequence it regulates.

Chromatin is composed of repeating units of nucleosomes inwhich
,147 base pairs (bp) of DNA is wrapped ,1.7 times around the

exterior of a histone protein complex2. A nucleosome has two fun-
damental relationshipswith its DNA3. A translational setting defines a
nucleosomal midpoint relative to a given DNA locus. A rotational
setting defines the orientation of DNA helix on the histone surface.
Thus, DNA regulatory elements may reside in linker regions between
nucleosomes or along the nucleosome surface, where they may face
inward (potentially inaccessible) or outward (potentially accessible).
Recent discoveries of nucleosome positioning sequences throughout
the S. cerevisiae (yeast) genome suggest that nucleosome locations are
partly defined by the underlying DNA sequence4,5. Indeed, a tendency
of AA/TT dinucleotides to recur in 10-bp intervals and in counter-
phase with GC dinucleotides generates a curved DNA structure that
favours nucleosome formation3. Genome-wide maps of nucleosome
locations have been generated6,7, but not at a resolution that would
define translational and rotational settings. To acquire a better under-
standing of how genes are regulated by nucleosome positioning,
we isolated and sequenced H2A.Z-containing nucleosomes from S.
cerevisiae. Such nucleosomes are enriched at promoter regions8–11, and
thus maximum coverage of relevant regions can be achieved with
fewer sequencing runs. With this high resolution map we sought to
address the following questions: (1) what are the DNA signatures of
nucleosome positioning in vivo? (2) How many translational and
rotational settings do nucleosomes occupy? (3) Do chromosomal
elements possess specific chromatin architecture? (4) What is the
topological relationship between the location of promoter elements
and the rotational and translational setting of nucleosomes?
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Figure 1 | Distribution of H2A.Z nucleosomal DNA at an arbitrary region of
the yeast genome. Any region of the genome can be viewed in this way at
http://nucleosomes.sysbio.bx.psu.edu. An enlarged view of a peak is shown
in the inset, where each vertical bar corresponds to the number of

sequencing reads located at individual chromosomal coordinates. The
locations of ORFs are shown below the peaks. Additional browser shots are
shown in Supplementary Fig. 1.
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Nucleosome positions were trapped in yeast by formaldehyde
crosslinking. H2A.Z nucleosome core particles were immuno-
precipitated from micrococcal nuclease (MNase)-digested chroma-
tin and gel purified (Supplementary Figs 1 and 2); core particles
(322,000) were individually sequenced in parallel by pyrosequencing.
Most sequencing reads had highly clustered locations throughout the
genome andwere strongly biased towards the 59 end of genes (Fig. 1),
as expected. In generating the map, we made adjustments for
sequence bias inherent in MNase cutting (Supplementary Fig. 3).
The distribution of sequencing reads was then smoothed at two
levels: fine and coarse (see Fig. 2b), corresponding to individual
translational settings and the average setting, respectively (provided
in Supplementary Table 1). Independent determinations made on
the Watson and Crick strands (left and right borders) concurred,
producing a median error of 4 bp (Supplementary Fig. 4a). Com-
parisons with other experimentally and computationally derived
maps4,5,9,11 are presented in Supplementary Fig. 4b–f.

On average, 25 sequencing reads per nucleosome were used to
assign the genomic location of ,10,000 H2A.Z nucleosomes.
Another 30,000 nucleosomes, containing low levels of H2A.Z, were
assigned with an average of 3–4 reads. Even nucleosomes identified
by a single read had comparatively low error (Supplementary Fig.
4d), reflecting widespread incorporation of low H2A.Z levels. This
was further examined at the highly repetitive ribosomal DNA locus,
which should amplify this noise by a factor of 150–200, correspond-
ing to the number of rDNA repeats. Indeed, reads at the rDNA locus

clustered into nucleosome-sized arrays (Supplementary Fig. 5).
When normalized to the number of repeats present, the read count
was similar to the low level observed throughout the genome. This
low genome-wide level of H2A.Z might represent biological noise
(that is, real but not necessarily meaningful).

