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In eukaryotic genomes, nucleosomes are responsible for packaging DNA and controlling gene expression. For
this reason, an increasing interest is arising on computational methods capable of predicting the nucleosome
positioning along genomes. In this review we describe and compare bioinformatic and physical approaches
adopted to predict nucleosome occupancy along genomes. Computational analyses attempt at decoding the
experimental nucleosome maps of genomes in terms of certain dinucleotide step periodicity observed along
DNA. Such investigations show that highly significant information about the occurrence of a nucleosome
along DNA is intrinsic in certain features of the sequence suggesting that DNA of eukaryotic genomes encodes
nucleosome organization. Besides the bioinformatic approaches, physical models were proposed based on the
sequence dependent conformational features of the DNA chain, which govern the free energy needed to
transform recurrent DNA tracts along the genome into the nucleosomal shape.
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1. Introduction

Nucleosome positioning plays an essential role in cellular processes
by regulating the accessibility of DNA to proteins and by providing the
array of structural units for the DNA compaction in chromatin.

Whilst the problem of nucleosome positioning has been investi-
gated by more than two decades, only recently that genome wide
experimental collections in vitro and in vivo of the nucleosome maps
excited rather heated discussions [1–3] about the predictability of
nucleosome positioning in terms of the sequence. In particular, some
authors proposed the existence of a sequence code [4–15].
In fact, the pioneering paper by Satchwell et al. [16] introduced the
idea of a sort of nucleosome code since the chicken erythrocyte
nucleosomal sequences were characterized by a statistical fluctuation
of AA/TT dinucleotide step in phase and GC out of phase with the B-
DNA period. A successive paper by Drew and Travers [17] demon-
strated that the AA/TT small groove faced in toward the histone core
and GC outward as occurred in the circularization of the same DNA
tract. These findings and the notion of the occurrence in phase of AA/
TT dinucleotide step in curved DNAs were the basis of a theoretical
model we proposed for predicting nucleosome positioning along DNA
tracts based on the correlation between the calculated intrinsic
curvature map of a given sequence and that averaged on the 177
chicken erythrocyte nucleosomal sequences [18]. The comparison
with the experimental nucleosome positioning of a 1000 bp tract of
Sv40 DNA, the only experimentally known at that time, was rather
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satisfactory. This agreement suggested that the intrinsic curvature is a
determinant of nucleosome positioning as well as the recurrence of
AA/TT dinucleotides in phase with the DNA helical periodicity given
the similarity of the characteristic maps associated to the chicken
erythrocyte nucleosomal DNAs. A few years later, we proposed the
first physical model for predicting the nucleosome positioning along a
DNA sequence based on the calculation of the elastic energy needed to
distort each recurrent 147 bp tract from its intrinsic curvature into the
nucleosomal shape [19]. The trend of the energy function was very
similar to that previously obtained using the correlation function of
curvature map. The agreement between the minima of the energy
function and the experimental nucleosome positions of Sv40 DNA
suggested a physical explanation for the intrinsic sequence-dependence
of histone–DNA association.

As amatter of fact, genome-wide analyses reveal that nucleosomes
exhibit intrinsic DNA sequence preferences and a common nucleoso-
mal pattern that nucleosomes are often absent at enhancer, promoter,
and terminator regions [20]. Furthermore, comparison between
nucleosomes assembled in vitro on yeast genomic DNA, and on
Escherichia coliDNAunder the same conditions, strongly indicates that
eukaryotic cells are evolutionarily selected for sequences that favor
nucleosome formation: in fact, the ratio of nucleosome occupancy
on yeast reaches a value of 9 to 1 with respect to the prokaryotic
E. coli [21].

Adopting bioinformatic approaches, Trifonov group [22–26] and
later Segal et al. [4], Field et al. [13], Kaplan et al. [14], and Tillo et al.
[15] attempted to decode the experimental nucleosome maps of
genomes in terms of certain dinucleotide step periodicity observed
along DNA. Such investigations showed that highly significant
information about the occurrence of a nucleosome along DNA is
intrinsic in certain features of the sequence suggesting that DNA
sequence of eukaryotic genomes encodes nucleosome organization.

On principle, the differential binding of the histones to DNA is
governed by the pertinent free energy of the association process. In
the absence of competing selective binding of components different
from the histones, as it occurs in nucleosome reconstitution in vitro,
the differential free energy function along the sequence, depends
mainly on the intrinsic affinity of the histones to the different DNA
tracts and eventually on the interactions between the nucleosomes
in chromatin fibers. Furthermore, the change of topological state of
the DNA chain consequent to the nucleosome formation should be
considered as an additional factor as well as the competitive stabi-
lization of G-quadruplex DNA structures in G-rich genome regions, as
recently proposed [27].

However, in vitro data could not be representative of direct histone–
DNA binding in vivo since other factors may drive the reposition of
nucleosomes [28–30]. In addition, models based on sequences depen-
dent nucleosome positioning require a reference sequence that could
change among functional categories of DNA and organisms. In fact, the
competition with specific DNA-binding activator proteins could
dramatically affect the nucleosome occupancy in vivo.

Besides the bioinformatic approaches, theoretical models were
proposed for the prediction of the nucleosome positioning along DNA
sequences. These are mainly based on the sequence-dependent
conformational features of the DNA chain, which regulate the energy
required to transform recurrent 147 nt DNA tracts along the genome
into the nucleosomal structure. Nonspecific histone–DNA interactions
are generally modeled with a first-order elastic potential that penalizes
the deviations of the intrinsic structure of a DNA tract from the
superhelix obtained by fitting the nucleosome X-ray crystal struc-
tures [31]. These would represent the main differential contribution
to the average interactions of the histone octamer with the sugar–
phosphate chain.

In fact, experimental results achieved in different laboratories
showed that the thermodynamic binding constant of the histone
octamer changes with the sequence of DNA. Furthermore, free energy
data of competitive nucleosome reconstitution experiments obtained
with a large pool of different DNA tracts strongly suggested a signifi-
cant relation with the DNA intrinsic curvature [32–49].

