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ABSTRACT

The positions of nucleosomes across the genome
influence several cellular processes, including
gene transcription. However, our understanding of
the factors dictating where nucleosomes are
located and how this affects gene regulation is still
limited. Here, we perform an extensive in vivo study
to investigate the influence of the neighboring chro-
matin structure on local nucleosome positioning
and gene expression. Using truncated versions
of the Saccharomyces cerevisiae URA3 gene, we
show that nucleosome positions in the URA3
promoter are at least partly determined by
the local DNA sequence, with so-called ‘anti-
nucleosomal elements’ like poly(dA:dT) tracts
being key determinants of nucleosome positions.
In addition, we show that changes in the nucleo-
some positions in the URA3 promoter strongly
affect the promoter activity. Most interestingly, in
addition to demonstrating the effect of the local
DNA sequence, our study provides novel in vivo
evidence that nucleosome positions are also
affected by the position of neighboring nucleo-
somes. Nucleosome structure may therefore be an
important selective force for conservation of gene
order on a chromosome, because relocating a
gene to another genomic position (where the pos-
itions of neighboring nucleosomes are different
from the original locus) can have dramatic conse-
quences for the gene’s nucleosome structure and
thus its expression.

INTRODUCTION

The DNA of eukaryotic cells is packaged into chromatin,
a complex high-order structure consisting of DNA and its
associated proteins. The basic repeating unit of chromatin
is the nucleosome, formed when a stretch of DNA wraps
around histone proteins (1). DNA in nucleosomes is less
accessible than naked DNA, which influences a number of
vital biological processes including replication, recombin-
ation and gene transcription (2–10). Genome functioning
thus depends on the (exact and correct) positioning of
nucleosomes on the DNA.

The recent availability of genome-wide nucleosome
maps has greatly improved our understanding of in vivo
nucleosome organization in the model eukaryote
Saccharomyces cerevisiae (11–17). These studies revealed
that the majority of nucleosomes are well-positioned,
meaning that they occur at the same locations in
most cells of a population. Positioned nucleosomes
are separated by short fragments of linker DNA, the
average linker length being �18 bp in S. cerevisiae.
Interestingly, specific patterns of nucleosome organization
occur at the 50-ends of genes. Here, a nucleosome-depleted
region of �150 bp (generally referred to as the 50

nucleosome-free region or 50 NFR) is surrounded by the
highly positioned �1 and+1 nucleosomes. The 50 NFR is
located just upstream of the transcription start site (TSS),
and many functional cis-regulatory sequences such as
transcription factor binding sites reside in the 50 NFR,
where binding of transcription factors is not obstructed
by the presence of nucleosomes (11–13,16–22).

Whereas the organization of nucleosomes in yeast is
directed by a wide range of trans factors such as chromatin
remodeling enzymes, the local DNA sequence is also
a major determinant of nucleosome positioning (23).
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AT content is a good predictor of nucleosome occupancy,
and high AT content correlates with low nucleosome oc-
cupancy (24,25). Typically, one or more homopolymeric
runs of polyA, referred to as poly(dA:dT) sequences,
occur in the 5’ NFR where they act as nucleosome-
excluding sequences (11,12,15,19,26). Elegant experiments
by Roy et al. (27) and Struhl and coworkers (28) showed
that the poly(dA:dT) elements in promoters contribute to
gene expression. In addition, �20% of yeast promoters
contain stretches of tandem repeats that are often ex-
tremely AT-rich and act as nucleosome-excluding se-
quences (29). It is unclear how AT-rich sequences
function as antinucleosomal elements, but studies suggest
that poly(dA:dT) tracts have unusual structural and mech-
anical properties that likely prevent incorporation into
nucleosomes (30).

It has been proposed that antinucleosomal AT-rich se-
quences drive sequence-directed nucleosome positioning
by forming boundaries against which nucleosomes are
positioned (13,31). NFRs established by poly(dA:dT)
tracts tend to be surrounded by well-positioned nucleo-
somes (11,13). In turn, these highly localized nucleosomes
might dictate the position of neighboring nucleosomes
because adjacent nucleosomes appear to impose packing
constraints on each other, much like beads on a string
(13,32–34). This model for sequence-directed organization
of nucleosomes throughout the genome is called the ‘stat-
istical positioning’ or ‘barrier’ model (13,31). Although
the barrier model was proposed more than two decades
ago (31,35), it has only recently been applied for nucleo-
some positioning around nucleosome-depleted promoter
regions (11,13). Here, the +1 nucleosomes and to a
lesser extent the �1 nucleosomes seem to form barriers
that direct the positioning of other nucleosomes as far as
1 kb away (13). Several recent physical modeling studies
have confirmed the barrier model for nucleosome organ-
ization surrounding 50 NFRs (36–39). However, recent
in vivo evidence suggests nucleosome organization at the
50-ends of genes is aided by a non-statistical ATP-
dependent nucleosome packing mechanism (40).
Unraveling the contribution and importance of (long-
range) statistical positioning on local nucleosome struc-
ture therefore requires further in vivo experiments.

This study provides novel in vivo evidence showing that
nucleosome positions in promoters are strongly influenced
by the surrounding chromatin context. We use the URA3
gene, a well-studied sequence with a known nucleosome
structure, to measure changes in nucleosome positioning
and determine the consequences of an altered chromatin
environment on URA3 expression. Inserting the same
URA3 construct at its native locus as well as different
genomic locations alters the chromatin structure of the
promoter, as well as URA3 activity. Our results confirm
that poly(dA:dT) sequences shield stretches of DNA from
each other’s influence on nucleosome positioning. In the
absence of a poly(dA:dT) barrier, local nucleosome pos-
itioning is influenced by the surrounding chromatin
context, as well as local DNA sequence. These experi-
ments show that adjacent chromatin structure is a
contributing factor in conserving chromosomal gene

order—transpositions to new sites risk loss of gene
function despite the presence of intact coding sequences.

MATERIALS AND METHODS

Yeast strains and media

Strains, plasmids and primers used in this study are listed
in Supplementary Tables SI, SII and SIII, respectively.
Yeast strains are derived from S288C strain BY4741
(41). Strain construction strategies are described in the
Supplementary Materials and Methods. Standard yeast
media were prepared as described (42).

Growth conditions

Yeast cultures were grown overnight in 5ml of YPD at
30�C in a rotating wheel unless otherwise noted. For the
plate assays, YPD liquid cultures were grown overnight,
diluted to OD600 0.15, and grown to OD600 0.8–1.2.
Culture densities were adjusted to equivalence, serially
diluted 4-fold, and spotted onto YPD, SC-ura and
5-FOA plates. Plates were incubated at 30�C for 3 days.
Growth in liquid YPD and SC-ura medium was assayed
using the Bioscreen C (Oy Growth Curves Ab Ltd.). YPD
cultures were grown overnight, cells were collected,
washed and resuspended in water. Bioscreen microtiter
plates (Honeycomb II) were inoculated with 1� 106 cells
in YPD or SC-ura medium to a final volume of 300ml per
well. Plates were placed in the Bioscreen, and incubated at
30�C with constant shaking. Optical density was measured
every 15min for 24 h using a 600 nm filter. OD values were
log transformed and plotted against measurement
time-points. A regression line was fitted to the linear
range of the plot, corresponding to exponential growth.
The doubling time was defined as the inverse of the slope
of the regression line. Each condition was assayed in
triplicate.