Nucleosome positioning sequences have been largely defined
by dinucleotide patterns present in a relatively small number of
sequenced nucleosomes. Positioning sequences have not been
defined by nucleosomes trapped at their in vivo location, which could
differ from thermodynamically favoured positions. We examined
.8,000 well-defined nucleosome positions, and found an AA/TT
and GC dinucleotide pattern remarkably similar to the thermo-
dynamically favoured pattern (Fig. 2a and Supplementary Fig. 6)3,4.
Strikingly, a relatively strong enrichment of GC dinucleotides
and a deficiency of AT dinucleotides was detected 3–4 bp from
the nucleosome border; this is where the highly regulated histone
H3 tails emerge from the DNA gyres12, which might indicate a
histone–DNA regulatory interaction. The deficiency of AT was not
evident 1 bp in from the border, suggesting that the intrinsic
MNase specificity for AT was not artificially depleting the region of
AT.

Coarse-grain and fine-grain smoothing of the read distributions
allowed several nucleosomal parameters to be assessed (Fig. 2b). First
we investigated the basis of multiple fine-grain peaks within each
coarse-grain peak. Multiple peaks might reflect nucleosome deloca-
lization over a rather narrow range. Indeed, the fine-grain positions
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Figure 2 | Rotational and translational settings of H2A.Z nucleosomes.
a, Smoothed frequency distribution of the combined number of AA, TT, AT,
TA or GG, CC, GC, CG dinucleotides at each base pair along the 147bp of
nucleosomalDNA.The schematic shows the rotational setting of the two sets of
dinucleotides. b, Bar graph depicting the number of reads mapped to each
coordinate on the Watson (W, in blue) and Crick (C, in red) strands for an
arbitrary nucleosome. Bars are separated in 1-bp increments. Fine-grain (left
panel) and coarse-grain smoothing (right panel) are shown for the same data.
c, Each coarse-grain peak was centredmidway between its matchedW–C pairs.
Closest W–C fine-grain peaks were paired, and their base pair separation
calculated. Shown inpurple is a smoothed frequencydistribution (bin size, 1 bp;
‘count’, number of fine-grain nucleosome positions) of their distances (error).

As a control, the entire distribution of fine-grain C peaks within a single coarse-
grain peak was rotated 180u around the centre of its coarse-grain peak, then
paired off with nearest fine-grain W peaks (yellow distribution). The relatively
short distance between pairedW–C peaks compared with the control indicates
that MNase heterogeneity, which would be non-identical on the W and C
strands, cannot account for the distribution of fine-grain peaks. d, Peak-to-peak
distances for peaks located on the same strandweremeasured, using the highest
six peaks within each coarse-grain peak. The number of measurements at the
indicated distance intervals is plotted as a smoothed frequency distribution.
e, Scatter plot of the standard deviation of read coordinates located under a
single coarse-grain peak, comparing Watson and Crick matched pairs. A total
read count was required to exceed 35, to be included.
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determined independently on the Watson and Crick strands were
highly co-incident compared to a control set (Fig. 2c), suggesting
that these peaks largely represent alternative overlapping trans-
lational settings.

The 10-bp periodicity of dinucleotides inherent in nucleosome
positioning sequences theoretically restricts DNA to a single rota-
tional setting on the histone surface. In the absence of mitigating
factors, this limits nucleosomes to quantum translational settings
of 10 bp. To test this prediction, wemeasured peak-to-peak distances
between adjacent translational settings, and found the most frequent
positioning interval to be 10 bp (Fig. 2d). Thus, on a genomic scale
nucleosomes tend towards a primary rotational setting, resulting in
discrete translational settings having 10-bp intervals.

The standard deviation of read locations within each coarse-grain
nucleosome provides another metric of delocalization or ‘fuzziness’.
Figure 2d shows that fuzzier nucleosomes measured on the Watson
strand were verifiable when examined on the Crick strand. Approxi-
mately 10% of all major H2A.Z nucleosomes were ‘very fuzzy’, tend-
ing towards 3–4 predominant translational settings. Most others had
1–3 predominant settings.