The curvature function is generally obtained by integrating along the
DNA the conformational deviations of the dinucleotide steps from the
canonical B-DNA structure. Such deviations were evaluated theoreti-
cally on the basis of conformational energy calculations [50] as well as
empirically from the average deviations observed in X-ray crystal
structures of a significant number of double helical oligonucleotide
tracts. The first moment of the empirical distributions of dinucleotide
geometries of a set of double helical oligonucleotides [51] as well as
those of protein–DNA X-ray crystal structures [31,52] represents
an evaluation of the deviations of dinucleotide steps from the canonical
B-DNA structure. The central secondmoment is adopted to evaluate the
relative flexibilities.

However, it should be noted that the oligonucleotide crystal
structures are generally characterized by the presence of AT rich
central regions whilst the GC rich sequences are segregated at the
ends and then more affected by crystal packing effects. Therefore,
DNA–protein complexes are at present adopted to evaluate the
deviations of each dinucleotide step and the relative flexibility since
considered slightly influenced by the crystal packing. However, also
in this case the conformation of the dinucleotide steps could be
sensitive to the specific interactions with the different proteins that
cannot be canceled by averaging over the pool of the nucleoprotein
complexes. On the contrary, the interactions between the nucleoso-
mal DNA tract and histones more extended than those with the
regulative proteins and the relatively low variance of the affinity
with different nucleosomal sequences, suggest that the main
interactions are non-specific and involve the phosphodiester chain
prevalently.

As matter of fact, the two sets of dinucleotide parameters obtained
by surveying the X-ray crystal structures of double-helix oligonucle-
otides [51] and DNA–protein complexes [31,52] appear weakly
correlated (the correlation factor is 0.64). Furthermore, Morozov
et al. [31] provided roll angles, the major determinant of the DNA
curvature, different from those proposed by Olson et al. [52] in spite
of the identical method used to obtain them. However, the poor
agreement between the two sets of data could be due to the more
extensive database adopted by Morozov et al. [31].

It is significant that the normalized roll angles proposed by
Morozov et al. [31] are very similar to those achieved by minimizing
the conformational energy of the different dinucleotide steps we
proposed about 25 years ago [50] and more recently confirmed
adopting similar calculations by Packer et al. [53]. Fig. 1 reports the
comparison among the roll angles of the dinucleotide steps by
Morozov et al. [31], those proposed by Packer et al. [53] and ours [50].
The roll angles are normalizedwith respect to their own average value
in order that a DNA tract with random sequence appears straight.
Interestingly, the correlation factor between the roll parameters
by Morozov et al. [31] and our theoretical roll values [50] is 0.97,
significantly higher than the correlation factor with the roll proposed
by Olson et al. [52] (R=0.68, data not reported in the figure).

Most theoretical models assume that the histone–DNA potential is
a quadratic function of the deviations of the dinucleotide parameters
from those of the ideal superhelix whose pitch and radius are inferred
from the nucleosome crystal structures [54]. On the contrary, in the
approach we firstly proposed [18], the elastic energy is calculated as
the minimum energy needed to distort the intrinsic curvature of the
naked DNA in the nucleosomal shape. In such a way, the specificity of
the sequence is implicitly taken into account evenwith those particular
sequences such as oligoA/T orG-rich tracts that are considered to inhibit
the nucleosome formation.

This paper critically analyzes the different approaches for the
prediction of nucleosome positioning and their validity by comparing
the theoretical results with the experimental nucleosome occupancy



Fig. 1. Comparison among dinucleotide roll angles proposed by different authors.
Comparison between the dinucleotide roll angles obtained on the basis of conforma-
tional energy calculations proposed by De Santis et al. (1988) [50] and later by Packer
et al. (2000) [53], and those derived from X-ray structures of protein–DNA complexes
by Morozov et al. (2009) [31].
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along genomes. The comparison between the bioinformatic and
physical models is also reported and critically discussed.

2. Genome-wide nucleosome occupancy and nucleosome code

The isolation of nucleosomal DNAs is generally obtained from the
purified chromatin stabilized with formaldehyde and digested with
micrococcal nuclease, which cleaves the DNA linkers, and successively
treated with proteinase to remove proteins as well as to reverse the
formaldehyde cross-links.

To measure nucleosome occupancy on a genomic scale, Yuan et al.
[20] developed a DNA microarray method to identify nucleosomal and
linker DNA sequences on the basis of sensitivity of linker DNA to
micrococcal nuclease. Nucleosomal DNAwas isolated, labeled with Cy3
fluorescent dye (green), and mixed with Cy5-labeled total genomic
DNA (red). This mixture was hybridized to microarrays printed with
overlapping 50-mer oligonucleotide probes tiled every 20 bp across
chromosomal regions of interest.

Sequence specificity of micrococcal nuclease and sequencing bias
are then removed by normalizing the microarray data with the
hybridization data of the pertinent naked DNA genome tracts. A
profile of the logarithm of the ratio between the nucleosomal and
genomic DNA hybridization data represents the nucleosome density
diagram along the genome. Such a procedure provides a map of
nucleosome occupancy in vivo. Reconstituted chromatin from purified
genomic DNA fragments and histones, are used to produce a
nucleosome occupancy profile along the sequence in vitro.

As an alternative experimental method, Valouev et al. [55] used
the ultra-high-throughput Applied Biosystems SOLiD (Sequencing by
Oligonucleotide Ligation and Detection) sequencing technology to
characterize nucleosome positions in a mixed-tissue population of
Caenorhabditis elegans cells. As an experimental control and reference
data set, the SOLiD technology was used to sequence C. elegans
genomic DNA digested with micrococcal nuclease. These analyses
provide nucleosome maps at extremely high density and resolution
and a global view of the chromatin architecture of a multicellular
animal.

