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ABSTRACT

Nucleosomes, a basic structural unit of eukaryotic
chromatin, play a significant role in regulating gene
expression. We have developed a web tool based on
DNA sequences known from empirical and theore-
tical studies to influence DNA bending and flexibility,
and to exclude nucleosomes. NXSensor (available at
http://www.sfu.ca/~ibajic/NXSensor/) finds nucleo-
some exclusion sequences, evaluates their length
and spacing, and computes an ‘accessibility score’
giving the proportion of base pairs likely to be
nucleosome-free. Application ofNXSensor to thepro-
moter regions of housekeeping (HK) genes and those
of tissue-specific (TS) genes revealed a significant
differencebetweenthe twoclassesofgene, the former
being significantly more open, on average, particu-
larly near transcription start sites (TSSs). NXSensor
should be a useful tool in assessing the likelihood of
nucleosome formation in regions involved in gene
regulation and other aspects of chromatin function.

INTRODUCTION

Transcription factors, enhancer-binding proteins and chromatin-
remodeling factors all play a role in regulating gene expression.
In addition, nucleosomes, the basic structural units of chromatin,
are now thought to also be involved in this process [(1,2); see
also (3,4)]. The dissociation or displacement of nucleosomes
from DNA by the action of other protein factors, such as
DNA- and histone-modifying enzymes (methylases, kinases,
acetylases and deacetylases) likely gives the basal transcription
apparatus access to the promoter regions of genes (5–7). A means
for assessing the distribution of nucleosomes along stretches of
regulatory DNA would therefore be a useful addition to our
understanding of gene regulation.

In eukaryotic cells, nucleosomes are formed by the binding
of DNA to histones (8). The nucleosome consists of 147 bp of
DNA wound around a histone-octamer core (9–11). In human
DNA, adjacent nucleosomes are separated on average by about
50 bp of ‘linker’ DNA, so that successive nucleosomes occur
about every 200 bp. Most DNA sequences are neutral or favor-
able to nucleosome formation, but some sequences, by virtue
of their influence on the curvature and flexibility of the
DNA double helix (12,13), are unfavorable to nucleosome
formation; we have called these ‘nucleosome exclusion
sequences’ (NXSs). Thus, nucleosomes are not uniformly or
randomly spaced along DNA, allowing for variation in access
to promoter and other regulatory regions by the basal tran-
scription apparatus, transcription factors and other proteins.

We have developed a program, NXSensor (available at
http://www.sfu.ca/~ibajic/NXSensor/), that locates NXSs in
DNA and defines regions where nucleosomes are unlikely
to be formed because of the presence of such sequences
and their spacing at distances less than the number of base
pairs in the nucleosome. We have applied NXSensor to sets of
promoter sequences whose genes are known to differ in their
expression patterns among different tissues, and were able to
show, in agreement with recent reports, significant differences
among promoter regions in the number and position of such
sequences.

BACKGROUND AND DESCRIPTION OF NXSensor

DNA sequences chosen as NXSs were the following, based on
experimental observations (14–16):

½ðG/CÞ3N2��3; e:g: GGCAACGCTTGGGTA‚

GGCCGCGCAGGGGCT

A�10ð¼ T�10Þ; e:g: AAAAAAAAAA‚TTTTTTTTTT

Other studies lend support to the unfavorability
of these sequences for nucleosome formation because
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of their hindering of DNA bending or flexibility
(12,13,17).

A NXS was defined as one of the DNA sequences above, a
contiguous non-overlapping DNA sequence long enough to
comprise one full turn of the DNA double helix. The NXSen-
sor program annotates individual DNA regions by marking
NXSs and then examining their spacing to find sequences
between NXSs that are <147 bp in length, on the assumption
that nucleosomes are unlikely to form in such regions. The
remaining segments of DNA are those where nucleosomes
may be located.

VALIDATION AND APPLICATION

To test the general validity of the NXSs chosen, and to test the
ability of the NXSensor program to find and annotate such
sequences, the DNA sequences of positioned nucleosomes
listed in the nucleosome positioning region database
(NPRD) were examined (18). Ideally, in these nucleosome-
associated DNA sequences there should be no NXSs as defined
here. We found that only nine (8%) of the 112 positioned
nucleosomes contained any NXSs. These sequences (a total
of 12 NXSs) comprised 199 bp in a total of 16 829
nucleosome-associated base pairs (1.18%), which represents
reasonable agreement with expectation. Exceptions in which a
NXS is accomodated within a nucleosome may be the result of
the presence of additional protein factors associated with
nucleosomal DNA.

