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Abstract The nucleosome is the fundamental unit of

eukaryotic genomes. Its positioning in the promoter

region plays a central role in regulating gene transcription.

Experimental evidence suggests that the genomic DNA

sequence is one important determinant of nucleosome

positioning. Several approaches have been developed to

predict nucleosome positions based on DNA sequence

features, but the results indicate that there is room for

improvement. This paper presents a new computational

approach to predict genome-wide nucleosome locations in

promoter regions. Importantly, the proposed approach

outperforms existing approaches in yeast. Further anal-

ysis demonstrates that DNA signals for nucleosome posi-

tioning vary with species and composition of histones.

Analysis of individual genes reveals that the role of the

underlying DNA sequence in nucleosome positioning var-

ies with genes.
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1 Introduction

Eukaryotic genomes are packaged into chromatin, the

major structural element of which is nucleosome [1].

Each nucleosome consists of a core particle and linker

DNA naked or associated with histone H1 [2].

Nucleosomes and additional proteins can interact to

form a highly folded chromatin structure, which is the

substrate for the essential biological processes of DNA

replication, recombination, repair, transcription and

chromosome segregation, and cell division [3]. The

structure of the nucleosome core particle, composed of

a 147 bp stretch of DNA tightly wrapped around a his-

tone octamer, has been solved by X-ray crystallography

at atomic resolution [4]. Genome-scale nucleosome posi-

tioning in yeast (Saccharomyces cerevisiae) and human

cells have been identified by advanced experimental

approaches [5–8].

Nucleosomes in promoter regions are considered to

limit accessibility to regulatory factors and recruit other

proteins for histone modifications. Nucleosome position-

ing along genomic DNA sequence thus plays an impor-
tant role in both positive and negative gene regulation

[9]. There are three main ways in which cells overcome

the nucleosomal barrier to regulate gene expression. One

way is through chromatin remodeling, using the energy

of ATP hydrolysis to change the nucleosome positions

on DNA [10]. Another way involves chemically modi-

fying the tails of histones, such as by acetylation, methy-

lation, sumoylation, phosphorylation, ubiquitination,
and adenosine-diphosphate ribosylation [11]. The com-

plex combinations of modifications may form a ‘histone

code’, leading to epigenetic and heritable changes in

chromatin domains and recruitment of structural pro-

teins and enzymes to the chromatin [12]. The third con-

sists of incorporation of histone variants (e.g. H2A.Z

and H3.3) into nucleosomes, often resulting in changes

in nucleosome stability and patterns of gene expression
[13].

Experimental evidence indicates that certain DNA

sequences have strong ability to bend and twist [14].

Consequently, DNA sequences differ greatly in their abil-

ity to wrap around histones. The binding affinities can

vary by several magnitudes [15]. Furthermore, most iden-

tified positioned-nucleosomes are conserved across sev-

eral human cell lines [7], suggesting that nucleosome

positioning may be partially encoded in genomic DNA
sequence. The genomic code may be represented by short

DNA motifs with repetitive appearances at ,10 bp inter-

vals [16–18]. Several approaches have been proposed to

predict nucleosome positions based on DNA sequence

features [18–21]. In particular, yeast genome-wide nucleo-

some positions have been predicted and their links with

specific chromosome functions have also been reported

[18,19]. However, it is clear from previous work that only
a subset of experimentally determined nucleosome posi-

tions are accurately predicted, thus there is room for
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improvement. In addition, it is not clear whether the

underlying DNA sequence plays similar roles in nucleo-

some positioning of different genes.

In this study, first, a strong periodic pattern in a set of

nucleosomal DNA sequences was found to develop a new

computational approach, which successfully predicted the

yeast genome-wide, experimentally-determined nucleo-

some positions across promoter regions. Second, DNA

signals for nucleosome positioning among species and

roles of the underlying DNA sequence in nucleosome

positioning of different genes were analyzed.

