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Chromatin remodelling at promoters
suppresses antisense transcription

lestyn Whitehouse', Oliver J. Rando’, Jeff Delrow? & Toshio Tsukiyama'

Chromatin allows the eukaryotic cell to package its DNA efficiently. To understand how chromatin structure is controlled
across the Saccharomyces cerevisiae genome, we have investigated the role of the ATP-dependent chromatin remodelling
complex Isw2 in positioning nucleosomes. We find that Isw2 functions adjacent to promoter regions where it repositions

nucleosomes at the interface between genic and intergenic sequences. Nucleosome repositioning by Isw2 is directional and
results inincreased nucleosome occupancy of the intergenic region. Loss of Isw2 activity leads to inappropriate transcription,
resulting in the generation of both coding and noncoding transcripts. Here we show that Isw2 repositions nucleosomes to
enforce directionality on transcription by preventing transcription initiation from cryptic sites. Our analyses reveal how

chromatin is organized on a global scale and advance our understanding of how transcription is regulated.

Nucleosomes are the basic repeating units of chromatin. They are
composed of an octamer of histone proteins around which DNA is
tightly wrapped'. The DNA contained within nucleosomes is less
accessible than linker DNA; as a result, processes that rely on access
to the genome are influenced profoundly by the positions of nucleo-
somes along DNA”. However, little is known about the factors that
govern nucleosome positioning in vivo.

One factor governing nucleosome positioning is the intrinsic DNA
sequence preference for the histone octamer, and sequences that
favour and disfavour nucleosome assembly have been described’.
Recent genomic studies have used intrinsic sequence preferences to
predict nucleosome positions across a genome on the basis of DNA
sequence®” with modest success—in vivo nucleosome positions are
predicted well for only a subset of genomic loci. This probably reflects
the fact that a variety of protein factors also contribute to nucleosome
positioning in vivo. Principal among these are ATP-dependent
chromatin remodelling enzymes that alter the positions of nucleo-
somes in vivo and in vitro®. Therefore, to understand how nucleo-
some positions are specified in vivo, it is important to understand not
only the contribution made by the DNA sequence but also the role of
factors such as chromatin remodelling enzymes®.

Isw2 is one such ATP-dependent chromatin remodelling enzyme,
and belongs to a family of proteins that are highly evolutionarily
conserved'™'"". In multicellular eukaryotes, Isw2 homologues have
been implicated in the regulation of transcription'>", global chro-
mosome structure'!, DNA replication''¢, cell cycle progression'/,
ribosomal DNA silencing'®"” and cohesin loading®. In budding
yeast, Isw2 acts as a gene repressor”' > by overriding the underlying
nucleosome positioning signals of DNA*, repositioning nucleo-
somes over unfavourable DNA sequences to establish a chromatin
configuration that is repressive to transcription.

To understand global Isw2 function, we used high-resolution tiled
microarrays to map the positions of nucleosomes across the yeast
genome, and defined how their positioning is altered in a Aisw2
mutant strain. Nucleosome repositioning by Isw2 is directional
and results in compact chromatin adjacent to sites of transcriptional
activity. Loss of Isw2 leads to nucleosome positional changes and
inappropriate transcription, resulting in the generation of noncoding

transcripts. We find that chromatin remodelling is an important
process that prevents aberrant transcription of the genome.

Genome-wide analysis of Isw2-dependent chromatin remodelling

We sought to discover Isw2 targets across the yeast genome by iden-
tifying nucleosomes whose positioning is altered in a Aisw2 mutant
strain. We purified nucleosomal DNA from both wild-type and
Aisw2 mutant yeast, and hybridized each to high-resolution tiled
microarrays® that cover the entire yeast genome with ~5 base pair
(bp) spacing (Supplementary Fig. 2).

Nucleosome-sized peaks were found across the genome; arrays of
positioned nucleosomes generate a periodic signal whose maxima
and minima are separated by the nucleosome repeat length of
165bp. Comparison of wild-type nucleosome locations with those
from a Aisw2 mutant revealed many sites of altered nucleosome
positioning. To systematically identify these regions, we developed
a comparative approach to detect differences in nucleosomal posi-
tioning and/or occupancy between wild-type and Aisw2 mutant
strains (Supplementary Fig. 3). This analysis identified >1,000 dis-
tinct regions, typically of ~600 bp in length, where chromatin struc-
ture was disrupted in the Aisw2 mutant (Fig. 1 and Supplementary
Table 1).