Flow cytometry

Yeast cultures were grown overnight in a 96-well plate
with each well containing 100 ml YPD. Overnight
cultures were diluted into another 96-well plate containing
100 ml fresh YPD or SC-ura media and grown for 5 h. All
plates were grown at 30�C while shaking. Cells were col-
lected by centrifugation, and shortly before analysis resus-
pended in PBS buffer. The OD600 of each plate was
measured, and for a number of representative samples
the number of cells/ml was counted using a hemocytom-
eter. All samples contained between 8� 106 and 2� 107

cells/ml. Samples were analyzed using a BD Influx cell
sorter (BD Biosciences). Fluorescent intensities were
examined using a 488 nm excitation and a 530±40nm
emission wavelength filter to detect YFP-tagged cells.
Results were analyzed using FlowJo software (Treestar
Inc.). For all fluorescence measurements the cellular
autofluorescence was measured using strain AJY248
without fluorescent reporters. For all experiments per-
formed, a strain carrying an integrated copy of pTDH3-
YFP was used as a positive control to account for any
changes in illumination intensity. These fluctuations were
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small, <10% of the expression level. All population-
averaged fluorescence measurements were corrected for
autofluorescence by substracting the population-averaged
fluorescence measured for strain AJY248. After correcting
for autofluorescence, all population-averaged fluores-
cence measurements were normalized by the population-
averaged fluorescence measurements for strain AJY631
(Ura3-YFP with wild-type URA3 promoter at the native
URA3 locus).

Quantitative PCR

YPD liquid cultures were grown overnight, diluted 1:200
in 50ml YPD and grown for 5 h. Similarly, SC-ura
cultures were diluted 1:100 in 50ml SC-ura and grown
for 6 h. Samples were collected and washed once with
ice-cold water and then stored at �80�C. RNA was ex-
tracted from yeast cells by first spheroplasting cells for 1 h
at 37�C using Solution A [Zymolyase (1mg/ml; MP
Biomedicals), 0.9M sorbitol, 0.1 M EDTA pH 7.5,
14mM b-mercaptoethanol)] and then using an ABI 6100
Nucleic Acid Prep Station and reagents (Applied
Biosystems). Total RNA was reverse transcribed
(Transcriptor First Strand cDNA Synthesis Kit, Roche),
and qPCR was performed with Power SYBR Green
PCR Master Mix (Applied Biosystems) on an Applied
Biosystems Step One Plus system using a two-step
program (15 s melting at 95�C and 60 s annealing-
extension at 60�C). URA3 levels were normalized to
ACT1. URA3 and ACT1 were amplified using primers
KV2478�KV2479 and KV36�KV37, respectively.

Nucleosome positioning

Mononucleosomal DNA was prepared as described (11).
Nucleosomal DNA was analyzed using primer pairs tiling
the length of the URA3 promoter region and surrounding
sequences (about 1 kb in total). Primer pairs are listed in
Supplementary Table SIV, and the primer combinations
used for each strain are listed in Supplementary Table SV.
Each primer pair generates 97–103 bp products, centered
15–30 bp away from the neighboring primer pair. The
position at the center of the PCR products was used as
the value for plotting points in nucleosome positioning
maps. Quantification was performed using qPCR as
described above. The nucleosomal DNA enrichment was
calculated as the log ratio of nucleosomal DNA to that of
total genomic DNA. Each 96-well plate contained a
primer pair targeting the PHO5 promoter as a normaliza-
tion control for plate-to-plate variation. Biological repli-
cates of each sample were analyzed.
The nucleosomal DNA enrichment was plotted against

genomic coordinate. Plots were smoothed using a moving
average of three adjacent values and normalized to the
tallest peak within the promoter. Peaks of PCR signal
represent enrichment of DNA segments protected by nu-
cleosomes from micrococcal nuclease digestion, and
valleys represent nucleosome-free segments. Peak pos-
itions correspond to nucleosome positions, while peak
height is a measure for nucleosome occupancy. Peak pos-
itions and height were determined using the multi-peak
fitting tool of the IGOR Pro 6 data analysis software

(WaveMetrics Inc.). Highly reproducible nucleosome
position maps were obtained for a control region (the
PHO5 promoter). However, as noted by other researchers
using this method (8), we were unable to rigorously estab-
lish a linear relationship between nucleosome occupancy
and protection from micrococcal nuclease. Therefore,
peak heights should be viewed merely qualitatively, and
the interpretation of this data is limited to the deduction
of nucleosome positions. Each experiment was performed
in duplicate. Measured peak positions in Table 1 and
Supplementary Tables SVI and SVII are averages of the
values obtained in both experiments.

Pearson correlation coefficients were calculated to
examine the dependence between variables. We also
calculated the Spearman correlation coefficients (data
not shown), which in most cases were similar to the
Pearson correlation coefficients, except for the correlation
between nucleosome positions and URA3 expression in
the lys2::URA3 mutants containing construct URA3-163.
Here, the Pearson correlation coefficient is skewed because
expression at position 721 is exceptionally high; therefore,
the reported correlation coefficients do not take into
account the values measured for this strain. P-values
were calculated using the Student’s t-test.

RESULTS

URA3 as a reporter of local chromatin structure

To investigate the influence of chromatin context on local
nucleosome positioning, we inserted the URA3 gene at
various locations in the S. cerevisiae genome and
explored the consequences for URA3 nucleosome distri-
bution. URA3 was chosen because the nucleosome struc-
ture of this gene is well characterized and reflects the
nucleosome pattern of a typical yeast gene, containing a
50 NFR that is surrounded by two highly localized nucleo-
somes (Figure 1A, 2A) (27,32,43). Moreover, expression
of URA3 can be easily estimated by growth on two differ-
ent substrates: SC-ura, a growth medium lacking uracil
and allowing growth only if URA3 is induced, and
5-FOA, allowing growth in the absence of basal URA3
transcription (44,45).

