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Abstract—Nucleosomes are basic elements of chromatin structure. The positioning of nucleosomes along a genome is very important

to dictate eukaryotic DNA compaction and access. Current computational methods have focused on the analysis of nucleosome

occupancy and the positioning of well-positioned nucleosomes. However, fuzzy nucleosomes require more complex configurations and

are more difficult to predict their positions. We analyzed the positioning of well-positioned and fuzzy nucleosomes from a novel

structural perspective, and proposed WaveNuc, a computational approach for inferring their positions based on continuous wavelet

transformation. The comparative analysis demonstrates that these two kinds of nucleosomes exhibit different propeller twist structural

characteristics. Well-positioned nucleosomes tend to locate at sharp peaks of the propeller twist profile, whereas fuzzy nucleosomes

correspond to broader peaks. The sharpness of these peaks shows that the propeller twist profile may contain nucleosome positioning

information. Exploiting this knowledge, we applied WaveNuc to detect the two different kinds of peaks of the propeller twist profile along

the genome. We compared the performance of our method with existing methods on real data sets. The results show that the proposed

method can accurately resolve complex configurations of fuzzy nucleosomes, which leads to better performance of nucleosome

positioning prediction on the whole genome.

Index Terms—Nucleosome positioning, structural feature, continuous wavelet transformation, genome analysis

Ç

1 INTRODUCTION

EUKARYOTIC genomes are packaged into condensed
chromatin structures, whose fundamental building

units are nucleosomes. Each nucleosome is composed of
a histone octamer wrapped by around 147 base pairs
(bp) of DNA. The organization of nucleosomes can be
described as an array of nucleosome units across the
genome. On one hand, it provides the background of
various histone modifications and variant turnovers [1].
On the other hand, by modulating the accessibility of
underlying DNA sequences [2], nucleosome positioning
directly or indirectly affects a variety of cellular pro-
cesses, such as transcription factor binding kinetics,
DNA replication and gene splicing [3]. To elucidate the
complex interactions between chromatin and transcrip-
tion factors, it is critical to understand how nucleosome
positioning is established along the genome.

In different cells, the exact positions of nucleosomes
are difficult to be determined. A part of nucleosomes are

centering around the most preferred positions, while
others may deviate more or less from their centers [4].
This deviation of nucleosome positions in a cell popula-
tion is referred to as fuzziness. The fuzziness of nucleo-
somes can partly reflect the dynamics of nucleosome
positioning, which provides the flexibility of responding
to different environmental or physiological changes [5].
Studying fuzzy nucleosomes will facilitate the under-
standing of transcription regulation process through the
complex interactions between chromatin and various
transcription factors. As a result, the current challenge is
to develop analytic tools to systematically explore the
distribution characteristics of well-positioned and fuzzy
nucleosomes, and further decipher the underlying mech-
anisms of fuzzy nucleosomes positioning.

The development of high-throughput sequencing tech-
niques has substantially aided in the investigation of
nucleosome positioning across the genomes of various
model organisms [6], [7], [8]. The procedure for high-
resolution mapping of nucleosomes involves an initial
step to cross-link histones to nucleosomal DNA by form-
aldehyde treatment of living cells. Next, linker DNA is
removed from isolated chromatin by MNase digestion
[3]. Then, microarray or massive parallel sequencing
techniques are adopted to determine nucleosome map-
pings. Based on the experimental nucleosome mappings,
analyzing the involvement of DNA sequence on nucleo-
some positioning and occupancy is of great biological
interest. Recently, the underlying mechanisms of chro-
matin organization are still under debate [9], nucleosome
positioning is thought to be determined by a multitude
of factors [10], including chromatin remodelers [11],
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specific DNA-binding proteins [12], and intrinsic DNA
sequence preferences [13]. Previous experimental and
bioinformatic studies have concerned about how and to
what extent sequence compositional features can contrib-
ute to nucleosome organization [14]. In particular, AT
and GC-rich dimeric and trimeric motifs were identified
affecting nucleosome occupancy [15], [16]. Subsequently,
several studies delineated that periodicity of dinucleoti-
des and particular sequence patterns are associated with
nucleosome-enriched sequences [7], [17]. Computational
methods based on such sequence compositional features
have been proposed to predict nucleosome occupancy
and positioning [18], [19], [20]. Recently, another strategy
to predict the propensity of nucleosome formation has
gained much attention, which is based on the sequence-
specific energy properties [21], [22]. These approaches
are quite accurate for predicting the nucleosome occu-
pancy level and are effective in inferring the positions of
well-positioned nucleosomes. However, they still have
great difficulty in properly handling more complex
nucleosome positioning such as fuzzy nucleosomes.