Having established the locations of chromatin changes, we used
chromatin immunoprecipitation (ChIP) in conjunction with the
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Figure 1| Definition of Isw2 function using high-density microarrays.
Shown is the global view of Isw2 binding and chromatin remodelling. Data
for chromosome 1 are shown as an example. Black boxes represent ORFs, red
boxes represent sites of Isw2(K215R) enrichment (Isw2 targets), and the
blue line indicates sites of altered chromatin structure in an Aisw2 mutant.
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tiled microarrays to determine whether Isw2 was acting directly at
these loci. Previously we found that the sites bound by a catalytically
inactive mutant of the Isw2 protein, Isw2(K215R), are a reliable
indicator of functional Isw2 targets, whereas the wild-type protein
binds nonspecifically across the genome?®. We therefore defined sites
of Isw2 binding as sites at which Isw2(K215R) is enriched relative to
the wild-type control. Figure 1 shows the sites of Isw2(K215R) bind-
ing and nucleosome positional changes across chromosome 1. Com-
parison of Isw2 localization with sites of Isw2-dependent nucleosome
positional changes shows a tight association (Supplementary Fig. 4),
suggesting that Isw2 is directly responsible for most of the chromatin
changes we identify.

We then asked whether Isw2 is preferentially targeted to particular
regions of the genome. Isw2 targets were divided into groups reflect-
ing their proximity to genomic features (Supplementary Table 1).
Isw2 function was detected at the 5’ ends of genes, as well as upstream
of transfer RNA genes, consistent with previous reports****?. In
addition, we detected Isw2 activity at the 3" end of genes and in
intergenic regions distal to known genomic features. Examples of
Isw2-dependent nucleosome repositioning at individual loci are
shown in Supplementary Fig. 5.

Nucleosome repositioning at the 5’ end of genes

Isw2 is targeted to the 5" end of ~20% of genes transcribed by RNA
polymerase II, and Isw2-dependent chromatin remodelling was
detected at ~35% of these targets (Supplementary Table 1).
Because loss of Isw2 function at the 5’ end of genes is generally
correlated with transcriptional derepression®***, chromatin struc-
ture changes mediated by Isw2 probably act to repress transcription
at these sites. To define common features of Isw2-mediated
nucleosome repositioning at the 5 ends of genes, we aligned 5,767
non-dubious genes according to the midpoint of the first defined
nucleosome (+1) upstream of the coding region of the gene
(Fig. 2a). We first analysed the distribution of wild-type nucleosome
positions, because previous high-resolution studies have only cov-
ered a fraction of the yeast genome®?®. Nucleosomes are highly
organized at the 5" end of genes and this organization spreads into
the adjacent coding sequence. A short nucleosome-free region (NFR,
which varies in size from gene to gene) typically lies upstream of
nucleosome +1 (the first nucleosome upstream of the translation
start site), and is the predominant site for transcription-factor-
binding at promoters® (Fig. 2 and Supplementary Fig. 16). The
transcription start site is commonly downstream of the transcrip-
tion-factor-binding sites and is generally occluded by the first half of
nucleosome +1, consistent with recent analysis™.

We then turned to the chromatin structure of Aisw2 mutants,
asking if any general rules could be formulated for the action of
Isw2 at the 5’ ends of genes. We selected genes that are enriched
for Isw2 and display Isw2-dependent chromatin remodelling
(~400 genes), and then aligned these loci according to the position
of the +1 nucleosome determined for wild-type yeast. Next we over-
laid the nucleosome hybridization signal from wild-type nucleo-
somes to generate an intensity map, the darkness of which is
proportional to the number of traces at that coordinate; the average
of the signal is shown as a green line (Fig. 3a). We generated a similar
map for nucleosomes harvested from Aisw2 mutant yeast (Fig. 3b).
To determine nucleosome repositioning trends at Isw2 targets, we
calculated the difference between the wild-type and Aisw2 mutant
intensity maps (Fig. 3c). This demonstrated a clear bias in nucleo-
some repositioning in the Aisw2 mutant strain. Specifically, there is a
directional shift in the population of nucleosomes away from the
NFR/intergenic region towards the adjacent genic sequence in
Aisw2 mutants (Fig. 3¢ and Supplementary Fig. 6a, b). The size of
the shift ranges up to ~70bp, with a typical shift of ~15bp that
decreases in size for each successive nucleosome (Supplementary
Fig. 7). Because loss of Isw2 function leads to a shift in nucleosomes
away from the intergenic region, this finding implies that Isw2
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functions to increase nucleosome occupancy at intergenic regions
at the 5’end of genes by repositioning nucleosomes.

