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Nucleosome positioning dictates eukaryotic DNA compaction and
access. To predict nucleosome positions in a statistical mechanics
model, we exploited the knowledge that nucleosomes favor DNA
sequences with specific periodically occurring dinucleotides. Our
model is the first to capture both dyad position within a few base
pairs, and free binding energy within 2 kBT , for all the known
nucleosome positioning sequences. By applying Percus’s equation
to the derived energy landscape, we isolate sequence effects on
genome-wide nucleosome occupancy from other factors that
may influence nucleosome positioning. For both in vitro and in vivo
systems, three parameters suffice to predict nucleosome occupancy
with correlation coefficients of respectively 0.74 and 0.66. As pre-
dicted, we find the largest deviations in vivo around transcription
start sites. This relatively simple algorithm can be used to guide
future studies on the influence of DNA sequence on chromatin
organization.
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In eukaryotic cells, DNA is highly compacted into chromatin,
consisting of DNA and histones arranged in nucleosome arrays.

Each nucleosome contains 147 base pairs (bp) of DNA, which is
tightly wrapped in 1.7 left-handed turns around a histone octamer
(1). Histone octamers have a diameter of 10 nm and DNA has a
persistence length of 53 nm (2). Therefore, DNA sequences with
intrinsic curvature or anisotropic flexibility to accommodate such
large curvatures should show a higher preference for nucleosome
formation. Indeed, in vitro studies have shown that histone octa-
mers display DNA sequence preferences (3). Nucleosome posi-
tioning dictates linker lengths and this in turn controls higher
order folding modes of 30 nm chromatin fibers (4). A DNA
sequence effect on nucleosome occupancy may also help remo-
deling enzymes to define local chromatin structure (5). Finally,
well-positioned nucleosomes observed at transcription start sites
in vivo may significantly affect gene expression either by occlud-
ing access for regulatory proteins to DNA or by recruiting them
through interactions with histones (6). Therefore, understanding
the involvement of DNA sequence on nucleosome positioning
and occupancy is of great biological interest (7). However, the
means and extent by which sequence preference influences the
position and occupancy of nucleosomes on the genome is cur-
rently debated (8–10).

It has been known for some time that in vitro nucleosomes
have a high preference for certain DNA sequences (11–14) and
tend to avoid other sequences (15–22). For instance, Kaplan et al.
(23) concluded from genome-scale nucleosome mapping that
intrinsic nucleosome sequence preferences have a dominant role
in determining nucleosome organization in vivo. Shortly after this
study, Zhang et al. (24) reported a similar study on in vivo and
in vitro assembled yeast chromatin, but using a somewhat differ-
ent methodology. They and others (24, 25) concluded that intrin-
sic histone-DNA interactions are not the major determinant of
nucleosome positioning, but rather of nucleosome occupancy.
Positioning and occupancy of nucleosomes are closely related
concepts; nucleosome positioning is the distribution of individual

nucleosomes along the DNA sequence and can be thought of in
terms of a single reference point on the nucleosome, such as its
dyad of symmetry (9, 26). Nucleosome occupancy, on the other
hand, is a measure of the probability that a certain DNA region is
wrapped onto a histone octamer. Genome-wide data, however,
lack the accuracy to disclose single nucleosome positions or to
discriminate between alternative nucleosome positions in DNA
regions where nucleosomes are mobile. It is therefore not trivial
to isolate the contribution of DNA sequence on the genome-wide
nucleosome distribution. Here we introduce a simple statistical
mechanics model to describe DNA sequence preferences of his-
tone octamers. This model is valid for biochemically well-charac-
terized nucleosome positioning elements, predicts nucleosome
occupancy observed in vivo, and permits identification of devia-
tions from the prediction, which can then be attributed to other
chromatin organizing factors.