The URA3 promoter contains a poly(dA:dT) barrier
sequence (Figure 1A). To determine whether this
sequence shields the URA3 gene from the influence of sur-
rounding chromatin, we created a series of truncated
URA3 constructs in which the URA3 promoter including
the poly(dA:dT) tract, is progressively deleted (50–30). The
intergenic region between the URA3 START site and the
STOP codon of the first gene upstream (GEA2) is 366 bp
long (Figure 1A), and progressive deletions resulted in
truncated URA3 constructs with between 265 bp and
100 bp of promoter sequence proximal to the URA3
START codon remaining. The corresponding mutants
are referred to by the length of the remaining truncated
URA3 promoter (e.g. ‘mutant 163’ or ‘strain 163’ only has
the 163 bp most proximal to its START codon remaining,
see Figure 1).
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Progressive 50–30 deletion of the URA3 promoter results
in a gradual decrease in URA3 expression and a
perturbed nucleosome pattern

First, we examined a series of truncated URA3 reporter
strains with the URA3 gene at its native genomic location
(Figure 1). URA3 expression was estimated by growth on
different substrates (Figure 1B and C). The reporter
strains show only minor growth differences in
non-selective YPD medium (Figure 1B and C, black
bars). On solid SC-ura medium, progressive promoter re-
duction results in decreased capability to grow and even-
tually total loss of growth (Figure 1B). This pattern is
confirmed by doubling time measurements in liquid
SC-ura medium (Figure 1C, gray bars). Here, the

doubling time is initially not affected by the decrease in
promoter size. However, upon removal of most of the
poly(dA:dT) sequence, further promoter reduction
results in a gradual increase of the doubling times, pre-
sumably reflecting the inability of these strains to induce
URA3 to sufficiently high levels to support fast growth
(Figure 1C, gray bars). On 5-FOA medium, mutants
lacking at least half of the poly(dA:dT) tract gain the
ability to grow, indicating the absence of basal URA3
activity (Figure 1B).
To ensure that growth on SC-ura and 5-FOA medium

reflects Ura3 activity, we also measured Ura3 protein and
URA3 mRNA levels. The abundance of a Ura3-YFP
fusion protein in single cells was determined using flow

Figure 1. Progressive 50–30 deletion of the URA3 promoter results in a gradual decrease in URA3 expression. (A) The URA3 promoter has a
poly(dA:dT)-rich region required for basal expression between positions �206 and �157, a UAS bound by the transcriptional activator Ppr1 between
positions �154 and �139 (dashed underline) and two functionally distinct (constitutive and regulatory) TATA elements between positions �109 and
�80. The promoter has eight different transcription initiation sites, consisting of sites inducible by Ppr1 at positions �41, �38, �33, �28 and �19,
and constitutive sites at positions �60, �55 and �47. DNA-bound Ppr1 is not transcriptionally active and Ppr1-induced expression requires
increased levels of dihydroorotic acid (DHO). Adapted from Ref. (27). (B) Truncation of the URA3 promoter leads to changes in growth on
SC-ura and 5-FOA medium. Mutants are labeled by the number of remaining nucleotides in the URA3 promoter. �poly(dA:dT) indicates a mutant
strain only deleted for the URA3 promoter poly(dA:dT) sequence. These mutants also show differences in doubling times (C), normalized mean
Ura3-YFP protein abundance (D) and normalized URA3 mRNA expression (E) for growth in liquid YPD (black bars) and liquid SC-ura (gray bars)
media. In YPD medium, URA3 protein and mRNA levels for strains 161–100 did not differ significantly from the negative control. In SC-ura
medium, we were unable to obtain reproducible URA3 protein and mRNA levels for strains 161–100 because of the very poor growth of these strains
in this medium. Error bars denote standard deviation.
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cytometry (Figure 1D). URA3 mRNA levels were
measured using quantitative PCR (qPCR) (Figure 1E).
The data obtained with both methods are strongly
correlated (R=0.86, P< 0.1 in YPD and R=0.99,
P< 0.05 in SC-ura). In YPD medium, Ura3 levels are
generally low, and no protein or mRNA is measured in
the mutants that have lost basal URA3 expression, which
agrees with their ability to grow on 5-FOA medium
(Figure 1B and D, black bars). Higher Ura3 levels are
found when cells were grown in SC-ura medium. In
keeping with the growth assays on SC-ura, URA3 expres-
sion decreases gradually with decreasing promoter length
(Figure 1C and D, gray bars). Taken together, progressive
50–30 deletion of the URA3 promoter causes gradual
changes in URA3 expression.
Next, we examined nucleosome positioning in the

wild-type URA3 promoter and a subset of truncated
promoter mutants using tiling qPCR (Figure 2A, Sup-
plementary Figure S1, Table 1). As illustrated in Figure
2A, peaks of PCR signal represent enrichment of DNA

segments, while valleys represent nucleosome-free
segments. Peak positions corresponding to the centers of
the �1 and+1 nucleosomes were calculated (Figure 2A,
Supplementary Figure S1, Table 1) (see ‘Materials and
Methods’ section). In addition, the distance d between
the �1 and +1 nucleosome centers was determined
(Table 1). The native URA3 promoter contains a 50

NFR of �150 bp surrounded by well-positioned nucleo-
somes, thereby adopting the nucleosome distribution of a
typical yeast promoter (Figure 2A, Supplementary Figure
S1, Table 1) (11,13,43). Using two sequence-based compu-
tational models (15,21), we first predicted the nucleosome
positions of the mutant URA3 constructs (Supplementary
Figure S2). Both models predict the NFR to gradually
shorten and become more nucleosome-occupied when
the URA3 promoter undergoes progressive deletions.
Our experimental data confirm these predictions, and
also indicate that nucleosome positions in the URA3
promoter become less well-defined and fuzzier in these
constructs (Supplementary Figure S1, Table 1).

Figure 2. The nucleosome profile of the URA3 promoter is determined by the positions of the �1 and+1 nucleosomes. (A) Using tiling qPCR, we
determined the nucleosome profile of the full-length URA3 promoter at the native URA3 locus. Peaks of PCR signal represent enrichment of DNA
segments protected by nucleosomes from micrococcal nuclease digestion, and valleys represent nucleosome-free segments. Peak positions corres-
ponding to the centers of the �1 and+1 nucleosomes were calculated (see ‘Materials and Methods’ section), as well as the distance d between the �1
and+1 nucleosome centers (Table 1). (B) The URA3 gene including the (truncated) promoter was inserted at various locations p in the LYS2 gene.
Before insertion, n is the position of the center of the first nucleosome upstream of the insertion site p. This upstream nucleosome might influence the
positions of the �1 and+1 nucleosomes of the URA3 promoter after insertion. Coordinates for n are relative to the insertion site p. After insertion,
the positions of the centers of the �1 and +1 nucleosomes were determined, as well as the distance d between the �1 and +1 nucleosome centers
(Table 1). Coordinates for �1 and +1 are relative to the translation start site (ATG) of URA3.
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Poly(dA:dT) functions as a border element for nucleosome
positioning and is required for high basal and induced
URA3 expression

The previous results show that in mutants with progres-
sive truncations of the URA3 promoter, URA3 expres-
sion and promoter nucleosome positions were only
affected after the poly(dA:dT) element was at least
partly deleted. To investigate directly the role of the
poly(dA:dT) tract in the URA3 promoter, we constructed
a mutant in which the 50 bp poly(dA:dT) tract was
removed (without removing any other URA3 promoter
sequences). Deleting the poly(dA:dT) tract causes a large
decrease in URA3 expression. However, the cells still
manage to induce URA3 transcription to sufficient levels
to allow growth on medium lacking uracil (SC-ura), and
basal expression is still too high to allow growth on
5-FOA medium (Figure 1B, D and E). An identical
poly(dA:dT) deletion was constructed in a strain contain-
ing the URA3 gene at another genomic location, and the
results obtained for this strain were similar to the results
reported for the native URA3 locus (Figure 3A and C,
bottom row).