Nucleosome repositioning at the 3’end of genes

Nucleosome positional changes are also evident at the 3’ends of
~250 genes that are bound by the Isw2(K215R) protein (Supple-
mentary Tablel). We studied these targets by aligning the 3"ends of
genes with respect to the nucleosome closest to the end of the open
reading frame (ORF). We then compared how nucleosomes are repo-
sitioned at Isw2 targets and non-targets as described above. Again, we
observe a distinct bias in the directionality of shifting; like at the 5’
end of genes, loss of Isw2 results in a shift of nucleosomes away from
the intergenic region (Fig. 3f, and Supplementary Figs 6¢, d and 7).
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Figure 2 | Distinct nucleosome organization at the 5’ end of genes. a, A
self-organizing map of nucleosome order at the 5’ end of genes. The 5’ ends
of 5,767 non-dubious ORFs were aligned according to the +1 nucleosome
adjacent to a short NFR. Loci with similar nucleosome arrangements are
placed next to each other. Red represents a positive signal, whereas green is
negative. b, The signal from a is averaged to illustrate typical nucleosome
positions, shown as a black line. A frequency plot of the transcription start
site from ref. 46 and the predicted transcription-factor-binding sites (with
the most stringent cut-offs) from ref. 47 are displayed in blue and orange,
respectively. Transcription factors typically bind within the NFR, whereas
the transcription start site lies within the 5’end of the +1 nucleosome.
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Thus, at both the 5" and the 3’ ends of genes, Isw2 serves to shift
nucleosomes onto adjacent intergenic regions.

Isw2 action at the 3’ ends of genes represents a major and pre-
viously unidentified class of targets. To characterize this group of
targets more closely, we analysed their arrangement with respect to
adjacent genomic features. In general, the intergenic region down-
stream of an ORF can be either convergent (containing the 3’ ends of
two converging genes) or tandem (containing the 3" end of the gene
followed by the 5" promoter of the adjacent gene). Our analysis
revealed that more than 75% of the intergenic regions downstream
of 3" Isw2 targets are tandem, which is significantly higher than the
genomic average of ~48%. Therefore, Isw2 activity at these targets
seems to be correlated with the presence of an adjacent gene pro-
moter. The high resolution of our analysis allows us to identify un-
ambiguously the 3" end of genes as a unique class of targets, rather
than an artefact of Isw2 action at the 5" end of the downstream gene
(Fig. 4 and Supplementary Fig. 8).

Isw2 suppresses non-coding, antisense transcription

Because ~90% of all Isw2 targets are found adjacent to gene pro-
moter regions, we considered a model in which Isw2 functions to
repress transcription from promoters in general. According to this
model, loss of Isw2 at the 5" end of genes leads to increased tran-
scription of the coding sequence. In contrast, loss of Isw2 action at the
3’ end of a gene would result in a shift in the nucleosome upstream of
the NEFR relative to the 5’ end of the adjacent gene. We reasoned that
this might permit incorrectly oriented transcription to proceed from
the adjacent promoter, resulting in the production of a noncoding,
antisense transcript (Supplementary Fig. 1).