Several models have been proposed to describe the position of
single histone octamers on DNA as a function of DNA sequence.
Two different classes of models can be distinguished. The first
class is based on the structural parameters of superhelical DNA
organized in the nucleosome, as obtained from crystal structures,
to predict the propensity to form a nucleosome with sequences
other than those present in crystal structures (27–30). This ap-
proach has been applied mainly in single-histone-octamer posi-
tioning models and yielded an accuracy of several tens of base
pairs. The second class uses dinucleotide probability functions
based on distributions of dinucleotides found in natively as-
sembled chromatin (23, 31–33). This latter approach has been
successfully applied to predict the genome-wide distribution of
nucleosomes. However, the large number of parameters that de-
fine these models and the low resolution of both the models and
the experimental data prevent a detailed structural understand-
ing of (genome-wide) nucleosome positioning.

Whether nucleosomes are assembled in vitro by means of
salt dialysis or in vivo with the aid of chaperone enzymes, once
assembled the thermodynamic properties of nucleosomes are
identical. In both cases it involves the interaction between the
histone octamer and a particular DNA sequence. A thermo-
dynamic model describing the sequence-dependent interaction
of a histone octamer should therefore capture both types of ex-
perimental data. None of the models presented before claim to
be applicable for nucleosome positioning in both in vitro recon-
stitution experiments on well-defined positioning substrates and
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in vivo assembled chromatin. Here, we present such a generic
nucleosome-positioning model based on assigning a probability
score to each dinucleotide that depends only on the phasing of
the dinucleotide. The resulting nucleosome-positioning likeli-
hood map is converted to a sequence-specific energy landscape
for nucleosome binding, predicting relative nucleosome affinities
with high accuracy. By adding size exclusion effects and by intro-
ducing a chemical potential to account for the average sequence-
independent nucleosome affinity (34–37), we relate well-docu-
mented high-resolution nucleosome positions obtained from in
vitro reconstitution reactions on strong positioning sequences to
genome-wide nucleosome occupancy maps, with high accuracy.

Results
A variety of online programs exist to predict the nucleosome
binding preference for a givenDNA sequence (23, 27, 28, 33). Sur-
prisingly, these models are unable to recognize any of the well-
documented nucleosome positioning elements, such as the syn-
thetic positioning element 601 (13), when embedded within a
stretch of DNA of 1,000 random base pairs (Fig. S1). The model
we put forward here is based on a periodic probability function for
the distribution of the dinucleotidesTA, TT,AA, andGC.All other
dinucleotides are weighted such that the probability is normalized
(Fig. 1). The choice of these dinucleotides is based on previous stu-
dies (32, 33), but the model differs from the experimentally found
dinucleotide distribution because it lacks a further position depen-
dence within the nucleosome. The likelihood ratio Pnuc (i, N)
to find a nucleosome dyad at base pair i is modeled as

Pnucði; NÞ ¼ 4N
YiþN∕2

s¼i−N∕2

�
0.25þ B sin

�
2π

�
s
p
þ 1

2
δGC

���
[1]

(for more details see Materials and Methods). Thus the model is
fully parameterized by the amplitude B, period p, and the length
N of theperiodic probability function, reducing complexity to three
parameters.

Validation of the Dinucleotide Probability Function Using the 601
Positioning Sequence. Overall, we find good agreement with pub-
lished experimental data for B ¼ 0.2, p ¼ 10.0 bp, and N ¼ 74
or 147 bp. To validate values for these three model parameters,
we tested our algorithm with the synthetic 601 positioning ele-
ment, incorporated in a random sequence of DNA (13).

Probability Amplitude. In a random DNA sequence the probability
to find any of the four nucleotides is 0.25. The value of the con-

ditional probability amplitude B to find a specific dinucleotide is
thus limited to values between 0 and 0.25. B ¼ 0 corresponds to
no sequence specificity for nucleosome binding and B ¼ 0.25
corresponds to maximal sequence specificity. Varying B between
0.1 and 0.2 resulted in only a moderate change in the preference
for the 601 positioning sequence (Fig. S2A). We therefore set
the probability amplitude to 0.2—i.e., the saturating value for
changes in histone-octamer positioning on the 601 sequence. This
value is in close agreement with the measured amplitude of
dinucleotide distributions of 0.16� 0.03 (31).