Nucleosome occupancy reflects the average histone levels on a
given region of DNA within a cell population; however, it does not
address where an individual nucleosome is positioned with respect
to a certain DNA sequence. Nucleosome positioning generally
refers to the rotational and translational relationships between the
histone octamer and the DNA chain. Rotational positioning defines
the orientation of the DNA helix on the histone surface and is driven
by the minimization of the DNA bending energy, reflecting also
possible preferences for dinucleotides that face inwards or outwards
with respect to the histone core. The translational position of a
nucleosome refers to the specific 147 nt sequence covered by the
histone octamer, and is generally assigned to the midpoint of this
sequence in the nucleosome positioning diagram. Differently posi-
tioned but rotationally phased nucleosomes within a given genomic
region will contribute to nucleosome density. Therefore, positioning
of nucleosomes along DNA and nucleosome occupancy are distinct,
although related issues.

The profile of nucleosome occupancy constitutes the basic
information to achieve positioning of nucleosomes along the genome
adopting the Hidden Markov Model (HMM) procedure [20]. This is a
powerful method for assigning probabilities to hidden nucleosomal
states once the nucleosomal length, variable linker lengths and the
density of nucleosomes are introduced. Thus, the resulting nucleoso-
mal map along the genome is conditioned by these constraints and
the range of probes.

In vivo nucleosome maps reflect the combined action of multiple
factors, including the action of chromatin remodelers, competition
with site-specific DNA-binding proteins, and the DNA sequence
preferences of the nucleosomes themselves.

As a matter of fact, the statistical analysis of the nucleosome
distributions along genomes in terms of the recurrences of the
different dinucleotide steps along the nucleosomal DNAs results in the
statistical preference of AA, TT, and AT dinucleotide small groove to
face in towards the histone core and GC outward. Such periodicities
and phase relationships were early derived from a collection of 177
natural nucleosomes from chicken erythrocytes [16].

Later, Lowary and Widom [39] carried out a SELEX experiment
starting with a large pool of chemically synthetic random DNA
molecules to identify those with the highest affinity for histone
octamer. A set of highest-affinitymolecules were selected, cloned, and
sequenced, and their free energies in nucleosome reconstitution
measured. Non-random occurrences of n-mers where n=2 to 10
arose in different analyses carried out in the selected sequences. In
particular, a statistical recurrence of TA in phase with the B DNA
periodicity was also revealed. These results supported the hypothesis
of sequence rules, which govern nucleosome affinity and positioning.
However, since it was not knownwhether these sequence preferences
have a significant influence on nucleosome position in vivo, Segal et al.
(2006) [4] isolated nucleosome-bound sequences at high resolution
from yeast and used these sequences in a new computational
approach to construct and validate experimentally a nucleosome–
DNA interaction model, and to predict the genome-wide organization
of nucleosomes. Sequence-based model for nucleosome positioning
uses the in vitro map to represent the sequence preferences of
nucleosomes by devising a probabilistic model that assigns a score to
every 147-bp sequence. This model is based on both the position-
dependent and global preferences of sequences of length 5 bp that
the authors characterized previously. Then, the scores were used to
compute the genome-wide distribution over nucleosome positions,
taking into account steric hindrance constraints between neighboring
nucleosomes [4].

On the basis of these experimental results, Segal et al. [4], Field
et al. [13], and Kaplan et al. [14] devise a computational model inwhich
nucleosome occupancy is governed only by the intrinsic sequence
preferences of nucleosomes. Moreover, since in vitro, nucleosome
depletion is evident at many transcription factor binding sites and
around gene start and end sites, they suggest that also nucleosome
depletion at these sites in vivo is partly encoded in the genome.

Different experimental findings were showed by Caserta et al.
[56] who derived from in vivo positions, accurately mapped by
partial micrococcal nuclease digestion, a translational positioning
signal that identifies the approximate midpoint of DNA bound by
a histone octamer. These authors conclude that the midpoint is, on
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average, highly A/T rich and, in particular, the dinucleotide TpA occurs
preferentially at this and other outward facing minor grooves and
suggested that the enrichment of AT-containing dinucleotides at the
center is required for local untwisting.

More recently, the analysis of the C. elegans genome allowed the
Trifonov group to identify a consensus sequence that occurs along
the nucleosomal sequences [25,26]. Based on a strong ~10 base
periodicity of AA and TT dinucleotides associated with the nucleo-
somes evidenced in the genome of C. elegans [57], Salih et al. [25] and
Gadbank et al. [26] measured prevailing distances between all
dinucleotide steps in the database of the nucleosome fragments of
C. elegans and identified the consensus sequence (CGGAAATTTCCG) of
the nucleosome DNA repeat of this genome.

Accordingly, if the existence of a nucleosome code is assumed, the
pattern of nucleosomepositioning is primarily determinedby genomic
DNA sequence and hence can be predicted.

3. Experimental evaluation of differential nucleosome stability by
competitive nucleosome reconstitution

Competitive nucleosome reconstitution method provides quanti-
tative estimates of the sequence-dependent differential thermody-
namic nucleosome stability, and strongly indicates that nucleosome
positioning along a DNA sequence occurs with different affinity
[32,33].

This experimental approach measures the ability of a labeled DNA
fragment to compete with bulk DNA for a limited number of histone
octamers during the nucleosome reconstitution procedure.

A DNA competitor labeled with 32P is added to a solution of
standard nucleosomes (e.g. erythrocyte nucleosomes obtained by
micrococcal nuclease digestion of the chromatin) and of the
corresponding naked nucleosomal DNAs. At high ionic strength the
nucleosomes dissociate; the successive stepwise dilution [32] or
dialysis [39] procedure provide the competitive nucleosome reconsti-
tution with the labeled DNA. The percentage of a DNA fragment that
had been incorporated into nucleosomes was assayed by separating
free DNA from complexed DNA in polyacrylamide gels. The concen-
tration excess of the standard nucleosomes permits the evaluation of
the differential association constant and the corresponding differential
free energy bymeasuring the ratio of radioactivity of the reconstituted
nucleosome and the corresponding free DNA.

It should be noted that the length of the DNA tracts investigated
generally exceeds the nucleosomal length and therefore the free
energy contains an entropy contribution in account of the virtual
multiplicity of the energyminima distributed along the sequencewith
a period of about 10 nt.