To investigate whether changes in chromatin structure
might explain the observed change in URA3 activity,
we determined the nucleosome positions over the URA3

promoter in the �poly(dA:dT) mutants (Supplementary
Figure S1E, Figure 4L, Table 1). Deletion of the
poly(dA:dT) tract greatly reduces the NFR. The �1 and
+1 nucleosomes have moved towards each other, leaving
only a short linker region in which the UAS is located,
presumably leaving this site accessible. The two TATA
boxes and the different TSSs are now covered by the+1
nucleosome, presumably making them less accessible.
Thus, the poly(dA:dT) tract appears to help the formation
of the NFR and for maintaining the accessibility of several
cis regulatory elements of the URA3 promoter. These
results confirm that the poly(dA:dT) tract functions as
an important border element for directing nucleosome
positions in the URA3 promoter, which in turn affects
expression of the URA3 gene.
Although removal of the poly(dA:dT) tract causes

important shifts in nucleosome positioning, the URA3
promoter still has highly localized nucleosomes, indicating
that other elements also contribute to the formation of
these nucleosomes. The presence of highly localized
nucleosomes after deletion of the poly(dA:dT) element is
also predicted by sequence-based computational models
(Supplementary Figure S2), indicating that the signals to
position these nucleosomes may be encoded in the local
DNA sequence.

Table 1. Positions of the URA3-1 and +1 nucleosomes

Insertion sitea Promoter lengthb Position �1 nucleosomec Position +1 nucleosomec Distanced

native 366 �303.12±2.50 �5.59±/-9.75 297.53+/-12.25
native 163 Noisy Noisy n/a
native 162 Noisy Noisy n/a
native 161 Noisy Noisy n/a
native �poly(dA:dT) �244.88±0.04 �59.81±3.42 185.07±3.46
LYS2-721 366 �472.83±3.26 �1.95±1.49 470.88±4.74
LYS2-721 221 �272.97±2.91 �33.01±2.43 239.96±5.33
LYS2-721 174 �290.38±3.03 Noisy n/a
LYS2-721 168 �277.97±3.14 �44.13±4.08 233.84±7.22
LYS2-721 167 �270.31±3.41 �58.70±8.63 211.61±12.04
LYS2-721 165 �276.00±1.82 �59.65±2.23 216.35±4.05
LYS2-721 164 �282.89±3.30 �48.15±3.22 234.74±6.52
LYS2-721 163 �259.29±2.26 �34.51±2.16 224.78±4.42
LYS2-721 162 �266.41±5.22 Noisy n/a
LYS2-721 161 �270.91±4.95 Noisy n/a
LYS2-721 �poly(dA:dT) �404.02±16.43 �69.57±1.23 334.45±15.20
LYS2-450 163 �196.27±3.14 �38.50±10.12 157.76±13.26
LYS2-500 163 �233.22±3.15 �46.22±1.53 187.00±4.68
LYS2-540 163 �284.30±4.23 �57.64±1.11 226.66±5.34
LYS2-575 163 Noisy Noisy n/a
LYS2-721 163 �259.29±2.26 �34.51±2.16 224.78±4.42
LYS2-770 163 Noisy �24.56±9.38 n/a
LYS2-800 163 �229.08±6.38 �30.11±3.80 198.97±10.18
LYS2-860 163 �284.38±4.24 �24.98±1.69 259.40±5.93
LYS2-865 163 �270.06±3.63 �46.28±3.25 223.77±6.88
LYS2-1950 163 �261.42±3.01 �24.98±5.86 236.44±8.87
LYS2-2200 163 �209.71±11.58 �45.93±5.75 163.78±17.33
LYS2-3050 163 �223.66±2.97 �41.43±1.32 182.24±4.29

a Insertion site of the URA3 reporter gene, at the native URA3 locus (‘native’) or at the LYS2 gene (e.g. ‘LYS2-721’ indicates an
insertion site is located 721 bp downstream of the LYS2 START site).
b Length of the remaining truncated URA3 promoter (e.g. ‘162’ indicates the promoter has the 162 bp most proximal to its
START codon remaining). �poly(dA:dT) indicates the deletion of the poly(dA:dT) sequence only.
c Position of the nucleosome center relative to the URA3 START site.
d Distance between the �1 and +1 nucleosome centers (Figure 2). The NFR width can be calculated by subtracting 147 bp
from the distance.
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Expression of truncated URA3 constructs depends on
genomic location

To investigate if the expression profile and nucleosome
structure of the various truncated URA3 reporters
depend on the surrounding chromatin context, we
relocated the reporters to a different genomic location.
The URA3 constructs were inserted into the LYS2 gene,
721 bp downstream of the LYS2 START codon. The
LYS2 ORF was chosen as an insertion site because it
shows a gradual change from well-positioned nucleosomes
near the START codon to more fuzzy, less-positioned nu-
cleosomes further downstream, offering multiple ‘chroma-
tin environments’ in which the URA3 constructs can
be inserted (see further). To exclude the possibility that
LYS2 transcription affects URA3 expression and the nu-
cleosome profile of the URA3 promoter, we examined
these phenotypes in a lys2::URA3 mutant in which the
LYS2 promoter was deleted and LYS2 transcription was
abolished (Supplementary Figure S3, Supplementary
Table SVI).
We examined the growth profiles of 20 different

truncated URA3 promoter mutants integrated at
position 721 of the LYS2 gene (Figure 3A and B). All
strains display similar growth patterns in non-selective
YPD medium (Figure 3A and B, black bars). Based on
their growth on selective media, the mutants can be
divided into three groups: (i) mutants 265-163 grow on
SC-ura medium but not on 5-FOA medium, indicating

URA3 is being induced as well as basally expressed,
(ii) mutants 162-153 grow on SC-ura medium and gain
the ability to grow on 5-FOA medium, indicating a reduc-
tion in basal URA3 expression and (iii) mutants 151-100
fail to grow on SC-ura medium while displaying growth
on 5-FOA medium, indicating the absence of both basal
and induced URA3 expression (Figure 3A). Interestingly,
growth on SC-ura for the constructs at this ectopic
location differs from the growth observed at the native
locus (Figure 1B and C and Figure 3A and B). Instead
of a gradual increase, the doubling time remains fairly con-
stant in the mutants of the first group, only to increase
slightly in the mutants of the second group. Abrupt tran-
sition from growth to no growth distinguishes the second
and the third group of mutants (Figure 3A and B).

We chose to investigate URA3 expression by measuring
Ura3 protein concentrations using flow cytometry rather
than by determining mRNA levels. We already showed
that Ura3 protein and URA3 mRNA measurements
strongly correlate (R between 0.86 and 0.99, see above),
and we found that protein measurements are more robust
in strains that express URA3 at extremely low concentra-
tions. Moreover, determining protein levels on a single cell
basis allows us to examine differences between individual
cells in a population (so-called expression noise, see
below).