Among various transcription factor binding sites
(TFBSs) and other features thought to influence nucleo-
some positioning, the propeller twist structural property is
regarded as the most correlated with nucleosome occu-
pancy level [23]. It describes the angle of two aromatic
bases in a base pair [24]. In general, dinucleotides with
higher negative propeller twist angles are more rigid than
those with smaller propeller twist values. Several previous
studies have adopted this structural property to character-
ize nucleosome-depleted promoter regions [25]. The struc-
tural profile of propeller twist exhibits two distinct troughs
in promoter sequences, where RNA polymerase II binds
and nucleosome lacks [26], [27]. This observation is consis-
tent with the finding that the rigidity of genomic sequences
plays an important role in nucleosome exclusion from pro-
moter regions [23]. In addition to promoter prediction,
these studies also suggest that the propeller twist structural
feature provides a powerful key to understanding the flexi-
bility of DNA in forming nucleosomes.

In this article, we investigated the positioning of well-
positioned and fuzzy nucleosomes from a novel structural
perspective. In terms of the propeller twist structural fea-
ture, the systematic comparative analysis demonstrated that
the two kinds of nucleosomes exhibit different structural
characteristics. Well-positioned nucleosomes tend to locate
at sharp peaks of propeller twist profile, whereas the posi-
tions of fuzzy nucleosomes correspond to broader peaks.
The different signature of these peaks shows that the pro-
peller twist structural profile may contain nucleosome posi-
tioning information. Exploiting this knowledge, we
proposed a new computational approach based on continu-
ous wavelet transformation (CWT) to predict nucleosome
positioning, called WaveNuc. The application of WaveNuc
to comprehensively search for the two kinds of peaks of the
propeller twist structural profile along the genome. We
compared the performance of our method on real data set
against existing methods. The results demonstrate that our
method can predict nucleosome positioning along the
genome more accurately, especially can resolve complex
configurations of fuzzy nucleosomes.

2 METHODS

2.1 The Flowchart of WaveNuc Approach

Based on the propeller twist structural property of genomic
sequences, a novel approach, named WaveNuc, is proposed
to predict the most likely positions of nucleosomes, includ-
ing well-positioned and fuzzy nucleosomes. Given a set of
genomic sequences, the prediction of nucleosome positions
is composed of three major steps. First, the genomic sequen-
ces are converted into the propeller twist structural profiles.
Second, a peak detection method is utilized to comprehen-
sively search for the significant peaks of the propeller twist
profiles. Third, the positions of well-positioned and fuzzy
nucleosomes are predicted according to the distinct signa-
tures of peaks. Specifically, taking the advantage of multi-
resolution analysis, the continuous wavelet transformation
is introduced into the peak detection process. Thus, our
approach can detect both sharp and broad peaks with a
high degree of accuracy. The flowchart of the proposed
approach is illustrated in Fig. 1.