2 DNA sequence pattern for nucleosome
packaging

Many DNA sequence features, including TGGA [22],

VWG [23], CTG [24] and the AA/TT/TA dinucleotides

[18], are proposed as DNA signals for nucleosome pack-

aging. Specifically,,10 bp periodic AA/TT/TA dinucleo-

tides recur remarkably along the nucleosomal DNA

sequences. The feature is widely used to predict nucleo-

some positions [19,20]. However, previous studies show

that existing predictive approaches are far from perfect

[19,20]. One possible explanation is that the underlying

DNA sequence itself is just among the dominant determi-

nants of nucleosome positioning, and another one is that

the dinucleotide pattern may not completely reflect the

DNA signals for nucleosome packaging. To enhance pre-

diction accuracy, it is necessary to find an additional

nucleosomal DNA sequence pattern.

We used a collection of mononucleosome DNA

sequences on the yeast genome, measured by an accu-

rate experimental method [18], to find a remarkable

sequence pattern (Fig. 1(a)). It includes ,10-bp peri-

odic alternating (A,T)-rich and (A,T)-poor sequences

at the DNA helical repeat (hereinafter referred to as

(A,T)-alternating pattern). In other words, the frac-

tions of A/T nucleotides along nucleosomal DNA

sequences exhibit recurring valley-peak patterns.

These DNA sequence preferences to yeast nucleosomes

may correspond to preferences to a minor groove for

the (A,T)-rich sequences bending via negative base-pair

roll and a major groove for the (G,C)-rich sequences

bending via positive base-pair roll. To test the signifi-

cance of the (A,T)-alternating pattern, we randomly

sampled 129-bp sequences from yeast genome. The

mean number of valley-peak patterns from 10000 ran-

dom experiments fell to ,4 compared with 10 observed

in yeast nucleosomal DNA, which indicates that the (A,

T)-alternating pattern is a unique characteristic of

nucleosomal DNA sequences. Moreover, another

strong (A,T)-alternating pattern was derived from a

collection of nucleosomal DNA sequences from

chicken (Fig. 1(e)).

3 Predicting genome-wide nucleosome
positions

As shown in Figs. 1(a) and 1(e), the significantly discrim-

inative (A,T)-alternating pattern can be employed to pre-

dict nucleosome positions. Although a similar pattern has

been found to facilitate DNA wrapping around histones

[16,17], this feature has not yet been applied to the predic-

tion of nucleosome positions. Using the (A,T)-alternating

pattern, we developed a new computational approach to

predict yeast genome-wide nucleosome positions in pro-

moter regions spanning between21200 and +200 (relative
to the +1 ATG translational start codon). The predictions

showed significant correspondence with the experimen-

tally determined nucleosome locations measured in a ge-

nome-scale study [5] (Fig. 2). We also made a similar

analysis of the nucleosome positioning data predicted by

two popular computational approaches: one was based on

the AA/TT dinucleotide pattern and the other used a ther-

modynamic nucleosome-DNA interaction model [18,19].

Overall, ,51% of our predicted nucleosomes were within

35 bp of those determined experimentally [5] compared

with ,45% and ,39% in the two previous studies. This

result estimates that the (A,T)-alternating pattern reflects

the DNA signals for nucleosome packaging more effec-

tively in yeast promoter regions.

To examine whether our approach is also applicable to

other chromosome regions, we predicted the genome-wide

nucleosome organization in yeast. The identification of

high-resolution nucleosome positions throughout chro-

mosome III in yeast provided an opportunity to assess

our method [5], of which the accuracy of predicting yeast

genome-scale nucleosome locations showed a slight

decline, yet it was similar to those in the two other studies

[18,29]. ,49% of our predicted nucleosomes were within

35 bp of those determined experimentally [5] compared

with ,46% and ,48% in the two studies respectively.

The decline is attributed to the potential unknown char-

acteristic of DNA signals for nucleosome packaging in

chromosome III and the prevalence of (A,T)-alternating

pattern for nucleosome packaging in promoter regions.