We sought direct evidence for the production of noncoding tran-
scripts in yeast lacking Isw2. However, many noncoding transcripts
are rapidly degraded by the exosome™, complicating the search for
these transcripts. A key component of this pathway is the poly(A)
polymerase Trf4 (also known as Pap2); this polyadenylates tran-
scripts, thereby targeting them for degradation®*. We therefore
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generated a strain in which both ISW2 and TRF4 were deleted. The
double-mutant strain displayed a synthetic slow growth phenotype
that was more severe than either of the single mutants (Supple-
mentary Fig. 9). This finding confirms previous results from high-
throughput studies® and supports the idea that Isw2, like Trf4, has a
critical role in the suppression of aberrant transcription.

To assay directly the presence of noncoding transcripts, we per-
formed strand-specific northern analysis for a subset of genes in
which Isw2 functions at the 3’ end. At each of the loci tested, we
found that deletion of ISW2in a trf4 background results in the gen-
eration of noncoding-antisense transcripts (Fig. 4a—c). At the gene
YGR166W we found that production of a noncoding transcript is
primarily dependent on the lack of Isw2 alone, whereas deletion of
TRF4 does influence transcript length (Fig. 4c). We used primer
extension to determine the start site of the transcripts, and found
that they are initiated at the 3" end of the gene (Fig. 4 and Sup-
plementary Fig. 10). We analysed the location of the antisense
transcripts by use of high-resolution microarrays, and confirmed
nucleosome repositioning by Southern blots (Supplementary Fig.
11). We also asked if noncoding transcripts are produced from other
classes of Isw2 targets. At two loci—upstream of the tRNA gene
tT(UGU)GI, and at an intergenic region, iYDL025C—we found evid-
ence of noncoding transcription when both ISW2 and TRF4 are
deleted (Supplementary Fig. 12). These results indicate a general role
for Isw2 in the repression of noncoding transcription.

Discussion

Our studies provide a picture of how an ATP-dependent chromatin
remodelling complex controls chromatin structure across a genome.
We find that Isw2 functions at the interface between genic and
intergenic regions, where it catalyses the directional shift of
nucleosomes towards intergenic regions. Our data illustrate how
nucleosomes are organized at regulatory sequences and how nucleo-
some repositioning is used to repress transcription from intergenic
regions.

Figure 3 | Loss of Isw2 leads to directional
nucleosome repositioning at the 5’ end and 3’
end of genes. a, d, Intensity maps of the

3 end

WT nucleosomal signal at Isw2 targets at the 5’ end

(a) and the 3’ end (d) of genes in wild-type (WT)
cells. The average signal is shown as a green line.
b, e, This is as described in a and d except using
data from Aisw2 mutant yeast; the average signal
is shown as a red line. ¢, f, Intensity maps showing
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Figure 4 | Loss of Isw2 leads to noncoding
transcription at the 3’ end of genes. Left,
microarray data for Isw2 ChIP and RNA analyses.
Log, ratio of the double mutant Aisw2 Atrf4
versus Atrf4 RNA signal is shown in transparent
blue; Isw2(K215R) enrichment is shown in black.
ORFs are shown as grey boxes, transcriptional
direction is shown as a black arrow, and the
location of northern blot probes used are shown
as ared bar. Principal transcriptional start sites of
the noncoding transcripts are shown as extended
green arrows; start sites of coding transcripts
mapped in ref. 48 are shown as extended black
arrows. Right, strand-specific northern blots of
Isw2 3’ targets. Loss of ISW2 and TRF4 results in
the generation of noncoding-antisense
transcripts at the genes YPL266W (a) and
YDR216C (b); deletion of ISW2 alone results in
noncoding-antisense transcripts from the gene
YGR166W (c). M, molecular weight marker.