As a further test of NXSensor, the SV40 viral sequence was
examined because it is known to contain a nucleosome-free
segment of about 400–500 bp within its 5243 bp genome
(19–21). The results showed a close correspondence between
the experimentally-determined location of the nucleosome-
free region and the nucleosome-free region predicted
by NXSensor’s analysis of DNA sequence (Supplementary
Figure 1).

In a final comprehensive test, NXSensor was used to ana-
lyze the promoter regions of two sets of human genes, house-
keeping (HK) and tissue-specific (TS) genes. These two sets of
genes were chosen in order to assess the potential distribution
of nucleosomes in promoters of genes that are used differently
in different tissues, to substantiate the conclusions of other
researchers who have recently investigated this question using
different approaches, and to demonstrate further the usefulness
of the NXSensor tool.

One hundred genes from each set, HK and TS, were selected
on the basis of the tissue expression patterns given in the
Novartis Research Foundation’s Genomic Institute ‘SymAt-
las’ (http://symatlas.gnf.org/) (22). The genes selected were at
the two extremes of tissue expression patterns: HK genes
showing significant expression in all 73 normal tissues of
the SymAtlas, and TS genes showing, according to gene-
specific non-cross-hybridizing probe sets (those with ‘_at’
suffixes), significant expression in only one or two tissues.
To avoid possible bias in selecting HK genes, we included
as wide a variety of basic cell functions as possible, and in
selecting TS genes, as wide a variety of cell- and tissue types
as possible. Genes with only one region of transcription ini-
tiation were used instead of those with widely-spaced
alternative transcription start sites (TSSs), as indicated in
the UCSC Genome Browser (http://genome.ucsc.edu/), and

double-checked in the Database of Transcriptional Start
Sites (DBTSS, http://dbtss.hgc.jp/). The list of genes is avail-
able at http://www.sfu.ca/~ibajic/NXSensor/200genes.xls.

To examine the region around the TSS of each gene, we
used the sequence from 1000 bases upstream (which would
include the complete promoter of most genes) to 1000 bases
downstream from the TSS (�1000 to +1000), and called this
2000 bp stretch the ‘promoter region,’ centered on the TSS.
The TSS was either the predominant site in, or a site near the
middle of, the cluster of oligo-capped cDNA clones shown in
the DBTSS (23). In cases where no oligo-capped cDNA clones
were available from the DBTSS (21 of 100 HK genes, 36 of
100 TS genes), the RefSeq (NCBI) annotated TSSs were used.
All sequences tested were datamined from the UCSC Genome
Browser.

The basic ‘nucleosome segments’ option of NXSensor
annotates the submitted sequence by highlighting in gray
the segments available for nucleosome binding, leaving
open the segments unlikely to be bound to nucleosomes by
virtue of the number and positions of NXSs (Figure 1 and
Supplementary Figure 1). The annotated promoter region
sequences were used to construct two basic measures. The
‘NXScore’ defined as the number of NXSs in a window of
147 bp at a given position within the 2000 base promoter
region, estimates the likelihood that nucleosomes are excluded
from promoter regions at different distances from the TSS.
This measure is the obverse of the ‘nucleosome formation
potential’ based on nucleosome binding sequences used by
Levitsky et al. (1,24). The NXScore is averaged over all
promoter regions of each class of genes, HK and TS, to
generate a graph of average NXScore versus position, centered
on a given window (Figure 2).

The second measure was the ‘accessibility score,’ measur-
ing the overall accessibility of the 2000 base promoter region
to protein factors. The accessibility score is defined as the
proportion of base pairs in the region likely to be free of
nucleosomes, according to the number and spacing of the
NXSs. Accessibility scores can vary from 0.0 (all sequences
potentially occupied by nucleosomes) to 1.0 (no sequences
likely to be occupied by nucleosomes). In calculating the
accessibility score ACC(10), short exclusion sequences of
10 bp or less flanked by two segments having the potential
for nucleosome binding were not considered ‘open’ because
of the unlikelihood that any protein would be able to bind
effectively such a short sequence between two nucleosomes.
Accessibility scores for two examples are given in Figure 1.