2.2 Calculating the Propeller Twist Structural
Profiles of Genomic Sequences

For a given genomic sequence se, the propeller twist struc-
tural profile is calculated in two steps. First, we scan the
genomic sequence once and convert the DNA sequence into
a numerical vector by replacing each dinucleotide with a
numerical structural value. This conversion is based on
experimentally determined structural model [25], in which
16 kinds of dinucleotide correspond to different propeller
twist values. In the second step, we use a moving average
window to smooth the raw structural profile, with a win-
dow size of 100 bp and a step of 10 bp. This process is aimed
to initially remove noise signals in the structural profile of a
single sequence. In this way, the final structural profile sðtÞ
of a genomic sequence is a vector of numerical values of the
propeller twist property, which can be passed directly to
the next peak detection procedure. By adjusting the moving
step length, we can obtain a structural profile at a different
resolution as needed.

2.3 Continuous Wavelet Transformation

Having the calculated and smoothed propeller twist profiles
of genomic sequences, systematical comparative analysis is
further conducted between the structural profiles of nucleo-
some-enriched and linker sequences (see the Section 3.1). It
is noticed that nucleosome-enriched sequences and linker
sequences exhibit different propeller twist signatures. Linker
sequences usually do not contain any high signal in its struc-
tural profile, whereas nucleosomes locate at the significant
peaks of the propeller twist profile. Specifically, the struc-
tural profiles of well-positioned nucleosomes exhibit narrow
and sharp peaks. On the contrary, fuzzy nucleosomes exhibit
relatively broad and blurring peaks. Based on these observa-
tions, the possible nucleosome positions are predicted
through identifying the characteristic peak patterns in the
propeller twist profile along the genomic sequence.

Due to the ability of multi-resolution analysis, the contin-
uous wavelet transformation is applied to detect the signifi-
cant peaks of structural profiles. CWT is one class of
wavelet transformation methods. Different from the discrete
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wavelet transformation (DWT) operating over scales and
positions based on the power of two, the CWT allows wave-
let transformations at every scale with continuous transla-
tion [28]. As a result, the CWT can provide some
redundancy, which makes the information available in peak
shape and strength of the structural profiles much easier to
be interpreted.

A wavelet is formulated as a function cðtÞ in L2ðRÞ, such
that cðtÞ satisfies:

Z þ1

�1
cðtÞdðtÞ ¼ 0: (1)

For the detection of peak patterns, the selection of an
appropriate mother wavelet is crucial for the CWT. In order
to capture peak changes in the width and height, the mother
wavelet should have the basic features of a peak, including
one major positive peak and approximate symmetry. Based
on the preliminary analysis, the shape of the Mexican Hat
wavelet provides the best match to the peaks of the propel-
ler twist structural profile. Therefore, the Mexican Hat
wavelet is selected as the mother wavelet, which is propor-
tional to the second derivative of the Gaussian probability
density function [29]:

cðtÞ ¼ 2ffiffiffi
3

p p�1
4ð1� t2Þe�t2=2: (2)

As a result, the CWT can be represented as :

Cða; bÞ ¼
Z
R

sðtÞca;bðtÞdt; (3)

ca;bðtÞ ¼
1ffiffiffi
a

p c
t� b

a

� �
; ða; b 2 R; a > 0Þ; (4)

where t is the genomic location, sðtÞ is the propeller twist
structural profile, a is the scale, b is the translation, cðtÞ is
the mother wavelet, ca;bðtÞ is the scaled and translated
wavelet, and C is the 2-D matrix of wavelet coefficients.

Intuitively, the resulted CWT coefficients reflect the
extent of pattern matching between the structural profile
sðtÞ and the wavelets ca;bðtÞ. Higher coefficients indicate
better matching. By varying a and b, the wavelets ca;bðtÞ can
match different-scale peak patterns at different positions
without complicated nonlinear curve fitting.

