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Abstract Nucleosome positioning plays an essential
role in various fundamental cellular processes by modu-
lating the accessibility of DNA to binding proteins.
Understanding the mechanisms and precise recognition
of nucleosome positioning along genomic sequences are
substantially important for elucidating regulations of
cellular processes such as DNA replication, recombina-
tion, and gene transcription. In this report, we present a
knowledge-based model for calculation of deformational
energy of nucleosomal DNA and apply the model to the
prediction of nucleosome positioning along the genome

of Saccharomyces cerevisiae accurately. The model suc-
cessfully predicted genome-wide in vitro nucleosome
positions. When combined with quadratic discriminant
classifier, the model achieved an accuracy of 92.9 % in
discriminating in vitro nucleosome forming sequences
from nucleosome inhibiting sequences. Our result sup-
ports the debated notion that the nucleosome positioning
in the genomic sequences is guided primarily by defor-
mational properties of DNA.

Keywords DNA deformational energy . DNA
structure parameters . DNA flexibility . Phase .

Quadratic discriminant classifier

Abbreviations
MNase Micrococcal nuclease
NDRs Nucleosome-depleted regions
TSS Transcription start sites
TES Transcription end sites
ARS Autonomously replicating sequence
ACS ARS consensus sequences
ID Increment of diversity
QD Quadratic determinant
ORC Origin recognition complex

Introduction

The nucleosome is the basic repeating unit of chroma-
tins in eukaryotes. Each nucleosome consists of a
histone octamer and a 147-bp core DNA that is sharply
bent and tightly wrapped ∼1.65 times around the histone
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octamer in a left-handed superhelix. Nucleosomes are
separated by DNA fragments, referred to as linker
DNA, and constitute the high-order structure of chro-
matin (Richmond and Davey 2003; Richmond et al.
1984). The nucleosome positioning affects accessibil-
ity of a concrete DNA sequence either by burying it
in the chromatin structure, when the sequence is in
the inward position thus is inaccessible to other
proteins, or by exposing it when the sequence is in
the outward position or in a linker region thus is
accessible to protein binding (Jenuwein and Allis
2001; Kornberg and Lorch 1999; Wyrick et al.
1999; Xu and Olson 2010). Therefore, a clear under-
standing of the mechanisms and precise recognition of
nucleosome positioning along genomic sequences are
essential for decoding the chromatin structure and
function.

Nucleosome positioning is known to be affected by
internal and external factors. The internal factors are
encoded in the genomic sequences, such as the ∼10-bp
periodicities of dinucleotides and the intrinsic sequence
preference to form nucleosome (Bao et al. 2006;
Peckham et al. 2007; Rapoport et al. 2011; Satchwell
et al. 1986; Segal et al. 2006; Segal and Widom 2009).
The external factors include chromatin remodeler, DNA
methylation, histone variation and post-translational
modification, polymerase II binding, etc. (Mavrich et
al. 2008a; Schones et al. 2008; Zhang et al. 2009).
Contrast to a consensus in the effect of external factors,
the intrinsic preference of DNA sequence to form
nucleosomes has been an issue of debate for the
past few years. Segal et al. proposed a genomic
code for nucleosome positioning in which the intrinsic
DNA sequence preference can explain ∼50 % of the in
vivo nucleosome positions (Segal et al. 2006). However,
Zhang et al. (2010), based on their experimental data,
alleged that DNA sequence property is not the
major determinant of nucleosome positioning.
Regardless of the debate about the genomic code,
the significant similarity between the in vitro and
in vivo maps of nucleosome organization demon-
strated the sequence dependency of nucleosome
positioning (Kaplan et al. 2009).

Intrinsic property of DNA sequences influences
nucleosome formation in many ways. Satchwell and
Segal et al. demonstrated the ∼10-bp periodicity of
AA/TT/TA dinucleotides that oscillate in phase with
each other and out of phase with ∼10-bp periodic GC
dinucleotides (Satchwell et al. 1986; Segal et al.

2006), where phase refers to rotational position rela-
tive to the position inward to histone octamers. These
∼10-bp periodicities can be attributed to the bending
preferentially towards minor groove for AA/TT/TA
and towards major groove for GC dinucleotides. In
the nucleosomal DNA, the minor groove facing in-
ward relative to histone octamer occurs at every DNA
helical repeat (∼10 bp) when the major groove of
DNA ∼5 bp away faces outwards. Thus, the same
periodicity of occurrence for AA/TT/TA and GC dinu-
cleotides but with different phases lowers the bending
energy for DNA wrapping around the histone
octamers. The sequence-dependent DNA bendability
(or flexibility) is also reflected in nucleosome posi-
tioning (Bao et al. 2006; Peckham et al. 2007; Segal
and Widom 2009); for example, poly (dA:dT) tracts,
which are known to be much rigid, disfavor nucleo-
some formation and are enriched in nucleosome-
depleted regions (NDRs), especially in the upstream
of TATA-less promoter (Bao et al. 2006; Field et al.
2008; Segal and Widom 2009). In spite of the
sequence dependency, there appears to be no specific
motif responsible for nucleosome formation. Thus, it
is likely that a composite signal produced by the
combinations of dinucleotide periodicity (Segal et
al. 2006), phases within the period (Satchwell et
al. 1986), and DNA bendability (Olson et al.
1998) determines the sequence preference of nucleo-
some positioning.