The growth patterns of the different mutants correlate
with their intracellular Ura3 protein levels (Figure 3C). In

Figure 3. Growth and URA3 expression in the lys2::URA3 promoter mutants. The truncated URA3 constructs were inserted into the LYS2 gene,
721 bp downstream of the LYS2 translational start site (ATG). 50 to 30 progressive deletion mutants are labeled by the number of remaining
nucleotides in the URA3 promoter. �poly(dA:dT) indicates a mutant strain only deleted for the URA3 promoter poly(dA:dT) sequence.
(A) Growth on solid YPD, SC-ura and 5-FOA media. (B) Doubling times, and (C) normalized mean Ura3-YFP protein abundance for growth
in liquid YPD (black bars) and liquid SC-ura (gray bars) media. Error bars denote standard deviation.
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non-selective YPD medium and in inducing SC-medium,
we observe the same general trend. First, Ura3-YFP levels
drop more or less gradually (mutants 366–167), after
which they increase again (mutants 165–163). Mutants
with even shorter URA3 promoters (mutants 162–100)
show a dramatic drop in Ura3-YFP levels (Figure 3C).
Interestingly, in a number of mutants (e.g. strains 167
and 162–160), URA3 gene expression in YPD is almost
the same, but these strains show markedly different
growth on 5-FOA medium (Figure 3A and C). This indi-
cates that a narrow difference in URA3 expression
(leading to different Ura3 levels) may distinguish strains
growing on 5-FOA medium from strains not growing on
5-FOA medium. In addition, it is possible that the
observed ability to grow on 5-FOA medium is a result
of an increased variation in Ura3 levels between individual
cells within a population [so-called expression noise, (46)].
Such an increase in expression noise could result in a
subset of the cells no longer basally expressing URA3
(allowing growth on 5-FOA medium), whereas others
still show basal expression, explaining the significant
levels of Ura3 present in YPD medium. However, the
intracellular Ura3-YFP signals do not show a difference
between noise levels in the strains with shorter promoters
(162 and shorter) compared to those with longer pro-
moters (163 and up) (see Supplementary Figure S4).

Nucleosome positions of truncated URA3 constructs
depend on genomic location

To investigate if the chromatin structure of the various
mutants depends on the genomic location of the URA3
marker, we determined the nucleosome positions of
various truncated URA3 promoters when inserted at nu-
cleotide 721 of the LYS2 locus (Figure 4, Table 1). For the
full-length URA3 promoter (mutant 366), we find a NFR
surrounded by two well-positioned nucleosomes. Due to
the altered genomic context upstream of the URA3
promoter, the position of the �1 nucleosome changes,
but the position of the+1 nucleosome remains the same.
As a consequence, the NFR doubles in size (Figure 4B,
Table 1). However, this does not affect URA3 expression
(Figure 3), presumably because the accessibility of the
functional cis elements in the URA3 promoter is not
affected.

The experimentally determined nucleosome positions
for the full-length URA3 promoter are consistent with
the predictions of the computational models, although
the experimentally determined NFR is smaller than what
is predicted (Supplementary Figure S5) (15,21). For the
truncated URA3 constructs inserted at the LYS2 locus,
the models predict a gradual shrinking of the 50 NFR
associated with the progressive deletion of the URA3
promoter (Supplementary Figure S5). Although we
observe a similar trend in our qPCR data, the actual
placing of the predicted nucleosomes is not identical to
the positions that were experimentally determined in
this study. We believe that at least part of this discrepancy
may be explained by differences in methodology and
data analysis (experimental differences, e.g. in MNase

digestion; quantitative PCR data versus next generation
sequencing).
The predictions made by the models are similar (but not

identical) to the predictions made for the mutants at the
native URA3 locus (Supplementary Figure S2 and S5).
In the Kaplan et al. model, the �1 and+1 nucleosomes
can be clearly identified and the predictions show that the
�1 nucleosome gradually moves inward while the position
of the +1 nucleosome does not alter (Supplementary
Figure S5A–H). In the predictions made by the Field
et al. model, individual nucleosomes are more difficult to
distinguish, especially in the strains with short URA3 pro-
moters, which appear to be characterized by a high overall
nucleosome occupancy (Supplementary Figure S5I–P).
Experimental examination of the nucleosome profile

shows the presence of a highly positioned �1 nucleosome
in all of the strains (Figure 4, Table 1). Interestingly,
the �1 nucleosomes occupy similar (but not identical) pos-
itions relative to the URA3 translation start site (ATG) in
all of the mutants. The positions occupied by the �1 nu-
cleosomes in the truncated promoter mutants are shifted
downstream relative to the position occupied by the �1
nucleosome in the native, full-length URA3 promoter
(average downstream shift is 29 nt; Figure 4, Table 1).
It should be noted that the sequences incorporated in
the �1 nucleosome are different in each of the mutants;
indeed, as the URA3 promoter shortens, the �1 nucleo-
some gradually moves upstream further into the LYS2
gene, and as a result, the position of this nucleosome
relative to the URA3 translation start site remains
similar. Thus, it appears that the position of this nucleo-
some is not determined by the upstream LYS2 sequence,
but rather by the URA3 sequence, downstream URA3
nucleosomes, and/or upstream LYS2 nucleosomes. In
addition, the size of the truncated promoter or the
presence of a (partial) poly(dA:dT) element do not affect
the position of the �1 nucleosome.
In most strains, a clearly positioned+1 nucleosome can

also be detected (Figure 4, Table 1). However, in the
mutants with very short URA3 promoters (strains 162
and 161), the region normally occupied by the+1 nucleo-
some shows relatively low nucleosome occupancy. Thus, it
appears that the gradual shortening of the URA3
promoter eventually results in the loss of a (positioned)
+1 nucleosome. In addition, we could not detect the
presence of a +1 nucleosome in mutant 174 (Figure 4,
Table 1). Where a positioned +1 nucleosome is present,
our data show that it has shifted upstream towards the �1
nucleosome (Figure 4, Table 1).
Thus, insertion of the various URA3 mutants in a non-

native genomic location causes shifts in the nucleosome
pattern compared to the pattern observed when these
mutants are located at the nativeURA3 site. Gradual trun-
cation of the URA3 promoter at the non-native LYS2 site
causes relocation of the �1 and+1 nucleosomes, resulting
in the shortening of the 50 NFR (Figure 4, Table 1).

Nucleosome positions of truncated URA3 constructs
determine URA3 expression

Do the nucleosome profiles explain URA3 expression
patterns and the corresponding Ura3 protein levels? In
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Figure 4. Nucleosome positions of the native URA3 promoter and selected lys2::URA3 promoter mutants. Using tiling qPCR, we determined the
nucleosome positions of (A) the wild-type URA3 promoter at its native locus (same as Figure 2A). In addition, we determined the nucleosome profile
of selected lys2::URA3 promoter mutants, i.e. mutants (B) 366, (C) 221, (D) 174, (E) 168, (F) 167, (G) 165, (H) 164, (I) 163, (J) 162, (K) 161 and
(L) �poly(dA:dT). Peak positions corresponding to nucleosome positions were measured (Table 1). Red dotted lines mark the positions of the �1
and +1 nucleosomes in the wild-type URA3 promoter at its native locus.
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the strains with a positioned +1 nucleosome, there is a
strong correlation between the position of this nucleo-
some, as measured in non-selective YPD medium, and
URA3 expression in YPD medium. The more this nucleo-
some shifts upstream, the lower URA3 expression.
(R=0.80, P< 0.0005) (Figure 3C, Table 1). This is most
likely the result of an altered accessibility of the TSSs. In
the native URA3 promoter, the TSSs reside inside but
close to the border of the +1 nucleosome. However, in
the truncated URA3 constructs, the +1 nucleosome
shifts upstream and the TSSs become incorporated in
the +1 nucleosome, presumably resulting in a decreased
accessibility. In the strains that lack a (positioned)+1 nu-
cleosome, and specifically in those strains with the shortest
promoters (mutants 162 and 161), only very low URA3
expression can be measured, both in non-selective (YPD)
and selective (SC-ura) media (Figure 3C, Table 1). In
addition, these strains have gained the ability to grow on
5-FOA medium, indicating the absence of basal URA3
expression (Figure 3A). These data indicate that the
presence of a positioned +1 nucleosome is required for
efficient URA3 expression.