Differential free energy datawere collected by different authors for
synthetic and natural DNA tracts with different length and intrinsic
curvatures [32–38,40–49] as well as sequences with virtually highest
affinity as obtained by SELEX procedures [39]. Despite the DNA tracts
investigated are characterized by a variety of sequences, lengths and
curvatures, the free energy range is limited to a few kilocalories per
nucleosome. It is interesting to note that the free energies involved in
nucleosome formation on the telomeres are the highest among the
synthetic and biological sequences investigated so far [38,40,41,45–
47]. The low affinity of telomeric sequences for the histone octamer is
consistent with 6–8-bp repeated lengths, therefore out of phase with
the B-DNA period.

4. DNA architecture and common features of the X-ray
nucleosome structures

The first model of nucleosome was proposed by Kornberg in 1977
[58] and validated with the neutron scattering studies performed on
dilute solutions [59]. The structure was later obtained at low
resolution by electron microscopy [60]. The nucleosome particle is
characterized by a solenoid-like structure where a 146 bp DNA tract is
wrapped around the protein core of the histone octamer. The crystal
structure of the nucleosome core particle, solved to 7 Å resolution by
Richmond et al. (1984) [61], firstly evidenced that B-DNA superhelix
on the outside contains several sharp bends. High-resolution electron
density map later obtained by Lüger et al. (1997) [62] confirms the
previous low-resolution structure and shows atomic details of both
DNA and histone proteins revealing a pseudo-dyad symmetry. This
nucleosome structure was obtained on crystals of nucleosome
reconstituted in vitro with a 146 bp palindromic DNA sequence,
which was expected to adopt the dyad symmetry of the protein core.
Actually, the structure is characterized by a pseudo-dyad axis that
relates the four pairs of histones and the two phosphodiester chains
but lies on the average plane of a central base pair. This feature was
found in all the crystal structures of nucleosomes reconstituted with
different DNA sequences. This finding suggests that the nucleosome is
mainly stabilized by the interactions of histone octamer with the
phosphodiester chains while the interactions with the bases should
play a minor role.

In fact, the detailed analysis of the 24 X-ray structures of
nucleosomes at relatively high-resolution, shows that the DNA
superhelical shape appears to be highly conserved and have common
features practically independent of the sequence. A picture emerges
where the superhelix is characterized by the similar pattern of roll
angles and slide displacements of dinucleotide steps along the
nucleosomal DNA while the base-pair twisting remains close, on
average, to that in solution [54].

In recent years, many authors proposed a structural approach as
the basis of computational methods for predicting the nucleosome
positioning. Tolstorukov et al. [7] emphasized the structural role of the
lateral displacements of adjacent base pairs and evaluated the energy
coupling between roll and slide deformations suggesting that the
lower cost of deforming DNA on the nucleosome occurs at sites of
large positive slide and negative roll, where the DNA bends into the
minor groove. With a similar method, Wang et al. [63] showed that
kink and slide deformations are likely to be stabilized by the arginine
residues of histones interacting with the minor groove of DNA. In
fact, the arginines are positioned asymmetrically in the minor groove,
being closer to one strand. These asymmetric interactions should
facilitate lateral displacement of base pairs across the DNA grooves.
These findings allowed the authors to propose a simple stereochem-
ical model based on the evaluation of the sequence-dependent kink
and slide deformation energy.

Xu and Olson [64] focused on DNA conformational signals found in
the growing library of known high-resolution nucleosome structures
and theways inwhich these featuresmay contribute to the positioning
of nucleosomes on specific DNA sequences.

5. Prediction of the sequence-dependent nucleosome differential
stability based on energy calculations

Among the numerous theoretical methods proposed for predicting
nucleosome positioning in terms of the sequence, only a few of these
are based on the nucleosome differential thermodynamic stability.
In fact, experimental investigations established that the affinity of
histone octamer to DNA is sequence-dependent providing also the
values of the binding free energy difference with respect to a chosen
standard nucleosome, as discussed in paragraph 3.

The physical basis of nucleosome stability lies in the sequence-
dependent propensity of DNA to adopt the tightly bent configuration
imposed by the binding of the histone proteins. The first attempt
to predict the differential stability of nucleosomes in terms of DNA
sequence was published about two decades ago. The method was
based on the evaluation of the elastic energy to transform the DNA
tract with its intrinsic curvature into the nucleosomal shape [18,19].
These calculations were carried out adopting the set of intrinsic
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dinucleotide internal parameters early obtained by conformational
energy calculations [50]. These parameters were successful in
predicting the gel electrophoretic mobility of a thousand DNA tracts
with different sequences and length [65] as well as the circularization
thermodynamic constants of a pool of DNA tracts [66]. More recently,
curvature and flexibility profiles of long DNA tracts, directly derived
from AFM images, were theoretically reproduced on the basis of these
dinucleotide parameters [67,68].

The differential thermodynamic stability of the association
between the histone octamer and different DNA tracts is governed
by the relative differential free energy function. The evaluation of the
free energy difference would require the calculation of a huge number
of local interactions involving the histone amino acid residues and the
different nucleotides, water molecules and counterions. Furthermore,
the inter-nucleosomal interactions should be considered. Theoretical
calculations, which account for all kinds of interactions, are not
computationally feasible. However, the complexity of the system,
allows a statistical thermodynamic approach for evaluating the
differential free energy of nucleosome formation based on the
collective features of different DNA regions virtually involved in the
association with the histone core.

Experimental findings show that nucleosomal DNAs have a similar
superhelical shape of the double helix around the histone core largely
independent of sequence [54]. Therefore, we could consider the
nucleosome differential stability mainly dependent on the conforma-
tional states of the naked DNA sequences due to the practical
invariance of the histone octamer and the nucleosomal shape.

Very recently, Morozov et al. [31] developed a biophysical model
for the sequence dependence of DNA bending energies, and validated
it against a collection of in vitro free energies of nucleosome formation
and a set of in vitro nucleosome positions mapped at high resolution.
The authors also made an ab initio prediction of nucleosomal DNA
geometries, and checked its accuracy against the nucleosome crystal
structure reproducing with good accuracy the roll and tilt dinucleo-
tide angles, whereas the other parameters showed discrepancies.