1 TRF4 + + — = + + — —

We find that the positioning of thousands of nucleosomes adjacent
to important regulatory sequences is controlled by Isw2. Yeast pro-
moters frequently contain AT-rich DNA sequences® that have been
found to inhibit nucleosome positioning™”*. Because Isw2 is able
to use the energy from ATP hydrolysis to override the inherent
nucleosome-positioning signal of the underlying DNA*, Isw2 may
function generally to reposition nucleosomes on unfavourable DNA
sequences. Consistent with this, we find that poly dA/dT tracts, which
are highly enriched at NFRs*, are located within nucleosome +1 at
many Isw2 targets (Supplementary Fig. 13). Loss of Isw2 would allow
nucleosomes to adopt their inherent positioning preference, unco-
vering canonical or cryptic sites for transcriptional initiation.
Because transcription is not necessary for the nucleosome positional
changes caused by Isw2 deletion (Supplementary Fig. 14), transcrip-
tion is likely to be a consequence rather than a cause of nucleosome
repositioning at Isw2 targets. The broad scope of Isw2 action has
implications for predictions of nucleosome positions on the basis
of DNA sequence alone®’. These studies have had some success,
but at present they are unable to predict accurately many nucleosome
positions within the cell*® (Supplementary Fig. 15). The ability of
proteins such as Isw2 to reposition nucleosomes provides a clear
illustration that cellular factors actively operate to disrupt the
intrinsic cues that would otherwise package the genome.

The primary site of action of Isw2 at the 5" end of genes is the +1
nucleosome. This nucleosome is positioned such that the transcrip-
tion start site is occluded by its 5" edge*® (Fig. 2). Upstream of +1
generally lies a short NFR, which typically contains transcription-
factor-binding sites®** (Fig. 2, Supplementary Fig. 16) and is prob-
ably the site for preinitiation-complex assembly. The nucleosome +1
generally contains the variant histone Htzl (refs 28 and 39-41;
Supplementary Fig. 17), which marks genes for rapid reactivation*
and is subject to rapid replication-independent turnover®. This
nucleosome is likely to act as a principal regulator of transcription,
because RNA polymerase cannot reach the coding sequence without
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first transiting + 1. In the context of this study, the specificity of Isw2
for this ‘gatekeeper’ nucleosome probably provides a regulatory
mechanism to control gene expression by occluding the transcription
start site or regulatory sequences through nucleosome repositioning
(Supplementary Fig. 1).

A key finding of this study is that transcription is able to initiate
from cryptic start sites when ISW2 is deleted, which results in inap-
propriately oriented transcription from intergenic regions. This
result is important because the mechanisms that ensure that tran-
scription occurs in the correct orientation are largely unknown. Our
findings suggest a model in which promoters are not intrinsically
directional and can support inappropriately oriented transcription
when chromatin structure is perturbed (Supplementary Fig. 1).
Thus, transcription factors and DNA sequence alone are insufficient
to prevent initiation from cryptic sites at these promoters. Because
Isw2 remodels chromatin structure at the 3’ ends of many genes, the
control of transcription by nucleosome positioning may be a general
mechanism used by the cell.

METHODS SUMMARY

All yeast strains (S288C) were grown to mid-log phase (Dgo = 0.7). Chromatin
was crosslinked by the addition of formaldehyde, and was digested to mono-
nucleosomes using micrococcal nuclease (MNase) and exonuclease III.
Mononucleosomal DNA was purified by agarose gel electrophoresis. For micro-
arrays, all samples were hybridized to S. cerevisiae tiling 1.0R arrays (Affymetrix).
The signals from perfect match oligonucleotides were used to determine relative
chromatin structure changes (Fig. 1, Supplementary Fig. 3); the difference
between the hybridization signal from wild-type fragmented nucleosomal
DNA and Aisw2 fragmented nucleosomal DNA was calculated. To determine
nucleosome positions, the hybridization signal from fragmented nucleosomal
DNA was normalized to the signal from full-length nucleosomal DNA. To align
nucleosomes at the 5 end of genes we first aligned all non-dubious ORFs
according to the translation start site. These were then grouped using
K-means clustering into ten nodes using Cluster*’. Each node was manually
aligned with respect to the nucleosome directly upstream of the NFR; if an
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NFR was not apparent, we chose the first nucleosome upstream of the translation
start site. This nucleosome was designated as + 1. The data were further aligned
by iteratively fitting an idealized nucleosome signal to the data. Signals with the
best fit to the idealized nucleosome were defined as nucleosomes. Nucleosomes
were organized at the 3’ end of genes in a similar manner to that at the 5’ ends. In
this case the first nucleosome 5’ of the stop codon was chosen. For ChIP, all
proteins were 3X Flag-tagged. Chromatin from Isw2 and Isw2(K215R) was
fragmented using MNase as described in ref. 45; the immunoprecipitation
method is described in ref. 26. Each immunoprecipitation sample is normalized
to an input sample to control for experimental variations. For RNA analysis,
yeast were grown to mid-log phase and the RNA was extracted with the use
of acid phenol. Processed and raw data are available at http://www.fhcrc.org/
science/labs/tsukiyama/supplemental_data/Global_Nuc_mapping.html.