In recent years, experimental mapping of nucleo-
some organization genome-wide has been obtained for
Saccharomyces cerevisiae, Caenorhabditis elegans,
Drosophila melanogaster, and human (Barski et al.
2007; Lee et al. 2007; Mavrich et al. 2008b; Yuan et
al. 2005). In the mapping, the nucleosome organiza-
tion is analyzed by using micrococcal nuclease
(MNase) that preferentially digests the linker regions,
followed by microarray hybridization. The experimen-
tal mapping of nucleosome positions has some draw-
backs; for example, the biases of MNase cleavage
specificity, composition-dependent labeling, and
hybridization biases inherent to the microarray pro-
cedure were generally not assessed, and thus cannot
provide highly reliable maps of one base-pair resolu-
tion. Such studies nevertheless provided datasets that
facilitate further investigation on the mechanisms of
nucleosome positioning.

A variety of models have been proposed for predic-
tion of nucleosome positioning that are classified into
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categories of bioinformatics (Peckham et al. 2007;
Segal et al. 2006; Xing et al. 2011; Zhao et al.
2010), physical statistics (Schwab et al. 2008;
Scipioni et al. 2009), and energetics of nucleosomal
core particles (Miele et al. 2008; Morozov et al. 2009;
Tolkunov and Morozov 2010). Bioinformatics models
based exclusively on the sequences use a large number
of nucleosomal datasets to train their algorithms or to
extract common traits of nucleosomal DNA, which are
used to predict nucleosome positioning (Peckham et
al. 2007; Xing et al. 2011; Zhao et al. 2010). Although
they can predict nucleosome formation tendency in a
large scale, most bioinformatics models are unable to
assign exactly the center dinucleotide step (or the dyad
axis) and the boundaries for an individual nucleosome;
thus, their practical application is limited. A probabi-
listic model based on ∼10-bp periodicity of some
dinucleotide elements along the nucleosome DNA
has been employed to predict nucleosome positions
(Segal et al. 2006), and the validity of the model was
questioned (Zhao et al. 2010). DNA bendability matrix,
which reflects the phase relationships between various
dinucleotides within the period, was used for sequence-
directed mapping of the nucleosomes on the sequences
(Gabdank et al. 2010).

Recently, energetic models to predict nucleosome
positioning have attracted much attention (Miele et al.
2008; Morozov et al. 2009; Tolkunov and Morozov
2010). In principle of physics, DNA sequences form-
ing nucleosome core particles with histone octamers
should have lower free energy than the linker DNAs
do. Thus, efforts were made to calculate the deforma-
tion energy of nucleosomal DNA for nucleosome
positioning prediction. So far, only one model in
this category by Morozov et al. (2009) has gone
far enough for predicting genome-wide nucleosome
positioning.

In this report, we present a knowledge-based model
for calculation of nucleosomal DNA deformational
energy from the geometric parameters, i.e., roll, tilt,
slide, and twist, and predetermined force constants.
The model predicts nucleosomal position with high
accuracy, and the prediction ability is tested by using
well-positioned nucleosomal DNA sequences. When
applied to specific genomic regions of interest, our
model rediscovered distinct nucleosome-depleted
regions (NDRs) around transcription start sites
(TSS), transcription end sites (TES), and ARS consen-
sus sequences (ACS) for DNA replication. The model

also successfully predicted genome-wide in vitro
nucleosome positions. Combined with quadratic dis-
criminant classifier using deformation energy as input,
the model achieved a high accuracy of 92.9 % in pre-
dicting nucleosome-forming tendency of DNA sequen-
ces, which is comparable to that obtained by a
bioinformatics classifier based on k-mer frequency
(Zhao et al. 2010). Thus, our model has important
implications for the nature of nucleosome positioning.

Methods

The geometry of DNA double helix

We adopt the system (Dickerson 1989) recommended
by the Cambridge Convention to describe the geome-
try of DNA double helix, in which each base pair is
viewed as a rigid board, and its position relevant to its
neighbor is specified by roll, tilt, twist, slide, shift, and
rise (Fig. 1).

Deformation energy calculation

Nucleosomal DNA bending appeared to be due to
periodic variations in both roll and tilt in the crystal
structure 1kx5 analyzed by Richmond et al. using the
program Curves (Richmond and Davey 2003). The
periodic changes reflected the helix twisting that
altered the rotational position of each dinucleotide
step relative to the dyad. In addition to the general
trend of periodic changes, variations in the roll and tilt
for each step were also dependent on the property of
individual dinucleotide. Crystal structure data also
showed that the majority contributions to the pitch
of superhelix come from slide. Moreover, it was
revealed that DNA bending in the nucleosome is
achieved using the roll–slide–twist degree of freedom
that was previously identified as the major degree of
freedom in nakedDNA oligomers (Battistini et al. 2010).

In this report, nucleosomal DNA deformation is
viewed as forced bending and shearing by DNA–his-
tone interaction. We adopted approximations that the
torque Fb and shearing force Fs are uniformly distrib-
uted along the DNA.