In this model the total energy E of a nucleosomal DNA is given by a
weighted sum of two quadratic potentials:

E = Eel + wEsh ð1Þ

where Eel is the sequence-specific DNA elastic energy and Esh
represents non-specific histone–DNA interaction energy. The DNA
elastic energy is formulated as:

Eel = 1 = 2 ∑
N

s=1
Rs as−〈an sð Þ〉

� iT
Fn sð Þ Rs as−〈an sð Þ〉

� ih�
ð2Þ

where as is the six component vector of angles (twist, roll and tilt) and
displacements (rise, shift and slide) for each dinucleotide step and
an sð Þ are the average values of the local degrees of freedom computed
for all basesteps (n=AA, AC, AG, . . ., TT) using a collection of
oligonucleotides extracted from a set of 101 non-homologous
protein–DNA structures. The matrix of force constants Fn(s) is
evaluated by inverting the covariance matrix of deviations of local
geometric parameters from their average as observed in the set of
crystal structures. The matrix Rs transforms the local parameters into
the global frame in which the nonspecific histone–DNA interactions
are given. These empirical parameters for each of the six local degrees
of freedom of the ten independent dinucleotide steps are reported in
the Supplementary Tables 1–3 of the reference [31].

Nonspecific histone–DNA interactions are modeled with a qua-
dratic potential that penalizes deviations of nucleosomal DNA from
the ideal superhelical shape:

Esh = ∑
N

s=1
rs−ros

� �
2 ð3Þ
where rs and ros are the nucleosomal DNA and the ideal superhelix
radius vectors in the nucleosome particle, respectively.

The energy was then minimized with respect to all the six
geometrical parameters, angles and displacements, which determine
the local structure of the dinucleotide steps.

The final conformation of a given nucleosomal DNA is the one
corresponding to theminimum of the total energy E of a DNA sequence
given in arbitrary units. The empirical parameter w in Eq. (1) was
obtained by optimizing the average correlation between the distribu-
tion of geometric parameters observed in a high-resolution nucleosome
crystal structure and the corresponding predictions.

The statistical sum over all possible configurations of non-
overlapping nucleosomes in a DNA sequence is given by:

Z = ∑
conf

exp −E confð Þð Þ ð4Þ

where the configurational energy E(conf) is in arbitrary dimensionless
units. It was obtained by recursively computing of partial statistical
sums, after addingeachnucleosome to the configuration. This procedure
permits the calculation of the partial free energy and the probability
of finding a nucleosome at a sequence position, consequently.

In alternative, the approach we previously proposed evaluates
the minimum free energy to transform a free DNA tract into the
nucleosomal shape preserving themaximum of intrinsic features of the
sequence [69,70]. A mathematical formulation based on the Parseval
equality, which allows the integration of quadratic differences of two
functions in terms of the sum of the differences between the related
Fourier transform amplitudes, was adopted [71].

In this model the elastic energy of a nucleosomal DNA is expressed
as a sum of bending and twisting contributions:

ΔEoel kð Þ =
b kð Þ
2L

An μð Þ−Ao
f
μð Þ

��� ���2 +
t kð Þ
2

2πΔTw kð Þð Þ2 ð5Þ

with Ao
f μð Þ = ∑

k + L=2

k−L=2
Co
f sð Þ exp − 2πiμs

L

� �
and An μð Þ = ∑

k + L=2

k−L=2
Cn sð Þ exp − 2π iμs

L

� �
;b(k)

and t(k) are the apparent isotropic bending and twisting force
constants, and ΔTw(k) represents the change of twisting number of
the kth free DNA tract. Cn sð Þ and Co

f sð Þ are the curvature vectors,
represented in the complex plane, of the nucleosomal DNA and that
pertinent to the free DNA relative to the sth basestep in the kth tract;
L=146 is the length of nucleosomal DNA in bp.

On the basis of the Parseval equality, the bending energy is
conveniently approximated to a single term with frequency μ=
−0.18. An(μ) represents the curvature function in the Fourier space
and its value is 10.9 rad. This approximation was successfully adopted
in our previous papers to predict the propensity to circularization
of a pool of DNA fragments [66] and the writhe transformations
of circular DNAs [72]. Assuming that all the amplitude differences
vanish, except that characterized by the periodicity μ, the maximum
part of the intrinsic curvature features is conserved and the elastic
energy is minimized. This is compatible with the hypothesis that the
deviations from the ideal uniform superhelix observed in the X-ray
structure could be due in part to the intrinsic curvature of the DNA
sequence.

This formulation of the elastic energy permits the calculation of the
canonical partition function, and in turn the evaluation of the elastic
free-energy difference pertinent to the kth nucleosome. The thermo-
dynamic affinity, βΔGel (β=1/RT), of the DNA tract relative to the
standard straight DNA with a random sequence is:

βΔGel kð Þ = βΔEoel kð Þ + Z kð Þ−Z kð Þ cosϕ−3
2
L ln

b kð Þ
b�

� �
ð6Þ

where Z(k)=−β b(k)An(μ)Af
o(μ)/L. An(μ)Af

o(μ) represents the mod-
ulus of the correlation between the superstructure of the nucleosomal



Fig. 2. Comparison between experimental and theoretical free energies. Comparison
between experimental [32–49] and theoretical free energies of competitive nucleo-
some reconstitution of about a hundred DNA tracts different for sequence and length.
The free energy values are referred to the TG–pentamer sequence [32], which is 5.0 RT
lower than the random sequence (indicated as an arrow). The free energies of the
telomeric sequences (■), the lowest histone affinity known so far, are highlighted
[38,40,41,45–47].
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DNA and that of the free form, according to the convolution theorem
[71]. ΔE°(k) contains the twisting and ground state bending energy
contributions when the phase angle of An(μ) and that pertinent to the
kth DNA tract, Af(μ), are equal; ϕ is the phase angle between the
nucleosome dyad axis and that of the intrinsic curvature of the free
DNA tract. The ratio of the bending force constants of the kth DNA
tract and the standard DNA, b(k)/b*, is represented by the ratio of the
dinucleotide melting temperatures [73] (in thermodynamic scale)
averaged over the tract considered. As discussed in our previous
papers [69,70], the normalized melting temperatures were adopted
as parameters to estimate the rigidity of the dinucleotide steps.
This assumption was found consistent with the statistical mechanics
analysis of AFM images of a number of DNA tracts [67,68]. A similar
evaluation of DNA flexibility was later proposed by Travers and
Thompson [74].