2.4 Detecting Peaks of the Structural Profiles

Based on the CWT, here we elaborate how to detect signifi-
cant peaks of the propeller twist structural profile. The right
part of Fig. 1 shows the workflow of the peak detection pro-
cedure. The procedure further break down into three spe-
cific substeps. (i) The structural profile sðtÞ is transformed
using continuous wavelet transformation at different scales.
(ii) The local maxima coefficients of each scale are

Fig. 1. Flowchart of the proposed WaveNuc approach. WaveNuc takes a set of genomic sequences as input, and outputs the possible nucleosome
positions. It is composed of three major steps. First, the genomic sequences are converted into the propeller twist structural profiles, which are repre-
sented by the corresponding numerical vectors. Second, a peak detection method is utilized to search for the significant peaks of the propeller twist
profiles. Third, the positions of well-positioned and fuzzy nucleosomes are predicted according to the distinct signatures of peaks.
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determined, and they are further connected with nearby
local maxima points at neighboring scales to form sequen-
ces of local maxima along scales. (iii) Remembering that a
peak in the propeller twist profile is defined in the CWT
coefficients as a local maximum sequence, the sequences of
local maxima are subsequently selected according to given
criteria. The maximum value of the local maximum
sequence is identified as the peak. In the following, each
substep is described in detail.

Computing the CWT coefficients. As any signal can be
described as a function of individual periodic wavelets with
different scales, a multi-scale CWT is performed on the pro-
peller twist profile sðtÞ at 37 scale levels:

A ¼ f1; 2; . . . ; 10; 12; 14; 16; . . . ; 62; 64g:
The CWT coefficients are represented as matrix Cm�n,

where m ¼ 37 is the number of scales used, and n is the
length of the structural profile. Varying the scale can yield
different-width wavelets ca;bðtÞ. As the CWT coefficients
contain the patterns of peaks, the change in the coefficients
over different scales provides additional information for
pattern matching. It can be exploited to determine the posi-
tions and significance of peaks, whose patterns are similar
to ca;bðtÞ in the structural profile sðtÞ.

Creating ridges by linking local maxima. The local maxima
of the CWT coefficients at each scale i are individually iden-
tified in the coefficients matrix. Each local maxima and its
position are formed as a two-tuple < lmi;j; pi;j > . In the pro-
cess, a window size w is defined, which is proportional to
the wavelet support region at this scale. First, the global
maximum of the coefficients is searched and all the posi-
tions within width w are marked invalid. Then, the next
global maximum in the remaining valid regions is identified
and its neighboring region is marked. This process iterates
until no valid regions are left. Consequently, for the scale i,
all identified maxima form the set of local maxima:

ð< lmi;1; pi;1 > ; < lmi;2; pi;2 > ; . . . ; < lmi;ki ; pi;ki > Þ;

where ki is the number of local maxima at scale i.
Based on the detected local maxima set of all 37 scales,

the ridge lines can be created by linking the local maxima of
CWT coefficients at each scale level. Here, the local maxima
of the largest scale m are used to initialize the ridge lines.
Meanwhile, since there might be lack of local maxima in
adjacent scales, it is necessary to record the number of con-
secutive scales skipped by ridge lines. As a result, a gap
parameter g is recorded for each ridge line.

The initial ridge set is represented as:

R ¼
r1 ¼ ð< lmm;1; pm;1 > ; g1 ¼ 0Þ
r2 ¼ ð< lmm;2; pm;2 > ; g2 ¼ 0Þ
. . .
rkm ¼ ð< lmm;km; pm;km > ; gkm ¼ 0Þ

8>><
>>:

9>>=
>>;
:

For each ridge line rj, the nearest local maxima at the
next subsequent scale is identified within the window size
w. If there are nearest points found, the two closest local
maxima are linked as lines. Otherwise, the gap number gj of
the ridge line is increased by one. When the gap number of

a ridge line exceeds six, this ridge line is marked as static
and is no longer extended in the next round. At the current
scale, the local maxima that are not linked to any point at
the previous scale, they will be initiated as new ridge lines.
These procedures repeat until the lowest scale 1. Subse-
quently, these local maxima are linked as ridge lines.