Peckham et al. presented a new computational method

for the prediction of nucleosome locations [30]. They pre-

dicted the nucleosome formation potential of any given

DNA sequence by a support vector machine (SVM)

trained on a subset of nucleosomal DNA sequences. The

SVM used all possible k-mers (k5 1 to 6) as features for

prediction. Since we both used the same yeast nucleosome

positioning data throughout chromosome III for assess-

ment, the two approaches were compared and their criteria

for performance evaluation were used. Overall, 45.4% and

55.8% of our predicted nucleosomes were within 30 and 40

bp of those genome-scale experimentally determined

nucleosome positions [5], corresponding to 41.3% and

49.8% in their report. In addition, a high-resolution map
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of genome-wide nucleosome occupancy in yeast has been

completed [8]. ,51% of our predicted nucleosomes were

within 35 bp of those determined experimentally across

promoter regions. These results indicate that the (A,T)-

alternating pattern may be a prevalent DNA signal for

yeast nucleosome packaging.

4 DNA signals for nucleosome positioning
vary with species and composition of histones

DoDNA signals for nucleosome packaging correlate with

the composition of histones? Recently, histone variant
H2A.Z nucleosomes, constituting about 10% of all cel-

lular H2A molecules in S-phase [31], have been measured

across the yeast genome [6]. Yeast H2A.Z nucleosomal

sequences did not exhibit a strong (A,T)-alternating pat-

tern (Fig. 1(b)). Both the proposed approach and other

approaches [18] showed modest decline in prediction:

,44% of our predicted nucleosomes and ,42% of theirs

were respectively within 35 bp of experimentally deter-

mined H2A.Z nucleosome positions. This result indicates

that the genomic code for H2A.Z nucleosome positioning

is different.

To study whether the DNA signals for nucleosome

packaging vary with species, nucleosome locations in

human promoters were predicted. We then compared

the predictions with a collection of high-resolution

positioned-nucleosomes identified in approximately

4000 human promoters [7]. The (A,T)-alternating

Fig. 1 Landscape of (A,T)-alternating patterns. (a)–(f) Fraction of A/T nucleotides at each half of superhelix location (SHL, each
half of SHL represents a minor groove or a major groove, see Ref. [25]) of centre-aligned 129-bp-long yeast (a, Ref. [18]), yeast H2A.Z
(b, the topmost 199 H2A.Z nucleosomes with the highest score from Ref. [6]), Caenorhabditis elegans (c, Ref. [26]), Drosophila
melanogaster (d, Ref. [27]), chicken (e, Ref. [17]) and mouse (f, 109-bp long, Ref. [28]) nucleosome-bound sequences, where both the
original form and the reverse complement form of each sequence are added to the centre alignment, showing strong recurring valley-
peak patterns along yeast and chicken sequences. For these two species, valley-peak pattern appears at 11 and 10 out of 12 SHLs
respectively, compared with 4 expected by chance
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pattern became weak for nucleosome packaging in

human promoter regions: ,38% of the predicted nucleo-

somes were within 35 bp of experimentally determined

nucleosome positions. Additionally, nucleosomal DNA

sequences from Caenorhabditis elegans exhibited a mod-

erate (A,T)-alternating pattern (Fig. 1(c)), while those

from Drosophila melanogaster and mouse displayed

weak (A,T)-alternating patterns (Figs. 1(d) and 1(f)).

Together with the remarkable (A,T)-alternating patterns

of chicken and yeast, these results suggest that DNA

signals for nucleosome packaging may vary with species.

The results demonstrate that DNA signals for nucleo-

some positioning vary with species and composition of his-

tones. There may not be a uniform model for nucleosome-

DNA interaction. However, the (A,T)-alternating pattern is

a strong DNA signal for nucleosome positioning in some

species from the clear periodic patterns of chicken and yeast

nucleosome-bound sequences. A previous study showed

that the AA/TT/TA dinucleotide pattern might be the dom-

inant DNA signal for nucleosome packaging in yeast [18],

but our approach showed superior results to the approach

based on the dinucleotide pattern [19]. One possible inter-

pretation is that the (A,T)-alternating pattern also contains

periodic short DNA motifs (e.g. AA/TT/TA dinucleotide

pattern) that help nucleosome packaging, suggesting that

the (A,T)-alternating pattern captures most DNA signals

for nucleosome formation in yeast.