We consider DNA bending to be analogous to the
bending a rod of multiple segments with variable
stiffness. For a bending force exerted by the histone
octamer on a segment of the DNA, the deformation
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energy at each step along the sequence depends on
both the corresponding dinucleotide flexibility and the
phasing of the dinucleotide with respect to the dyad. In
this section, we detail the method for the calculation of
the energy required to bend DNA around histone
octamer when DNA bending in the nucleosome is
assumed to be due to deformations in roll, tilt, and
slide.

At a dinucleotide step i (integer number),

ρðiÞ � ρ0ðiÞ ¼ Fb cosΩi kρðiÞ
�

tðiÞ � t0ðiÞ ¼ Fb sinΩi ktðiÞ=

�
ð1Þ

Thus, the bending energy can be evaluated by

EbðiÞ ¼ 1

2
kρðiÞ ρ½ ðiÞ � ρ0ðiÞ�2 þ

1

2
ktðiÞ tðiÞ � t0ðiÞ½ �2

¼ Fb
2

2kρðiÞ cos2 Ωi þ Fb
2

2ktðiÞ sin
2Ωi

ð2Þ

where ρðiÞ and tðiÞ are, respectively, the actual roll and
tilt angle at dinucleotide step i, and ρ0ðiÞ and t0ðiÞ,
which are dependent on the dinucleotide at step i, are,
respectively, the roll and tilt without torque; kρ(i) and
kτ(i) are the dinucleotide-dependent force constants; Ωi

is the accumulated twist (ω) at the center of step i,
counted from the dyad point. In the context of 147-bp

core DNA in the X-ray crystal such as 1kx5, the struc-
ture is symmetrical about the dyad that is located at the
center nucleotide, and the dinucleotide steps from the
dyad are labeled as i ¼ �1;�2;�3; � � � ;�73 towards
upstream and downstream directions. The step � 1 are
half-step away from the dyad, thus the accumulated
twist is calculated as follows:

Ωi ¼
Xi

0

wðiÞ � 0:5wðiÞ ð3Þ

Eb ¼
XL�1ð Þ=2

� L�1ð Þ=2
EbðiÞ ¼

XL�1ð Þ=2

� L�1ð Þ=2

Fb
2

2kρðiÞ cos2 Ωi þ Fb
2

2ktðiÞ sin
2Ωi

� �

ð4Þ
where L, an odd number, is the length of nucleosomal
DNA.

In this report, we determined Fb by its relationship
with the total bending angle of the core DNA. In
nucleosomes, the 147-bp core DNA bends around
histone octamer about 597° (α) under the stress of
Fb, and the α is the total contribution of ρ and τ for
each step, i.e.,

a ¼
X
i

ρðiÞ cosΩi þ tðiÞ sinΩi½ �

Fig. 1 Definition of moving coordinate system and nucleic acid structure parameters according to the Cambridge Convention
(Dickerson 1989)
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Combining with Eq. (1) leads to

a ¼
X
i

Fb

kρðiÞ cos
2Ωi þ ρ0ðiÞ cosΩi

� �
þ Fb

ktðiÞ sin
2Ωi þ t0ðiÞ sinΩi

� �� �

or

Fb ¼ a �
X
i

ρ0ðiÞ cosΩi �
X
i

t0ðiÞ sinΩi

" # X
i

cos2 Ωi

kρðiÞ þ
X
i

sin2 Ωi

ktðiÞ

" #,
ð5Þ

For the initial calculation, ω(i) = 360°/10.4 was
used for all the dinucleotide steps. The final ω(i) was
corrected using its correlation (Olson et al. 1998) with
ρ by

wðiÞ ¼ aiρðiÞ þ bi ð6Þ
The coefficients ai and bi in the equation for the 10

dinucleotides are listed in Table 1.
The calculation is charted in Fig. 2.
Similarly, we use the following relationship to

obtain an expression for the shearing force Fs.

sðiÞ � s0ðiÞ ¼ �Fs cosΩi ksðiÞ= ð7Þ
The superhelical DNA in the nucleosomes has a

radius of 41.9 Å and a pitch of 25.9 Å (Richmond and
Davey 2003). The 25.9 Å pitch is largely from the
contribution of slide. So we have

S ¼
X
i

sðiÞ cosΩi ð8Þ

Combining Eqs. (7) and (8) leads to

S ¼
X
i

� Fs

ksðiÞ cos
2Ωi þ s0ðiÞ cosΩi

� �

or

Fs ¼
X
i

s0ðiÞ cosΩi � S

" # X
i

cos2 Ωi

ksðiÞ

,
ð9Þ

where Fs is the shearing force, ks(i) is the force con-
stant, s(i) and s0(i) are the slides of the step i with and
without stress of Fs, respectively, and S is the total
displacement, i.e., the pitch. We use Ωi to calculate Fs

in the Eq. (9) as well as Es by

Es ¼
XL�1ð Þ 2=

� L�1ð Þ 2=

1

2

Fs
2

ksðiÞ cos2 Ωi ð10Þ

The total deformation energy is estimated by

E ¼ Eb þ Es ð11Þ
The nucleosome occupancy is then defined based

on Boltzmann distribution as

Score ¼ e�E RT=

In the calculation, gas constant R=8.31 J/(K mol)
and room temperature T=300 K are used.