Extent of Sequence Specificity in Reconstitution Reactions. Initially
we tested calculated nucleosome positions using the full length of
DNA that is wrapped around the nucleosome—i.e.,N ¼ 147 bp.
This yields a preferred location that is 14 bp offset from the
documented dyad position (Fig. 2A). However, in dialysis recon-
stitution, the ðH3∕H4Þ2 tetramer binds first and occupies 74 bp
surrounding the dyad (38), and it is not until the salt concentra-
tion is reduced to about 600 mM (39) that the H2A/H2B dimers
associate with the tetramer to wrap the remaining 73 bp into a
complete nucleosome. This implies that a window of 74 bp rather
than 147 bp defines the nucleosome position in reconstitution re-
actions (40). Indeed, we find that with a 74 bp window the highest
predicted binding preference coincides with the experimentally
determined 601 dyad (Fig. 2B) (30).

The fact that in vitro reconstitution does not yield nucleosomes
at their thermodynamically most favorable positions has been
observed by Flaus and Owen-Hughes (41). They showed that sites
to which nucleosomes are deposited during chromatin assembly
on a mouse mammary tumor virus substrate differ from those
favored during thermal equilibration or enzymatic remodeling

Fig. 1. The probability functions of each dinucleotide to construct the prob-
ability matrix in our model are simple sinusoids with a variable periodicity,
except for the dinucleotides starting with a cytosine (CA, CC, CG and CT),
which are assumed not to affect nucleosome position. In these graphs the
periodicity is 10.0 bp. The dinucleotides TA, TT, AA, and GC were given an
equal probability amplitude B. GC has half a helical turn offset compared
to the first three dinucleotides. The probability functions of the other dinu-
cleotides are such that the sum of probability functions starting with the
same nucleotide is unity.

Fig. 2. Modeling of the nucleosome binding characteristics of the 601
positioning element. (A) The binding preference of a histone octamer to
the 601 positioning element calculated with B ¼ 0.2, p ¼ 10.1 bp, and
N ¼ 146 bp (77). Position i is relative to the known dyad position. The highest
binding preference in the 601 sequence is modeled at position þ14 bp from
the dyad position. (B) When the histone binding window N is reduced to
74 bp, corresponding to binding of a ðH3∕H4Þ2 tetramer, the highest likeli-
hood score coincides exactly with the dyad position. (C) The energy landscape
for nucleosome positioning on the 601 element. At the dyad position, the
predicted free binding energy is −8.0 kBT .
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by ISWI. We observed a similar shift of the preferred position of
601 nucleosomes after remodeling by RSC (5), indicating that in
vitro assembly by salt dialysis puts different constraints on nucleo-
some positioning than a fully assembled nucleosome does. The
current analysis suggests that histone ðH3∕H4Þ2 tetramers are
kinetically trapped during reconstitution, explaining the reduced
size of the DNA sequence that defines positioning.

Dinucleotide Periodicity.The periodicity p of dinucleotide distribu-
tions in nucleosomes has been reported to be approximately
10 bp (31, 33). This matches the pitch of the DNA helix, which
varies between 9.7 and 11 bp in nucleosomes, depending on the
DNA sequence and the origin of the histone core particles (42).
Using a binding window of 74 bp, we found a strong binding pre-
ference for 9.2 < p < 10.2 on the 601 sequence (Fig. S2B), with a
maximum at p ¼ 10.1 bp.

In conclusion, by using a 10.1 bp periodic probability function
for the dinucleotides TA, TT, AA, and GC, together with a bind-
ing window of 74 bp, representing initial DNA binding by the
ðH3∕H4Þ2 histone tetramer, we are able to reproduce the pre-
ferred 601 nucleosome position with single bp accuracy. This is
a nontrivial result as existing models do not resolve a preference
for the 601 sequence (Fig. S1), which is one of the strongest
known nucleosome positioning sequences (13). For a 601 posi-
tioning sequence integrated in a random DNA fragment our
simple 3 parameter model also yielded a 3,000-fold enrichment
at the correct dyad position relative to DNA lacking sequence
specificity, corroborating the widely shared experience with nu-
cleosome reconstitution reactions using this substrate (43, 44).