We next explored the biological significance of multiple trans-
lational settings by examining the properties of genes having very
fuzzy H2A.Z nucleosomes (Supplementary Tables 2 and 3). Indeed,

these genes tended to be TATA-containing and positively regulated by
chromatin remodelling factors including SAGA, SWI/SNF and SWR-
C, the latter being H2A.Z-specific. They tended to be negatively regu-
lated by histone modifying factors such as Hda1 deacetylase and Set1
methylase, and by the SSN6–TUP1 chromatin repressor complex.
Thus, we find a strong link between chromatin regulation and mul-
tiple translational settings, suggesting that nucleosome repositioning
by chromatin regulatorsmayhave important global roles in regulating
gene expression, particularly at TATA-containing promoters.

We also examined ‘very wide’ nucleosomes, which have coarse-
grain Watson positions that are farther away from their matching
Crick positions than expected by chance (typically.20 bp).
Interestingly, genes having very wide nucleosomes also tended to
be controlled by chromatin regulators, with the SSN6–TUP1 com-
plex being particularly involved (Supplementary Table 2). SSN6–
TUP1 binds to nucleosomes and forms a repressive chromatin
domain13. Conceivably, its presence might provide additional
MNase protection to nucleosomes, creating an appearance of unusu-
ally wide nucleosomes.

The geographical landscape of H2A.Z nucleosomes in the vicinity
of chromosomal elements is presented in Fig. 3. With the exception
of TATA-containing promoters, a characteristic H2A.Z chromo-
somal architecture was found to encompass distinct classes of
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Figure 3 | Distribution of H2A.Z nucleosomes in and around chromosomal
elements. a, Number of nucleosomes located at varying distances from
either an ORF start site (left panel) or a tRNA start site (right panel) were
binned in 10-bp intervals, then plotted as a smoothed frequency

distribution. Plots for additional chromosomal elements are shown in
Supplementary Figs 5 and 8a–m. b, Generalized schematic of nucleosome
positions in and around chromosomal elements. The darkness of the ovals
represents the relative level of H2A.Z.
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chromosomal elements. Telomeric repeats and centromeric regions
contained H2A.Z nucleosomes in fixed locations and spaced in
,200 bp intervals rather than the canonical 165 bp. Spacing on parts
of the Y9 telomeric elements is consistent with an alternating array of
standard and H2A.Z-containing nucleosomes. The specialized cen-
tromeric nucleosome was devoid of H2A.Z, presumably containing
H2A instead. Thus, both H2A and H2A.Z may have geographically
distinct roles in centromere function14,15. Origins of replication
(ARSs) lacked H2A.Z, which is consistent with studies on individual
ARSs16,17. However, H2A.Z nucleosomes were positioned on flanking
genomic DNA, suggesting that the ARS, or it cognate factors, estab-
lishes an H2A.Z-containing chromatin architecture surrounding the
ARS, perhaps functionally analogous to the chromatin architecture
found at promoter regions.

Ribosomal RNA is transcribed by RNA polymerase (pol) I from a
single type of promoter. TwoH2A.Z nucleosomes were present at the
pol I promoter (Fig. 3b), at 113 and 2415, establishing a 268-bp
nucleosome-free region akin to that at pol II promoters6. An H2A.Z
nucleosome was also positioned over the start of the 18S rRNA.
Because 18S rRNA is generated by RNA cleavage rather than tran-
scription initiation, the significance of this H2A.Z positioning is
unclear. H2A.Z nucleosomes may have an important role at pol I
promoters, possibly through their established function in counter-
acting silent information regulator (SIR)-mediated silencing.

The arrangement of nucleosomes at pol II promoters is now
established4–6,9 as H2A.Z nucleosomes flanking a nucleosome-free
promoter region8–11. Computational modelling predicts that TATA-
containing and TATA-less promoters have distinct nucleosomal
architecture5. Indeed, TATA-less promoters, which constitute the
vast majority of the genome18, showed the canonical architecture
including 165-bp inter-nucleosomal spacing (Fig. 3). In contrast,
TATA-containing promoters lacked a canonical architecture (Supple-
mentary Fig. 8f). This scattered distribution was not due to a
complete delocalization of individual nucleosomes because nucleo-
somes were positioned at individual promoters, albeit fuzzy. Rather,
each TATA-containing promoter has a tailored chromatin architec-
ture, which may explain their greater dependency on chromatin
remodelling5,18.