Our data also show a moderate correlation between the
position of the �1 nucleosome and URA3 expression,
both measured in YPD medium (R=�0.57, P< 10�5)
(Figure 3C, Table 1). The positions of the �1 nucleosome
only vary modestly in the different truncated constructs,
and overall, the distance to the URA3 translation start
remains similar (Table 1). Therefore, in contrast to the
+1 nucleosome, minor changes in the position of the �1
nucleosome are not expected to exert large effects on
URA3 expression.

In strains containing a truncated URA3 construct with a
positioned +1 nucleosome, the distance between the �1
and +1 nucleosomes is similar, with a clear NFR
in-between the �1 and +1 nucleosomes (Table 1).
Although this NFR is only about half the size of the
NFR of the full-length URA3 promoter at the native
locus, the Ppr1 binding site and the TATA boxes are
accessible in all strains with a positioned+1 nucleosome.
The size of the NFR is comparable in all mutant strains,
and the width of the distance between the �1 and +1
nucleosomes also shows a moderate correlation with
URA3 expression (R=0.62, P< 10�4).

For a selection of mutants, we determined the URA3
promoter nucleosome positions under different inducing
(SC-ura) and non-inducing (YPD, 5-FOA) conditions
(Supplementary Figure S6, Supplementary Table SVII).
These data show that the �1 and +1 nucleosomes are
organized independent of URA3 promoter induction.
This is not entirely unexpected because the transcriptional
activator Ppr1 is always bound to the URA3 promoter
(induction occurs when DNA-bound Ppr1 is activated
by dihydroorotic acid, see Figure 1A). These results
confirm the results obtained in rich (YPD) medium and
further indicate that a positioned+1 nucleosome as well as
a clear NFR are required for efficient URA3 expression.

Together, these results show that URA3 expression cor-
relates with the nucleosome organization of the promoter.
The environment around position 721 of the LYS2 ORF
influences nucleosome positioning in the truncated URA3

inserts, suggesting that long-range effects play a role in
determining nucleosome positioning and gene expression.

Genomic locus determines growth and expression patterns
of lys2::URA3 reporter strains

The previous results show that progressive deletion of the
URA3 promoter alters URA3 expression and chromatin
structure, and that these changes are different when URA3
is present in its native genomic location, or when it is
inserted ectopically at position 721 of the LYS2 gene.
To further investigate the influence of the genomic en-

vironment on local URA3 activity and chromatin struc-
ture, we inserted a truncated URA3 promoter into twelve
different locations within the LYS2 gene (Figure 5A).
Construct URA3-163 (i.e. the 163 bp most proximal to
the START codon remain, see Figure 1A) was used
because our previous results indicate that this construct
is sensitive to the surrounding chromatin in which it is
embedded. In parallel, the same experiments were per-
formed with construct URA3-162 (see Supplementary
Figures S7, S9, S10 and S13 and Table SVI).
The insertion sites were chosen based on the published

nucleosome positions in the LYS2 gene (12) and con-
firmed in this study using tiling qPCR (Figure 5A).
More specifically, we inserted the reporter constructs in
sites occupied by positioned nucleosomes, sites at the
edges of or in between positioned nucleosomes, and sites
depleted for nucleosomes. Nine sites (450–865) are located
within 1 kb from the well-positioned+1 nucleosome that
borders the 50 NFR in the LYS2 promoter. The nucleo-
somes in this region are highly localized. At sites 450, 860
and 865 the URA3 gene is inserted at a nucleosome ‘peak’,
indicating that a nucleosome is positioned here. Sites 540,
721 and 770 on the other hand are located in a ‘valley’, a
linker region where no nucleosome is present. The other
sites (500, 575 and 800) are located at the transition
between a peak and a valley, and indicate a site
occupied by a nucleosome, but close to one of the nucleo-
some borders. A final group of insertion sites (1950, 2200
and 3051) are located well beyond 1 kb from the highly
localized+1 nucleosome in a region with low nucleosome
occupancy, likely containing delocalized or fuzzy nucleo-
somes, i.e. nucleosomes occupying different locations in
the genomes of the cells in a population (Figure 5A).
For each insertion site, we characterized growth of the

resulting strains (Figure 5B and C). All mutants grow
similarly on (non-selective) YPD medium, although
small variations in doubling time can be observed
(Figure 5B and C, black bars). In SC-ura medium (select-
ing for induction of URA3), several strains exhibit a
doubling time comparable to the doubling time
measured in YPD medium, whereas other strains show
moderately increased doubling times (Figure 5B,C, grey
bars). Whereas growth differences in SC-ura medium are
subtle, two strains exhibit very different growth patterns
on 5-FOA medium, a measure for basal URA3 expression
(Figure 5B). Strains that exhibit the longest doubling
times on SC-ura medium are able to grow on 5-FOA
medium (Figure 5B anC, grey bars). Ura3 protein levels
(Figure 5D) agree with the observed growth patterns. As
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expected, the strains that are able to grow on 5-FOA
medium show very low Ura3-YFP protein abundance
(Figure 5B and D). Taken together, for each reporter con-
struct (URA3-163 and URA3-162, see Supplementary
Figure S7), the growth and URA3 expression phenotypes
vary greatly between the different insertion sites.

Nucleosome organization in the lys2::URA3 reporter
strains correlates with expression

To determine whether the genomic location of the URA3
reporter constructs influences the nucleosome positions in
the URA3 promoter, and if these differences correlate with
the differences in URA3 expression, we ascertained the
nucleosome positions of all the lys2::URA3 mutants
described in the previous section (Supplementary Figure
S8, Table 1). The majority of mutants have highly
localized nucleosomes occupying the URA3 promoter,
although some have fuzzy �1 (loci 575, 770) and/or +1

(locus 575) nucleosomes. When we compare the positions
of the localized �1 and +1 nucleosomes relative to
their positions in the full-length URA3 promoter at its
native locus, we observe a shift of both nucleosomes
towards the NFR.