5 Role of underlying DNA sequence in
nucleosome positioning varies with genes

The results above demonstrate that intrinsic genomic

organization can explain only a subset of nucleosome posi-

tions, which is consistent with other studies thus arriving at

the conclusion that the underlying DNA sequence is not the

sole determinant of nucleosome positioning [8,30]. We cal-

culated the prediction accuracy for every gene promoter.

Since the prediction is based on DNA sequence features,

the prediction accuracy of every gene reflects the depend-

ence of its nucleosome positioning on the underlying DNA

sequence. The higher the accuracy is, the more the depend-

ence is. Importantly, the distribution of accuracies is dis-

persive (Fig. 3), suggesting that the role of the intrinsic

DNA sequence in nucleosome positioning varies with genes.

6 Conclusions

A novel computational approach was developed to pre-

dict nucleosome positions in yeast promoter regions. The

reliable nucleosome predictions by the proposed method

lay a good foundation for consequent analysis. The results

show that DNA signals for nucleosome packaging corre-

late with species and composition of histones. It is sug-

gested that there may not be a unified DNA sequence

Fig. 2 Scoring profiles and experimental positioned-nucleosomes at selected promoter regions. (a)-(d) Black traces correspond to
scores calculated by our approach. For each point, its score is a number proportional with the probability of being the nucleosome
midpoint. The scoring profiles are smoothed by a 51-bp sliding window with 1-bp steps. Gray ovals represent nucleosomes identified in
Ref. [5]. For most local maxima in scoring profiles, they correspond to experimentally determined nucleosomes
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pattern for nucleosome positioning. Thus, it is necessary

to develop specific models for predicting nucleosomes in

some species. It is possible to extend our methodology to

address this issue. It is also revealed that the underlying

DNA sequence plays different roles in positioning nucleo-

somes of different genes. It will be worthy further study

whether this difference is linked to different properties of

the corresponding genes.

Appendix A Materials and methods

A.1 Data preparation

Yeast genome sequences were downloaded from the Sac-

charomyces Genome Database (http://www.yeastgenome.

org). Human promoter sequences were downloaded from

the UCSC Genome Browser (http://www.genome.ucsc.

edu). Nucleosome positioning data in Fig. 1 and those

for assessing the proposed method were downloaded from

web supplements of concerned journals and papers.

A.2 Proposed approach for predicting nucleosome

positions

The central 129 of 147 bp contribute significantly to the

accommodation of the DNA super-helical path in the

nucleosome than both 9 bp terminal segments [25]. We

started by scanning along the DNA sequence with 1 bp

steps with a 129 bp sliding window. In this way, all pos-

sible 129 bp sub-sequences in the DNA sequence were

obtained. Each sub-sequence was assumed as central

nucleosomal sequence and the fraction of A/T nucleotides

at each half of the supposed SHL was calculated. We then

assigned the number of SHLs displaying valley-peak pat-

tern in the fraction of A/T nucleotides to this sub-sequence
as its original score. In addition, we employed some com-

plements to the scoring scheme, including penalizing the

score of 22 for the NFR region (from 2200 to 250) and

favoring both 50 bp flanks of NFR region by adding 2 to

the score. We chose these parameter values to enhance

prediction accuracy. The score of each sub-sequence was

assigned to its central location. The scoring profile was

smoothed by a 51 bp sliding window with 1 bp steps. The
scoring data were sorted in decreasing order. We deter-

mined the location with the highest score as the first

nucleosome midpoint, and then iterated over the scor-

ing data to determine the remaining nucleosome posi-

tions as long as the new nucleosome did not overlap

with any previously determined nucleosomes. This pro-

cess proceeded until no more nucleosomes could be laid

(the algorithm implemented in Matlab is available
upon request).
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