The free energy difference is characterized by periodical fluctua-
tions with the period of the B-DNA, which determine the phasing of
nucleosomes along the sequence. The statistical mechanics averaging
of the different phasing of nucleosome over a turn of DNA leads to:

βΔGel kð Þ = βΔEoel kð Þ + Z kð Þ− ln J0 iZ kð Þð Þð Þ−3
2
L ln

b kð Þ
b�

� �
ð7Þ

where J0(iZ(k)) is the zero-order Bessel function of the imaginary
argument Z(k). The enveloping curve of the profiles of the free energy
minima of Eq. (6) practically coincides with those obtained with
Eq. (7).

The last three terms in Eqs. (6) and (7) represent the entropy
contribution to the thermodynamic stability of a kth nucleosome along
the DNA sequence. These three terms vanish in the case of straight
DNA tracts with random composition, where Af=0 and b(k)=b*.

As a consequence, the curvature function of a nucleosomal DNA
can be considered sequence-dependent since the intrinsic features of
the DNA tract modulate the ideal superhelix shape and implicitly
define which bases face toward or outward the histone core.

The comparison between the experimental values of the free
energy difference of a large pool of DNA tracts, different for sequence
and length, with the theoretical elastic free energy, gives a satisfactory
agreement for slightly curved DNA but increasing deviations for
rather curved DNA. However, the analysis of these deviations showed
a strict correlation with the 〈Af

o〉 (R=0.98) namely, with the average
integral curvature of the free DNA that appears to destabilize the
nucleosome [48]. This result supports the hypothesis of an additional
energy contribution to the free energy difference, dependent on
the free DNA curvature. This contribution was interpreted as due to
the differential interactions of the water and counterions with the
reduced small groove in curved DNA: e.g. the spine of water as found
in X-ray crystal structures [75] and in solution [76] in AA·TT rich
tracts of double-helical oligonucleotides. Incidentally, the periodical
repetitions of such dinucleotide steps also represent the sequence
feature that produces the intrinsic curvatures of DNA tracts. Therefore,
the intrinsic curvature of the free DNA plays two opposite roles in the
nucleosome formation. One stabilizes the nucleosome by reducing
the energy required transforming the DNA tract into the nucleosome
shape; the second, related to the differential interactions of curved
DNA with water solution, destabilizes the nucleosome.

This energy contribution, introduced as an empirical term
(4.5 ⋅ 〈Af

o〉1.5 in RT units) in the Eqs. (6) and (7), led to a satisfactory
agreement (R=0.92) between experimental and predicted free
energy values of about hundred DNAs investigated in different
laboratories [32–49]. The comparison between the experimental
and theoretical nucleosome reconstitution free energies is reported
in Fig. 2.

It is interesting to note that the last term in the Eqs. (6) and (7)
decreases the free energy if the DNA tract is relatively rigid. Thus,
the flexibility of the DNA tract also plays a dual role; the bending
energy decreases due to the lower bending constant while the
entropy change increases from a flexible state of the free form to the
essentially rigid nucleosomal state.

The good agreement between experimental and theoretical free
energy differences settles the base for a physical model capable of
predicting the most stable positioning of nucleosomes along genomic
DNA [77,78].

A direct test of how accurately the two models proposed by
Morozov et al. [31] and Anselmi et al. [69] predict nucleosome
position on DNA can be provided by a comparison of energy and free
energy (in RT units) trends for six sequences where in vitro
nucleosome positions are known with 1–2 bp accuracy, as illustrated
in Fig. 3 (rearranged from Fig. 5 of reference [31]). Unlike longer
genomic sequences, only one nucleosome can form on the shorter
sequences considered here and its position is typically determined by
the global energy or free energy minimum, except for two sequences
with two experimentally mapped alternative positions. The profiles of
energy calculated according to Morozov et al. [31] (red lines) and free
energy calculated according to our model (blue lines) are overlapped
and reported along the sequence. Nucleosome positioning is given
with respect to the dyad axis. The vertical lines and arrows (green)
indicate the experimentally known nucleosome positions. As illus-
trated in Fig. 3, the two models produce comparable results in good
agreement with the experimentally mapped nucleosomes.

It should be noted that the theoretical free energy values as well
as the experimental nucleosome occupancy data are related to a
large number of copies of the DNA tract. However, the nucleosome
positioning resulting from the localization of the minima of the free
energy function of the virtual mononucleosome does not account
for the contributions arising from the multiplicity of the free energy
map around a minimum as well as the interaction effects with other
nucleosomes in compacted chromatin fibers. To regard these effects,
the mononucleosomal free energy can be averaged over an interval
compatible with the experimental average nucleosome density
represented by the nucleosome repeat length (NRL).

βΔG kð Þ = − ln ∑
k + n

k−n
exp −βΔG jð Þð Þ

" #
n = NRL−Lð Þ = 2 ð8Þ

image of Fig.�2


Fig. 3. Comparison of experimental and theoretical nucleosome positions for mononucleosomal sequences. Predictions of in vitro nucleosome positions calculated according to the
models by Morozov et al. [31] (red lines) and Anselmi et al. [69] (blue lines) for six mononucleosomal sequences (5S rRNA gene of sea urchin DNA, pGUB plasmid, chicken β-globinA

gene, and three synthetic high-affinity sequences 601, 603 and 605) [39]. The vertical lines and arrows (green) indicate the experimentally known nucleosome positions. All DNA
sequences are downloaded from the web site: http://nucleosome.rockefeller.edu.
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Furthermore, to account for the effects of nucleosome packing into
chromatin fibers the free energy profile can be modulated with a
simple periodical function with a periodicity equal to NRL:

1
2

1 + cos
2π k−koð Þ

NRL

� �� �
ð9Þ

where k0 represents the dyad position of strongly positioned
nucleosomes, which could represent nucleation sites of the nucleo-
some compaction in chromatin fibers.