Can URA3 expression levels in the different lys2::URA3
mutants be explained by the altered nucleosome positions?
The position of the+1 nucleosome correlates poorly with
URA3 expression (R=0.40, P< 10�9), while the position
of the �1 nucleosome has a moderate impact (R=�0.67,
P< 5� 10�8). However, our data shows that URA3 ex-
pression is most strongly affected by the width of the
NRF (R=0.80, P< 5� 10�8). To further explore the cor-
relation between nucleosome positioning and URA3 ex-
pression, we investigated another series of mutants,
which contain the URA3-162 inserted at 12 different loci
in the LYS2 gene (Supplementary Figures S7, S9,
Supplementary Table SVI). Here, we obtain highly

Figure 5. Expression of a truncated URA3 gene depends on the genomic context. A truncated URA3 construct in which 163 bp of the URA3
promoter remain (URA3-163), was inserted at various locations in the LYS2 gene. (A) Different insertion sites of the truncated URA3-163 construct
within the LYS2 ORF. The nucleosome profile for regions of the LYS2 gene as it was experimentally determined by tiling qPCR is shown. Dotted
lines indicate insertion sites which are labeled by their location inside the LYS2 ORF (coordinates refer to the position relative to the LYS2
translation start). (B) Different insertion sites lead to different growth patterns on SC-ura and 5-FOA medium. Mutants are labeled by their
location inside the LYS2 ORF. These mutants also show differences in doubling times (C), and normalized mean Ura3-YFP protein abundance
(D) for growth in liquid YPD (black bars) and liquid SC-ura (gray bars) media. Error bars denote standard deviation.
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similar data, confirming that URA3 expression correlates
poorly with the position of the+1 nucleosome (R=0.33,
P< 10�8), moderately with the position of the �1 nucleo-
some (R=�0.59, P< 5� 10�8) and strongly with the size
of the NFR (R=0.77, P< 5� 10�7). Hence, for the dif-
ferent insertion sites in LYS2, the width of the NFR is the
major determinant of URA3 expression, while the position
of the+1 nucleosome has only a small impact.

These results are different from the data we obtained for
the progressively truncated URA3 constructs at locus 721
(see above). At locus 721, we found that URA3 expression
was most strongly influenced by the position of the +1
nucleosome. When we take a closer look at the data in
Table 1, we notice that the extent of variation in the
position of the+1 nucleosome is similar in both series of
mutants (i.e. LYS2-721 and URA3-163). In contrast, the
width of the NFR varies greatly depending on the inser-
tion site, while at locus 721, the NFR size remains fairly
stable (Table 1). This might explain why NFR width only
moderately affects expression at locus 721, while having a
large impact at other loci. Together, the data obtained for
the mutants at locus 721 and the mutants at the different
insertion sites indicate that the size of the NFR executes a
larger effect on URA3 expression than the position of the
+1 nucleosome.

We also examined whether the nucleosome positions of
the URA3-163 and URA3-162 lys2::URA3 constructs
could be predicted by the existing computational models
(Supplementary Figure S10; 15,21). Here, it is hard to
compare the overall nucleosome occupancy predicted by
the models with the exact nucleosome positions determined
in our analysis. However, by comparing NFR width, it
becomes clear that the models often fail to accurately
predict a nucleosome-depleted region that is comparable
in size to the NFRs measured in this study. This disparity
might indicate that the experimentally determined (in vivo)
nucleosome positions may be influenced by trans factors
that are not accounted for in the computational models.
However, we did not find any evidence for changes in
trans-factor binding sites that may be created or deleted
in the in the URA3-162 and URA3-163 constructs
(Supplementary text, Supplementary Figures S11, S12,
Supplementary Tables SVI, SVIII).

Nucleosome organization in the lys2::URA3 reporter
strains depends on chromatin context

Finally, we examined whether the chromatin context of
the insertion site determines the positions of the �1 and
+1 nucleosomes in the lys2::URA3 reporter strains. Two
parameters were used to study the effects of chromatin
context. The first parameter is the position of nucleosome
n, the nucleosome immediately upstream of each insertion
site before insertion of the URA3 gene (Figure 2B). This
nucleosome acts as the �1 nucleosome of the URA3
promoter after insertion. Our data show that there is a
good correlation between the position of the -1 nucleo-
some after insertion and the position of nucleosome n
before insertion (R=�0.74, P< 5� 10�5) (Figure 6A).
This result may suggest that the position of nucleosome
n does not change upon insertion of URA3. However,

when URA3 is inserted at or close to the center of nucleo-
some n, this nucleosome moves upstream, away from the
URA3 promoter. On the other hand, when URA3 is
inserted close to the nucleosome border or in a region
devoid of nucleosomes, nucleosome n shifts downstream,
towards the URA3 promoter.
In addition, nucleosome n sometimes also affects the

position of the URA3 +1 nucleosome, even though the
effect is relatively weak (but statistically significant,
R=0.38, P< 5� 10�4) (Figure 6B). Finally, the distance
between the �1 and+1 nucleosomes is strongly influenced
by the position of nucleosome n (R=0.82, P< 0.005)
(Figure 6C). The same analysis was performed for
URA3-162 and similar but (slightly) weaker correlation
coefficients were obtained (Supplementary Figure
S13A–C).
Second, we investigated whether the AT content at the

junction between the upstream LYS2 sequence and the
URA3 promoter after insertion of the URA3 gene correl-
ates with nucleosome positioning. For each of the inser-
tion sites, we calculated the %AT content at the junction
between the upstream LYS2 sequence and the truncated
URA3 promoter (Table 2). We also checked whether a
new, long poly(dA:dT) tract was formed at the junction,
but this was not the case. We found large variations in
%AT content, between 56% and 80%, and we plotted
%AT content against the NFR size and the positions of
the �1 and +1 nucleosomes after insertion of the
truncated URA3-162 promoter at various locations of
the LYS2 gene (Figure 6D–F). The results show that AT
content has a mild effect on the position of the �1 and+1
nucleosomes, and the distance between the �1 and +1
nucleosomes (R=�0.33, P< 5� 10�10, R=�0.28,
P< 10�9 and R=0.25, P< 5� 10�7, respectively)
(Figure 6D–F). Stronger correlations were obtained for
construct URA3-162, with the exception of nucleosome
+1 (Supplementary Figure S13D–F).

DISCUSSION

In this study, we used truncated versions of the
S. cerevisiae URA3 gene to investigate the influence of
the neighboring chromatin structure on local nucleosome
positioning and gene expression. Our results show that
progressive 50–30 truncation of the URA3 promoter in-
creases the sensitivity of the promoter to the influence of
surrounding chromatin. In these strains, the nucleosome
positions change and become dependent on the genomic
location. In turn, the altered nucleosome positions affect
URA3 activity.
When the poly(dA:dT) tract is removed without

removing any up- or downstream sequence, the NFR in
the URA3 promoter is no longer present and URA3 ex-
pression decreases dramatically. This indicates that the
poly(dA:dT) tract helps to establish the NFR and
optimal URA3 expression. Although this result agrees
with previous findings (5,28), we find that the URA3
promoter in the Dpoly(dA:dT) strain still retains highly
localized nucleosomes. Thus, although the poly(dA:dT)
tract directs the formation of the NFR, other elements
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in the URA3 promoter must also help in establishing nu-
cleosome organization.
Truncations of the URA3 promoter that remove both

the poly(dA:dT) tract and the upstream region of the

URA3 promoter show more dramatic differences in nu-
cleosome organization than mutants in which only the
poly(dA:dT) tract was removed. Moreover, when the
promoter is truncated beyond a certain point, expression

Figure 6. Genomic context influences the positions of the �1 and +1 nucleosomes of a truncated URA3 promoter. The genomic context of each
insertion site was quantified by measuring the position of the first nucleosome n upstream of each insertion site before insertion of the URA3 gene
(Figure 2B) and %AT content at the junction between the upstream LYS2 sequence and the URA3 promoter. The positions of the �1 nucleosome
(A), the positions of +1 nucleosome (B) and the distance between the �1 and+1 nucleosomes (C) of the URA3-163 promoter after insertion into
various locations of the LYS2 gene are plotted against the position of nucleosome n before insertion. The positions of the �1 nucleosome (D), the
positions of +1 nucleosome (E) and the distance between the �1 and +1 nucleosomes (F) of the URA3-163 promoter after insertion into various
locations of the LYS2 gene are plotted against %AT content at the junction between the upstream LYS2 sequence and the URA3 promoter. For
each plot, the Pearson correlation coefficient was calculated.