To identify the final ridge line set, the next step is to filter
those inappropriate ridge lines which may not converge to
significant peaks. We calculate the ratio of the estimated sig-
nal strength and the local noise level. The signal/noise ratio
(SNR) of each ridge line rj is computed as:

SNRðrjÞ ¼ maxRj

noiseRj
; (5)

maxRj ¼ the maximal coefficients ofrj,
noiseRj ¼ 0:95 quantile of the coefficients at scale 1.
More specifically, the noise value noiseRj is computed as

0.95 quantile of the coefficients at scale 1, in the 150 bp
region centering around the ridge line rj. In order to deter-
mine an effective SNRðrjÞ threshold, different values in the
range [0.1, 1] are tried. The peak detection method performs
best when SNRðrjÞ is around 0.3, which is selected as the
threshold. If the SNRðrjÞ is below 0.3, the ridge line rj is
deleted. Using this function, those small and noisy fluctua-
tions are easily removed. Thus, the resulted set only include
the ridge lines that likely converge toward peaks in the
structural profile, as shown in Fig. 2a.

Identifying the peaks based on the ridge lines. Further, the
peak positions are determined based on the maximum
CWT coefficients of the ridge lines within certain scale
range. In order to identify all significant peaks, two rules
are applied:

R1. The scale determines the support region of wave-
lets. To identify significant peaks with certain
width and strength, the scale corresponding to
the maximum value on the ridge line should be
within a certain range;

R2. The length of ridge lines should be larger than a
certain threshold, which provides a good indica-
tion of peaks with different heights and widths.
The major peaks correspond to long and high
ridges, while the small peaks correspond to short
and low ridges.

In some part of the structural profiles, there are small
peaks existing around the major peaks. By reducing the
length threshold of ridge lines, the small peaks in the
surrounding region of major peaks can be easily identi-
fied. In Fig. 2b, the identified peaks of the structural pro-
file are marked by red plus signs at the peak maxima
positions, including both the major peaks and the nearby
small peaks.

2.5 Predicting Nucleosome Positioning Based on
the Detected Significant Peaks

Due to the difference between the peak signatures of
well-positioned and fuzzy nucleosomes, the peak centers
can not directly represent the nucleosome positions. Well-
positioned nucleosomes tend to locate at narrow and
sharp peaks of the propeller twist profile. Conversely,
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fuzzy nucleosomes locate at broad and blurring peaks.
The broad peaks are usually comprised of major peaks
surrounded by several small peaks, which are commonly
considered as a preferred position and several shifted
positions. This is in accordance with previous studies [5].
Specifically, molecular biologists distinguish fuzzy nucle-
osomes from overlapping nucleosomes. In the overlap-
ping case, the overlap between neighboring nucleosomes
is a small fraction of their size. For the fuzzy nucleo-
somes, nucleosomes are mutually overlapping for a sig-
nificant fraction [30]. By introducing a threshold
parameter on the allowed overlapping, we can define pre-
cisely fuzzy nucleosomes.

Here, to further account for broad peaks seen in the
structural profile of fuzzy nucleosome sequences, our algo-
rithm set the overlapping threshold as 30 percent. If the cen-
ters of two peaks make two possible adjacent nucleosomes
overlap more than 30 percent [4], the two peaks are merged
to form a broader peak. After iterating the merging process,
all possible peaks are finally determined. The locations of
those peaks are then determined as the nucleosome posi-
tions. Meanwhile, the nucleosomes corresponding to the
merged broad peaks are labeled as fuzzy, while other nucle-
osomes are considered as well-positioned.

2.6 Data

The analysis is performed using publicly available genome-
scale data sets. Nucleosome occupancy and positioning
data are obtained from previous experimental studies. In
these studies, MNase assay is used for the digestion of geno-
mic sequences, and then high throughput sequencing tech-
niques are adopted to determine nucleosome occupancy
and positioning. We retrieve in vivo and in vitro nucleo-
some occupancy data of S. cerevisiae [13], [31]. Two experi-
mental maps of the nucleosome locations of the S. cerevisiae
are respectively obtained from the author’s website [23],
[32]. The whole S. cerevisiae genome sequences are
retrieved from the 2006 assembly of the Saccharomyces
Genome Database [33].