The empirical parameters of our model for defor-
mation energy calculation consist of 10 dinucleotide-
dependent force constants; three dinucleotide-
dependent averages for roll, tilt, and slide; and 20
coefficients (Table 1) obtained by the correlation be-
tween twist and roll. The dinucleotide-dependent
parameters ρ0, τ0, and s0 (the average roll, tilt, and
slide) and force constants kρ(i), kτ(i), and ks(i) are
taken from the work of Morozov et al. (2009) with
minor modification, and are listed in the Table 2.

Table 1 The coefficients a and b for the 10 dinucleotides

Step AA/TT AT AG/CT AC/GT TA TG/CA TC/GA GG/CC GC CG

a −1.38 −1.05 −0.75 −0.93 −1.01 −0.77 −1.24 −0.87 −0.97 −0.94
b 49 31.2 28.7 30 37.5 33.5 46.8 32 33 39
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IDQD predictor

To compare our deformation energy-based prediction
of nucleosome occupancy with a model in which the
frequencies of k-mers in DNA sequence are used as
input (Zhao et al. 2010), a machine learning method,
IDQD, is introduced. Among the many statistics used,
IDQD (ID, increment of diversity; QD, quadratic
determinant) method showed superior performance.
In the IDQD analysis, each DNA segment is viewed
as a point vector in a multi-dimensional state space
whose coordinates are the occurrence frequency of
each of the k-mers. Two sets of vectors constituted
of nucleosome-forming sequences and nucleosome-
forbidding sequences or positive and negative sets
serve as standards; then the distance of the point
vector representing a segment to be classified to the

average point vectors in the positive and negative sets
are evaluated as criterion for classification. The detail
is outlined below.

Increment of diversity (ID)
In the state space, the diversity measure for a DNA

segment X: {n1, n2,…, nd} is defined as

DðX Þ ¼ N lnN �
Xd
i¼1

ni ln ni ð12Þ

where N ¼ Pd
i¼1

ni, and ni indicates the frequency of the

ith oligomer in the DNA segment; d is the dimension
of the state space, e.g., for 4-mers, d is 44. Diversity
measure is a description of sequence randomness for
subregions of k nucleotides in a DNA segment; D(X)
is zero when all the subregions are the same oligomer,

Initial twist 

Force constants 

(Table 2) (Table 2) 

Accumulated twist at step 

 (Eq.3)

Calculating 

 (Eq.5) 

(Eq.4 ) 

(Eq. 1)   (Eq. 6) 

 and  by 

sin
sinsoc

cos sin

soc

Fig. 2 Flow chart for calcu-
lating of bending energy Eb,
rolls, and twists

Table 2 The dinucleotide-
dependent force constants and
parameters ρ0, τ0, and s0

Step kρ kτ ks ρ0 τ0 s0

AA/TT 0.2 0.406 8.241 0.76 −1.84/1.84 −0.21
AT 0.124 0.641 15.942 −1.39 0 −1.39
AG/CT 0.077 0.28 4.561 3.15 −1.48/1.48 −0.27
AC/GT 0.085 0.302 10.089 0.91 −0.64/0.64 −0.54
TA 0.064 0.365 4.961 5.25 0 0.03

TG/CA 0.059 0.393 2.772 5.95 0.05/−0.05 0.18

TC/GA 0.097 0.408 6.278 3.87 1.52/−1.52 −0.03
GG/CC 0.075 0.218 3.795 3.86 0.4/−0.4 −0.47
GC 0.057 0.256 4.03 0.67 0 −0.07
CG 0.04 0.255 3.991 4.25 0 0.57
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and it reaches the maximum when all the possible
oligomers occur with the same frequency.

For two segments, X: {n1, n2,…, nd} and Y: {m1, m2,
…, md}, in the same state space, the increment of
diversity is defined as

IDðX ; Y Þ ¼ DðX þ Y Þ � DðX Þ � DðY Þ ð13Þ
where D X þ Yð Þ is the diversity measure of the mixed
source X+Y:{n1+m1, n2+m2, …, nd+md}. It can be
proved that ID X ; Yð Þ � 0. The increment of diversity
quantitatively describes the similarity of two segments
(Laxton 1978; Li and Lu 2001). The smaller the incre-
ment of diversity is, the more similar the two
corresponding segments are in term of occurrence fre-
quencies of oligomers.

Quadratic discriminant (QD) analysis
In this study, a quadratic discriminant function for

classifying a DNA segment is based on Mahalanobis
distances of the segment in the test set to positive set
and negative set (Zhang 1997).

To evaluate Mahalanobis distance, each vector
involvedmust be converted to a vector in a feature space
whose coordinates are the increments of diversity with
respect to the positive set and the negative set. Thus, for
a defined k-mer, each segment is represented by two
numbers as its coordinates. In general, let Xj ¼
xj1; xj2; � � �; xjn
� 	

be the jth vector in the dataset (j=1,
2, …p; p is the size of the dataset) in the n–D feature
space, herein xji is the ID with respect to the positive (or
negative ) training set. The mean vector averaged over

the dataset is denoted as X ¼ x1; x2; � � �; xn½ �, where
xi ¼

P p
j¼1xji=N ; i ¼ 1; 2; � � � ; n. A covariance matrix

of the dataset is denoted as

C1 ¼
c11
c21
..
.

cn1

c12
c22
..
.

cn2

� � �
� � �
..
.