Highly transcribed genes tend to be depleted of nucleosomes19–21.
We examined whether this might be due to loss of nucleosomes at
specific locations in the promoter region, or whether there was a
general depletion. Three groups of genes were examined, including
the highly transcribed ribosomal protein genes, the less-transcribed
ribosome biogenesis genes, and all highly transcribed genes (Supple-
mentary Fig. 8h–j)22. In all cases, the translational positioning of
nucleosomes was unperturbed over the open reading frame (ORF)
start region as was the case with most genes and individual genes23.
Instead, H2A.Z levels were reduced, reflecting nucleosome depletion.
Transcription of the ORF start region might remove the intervening
nucleosome. But, once pol II has passed, the nucleosome returns to
its original unperturbed location, perhaps guided by strong position-
ing sequences.

Pol III-transcribed transfer RNA genes tended to reside in the
midst of,250 bp H2A.Z-free regions, which were flanked by several
uniformly positionednucleosomeswith a lowH2A.Z content (Fig. 3).
Typically two of these flanking nucleosomes housed a long terminal
repeat (LTR) from a Ty retrotransposon (Supplementary Fig. 8m),
which is often physically linked to tRNA genes24. Thus, H2A.Zmight
have undiscovered roles in transposition.

We mapped the location of promoter elements relative to the
nearest nucleosome, the orientation of which is defined by the near-
est ORF. As shown in Fig. 4a, TATA boxes were scattered across the
downstream border of the first upstream nucleosome, which is
consistent with the heterogeneous chromatin architecture of TATA-
containing promoters5 and their dependence on chromatin modi-
fying and remodelling factors18. In contrast, transcriptional start sites
were concentrated ,13 bp inside the upstream border of the 11

nucleosome, which tended to be less fuzzy than other nucleosomes
(Fig. 4b). This location places the histoneH3 amino-terminal tail just
upstream of the transcriptional start site, where it could regulate
transcription initiation (see Fig. 4e). Indeed, the highly regulated
H3 K36 site resides just outside of the DNA gyre, placing it near
the start site.

Evolutionarily conserved binding sites for over 100 gene-specific
transcription factors have been identified in promoter regions
throughout the yeast genome25,26. Only a small fraction of these sites
have been reported to bind transcription factors27,28, which brings
into question the physiological significance of the vast majority of
unbound sites. Irrelevant sites should be randomly distributed
without regard to chromatin structure. However, we find that con-
served but unbound transcription factor binding sites tend to have a
topological relationship with their nucleosome neighbour (Fig. 4c).
These sites tended to reside near nucleosome borders, and were con-
centrated in 10-bp periodicities that aligned with the rotationally
exposed DNA major groove on the histone surface. This pattern
suggests that many transcription factors recognize their cognate sites
on the nucleosome surface. Their placement near nucleosome bor-
ders positions them to control the translational setting of nucleo-
somes. Consistent with this finding, sites that were bound by
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sequence-specific regulators27–29 tended to reside just outside of the
nucleosome border (Fig. 4d). Thus, a potential consequence of tran-
scription factors binding to nucleosomal DNA is the translational
displacement of the nucleosome, which might be important for gene
activation (Fig. 4e). The H2A.Z nucleosome map presented here
reveals a tight regulatory relationship between promoter elements
and the topology of nucleosome borders.

METHODS
S. cerevisiae (BY4741 HTZ1–TAP) was grown to mid-log phase in rich media,
then subjected to formaldehyde crosslinking6. HTZ1–TAP encodes carboxy-
terminally TAP-tagged H2A.Z. Collected cells were disrupted, and non-
nucleosomal DNA eliminated with MNase. H2A.Z–TAP nucleosomes were
immunopurified with immunoglobulin G-sepharose and eluted with the
Tobacco Etch Virus (TEV) protease. The resulting 125–170-bp DNA was gel-
purified and sequenced with the Genome Sequencer 20. Sequencing reads were
mapped to the reference S. cerevisiae genome at http://www.yeastgenome.org.
Additional details can be found in Supplementary Information.
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