In fact, Valouev et al. [55] recently pointed out that relative
positioning of nucleosomes on C. elegans genome appears to be a
significant property of chromatin structure.

A physical approach, similar to that we had early proposed [69,70],
was suggested byMiele et al. [79]. The authors predict the nucleosome
occupancy along the genomes of Saccharomyces cerevisiae and
Drosophilamelanogasterusing only sequence-dependentDNAflexibility
and intrinsic curvature to evaluate the free energy required for
the nucleosome formation transforming the intrinsic curvature of a
recurrent DNA tract into the nucleosomal superhelix. For the wrapping
length, Miele et al. [79] chose L=73 bp, which provided the best
correlation with the experimental data. Furthermore, these authors
adopt our set of roll, tilt and twist angles associated to the different
dinucleotide steps and thenormalizedmelting temperatures toevaluate
the entropy contribution according to the last term of Eqs. (6) and (7)
[69]. As a consequence, they obtained results comparable with ours
as regards the prediction of nucleosome occupancy along the yeast
genome. In the fly, Miele et al. predict promoter strength as encoded in
distinct chromatin architectures characteristic of strongly and weakly
expressed genes. In addition, they showed that the other dinucleotide
parameters (rise, shift and slide) as well as the fine features, which
modulate the superhelical shape in the nucleosome crystal structures,
do not add significant contributions to the free energy [79]. This paper
confirmsourfirst hypothesis that only intrinsicmechanicalproperties of
the free DNA are necessary to describe a substantial part of chromatin
structural complexity, thus providing the physical basis for methods
capable of predicting nucleosome occupancy sounder than those based
on recurrent DNA sequence motifs.

image of Fig.�3
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6. Comparative results and discussion

The relations between the bioinformatic and biophysical ap-
proaches are illustrated in Fig. 4 where the rotational distribution
of AA/TT/TA/-GC dinucleotide steps per nucleosome along a tract of
yeast genome (210,000–228,000 bp of chromosome III) is compared
with the minimum distortion energy needed to transform the
intrinsic curvature into the nucleosomal shape calculated according
to Eq. (6) adopting Anselmi et al. [69] (Fig. 4A) and Morozov et al.
[31] (Fig. 4B) internal dinucleotide parameters (roll, tilt, twist and
elastic constants). The profiles are quite similar indicating that the
periodicity of these dinucleotide steps represents an important
contribution to the nucleosome conformational energy. Interestingly,
the energy profiles are characterized by the periodical fluctuations
coherent with the B-DNA structure and represent the effect of
nucleosome phasing (see the insert in Fig. 4A). Furthermore, the
similarity of the energy profiles indicates the self-consistency of the
two sets of dinucleotide parameters obtained theoretically by
conformational energy calculations [50] and empirically by analysis
of X-ray crystal structures of DNA–protein association complexes [31].

However, the comparison of the energy profile with that of the
experimental nucleosome occupancy, represented by the log2 ratio of
the hybridization values of nucleosomal and genomic DNA carried out
by Yuan et al. [20], does not show a satisfactory agreement suggesting
that the role of entropy contributions to the free energy is important.

In fact, the profiles of the experimental nucleosome occupancy
[20] and the entropy contribution calculated according to the last
term of Eqs. (6) and (7) for a tract of the yeast genome (210,000–
228,000 bp of chromosome III) (Fig. 5) have similar trend showing
that an important part of the experimental trend is ruled by the
entropy contribution. Therefore, the stability of nucleosomes appears
favored in DNA tracts characterized by higher stiffness since the
entropy term is a monotonous function of the normalized force
constants. As early discussed in our papers [69,70], the DNA stiffness
Fig. 4. Comparison between rotational distribution of AA/TT/TA/-GC steps versus the energ
rotational distribution of AA/TT/TA/-GC dinucleotide steps per nucleosome along a tract of
energy needed to transform the intrinsic curvature into the nucleosomal shape adopting Ans
twist and elastic constants). The insert in A shows the periodical fluctuations of the energy fu
scale.
plays a dual role in the nucleosome stability: it increases the energy
required for reaching the nucleosomal shape but decreases the loss
of entropy in transforming the free DNA in solution in a more rigid
nucleosomal structure.

As a matter of fact, the free energy profile and that obtained from
the Boltzmann averaging according to Eq. (8) are compared with
that of the corresponding nucleosome occupancy. Some features of
the chromosomal map are shown evidencing the genes along the
sequence. The experimental and theoretical profiles show a good
correlation although single deviations are present (Fig. 6). Moreover,
the free energy profile shows maxima in those regions where in vivo
map [20] identifies nucleosome-depletion around transcription
start and stop sites. It should be noted that the weighted free energy
contains the entropy terms due to the multiplicity of nucleosome
occupancy on the near free energy minima, is a continuous function.
The trend is well reproduced and also a significant part of the
periodical fluctuations of the nucleosome occupancy due to the
packing of the nucleosomes in the chromatin fibers.

In fact, compaction of nucleosomes in chromatin requires
regularity in the nucleosome array along the DNA chain. It is plausible
that the most stable nucleosome positions nucleate the nucleosome
occupancy along the chain with multiple steps of DNA turns.