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

Nucleosome harvest. Mononucleosomal DNA was prepared in a manner sim-
ilar to that described in ref. 25 except nuclei were digested with the addition of
~700 units of MNase (Worthington) and 100 units of exonuclease III (NEB) for
20 min at 37 °C with constant agitation. Reactions were stopped with the addi-
tion of solution S (5% SDS, 100 mM EDTA). RNA and proteins were removed
with RNaseA and proteinase K. Crosslinks were reversed by incubation at 65 °C
for 16 h. SDS was precipitated from the solution with the addition of 3 M pot-
assium acetate, pH 5.5 (to a final concentration of 750 mM), followed by cent-
rifugation at 4,000g. DNA fragments were harvested from the supernatant using
a G500 genomic column (Qiagen) according to instructions. DNA was then
resolved on a 1.7% agarose gel, and the band corresponding to mononucleo-
somal DNA excised. Before labelling, full-length nucleosomal DNA fragments
were treated with calf intestinal phosphatase (NEB) to remove 3" phosphates.
Nucleosome data analysis. Nucleosome mapping data was normalized using
quantile normalization, and was analysed using TAS software (version 1.1)
provided by Affymetrix. We performed two sample analyses, in which there
are two data sets termed a treatment and a control group. Each group consists
of the subset of data falling within a bandwidth of 33 bp, resulting in 7, treatment
probe intensities and 7. control probe intensities. Analysis at a particular posi-
tion is based on all data aligning within *1bandwidth of the position. An
estimate of fold enrichment of probes within the bandwidth is calculated using
the Hodges—Lehmann estimator associated with the Wilcoxon rank-sum test.
Detection of Isw2-dependent chromatin remodelling. For global chromatin
remodelling analysis (Fig. 1 and Supplementary Fig. 3), two biological replicates
of wild-type fragmented nucleosomes were defined as the treatment group and
two biological replicates of Aisw2 fragmented nucleosomes were defined as the
control group using Tiling Analysis Software (TAS). The resulting log, trans-
formed signal was then spaced evenly at 5-bp intervals across the genome.
Nucleosome-sized signals, S”, were calculated by applying the following function
at 5-bp intervals to the data set: S;" = S; (S;4 165 + Si_1¢5), Where S corresponds to
the signal at the chromosomal coordinate i. We defined sites of chromatin
remodelling as ‘blocks” whose signal is above 93% of the overall signal; this value
was chosen because it gave the best correlation with Isw2(K215R) binding.
Blocks less than 100 bp apart were classified as the same block.

Nucleosome signal normalization. To generate nucleosome signals, we initially
fragmented the nucleosomal DNA into ~50-bp pieces and normalized its signal
to that of DNasel-digested genomic DNA. Nucleosome positions generated
by this approach were highly consistent with previously published data
(Supplementary Fig. 18). During our analysis, we found that nucleosome signals
are highly dependent on the length of the DNA fragment that is hybridized to the
microarray. Ends of full-length nucleosomal DNA fragments (~150bp) from
well-positioned nucleosomes hybridize with a ~2-fold greater efficiency than the
mid points of the fragments. This is probably a steric effect caused by the rela-
tively short length of oligonuclotides on the microarray. We find that the signal
from these full-length nucleosomal DNA fragments provides an accurate means
of identifying the ends of the nucleosomal DNA fragments (Supplementary Fig.
18). We found that nucleosome mapping could be improved significantly by
generating a composite signal by using the data from fragmented nucleosomes to
identify nucleosome peaks and by using the data from full-length nucleosomes to
identify nucleosome edges. We found that normalizing the hybridization signal
for fragmented nucleosomal DNA to that of full-length nucleosomal DNA gen-
erated an accurate nucleosome map that had better definition of nucleosomes
than the signal generated from fragmented nucleosomes alone. Data normalized
in this way were used in this paper; however, essentially the same results were
obtained by normalizing the signals from fragmented nucleosomes to that of
DNasel-digested genomic DNA. Detrending was performed on the nucleosome
hybridization data. This was done in a sliding window by subtracting the mean
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(of the maximum and minimum values over a 40 probe, ~200 bp, window) from
the normalized data.