� � �

c1n
c2n
..
.

cnn

2
6664

3
7775 ð14Þ

where cji ¼
Pp
s¼1

xsj � xj

 �

xsi � xið Þ p� 1ð Þ; cji ¼ cij
�

.

The squared Mahalanobis distance of any vector
Y ¼ y1; y2; � � � ; yn½ � to the positive set is defined as

d1 ¼ Y � X

 �T

C1

 ��1

Y � X

 �

: ð15Þ

Similarly, the Mahalanobis distance of the vector Y
to the negative set δ2 can be defined.

The quadratic discriminant function (Zhang 1997)
that determines the class of a DNA segment in the test
set is given by

x ¼ log2ðp q= Þ � ðd1 � d2Þ 2= � 0:5 log2ðjC1j jC2j� Þ ð16Þ
where p and q represent the sample sizes of positive
and negative sets, respectively, δi (i=1, 2) is the
squared Mahalanobis distance of Y to the positive set
and negative training set respectively, and jCij is the
determinant of covariance matrix Ci.

Generally, the positive and negative test sets can be
discriminated at the threshold x ¼ 0, that is, the dis-
criminating rule assigns Y to positive class if x > 0,
otherwise to negative class. The threshold of x, how-
ever, is not necessarily zero due to the difference in
sample size between positive and negative datasets.
Optimal threshold of x for discriminating the two
datasets is determined empirically (Lu et al. 2010).

When deformation energy of a DNA segment is
used as an input for QD analysis, the class (nucleo-
some positioning or nucleosome forbidding) of the
segment is determined by comparing the actual x and
the threshold of x.

Correlation analysis

We measured the degree of association between
experimental nucleosome occupancy and our prediction
using Pearson’s correlation.

Results

Prediction of DNA structure parameters at each step
in the nucleosome

One way to test the energetic model for nucleosome
positioning is to compare the prediction of the base-
step parameters with the measured data in the high-
resolution nucleosome crystal structures (NCP147).
Figure 3 illustrates the comparison for calculated roll
with measured roll in crystal 1kx5, which contributes
most to the bending angle of nucleosome DNA; the
correlation was 0.67. In contrast, the correlation
between calculated and measured tilt and slide were
poor (0.18 and −0.11, respectively). We did not include
slide in the deformation energy calculation because the
poor prediction for slide is likely to contribute
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negatively to our deformation energy calculation. We
used Eq. (4) (see “Methods” section) to calculate the
nucleosomal DNA deformation energy throughout the
paper.

Test of the model

A nucleosomal DNA sequence, compared to the
immediate vicinity sequences, should have deformation
energy minimum so that it can form a stable nucleoso-
mal core particle. Requirement for minima of nucleoso-
mal DNA deformation energy is a critical test for
theoretical models.

We tested our model first with one nucleosome
crystal. NCP147 DNA is one of the few DNA sequen-
ces that can co-crystallize with histone octamers. In
the crystals of core particles, about 10 bp at each end
are not involved in the contact with the histone
octamers, and therefore the sequence dependency of
nucleosome positioning is merely reflected in the cen-
tral 129-bp part of the nucleosomal DNA. Thus, the
147-bp DNA of NCP147 can accommodate core par-
ticles whose dyad steps are from 65 to 83. We calcu-
lated the deformation energy for all 19 potential core
particles and plotted the energy against the nucleotide
coordinates. As shown in Fig. 4, the core particle with
dyad at the center coincided with the crystal dyad has
the minimum deformation energy.

To assess the prediction ability of our model for
nucleosome positioning, we applied it to a genomic
region in the chromosome 12 of S. cerevisiae contain-
ing an experimentally determined nucleosome
(Mavrich et al. 2008a). The calculated deformation

energy based on a 129-bp sliding window is shown
in the Fig. 5. In general, the calculated energy was
oscillating with the nucleotide coordinates. There were
regions where the outer profile of oscillating energy
looked like bulges with oscillation period of about 10
nucleotides most frequently. We interpret the bulges as
the translational settings of nucleosomes and energy
oscillation within each bulge reflects the rotational
effect of DNA relative to the histone octamers
(phase). The multiple local energy minima should
specify the center position of settings of nucleosome
dislocation. Flanking the bulges are the sequences
with higher local energy minima and less defined
oscillating period that we interpret as linkers. In

Fig. 3 Comparison of calculated roll of bended DNA sequence
NCP147 and experimentally measured roll in crystal 1kx5

Fig. 4 Calculated DNA deformation energy of 129-bp win-
dows within NCP147, whose centers were located from base-
pair position 65 to 83
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Fig. 5 Calculated deformation energy for a DNA fragment of S.
cerevisiae chromosome 12 from nucleotide 459050 to 459350
containing a nucleosomal DNA with the highest occupancy
score in the mapping experiment (Mavrich et al. 2008a). Yellow
dashed line is the profile of local energy minima fitted by hand;
the red arrowhead indicates the center of experimentally deter-
mined nucleosome; the black arrowheads indicate the nucleo-
somal centers (nucleotide positions 459101 and 459303)
predicted by the program FineStr (Gabdank et al. 2010) in this
region
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Fig. 5, the center of the energy minimum profile
(yellow dashed line) is close to the position of an
experimentally determined nucleosome (red arrow
head). The bioinformatics method FineStr (Gabdank
et al. 2010), which was developed for nucleosomal
positioning prediction at single-nucleotide accuracy,
identified two nucleosomal centers (black arrowheads)
in the region distance away from the measured posi-
tion (red arrowhead).