Dyad Positions of Single Positioning Elements can be Accurately Pre-
dicted.We next explored how generic the positioning parameters
that we obtained from the 601 positioning element apply to other
well-known positioning sequences. We applied the same proce-
dure to the 5S rDNA gene originating from Lytechinus variegatus
(45) (Fig. S3). Maxima in nucleosome affinity were found for a
dinucleotide periodicity varying between 9.4 and 9.8—i.e., slightly
smaller than that of the 601 sequence (Fig. S3C). Using p ¼ 9.75,
N ¼ 74 bp, and B ¼ 0.2 yielded two positions with a high prefer-
ence for nucleosome formation, at 0 and 18 bp (Fig. S3A). Site-
directed hydroxyl radical mapping of nucleosome positions after
salt dialysis reconstitution by Flaus et al. (46) previously deter-
mined two dominant dyad positions at 1� 2 and 19� 2 bp.
Hence, we conclude that also the natural positioning element
5S rDNA is accurately described by our model.

We extended this characterization to other nucleosome
positioning elements (Table S1) to detect their respective dyad
positions, analogous to a previously published study (30), using
N ¼ 74 bp, B ¼ 0.2, and p ¼ 10.0 bp. As shown in Fig. 3A,
our model is able to locate dyad position(s) within 2 bp, except
for the pGUB nucleosome positioning element, where we detect
only one of the two mapped dyad positions (30). Altogether, the
above shows that the dyad positions of nucleosomes reconstituted
on multiple positioning elements can be mapped at bp accuracy
by our model.

Calculation of the Free Energy of Nucleosome Formation. Having
tested the ability to predict the position of single nucleosome
positioning elements, we now test whether the model has predic-
tive power for nucleosome binding affinity, as reported for multi-
ple positioning sequences (13, 30, 45, 47, 48). In these affinity
experiments, the assembly process was dominated by the histone
tetramer (40). This implies that the binding size of a tetramer,
74 bp, should be used to calculate the associated free energy.
As we determine the binding likelihood ratio relative to random
DNA sequences, which lack any binding preferences, the differ-
ence in free energy due to nucleosome formation is obtained
from the Boltzmann distributed likelihood ratio. The resulting

energy landscape for the 601 positioning sequence is depicted
in Fig. 2C. At the dyad position we find a difference in free energy
ΔG relative to random sequences of −8.0 kBT. In the case of
the 5S rDNA sequence, the two dyad positions have an average
free energy of binding ΔG of −2.5 kBT with respect to random
sequences (Fig. S3A). Taken together, this yields a free energy of
binding to the 601 positioning element with respect to the 5S
rDNA sequence ΔΔG of −5.5 kBT. This is in good agreement
with calorimetric measurements yielding a free energy of binding
ΔΔG of −4.9� 0.3 kBT (40, 49) with respect to the 5S rDNA
sequence (Fig. 3B). Extension of this method to obtain the free
energy of binding for other sequences with respect to the 5S rDNA
sequence (summarized in Table S1) yields a good agreement with
the experimental and calculated ΔΔG with a Pearson’s correlation
coefficient of 0.88 (Fig. 3B). The above illustrates that the model
presented here accurately predicts the energies involved for both
strong and weak nucleosome positioning sequences.

Genome-Wide Nucleosome Occupancy. Above we focused on the
preferential binding of histone octamers to single nucleosome po-
sitioning elements. Now, we extend our analysis to genome-wide
prediction of histone-octamer positions. We expect the model
parameters to be generic and thus independent of the details of
specific genomic regions or different species. To test the ability to
predict genome-wide DNA-histone interactions, we expanded
our model for binding of multiple histone octamers on the same
DNA substrate. Binding of a histone octamer will block potential
binding sites for other histone octamers. Furthermore, a strongly
positioned histone octamer may position other histone octamers,
in a process known as statistical positioning (50). Both these

Fig. 3. Binding characteristics of various nucleosome positioning elements
(Table S1) expressed as dyad positions (A) and free energy of binding (B) by
using N ¼ 74 bp, B ¼ 0.2, and p ¼ 10.0 bp. (A) The red circles represent the
difference between predicted and experimentally obtained dyad positions
(30). (B) The modeled data is compared to calorimetric experiments for
the free energy of binding relative to the 5S rDNA positioning element yield-
ing a Pearson’s correlation coefficient of 0.88. The dashed line represents a
perfect match between experimental and modeled data.
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effects are taken into account by applying Percus’ equation (34–
37) to the energy landscape for nucleosome positioning (Materials
and Methods). The Percus equation introduces a fourth para-
meter, the chemical potential, defining the average DNA affinity
of the histone octamers, which depends on their relative concen-
trations. We used a size exclusion of 147 bp, corresponding to the
histone octamer DNA footprint. To match the limited accuracy of
the experimental data we applied an averaging window of 10 bp
to the energy landscape.