Nucleosome positional analysis. For nucleosome positional analysis, two bio-
logical replicates of wild-type fragmented nucleosomes were defined as the treat-
ment group and two different biological replicates of wild-type full-length
nucleosomes were defined as the control group. For nucleosome positioning
in Aisw2 mutant yeast, two biological replicates of Aisw2 fragmented nucleo-
somes were defined as the treatment group and two different biological replicates
of Aisw2 full-length nucleosomes were defined as the control group. Probe
positions were set to the 3" end of the oligonucleotide because this gave best
correlation with published data sets. Nucleosome positions were determined by
iteratively fitting an idealized nucleosome signal to a data set. The data set was
first evenly spaced at 5-bp intervals and the probe position with the best fit
(calculated by the Pearson correlation coefficient) to the idealized nucleosome
signal was defined as the dyad. Figure 3 was created by aligning signals to a
common point (+1 at the 5" end or the nucleosome closest to the 3’ end of
the gene), and then the frequency of nucleosome signal intensities was calculated
at 5-bp intervals.

Generation of fragmented nucleosome DNA. Mononucleosomal DNA (3 pg)
was placed in a 50 pl reaction containing 50 mM Tris:Cl, pH 6.8, 5mM MgCl,
and 0.3 pugul”" random hexamers. The reaction was incubated at 95°C for
5min, and was then chilled rapidly on ice. Five microlitres of dNTP mix
(1.2mM dGTP, 1.2mM dCTP, 1.2mM dATP, 0.95mM dTTP, 0.25mM
dUTP) along with 50 units of Klenow Exo— (NEB) was added, and the reaction
was allowed to proceed at 22 °C for 10 min and then at 37 °C for 30 min. The
reaction was then heated to 95 °C for 5 min and then chilled rapidly on ice. A
further 50 units of Klenow Exo— was added and the reaction was incubated at
22°C for 10 min and then at 37 °C for 30 min. The reaction was stopped by
phenol:chloroform extraction, and unincorporated random hexamers were
removed with a gel filtration spin column. The DNA was then fragmented with
the use of the wild-type Terminal Labelling Kit (Affymetrix).

Labelling of DNA. Samples to be hybridized on the microarrays (with the
exception of full-length nucleosomal DNA fragments) were fragmented with
the use of the wild-type Terminal Labelling Kit (Affymetrix) according to
instructions. Complementary DNA was prepared and fragmented according
to the wild-type double-stranded target assay manual for model organisms
(Affymetrix). All DNA fragments were labelled using the wild-type Terminal
Labelling Kit (Affymetrix) according to instructions.

ChIP analysis. Analysis of data from ChIP was performed using the Genomics
Suite Software from Partek. Two biological replicates for wild-type Isw2 ChIP
and Isw2(K215R) ChIP data sets were prepared. Each sample was normalized
using quantile normalization. Initial signal intensity was calculated by norma-
lizing the immunoprecipitation signal to that of the control input signal. The
ratio of wild-type Isw2 input normalized signal to Isw2(K215R) input norma-
lized signal was then calculated for each of the replicates. Regions of enrichment
were identified using Partek software that identifies significant regions on the
basis of a t-test on a sliding window (250 bp) centred around each probe; this
tests the distribution of neighbouring values. Significant regions are defined as
contiguous genomic regions that pass the P-value threshold (P = 0.01) in both
samples. Only significant regions enriched in both replicates are used in this
study.

RNA analysis. RNA samples hybridized to microarrays were normalized using
quantile normalization and were analysed using TAS software (Affymetrix).
Two-sample analysis was performed using a bandwidth of 66 bp. RNA harvested
form Atrf4 yeast was set as the control group and RNA from Atrf4 Aisw2 was set
as the treatment group. Primer extension reactions to map the transcription start
sites were carried out using 30 pig of total RNA using the protocol described in
ref. 26.
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