We further tested the model by comparing defor-
mation energy between nucleosomal DNA and linker
DNA in the genome. For the stability of nucleosomes,
the deformation energy of nucleosomal sequences
would be lower than linker DNA. We selected 2,000
genomic sequences of well-positioned nucleosomes,
from the experimental data of Lee et al. (2007), and
extend them at each end by 200 bp. After being
aligned around the center, the deformation energy for
the sequences was calculated by using a 129-bp slid-
ing window. The average energy profile obtained by
our model shows that the centered windows of the
sequences has the lowest deformation energy com-
pared with the windows centered away from the mid-
dle (Fig. 6a).

Moreover, we examined the deformation energy
profile for the experimentally validated nucleosomal
DNA sequences that were used to construct a model
for nucleosome–DNA interactions by Segal et al.
(2006). When the sequences were aligned around their
center, calculated deformation energy of the central
window coincided with the location of the trough
(Fig.6b). In both Fig. 6a and b, the calculated energy
oscillated with a periodicity of 10–11 bases.

The bulge profile and periodical oscillation of cal-
culated deformation energy in Figs. 5 and 6b are a
reminiscence of course grains and fine grains observed
in experiments (Albert et al. 2007), where multiple
nucleosomal positions (fine grains) were found to
located in a small region (course grain) with the dyad
centers separated about 10-bp apart.

Rediscovery of nucleosome-depleted region (NDR)
in the vicinity of regulatory sites in S. cerevisiae
by our model

One way for cells to regulate gene expression is the
presence of NDR around transcription start site (TSS)
and transcription end site (TES) in various organisms
(Field et al. 2008; Lee et al. 2007; Yuan et al. 2005).
The NDRs near TSS facilitate the binding of transcrip-
tion factors to DNA, and the NDR near TES contrib-
utes to the DNA looping, which may increase RNA
polymerase transcriptional activity by promoting more
efficient template clearance. We applied our model to
genomic regions around TSS and TES of 5,015 vali-
dated transcripts that were taken from the work by Lee
et al. (2007). Consistent with previous reports, a pro-
nounced NDR was found at ∼80 bp upstream of the
TSS and at ∼80 bp downstream of TES. As shown in
Fig. 7, nucleosomes are much more depleted in up-
stream promoter regions of high transcription genes
than low transcription genes, and positioned more
frequent in coding regions of high transcription genes
than low transcription genes. These are in agreement
with the experimental finding that nucleosome occu-
pancy in promoter is correlated inversely with tran-
scriptional activity, whereas nucleosome occupancy in
coding region is correlated positively with transcrip-
tional activity (Lee et al. 2007). A more distinct NDR
in the intergenic downstream of TES was observed for
high transcription genes than low transcription genes.

The DNA replication activity appears remarkably
affected by chromatin organization and remodeling

Fig. 6 a The average deformation energy around the centers of
2,000 well-defined nucleosomal DNAs from published data,
whose centers are aligned at the coordinate 0. b Deformation
energy profile for the experimentally validated nucleosomal
DNA sequences (409 in vitro sequences, 199 in vivo sequences)
that were used to construct a model for nucleosome–DNA
interactions by Segal et al. (2006)
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(Berbenetz et al. 2010; Eaton et al. 2010). In the
budding yeast S. cerevisiae, DNA replication starts
from the replication origins and proceeding along both
directions. Replication origins were defined as auton-
omously replicating sequence (ARS). Each ARS in
yeast contains a short essential consensus sequence
(ACS) of ∼11 bp, which provides the binding site for
the origin recognition complex (Kornberg and Lorch
1999). Early studies reported that ACS was located in
NDR and the placement of the nucleosome adjacent to
ACS was crucial for replication initiation (Berbenetz
et al. 2010; Eaton et al. 2010). We calculated the

nucleosome position profile in 1-kb regions around
47 replication origins distal to chromosome ends,
whose sequences were downloaded from the SGD
database (Cherry et al. 1998). Our analysis shows that
nucleosomes are depleted around the center of ACS
(Fig. 7c), indicating that the physical properties of
DNA determine the nucleosome depletion at ACS,
which favors the replication machinery recruitment
and activation.

Genome-wide prediction of nucleosome occupancy

The genome-wide nucleosome occupancy (see
“Methods” for definition) in yeast was predicted by
using a sliding window of 147 bp with step of 1 bp
along the genome. As shown in Table 3, the predicted
nucleosome occupancy has higher correlations with in
vitro occupancy than with in vivo occupancy, a result
as expected since in vitro nucleosome occupancy is
affected only by sequence property. The prediction
power of our model was demonstrated by a compari-
son of the predicted with the experimentally measured
nucleosome occupancy profile for a 3,500-bp genomic
region indicated in the work of Kaplan et al. (2009).
As shown in Fig. 8, the nucleosome occupancy profile
obtained by our model is in close agreement with in