A direct comparison of the average number of NXSs, per
window of 147 bases, in HK and TS promoter regions is shown
in Figure 2. In both sets of promoter regions there were more
NXSs nearer the TSS. There was a significant difference
between HK-gene promoters and TS-gene promoters in the
mean number of NXSs in the specific 147 bp window centered
on the TSS (HK, 2.10 and TS, 0.82; P < 0.01,
Kolmogorov–Smirnov test). Supplementary Figure 2 gives
an illustrative example of 10 000 bases around the TSS of
a HK gene, in which NXSensor analysis suggests that essen-
tially only the TSS region is free of nucleosomes.

Figure 2 also shows that the mean number of NXSs in this
window for the HK genes was significantly higher than that
expected for random-sequence DNA with the same base
composition as the HK-gene promoter regions (2.10 for HK
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genes, 0.53 for the corresponding random-sequence DNA,
P ¼ 0.0014). In contrast, the mean number of NXSs in this
window for the TS genes was hardly different from the NXSs
expected in random-sequence DNA having the TS promoter
base composition (0.82 for TS genes, 0.22 for the correspond-
ing random-sequence DNA, P ¼ 0.06).

From NXSensor output we obtained accessibility scores,
ACC(10), for the promoter regions in our dataset. As
shown in Figure 3A, there was a significant difference between
the distributions of accessibility scores of HK genes and of TS
genes, the HK genes having significantly higher accessibility
scores than the TS genes (P � 0.01, Kolmogorov–Smirnov
test).

Further analysis was conducted using a modified accessi-
bility score, ACC(50), which includes sequences at least 50 bp
in length likely to be nucleosome-free. This is the length of
sequence estimated to be occupied by the basal transcription
apparatus (25,26). ACC(50) was examined for the DNA region
from �110 to +60, the region in which the basal transcription
apparatus would have to bind in order to initiate transcription
at the majority of TSSs clustered around the modal or central
TSS at +1 (27). The comparison of this TSS region (Figure 3B)

showed that 58% of the HK genes, but only 22% of the TS
genes, had an ACC(50) of 0.5 or higher. Of the HK genes, 45%
had an ACC(50) of 1.0, while only 15% of the TS genes did.
The overall distributions of HK gene and TS gene ACC(50)
scores were significantly different by the Kolmogorov–
Smirnov test (P � 0.01).

DISCUSSION

Work in recent years has shown that the nucleosomes
are neither uniformly nor randomly positioned along the
DNA double helix. In a number of instances the location of
nucleosomes in control regions of DNA was found to be an
important feature of gene regulation. The validity of this state-
ment was recognized explicitly by Levitsky et al. (1), and is
the basis for the nucleosome positioning region database
(NPRD), (http://srs6.bionet.nsc.ru/srs6/) (18). The ‘nucleo-
some formation potential’ scores have recently been used to
demonstrate differences in the intergenic regions (28) and
more specifically in the promoter regions (29) of human
HK and TS genes.

Figure 1. NXSensor output for two promoter regions, �1000 to +1000 relative to the major TSS, which is highlighted in green. Left column: HK gene RBPMS,
RNA-binding protein; right column: TS gene F12, coagulation factor XII. Top, nucleosome-segment output: shaded regions show where nucleosomes are more likely
to be located, unshaded regions are more likely to be nucleosome-free; bottom row, locations of NXSs.
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We have taken a different approach by utilizing a combina-
tion of published experimental and observational data to
identify DNA sequences unfavorable for nucleosome forma-
tion because of their influence on DNA bending and flexibility.
Other sequences not used here may also be unfavorable for
nucleosome formation. One example is TGGA repeats (30),
but these occurred too infrequently in our sample of
200 promoter regions to have any influence on the results.