Table 2. AT content of the junction sequence

Mutant Junction sequence (40 nt upstream and 10 nt downstream) % AT Length of
poly(dA:dT) >
75% purity (nt)

native URA3
poly(dA:dT)

TTTTTTTTTTTTGTTCTTTTTTTTGATTCCGGTTTCTTTGAAATTTTTTT 82 50

LYS2-450 GTTCCGTTTGGCCTTTTTGGAAAACCAAGATTTCAAATTATTTTTTTGATT 72 14
LYS2-500 AGCATCATTTAGTGGACTTTGCTTTGAATTTGGATACCAGTTTTTTTGATT 70 11
LYS2-540 TAATAATGCGCATGTTTTGAACTTAATTTATAACAGCTTATTTTTTTGATT 78 14
LYS2-575 GCTTACTGTATTCGAATGAAAGAGTAACCATTGTTGCGGATTTTTTTGATT 68 11
LYS2-721 TAAGAACTTGGGCTGGTGCGATTTCGTGGGGTGTATTCACTTTTTTTGATT 58 11
LYS2-770 AGGACAATGCTGAAGCCTTCCCAGAGAGAACCTGTGTTGTTTTTTTTGATT 60 17
LYS2-800 CCTGTGTTGTGGAGACTCCAACACTAAATTCCGACAAGTCTTTTTTTGATT 62 13
LYS2-860 ACATCAACCGCACTTCTAACATAGTTGCCCATTATTTGATTTTTTTTGATT 70 17
LYS2-865 AACCGCACTTCTAACATAGTTGCCCATTATTTGATTAAAATTTTTTTGATT 74 11
LYS2-1950 AGAATTGAATAAAGAAAAATTTGTGAACAACTGGTTTGTTTTTTTTTGATT 80 17
LYS2-2200 CATCCATTGGTAAGAGAAAACATTACTTTAGTTCGCAAAATTTTTTTGATT 70 11
LYS2-3050 CCCACGTCAGGGCCAAGGATGAAGAAGCTGCATTTGCAAGTTTTTTTGATT 56 11
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and nucleosome positions become sensitive to the genomic
context. More specifically, our data indicate that the
positions of the upstream nucleosomes influence the
position of the �1 nucleosome and the width of
the NFR (i.e. the distance between the �1 and+1 nucleo-
somes). Interestingly, the position of the+1 nucleosome is
in some cases also influenced by the (distal) chromatin
context of the insertion site, indicating that nucleosome
positions can influence each other over longer distances.
However, the effect is relatively weak (R=0.38;
P< 5� 10�4). This could be due to (a combination of)
several factors. The local DNA sequence at the position
of this nucleosome may play a primary role in positioning
this nucleosome, and in addition, it is possible that
trans factors such as ATP-dependent nucleosome re-
modeling proteins also contribute to the positioning of
the key +1 nucleosome, as recently shown by Pugh and
coworkers (40).

Changes in the URA3 nucleosome pattern are
correlated with URA3 expression and URA3-dependent
growth phenotypes. Our data show that URA3 activity
is largely determined by the extent of the NFR and the
presence and exact position of the +1 and �1 nucleo-
somes. A narrow NFR results in decreased URA3 expres-
sion, most likely due to decreased accessibility of the Ppr1
binding site and/or the TATA boxes that are located in the
NFR. This effect appears to influence both basal and
induced expression. In addition, the induction of different
URA3 promoters results in little change in nucleosome
positioning but large changes in expression (Supple-
mentary Figure S6). Thus, in this case, it appears that
chromatin architecture solely sets accessibility, and the
TF increases expression without gross modifications to
the nucleosomal positions. Finally, we also observe that
an upstream shift of the+1 nucleosome results in a reduc-
tion of URA3 expression. The TSSs, normally located at
the border of this nucleosome, gradually become covered
by the+1 nucleosome as this nucleosome moves upstream.

In summary, our data indicate that nucleosome barriers
such as poly(dA:dT) sequences are crucial for obtaining an
accurate promoter nucleosome organization and correct
gene expression. In addition, we provide novel in vivo
evidence that the positions of neighboring nucleosomes
in the genomic surroundings can also influence the local
promoter nucleosome positioning, even though the effect
is relatively weak. Thus, our data agrees with a thermo-
dynamic model for nucleosome positioning, as proposed
by the barrier model. However, other studies have convin-
cingly shown that trans factors, such as chromatin re-
modeling factors, also play a key role. In fact, the data
in Figure 5 and Supplementary Figure S7, when compared
with each other, argue for a second layer of nucleosome
organization in addition to statistical positioning. Here,
two constructs that differ by only one nucleotide are
inserted at various locations in the LYS2 gene. When
inserted at the same locus, these constructs sometimes
show large differences in growth and URA3 activity.
This difference is most apparent for locus 721, and is
caused by strikingly different nucleosome patterns in
both constructs (Figure 4, Table 1). Because both con-
structs differ by only one nucleotide, and a different

nucleosome pattern is not predicted by thermodynamic
models (Supplementary Figure S10), this might indicate
that trans factors are at play (although we did not find
any evidence for the involvement of a trans factor).
One of the most intriguing properties of (eukaryotic)

genomes is the relative high degree of conservation of
gene synteny. Multiple selective forces act on synteny,
and our study shows that nucleosome organization may
play an important role. Relocating a gene to another
genomic position may have dramatic consequences for
its nucleosome structure, which in turn influences its ex-
pression. Nucleosome positioning may therefore be a
limiting factor in natural recombination processes where
genes may be deregulated after they are relocated to dif-
ferent parts of the genome. Moreover, in genetic engineer-
ing applications, the insertion site of a construct can be a
crucial factor to obtain optimal expression and regulation
of an ectopic sequence. This necessitates investigating
multiple independent transformants to account for pheno-
typic differences caused by the different positions of
inserts, rather than the function of the insert, or to find
mutants that have the most optimal expression pattern.
Our results indicate that the use of longer constructs
that contain strong nucleosome boundary elements may
help to reduce the influence of the chromosomal location
on the expression of ectopic constructs.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Materials and Methods, Supplementary
Figures 1–13, Supplementary Tables I–VIII and
Supplementary references (47–58).
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