Compaction of nucleosomes in chromatin is directed by their
positioning along DNA and therefore by the length of the DNA linkers
that bridge and mutually orient the adjacent nucleosomes in the
space. Their average length varies among species, cell types within the
species as well as among nucleosomes within the same cell type. A
statistical analysis of their length distribution in chromatin reveals
that nucleosome repeat length differs in multiples of about 10 bp,
close to the DNA helical repeat [80]. Such a finding suggests the
existence of orientation constraints between the nucleosomes and
between the nucleosomes and the fiber axis. Such features are
plausibly dictated by the optimization of themutual orientation of the
nucleosomal units as a necessary condition for the best packing in the
y necessary to distort a DNA tract into the nucleosomal shape. Comparison between
yeast genome (210,000–228,000 bp of chromosome III) and the minimum distortion

elmi et al. [68] (A) andMorozov et al. [31] (B) internal dinucleotide parameters (roll, tilt,
nction coherent with the B-DNA structure. The energy function is reported on a reverse

image of Fig.�4


Fig. 5. Importance of entropy contribution in ruling nucleosome occupancy. Comparison between the profiles of experimental nucleosome occupancy, represented by the logarithm
of the ratio between the nucleosomal and genomic DNA hybridization data [20], and the entropy contribution (reported on a reverse scale) calculated according to the last term of
Eqs. (6) and (7) for a tract of the yeast genome (210,000–228,000 bp of chromosome III).
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chromatin fibers [81]. In fact, it is interesting that DNA curvature as
well as the rotational distribution of dinucleotide AA/TT/TA/-GC,
which represents the nucleosome code [4–13], along tracts of yeast
genome are characterized by a significant coherence of phase. As
matter of fact, the analysis of the experimental nucleosome occupancy
along the genome reveals a quasi periodical modulation as a result of
the periodicity in the nucleosome positioning required for an effective
nucleosome packing in chromatin [20,82].

This collective assembly of nucleosomes in chromatin fibers could
compete with the intrinsic mononucleosome affinity pattern giving
rise to a possible reposition of nucleosomes which would occur in the
genome regions with relatively low nucleosome affinity.

To account for the effects of nucleosome packing into chromatin
fiber, the free energy profile was modulated with a simple periodical
function as reported in Eq. (9). This approach represents a rough but
operative modeling to interpret nucleosome positioning imposing the
need of the intrinsic mononucleosome stability and the necessary
conditions for the packing into the chromatin fiber. As matter of fact,
the comparison between theoretical and experimental nucleosome
occupancy profiles along a tract of yeast genome in vivo (214,000–
225,000 bp of chromosome III) appears rather satisfactory as
illustrated in Fig. 7. The different colors indicate opposite phases.
The profile is characterized by successive blocks of nucleosomes with
opposite phases in connections to inversions of free DNA curvature
and plausibly in relation with the superstructure of the chromatin
fiber.
Fig. 6. Free energy profiles versus the experimental nucleosome occupancy. Comparison be
Boltzmann averaging according to Eq. (8), with that of the corresponding nucleosome occup
[20], for a tract of the yeast genome (210,000–228,000 bp of chromosome III). Genes along
As a general conclusion, the genome-wide analysis argues that the
sequence preference for nucleosome formation is consistent with the
idea that DNA intrinsic curvature and flexibility drive the rotational
and translational positioning in vitro as well as in vivo.

This result seems not consistent with the conclusion reported
by Zhang et al. [21] that intrinsic histone–DNA features are not the
major determinant of nucleosome positioning in vivo and with the
suggestion that the apparent similarities of histone densities between
in vitro and in vivo samples are likely to be inflated by the DNA
sequence specificity of micrococcal nuclease that is applied to the
analysis of the mononucleosomal samples. It is however supported
by the issue that translational positioning in vivo is influenced by
relatively constant spacing between nucleosomes, which is presum-
ably favored by the action of nucleosome-remodeling complexes
nearby the minima of the free energy profile. Furthermore, it agrees
with the findings that the in vitro map, in which nucleosome
occupancy is governed only by the intrinsic sequence preferences of
nucleosomes, is found similar to in vivo nucleosome maps generated
in different growth conditions [6].

Finally, the rather high similarity between the rotational distribu-
tion map of the dinucleotide steps AA/TT/TA in phase and GC out of
phase with the B-DNA periodicity, which characterizes the nucleoso-
mal sequences, and themapof the elastic deformation energy required
to transform the intrinsic DNA structure into the nucleosomal shape,
provides a physical basis for the hypothesis of a nucleosome code (see
Fig. 4). In fact, these dinucleotide steps are the major determinant
tween the free energy profile (reported on a reverse scale) and that obtained from the
ancy (log2 of the ratio between the nucleosomal and genomic DNA hybridization data)
the sequence are identified in the gray boxes.

image of Fig.�5
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Fig. 7. Free energy modulated with a periodical function versus experimental nucleosome occupancy. Comparison between the free energy profile (green) and those modulated with
a periodical function according to Eq. (9) (red and blue) and the experimental nucleosome occupancy in vivo [20] (dashed line) along a tract of yeast genome (214,000–225,000 bp of
chromosome III). The free energy profiles are reported on a reverse scale. The different colors indicate opposite phases adopted. The profiles are characterized by successive blocks of
nucleosomes with opposite phases as plausibly related to their compaction in chromatin fibers.
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of the DNA curvature as illustrated in Fig. 8, where the comparison
between the intrinsic curvature of recurrent 146-bp sequences
along a yeast genome tract (|Cf|) and the rotational distribution of
these dinucleotide steps are reported in modulus (A) and phase (B).
Therefore, the fact that histones prefer these sequences in the
nucleosome formation is conceptually different from the issue that
Fig. 8. Modulus and phase of the intrinsic curvature compared with rotational recurrence of
value of rotational distribution of AA/TT/TA in phase and GC out of phase in recurrent 14
(B) Comparison between the phases of curvature (Cf) and those relative to the rotational d
these sequences interact preferentially with the histones. Actually,
the periodical recurrence of these dinucleotide steps determines the
DNA curvature; then, it is such a mechanical property that plays an
important role in the nucleosome stability.

The DNA sequences of yeast genome were downloaded from
Saccharomyces Genome Database (http://www.yeastgenome.org).
AA/TT/TA/-GC steps. (A) Comparison between the intrinsic curvature modulus and the
6-bp sequences along a yeast genome tract (210,000–228,000 bp of chromosome III).
istribution of AA/TT/TA/-GC steps.

http://www.yeastgenome.org
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