Using our NXSensor program (http://www.sfu.ca/~ibajic/
NXSensor/), we have shown that, as expected, these NXSs
are rare in DNA sequences occupied by nucleosomes listed in
the NPRD. NXSensor also accurately predicts the location of
the nucleosome-free zone in viral SV40 DNA. In a set of HK
and TS promoter region DNA sequences, NXSensor analysis
has demonstrated that the promoter regions of HK genes are
likely to be relatively nucleosome-free, a finding that may help
to explain the wide tissue distribution of their expression. This
is in contrast to those of TS genes, whose promoter regions
contain sequences more favorable for nucleosome formation
(28,29), and which are therefore likely to require additional TS
transcription factors to modify or displace nucleosomes before
the genes can be expressed.

The promoter regions of the two sets of genes differed in
base composition and in how many of them had CpG islands
(31,32). The GC content of the promoter regions of HK genes
was 56.86%, compared with 50.44% for TS genes. CpG
islands were characteristic of 92 of 100 HK genes, but only
19 of 100 TS genes, in agreement with the observations of
others (32). The greater frequency of NXSs of the
[(G/C)3N2]�3 type in HK-gene promoter regions compared
with TS-gene promoter regions is partly a reflection of the
higher GC content of the former (56.86% G + C in HK,

50.44% G + C in TS). However, the average number of
[(G/C)3N2]3 sequences in HK-gene promoter regions, 15.4,
was even higher than the 7.8 ± 2*2.7 (S.D.) expected in
random sequences of the same length and base composition
(P < 0.05). In addition, in spite of their higher GC content,
HK-gene promoter regions had almost as many nucleosome-
unfriendly polyA and polyT tracts as did the TS-gene promoter
regions (50 in HK, as compared with 52 in TS). These two
observations show that the frequency of both types of NXS in
HK-gene promoters is higher than would be expected from
their base composition, suggesting a functional significance,
possibly related to nucleosome exclusion.

Promoter regions of HK genes are typically GC-rich.
Presumably this is the consequence of selection pressure for
certain kinds of promoter sequences. It may be speculated
that one component of such selection is for sequences that
tend to exclude nucleosomes. Another possible component
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Figure 3. (A) Accessibility scores ACC(10) for promoter regions, �1000 to
+1000 relative to the TSS. Open circles, HK-gene promoter regions; dots,
TS-gene promoter regions. The gene promoter regions are ordered on the
abscissa according to increasing accessibility score. (B) Accessibility scores
ACC(50) in the vicinity of the TSS segment, �110 to +60 (accessibility to the
basal transcription apparatus). Open circles, HK gene promoters; dots, TS-gene
promoters. The gene promoters are ordered on the abscissa according to
increasing accessibility score.
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for HK promoters, which is significantly higher (P¼ 0.0014) than the expected
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TS promoters, the average number of observed sequences in a window centered
at TSS is 0.82, which is higher than the expected number of 0.22 in a random-
sequence of the same composition, at the significance level of P ¼ 0.06.
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is selection for GC-rich sequences that bind certain ubiquitous
transcription factors, such as Sp-1. These two components of
selection might be related, in that the factors that regulate
expression of HK genes may have evolved to bind to
nucleosome-free regions.

We were unable to find any correlation between accessibil-
ity score and expression levels of these genes as given in
SymAtlas (22) (see Supplementary Figure 3). It is likely
that the lower nucleosome occupancy of promoter regions
of HK genes is related not to their expression levels but
primarily to their ubiquity of expression in different tissues.

The NXSensor web tool is flexible enough to allow for
different definitions of regions likely to be free of nucleosomes
and more accessible to other protein factors. NXSensor can be
set for more stringent exclusion criteria by increasing the
number of tandem NXSs required for nucleosome exclusion.
The minimum length of ‘nucleosome-free’ sequence can be
increased to accommodate the space required for larger protein
complexes, an approach we took to show that the region imme-
diately surrounding TSSs of HK genes is likely to be more
accessible to the basal transcription apparatus than is the
corresponding region of TS genes.

Here we have applied NXSensor to the promoter regions of
individual genes and classes of genes. NXSensor may also be
used to investigate other control regions farther from coding
sequences, such as enhancer and inhibitor regions, as well
as sites of methylation, imprinting, recombination, repair,
pre-mRNA splicing and indeed any DNA sequences where
nucleosome location is likely to be a factor in overall
chromatin organization and function (33–38).

SUPPLEMENTARY DATA

Supplementary Data are available at NAR online.
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