Fig. 7 Model predicted nucleosome occupancies around a tran-
scription start and b end sites, and c DNA replication ACS in
ARS. In (a) and (b), 5,015 validated transcripts were taken from
the work by Lee et al. (2007). In (c), the sequences of 1-kb
regions around 47 replication origins were downloaded from the
SGD database

Table 3 The correlation of predicted nucleosome positioning
map with in vitro and in vivo map in yeast

Chromosome In vitro In vivo

chr1 0.532* 0.367*

chr2 0.462* 0.367*

chr3 0.519* 0.374*

chr4 0.457* 0.370*

chr5 0.485* 0.370*

chr6 0.499* 0.389*

chr7 0.471* 0.358*

chr8 0.480* 0.372*

chr9 0.486* 0.355*

chr10 0.622* 0.476*

chr11 0.463* 0.353*

chr12 0.470* 0.358*

chr13 0.465* 0.351*

chr14 0.464* 0.362*

chr15 0.463* 0.350*

chr16 0.456* 0.353*

* Two-tailed significance P<0.0001
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vitro and in vivo nucleosome occupancy. Pearson’s
correlation between our prediction and in vitro map
is 0.72, which is higher than the correlation (R=0.70)
between the probabilistic model prediction (Segal et
al. 2006) and in vitro map.

Prediction of nucleosome occupancy by deformation
energy based on the quadratic discriminant classifier

The energetic model when combined with a powerful
bioinformatics statistic tool, QD, can predict nucleo-
some occupancy with high accuracy. A classifier is
developed using quadratic discriminant (QD) algorithm
(Zhang 1997) based on the deformation energy differ-
ence between nucleosomal sequences and nucleosome
inhibiting sequences. The QD classifier based on defor-
mation energy was used to distinguish 20,000 in vitro
nucleosome positioning sequences and 20,000 nucleo-
some inhibiting sequences that were taken from
Kaplan’s data (Kaplan et al. 2009). The nucleosome
positioning sequences and nucleosome inhibiting
sequences were defined in the following way. First, we
assume that in vitro nucleosome occupancy scores given
for each genomic position in yeast represent the nucle-
osome formation probabilities of the corresponding
147-bp sequences centered at the genomic position.
Then 20,000 non-overlapping sequences of 147 bp hav-
ing the highest nucleosome occupancy scores were
defined as nucleosome positioning sequences, and
20,000 non-overlapping sequences of 147 bp having
the lowest nucleosome occupancy scores as nucleosome

inhibiting sequences; they were also called positive
dataset and negative dataset, respectively. The deforma-
tion energies for the sequences were used as input to the
QD classifier, and the 5-fold cross-validation was done
to examine the performance of our approach. As shown
in Table 4, QD classifier based on deformation energy
achieved a high accuracy of 92.9 % and correlation
coefficient of 0.857. IDQD is known to be a powerful
bioinformatics classifier that usually outperforms other
machine-learning methods (Zhang and Luo 2003). So,
we performed IDQD prediction to compare with our
energy-based classifier. 4-mer frequencies in sequences
were used as sequence attribute, as previous works
indicated that the prediction for nucleosome positioning
based on 4-mer frequencies achieved the highest accu-
racy (Xing et al. 2011; Zhao et al. 2010). In the IDQD
model, each sequence is represented by a vector of two
dimensions, of which coordinates are the two 4-mer-
dependent IDs (increments of diversity) with respect to
the positive and negative training set. Then the two IDs
are used as inputs of QD classifier. In the deformation
energy-based QD model, each sequence is represented
by a vector of one dimension, of which coordinate is the
deformation energy for the sequence. Then the defor-
mation energy is used as input of the QD classifier. As
shown in Table 4, the accuracy of energy-based predic-
tion is slightly lower than that of IDQD prediction, but
the high prediction accuracy based on deformation
energy implicates an important direction in the
nucleosome positioning prediction.

Discussion

In this report, we formulated from the geometric
parameters of the DNA double helix the energy of
DNA deformation that is required to bend a DNA
fragment of given sequence to a superhelical structure
around the histone core. The geometric parameters
include the roll, tilt, slide, and twist of each dinucleo-
tide step at the equilibrium state, and the elastic force
constants of the deformations of dinucleotides deviat-
ed from the equilibrium state. The nucleosome occu-
pancy landscape then was evaluated from calculated
deformation energy in windows centered at each
nucleotide position along the genome sequence.

The unique feature of our model is that DNA elastic
force constants, preferential direction of bending, and
positions relative to the step inwards, or the phase, of

Fig. 8 Comparison of calculated nucleosome occupancy (low-
est panel) with experimental data (up and middle panels) that
were taken from Kaplan et al. (2009)
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the dinucleotide steps were combined into the formula
for deformation energy calculation (Eqs. 4–5, 9, and
10). Thus, our modeling is integration of influence
factors for nucleosome formation including dinucleo-
tide flexibility, periodicity, and phasing.

Contrast to a strong correlation for roll between
calculated and experimental data, the correlations for
tilt and cumulative twist are poor, which is caused by
the poor correlations of the crystal structure parame-
ters of NCP147 with cumulative twist. For example,
given that the correlation between slide and the sinu-
soidal function of the cumulative twist for NCP147 is
weak, Eq. (7) will generate poor predictions for slide.
The poor prediction for twist is due to Eq. (6), which is
not an ideal reflection of the correlation between
actual values of roll and twist for NCP147.