3 RESULTS

3.1 The Propeller Twist Structural Profile is Highly
Predictive of Nucleosome Occupancy

In yeast, we first compared the average structural profiles of
propeller twist on nucleosome-depleted and nucleosome-
enriched sequences, including fuzzy and well-positioned
nucleosomes. We observed that their structural profiles
exhibit different signatures, as presented in Fig. 3a. The pro-
peller twist structural profile of nucleosome-depleted

(a)

(b)

Fig. 3. Propeller twist structural profile analysis. (a) Structural profiles of
linker sequences, well-positioned and fuzzy nucleosomes. (b) The com-
parison between the structural profile and experimental nucleosome
occupancy.

(a)

(b)

Fig. 2. Example of identifying peaks of the propeller twist profile. (a) Plots
of the ridge lines likely converging toward peaks. (b) The identified peaks
marked by red plus signs.
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sequences exhibits a trough. In contrast, the nucleosome-
enriched sequences correspond to significant peaks. Mean-
while, there is obvious difference between the peak patterns
of well-positioned and fuzzy nucleosome sequences. Well-
positioned nucleosome sequences tend to locate at signifi-
cant narrow and sharp peaks of the propeller twist profile,
whereas the peak patterns of fuzzy nucleosomes are much
broader.

To explore the relationship between nucleosome occu-
pancy and the propeller twist property of genomic sequen-
ces, we compared the structural profile and nucleosome
occupancy along the whole genome [31]. The genome-wide
nucleosome occupancy was determined by using parallel
sequencing techniques. The nucleosome intensity signals
were represented as log ratio between nucleosomal DNA
and genomic DNA, showing nucleosomes as peaks of about
150 bp long, surrounded by lower values corresponding to
linker regions. We observed a significant consistency
between the structural profile and experimental nucleosome
occupancy data. Here, we showed the results of a represen-
tative segment on chromosome IV. In Fig. 3b, the values for
the experimental nucleosome occupancy data represent the
nucleosome coverage along the genomic sequence. The
oscillations of the calculated propeller twist structural pro-
file coincide with those of nucleosome occupancy in differ-
ent genomic regions, including the coding regions and
intergenic regions.

Quantitatively, we calculated the correlation between the
propeller twist profile and experimental in vitro and in vivo
nucleosome occupancy on the genome-wide scale. The
Pearson correlation coefficients are respectively about 0.82
and 0.67. The results indicate high correlations, which imply
that the propeller twist property is an important factor of in
vitro and in vivo nucleosome organization. Meanwhile,
unlike in vitro situation, in vivo nucleosome occupancy
data is less correlated with the structural profile, suggesting
that in vivo nucleosome organization may also be influ-
enced by the actions of some additional external factors like
DNA binding proteins and chromatin remodelers [34], [35].

For the propeller twist structural profile, significant
peaks are associated with nucleosome-enriched regions,
while trough-like regions correspond to nucleosome-
depleted sequences. In most cases, the peak centers coincide
with the centers of nucleosomes. In different cells, the exact
positions of nucleosomes may deviate more or less from the
most preferred positions. This deviation of nucleosome
positions varies in different genomic regions. For example,
the proximal promoter region is largely composed of well-
positioned nucleosomes. In yeast genome, more than 10
well-positioned nucleosomes are observed flanking tran-
scription start sites. On the contrary, distal regulatory
regions are more fluid, where the distribution of nucleo-
somes becomes much fuzzier. Up to now, the exact position-
ing of nucleosomes is still poorly defined, especially in the
fluid regions. Based on the comparative analysis, we
observed that the changing pattern of the propeller twist
structural profile is quite predictive of the fuzziness of
nucleosomes, as shown in Fig. 4. For the well-positioned
nucleosomes, the propeller twist structural profile exhibits a
narrow and sharp peak. In contrast, the peaks of the struc-
tural profile related to fuzzy nucleosomes are relatively

broad. In other words, there usually exist blurring peaks in
the fluid regions. This finding is consistent with the previ-
ous study that, in fuzzy case, some nucleosomes deviate
from the most preferred nucleosome positions [5].