In general, the more flexible the sequence is, the
easier it is to bend and form nucleosome. Periodicity
of dinucleotides is closely correlated with their phases
relative to the dyad. If dinucleotides occur at ideal
phases in the sequence, they will facilitate the bending
of DNA helix around histone octamer. Because the
curvature is largely due to the base-step roll, the

dinucleotides with extreme roll values show strong
periodicity in the nucleosomal DNA. These factors
are incorporated in our model and the potential of
nucleosome formation is predicted by using deforma-
tion energy. In the crystals of core particles, about
10 bp at each end are not involved in the contact with
the histone octamers, and thus the sequence dependen-
cy of nucleosome positioning is merely reflected in the
central 129-bp part of the nucleosomal DNA.
According to our model, the deformation energy for
the central 129-bp part should be the minimum among
all 129-bp parts of the NCP147 DNA.

Our model can easily explain two intriguing obser-
vations that impose challenges on theoretical models.
One challenge is related to the rotational positioning.
When the nucleosomal DNA is displaced by a few
times of its period, 10.4 bases, the direction of DNA
bending should be kept (rotational positioning) (Drew
and Travers 1985), thus the displaced DNA is also
able to form nucleosomes. This is indeed the case in
nucleosome reconstitution experiments (Bao et al.
2006; Drew and Travers 1985; Flaus et al. 1996),
where the alternative positions from the dyad with

Table 4 The performancesa of energy-based QD and k-mer-based IDQD over 5-fold cross-validation in discriminating nucleosome
positioning and nucleosome inhibiting sequences

Method Sensitivity (%) Specificity (%) Accuracy (%) Correlation coefficient

Energy-based Set1 94.0 94.0 94.0 0.880

Set2 94.2 94.2 94.2 0.884

Set3 87.7 87.7 87.7 0.754

Set4 93.8 93.8 93.8 0.877

Set5 94.5 94.5 94.5 0.891

Average 92.9 92.9 92.9 0.857

k-mer-based Set1 96.0 96.0 96.0 0.921

Set2 96.2 96.2 96.2 0.925

Set3 90.3 90.3 90.3 0.807

Set4 96.7 96.7 96.7 0.935

Set5 96.0 96.5 96.2 0.925

Average 95.1 95.2 95.1 0.903

a Assessment of prediction performance. Four indices, sensitivity (Sn), specificity (Sp), total accuracy (TA), and correlation coefficient
(CC), which are used to assess the predict ion performance of di fferent models , are def ined as fol lows:
Sp ¼ TP TPþFNð Þ= ;
Sp ¼ TN TN þFPð Þ= ;
TA ¼ TPþTNð Þ TPþFPþTN þFNð Þ= ;
CC ¼ TP� TNð Þ � FP�FNð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

TP ¼ FPð Þ � TN þFNð Þ � TPþFNð Þ � TN þFPð Þp�
Here, TP (true positive) denotes the number of the correctly predicted positive sequences, FN (false negative) denotes the number of the
positive sequences predicted as negative, TN (true negative) denotes the number of correctly predicted negative sequences, and FP
(false positive) is the number of negative sequences predicted as positive
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increments of 10 bp are physically eligible because
they differ mildly in the stability of the complexes.
Our model readily predicts the energy oscillation with
10.4-bp periodicity around the optimal position.

Another challenge is the determination of the dyad
axis of the nucleosome. The central dinucleotide step
defines which of the remaining dinucleotide steps in the
molecule are outward therefore exposed, a crucial infor-
mation for the interaction of the nucleosomes with
externally approaching molecules. Our deformation
energy model predicted several alternative positions for
a given nucleosome, separated by multiples of nucleo-
some DNA period, and also implicated the central
position of nucleosomal DNA, as illustrated by the
minimum deformation energy in Figs. 4, 5, and 6. Our
model has important implication for delocalization of
nucleosomes or chromatin remodeling. The energy pro-
files shown in Figs. 4, 5, and 6 imply that the possible
repositioning would occur in the loci that are multiples
of ∼10 bp away from the original position.

The model can be improved in the future works in
several aspects: (1) taking into account the coupling of
the parameters, such as roll, tilt, and slide, to construct
a more accurate high-resolution mapping of the nucle-
osomes at a fine-grain level. (2) Correcting the struc-
tural parameters used in model for each base step in
the relevant tetranucleotide context to account for the
effects of conformational coupling that vary with
sequence context. (3) Taking into account the inter-
influence among the base-step parameters. For example,
the contributions of the local base-step parameters roll
and tilt to the global curvature are modulated by the
cumulative helical twist relative to the dyad. These
contributions will be further modulated by variations
in slide and shift.

In conclusion, in this report, we presented a
knowledge-based model for calculation of the defor-
mational energy required for the bending of a DNA
fragment around histone octamer using only intrinsic
structural parameters of DNA and predicted the nucle-
osome occupancy along the genome of S. cerevisiae
with high accuracy. We demonstrated the predictive
power of our model by correlating it with experimen-
tally determined nucleosome occupancy data. This
further demonstrated the ability of our model to cap-
ture the sequence dependency of chromatin architec-
ture. We shall make efforts in our future work to
provide an improved model for predicting the nucleo-
some positioning with one base-pair accuracy.
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