3.2 Prediction of Nucleosome Positioning Using
WaveNuc

The above analyses indicate that the propeller twist
structural profile is informative of nucleosome position-
ing. Most nucleosome sequences have an obvious peak
in the profile, while there is virtually no high signal in
nucleosome-depleted regions. This implies that the pro-
peller twist property is sufficiently distinctive to allow
effective prediction of nucleosome positions. We thus
used the structural profile to determine the nucleosome
positions on the whole genome. In detail, we developed
a computational method WaveNuc to predict nucleo-
some positions by detecting the significant peaks of the
structural profile based on the continuous wavelet trans-
formation. A direct test of how accurately WaveNuc
positions nucleosomes on genomic sequences can be pro-
vided by a collection of nucleosome maps, where in vitro
nucleosome positions are experimentally determined.

To assess the performance of our proposed method
WaveNuc, we carried out comparisons with four widely
used existing methods, including DNABEND [36], NuScore
[37], NuPoP [38] and DLaNe [39]. DNABEND and NuScore

(a)

(b)

Fig. 4. The propeller twist structural profile of well-positioned and fuzzy
nucleosomes. The dark blue rectangle represents well-positioned
nucleosome, whereas fuzzy nucleosome is represented by light blue
rectangle. (a) Local views of chromosome III regions. (b) Local views of
chromosome V regions.
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are based on energy-related features of genomic sequences.
DLaNe applies an ensemble technique to combine several
structural features for predicting nucleosome positions. Dif-
ferently, NuPoP uses sequence compositional features and
adopts a duration HMM to infer nucleosome positioning.
For these four methods, we assumed that authors provided
the optimal parameters for their own methods. Accord-
ingly, we ran these programs as their suggested settings to
obtain the predictions of nucleosome positions. All nucleo-
some positions predicted by different methods were equally
validated by the genome-wide reference nucleosome posi-
tioning map [32].

These automatedmethods allow for an objective compari-
son of their predictions with experimentally determined
nucleosome positions, by measuring the distance between
predicted and experimental centers. If a predicted nucleo-
some center is within a certain distance L of a true position,
we considered it as a correct prediction, where L is a parame-
ter of distance cutoff. To obtain a fair comparison, we evalu-
ated these predicted positions by different distance cutoffs.
We used six cutoff values, ranging from 10 to 60 bp with an
increment of 10 bp. As previous studies evaluated their pre-
diction accuracy in terms of sensitivity (Se) and positive pre-
dictive value (PPV) [38], [39], here we also adopted these two
criteria. Specifically, sensitivity represents the fraction of
experimentally verified nucleosome positions that are cor-
rectly predicted, and PPV is the fraction of correctly pre-
dicted positions out of all predictions. Fig. 5 presents the
performance comparisons under different distance cutoffs.
The results demonstrate that DNABEND and DLaNe
achieve good sensitivity. However, there is no superiority in
their PPV. We observed that WaveNuc achieves more bal-
anced sensitivity and PPV, which leads to better perfor-
mance than previousmethods.

3.3 Prediction of Well-Positioned and Fuzzy
Nucleosomes

Experimental nucleosome maps of various model organ-
isms have demonstrated that the nucleosomes downstream
of the TSSs exhibit strong phasing. With distance from the
TSSs, the phasing decays in a ripple-like manner and
becomes quite fuzzy [40]. Previous study of Lee et al. deter-
mined that about 81 percent of the yeast genome is covered
by nucleosomes: 40; 096 well-positioned and 30; 777 fuzzy
nucleosomes [23]. Fuzzy nucleosomes represent a signifi-
cant proportion of nucleosomes, having important implica-
tion in nucleosome dynamics. Most of previous studies can
only predict the nucleosome occupancy level and the posi-
tioning of well-positioned nucleosomes. However, it is very
beneficial to supply molecular biologists additional infor-
mation about nucleosomes whether they are well-posi-
tioned or fuzzy on genomic sequences and predict the
positions of fuzzy nucleosomes.

By analyzing the propeller twist profile, we noticed
that strongly positioned nucleosomes appear as sharp
peaks of structural profile, in contrast to fuzzy position-
ing where the peak locations are blurred as a result of
nucleosome delocalization. Due to the multi-resolution
property, we applied continuous wavelet transformation
to search for all possible significant peaks in the structural

profile. In general, the sharpness is considered as a mea-
surement of the fuzziness of nucleosomes. If a peak is
narrow and the surrounding regions are depleted of small
peaks, this is an indicator of a well-positioned nucleo-
some. In contrast, wide peaks or peaks very close to each
other probably implicate fuzzy nucleosomes. As men-
tioned previously (see Method section), this measurement
can be improved by accounting the fuzziness of a nucleo-
some call (the sharpness of the peak). We used an over-
lapping argument accounting for longer range diffuse
peaks. In this way, we can merge those overlapping peaks
to a broader peak which is considered as a fuzzy region.
In particular, fuzzy nucleosomes are placed at the broader
peaks of the structural profile, whereas the peaks corre-
sponding to well-positioned nucleosomes are much
sharper. Then we evaluated our predicted nucleosomes
against the reference nucleosome map. The results are
shown in Fig. 6. WaveNuc is able to detect a total of
24,770 well-positioned nucleosome calls, about 61 percent
of the centers that we predicted were within 40 bp of the
centers predicted by HMM analysis of the experimental
data. For fuzzy nucleosomes, a total of 15,062 nucleosome

(a)

(b)

Fig. 5. Comparison of our method with four existing methods. Here we
present the results of these methods at six different distance cutoff val-
ues from 10 to 60. (A) Sensitivity. (B) PPV.
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calls, about 49 percent of the prediction were within 40 bp
of the reference positions. With the strict evaluation crite-
ria, WaveNuc predicts well-positioned nucleosomes with
a higher accuracy. As the distance cutoff increases, the
prediction accuracy of fuzzy nucleosomes increases faster
than that of well-positioned nucleosomes. The result sug-
gests that fuzzy nucleosome organization requires more
complex mechanism and is harder to be predicted.

4 DISCUSSION AND CONCLUSION

We proposed a computational method, WaveNuc, using the
propeller twist structural profile of genomic sequences to
accurately predict nucleosome positions. Based on public
nucleosome positioning data, the results demonstrated that
WaveNuc is very effective for detecting well-positioned
nucleosomes as well as fuzzy nucleosomes, not only in pro-
moter regions, but also in distal regulatory regions with
more fuzzy nucleosomes.

Our study provided new structure-based perspectives in
three major aspects: (1) The propeller twist structural feature
is closely correlated with nucleosome occupancy. Specifi-
cally, two kinds of nucleosomes exhibit different propeller
twist characteristics, which contain nucleosome positioning

information. (2) Unlike most of previous approaches that
predict nucleosomes from only well-positioned condition.
WaveNuc is a novel approach explicitly designed for the
analysis of both well-positioned and fuzzy nucleosomes. (3)
WaveNuc is independent of any experimental nucleosome
occupancy data. This allows us to predict nucleosome posi-
tioning directly from the propeller twist structural profile of
genomic sequences. The comparison of different methods
reveals considerable effectiveness in predicting nucleosome
positioning.
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