With this extended model we used a 2 parameter fit to 20 kbp
sections of genome-wide nucleosome occupancy maps derived
from salt-dialysis nucleosome reconstitution on isolated-yeast-
genomic DNA (33). To minimize the number of free parameters
we fixed the probability amplitude (B ¼ 0.2) and positioning
window (N ¼ 74 bp) to obtain the dinucleotide periodicity and
chemical potential. Fig. 4A shows a logarithmic plot of nucleo-
some occupancy on a representative part of yeast chromosome
XII. A value greater than 0 indicates an affinity for nucleosome
formation, whereas a value lower than 0 indicates nucleosome
depletion with respect to the overall binding occupancy of the
entire genome. The outcome of the fitted nucleosome occupancy
is shown in Fig. 4A (red line). The obtained values for the dinu-
cleotide periodicity, the chemical potential, and the Pearson’s
correlation coefficient are summarized in Table 1. The correla-
tion of the datasets over the entire chromosome is plotted in
Fig. 4C. We obtained a dinucleotide periodicity of 10.1 bp that
closely matches the values reported in literature (31). As shown
in Fig. 4C, a direct proportionality is found between the experi-
mental and fitted nucleosomal occupancy. Note that the Pearson
correlation coefficients (0.66–0.87) are similar to those reported
by Kaplan et al. (23) using a much more elaborate model, despite
the fact that, contrary to Kaplan et al. (23), we did not apply a
renormalization of the nucleosome occupancy data.

The remarkably large apparent role of DNA sequence in or-
ganizing nucleosome positions in vivo has led to a lively debate
about the methodology used to obtain genome-wide nucleosome
maps (25). Part of this discussion focuses on the role of the known
sequence preference of micrococcal nuclease (MNase), which is
difficult to disentangle from nucleosomal sequence preferences.
To discriminate these effects, and other systematic methodologi-
cal errors, we compared MNase digestion of bare genomic DNA
with reconstituted nucleosomal genomic DNA. The latter experi-
ment reproduced the data from Kaplan et al. (23). Although the
bare genomic DNA lacks histone octamers, we still describe the
outcome of the Illumina deep-sequencing experiment on bare
DNA MNase cleavage products as “nucleosome occupancy,” fol-
lowing the same procedure and terminology as before. We fitted
our model to this data set, as shown in Fig. 4B. The poor quality
of the fit, as quantified by a Pearson’s correlation coefficient of
only 0.23 (Fig. 4D, Table 1), as well as the poor correlation with
experimental nucleosome occupancy maps, indicates that MNase
sequence preferences cannot account for a large majority of the
observed nucleosome occupancy signals.

Nucleosome Positioning in Vivo.One of the most remarkable obser-
vations by Kaplan et al. (23) is the very high correlation between
nucleosome occupancies measured on the yeast genome as-
sembled in vitro and in vivo. This would suggest that other mo-
lecular determinants, such as the presence of histone variants,
histone post-translational modifications, chromatin remodelers,
and other DNA organizing proteins, play a limited role in chro-
matin organization relative to DNA sequence. If this is the case—
i.e., nucleosome positioning is dominated by the thermodynamic
properties of DNA and histone association—and if our model is
accurate, then a majority of the measured positioning signal
should be captured by our model. Here we test whether this is
a good approximation and look for the locations where the ther-

modynamic model seems to fail, pointing to the involvement of
other molecular determinants.

The nucleosome occupancy of a typical section of yeast chro-
mosome I is depicted in Fig. 5A (reconstituted in vitro) and D
(in vivo). Fitting the in vivo reconstitution data set with a Leven-
berg-Marquadt routine using N ¼ 74 bp did not converge to a
stable result. When we expanded the positioning window to
N ¼ 147 bp, however (Fig. 5A, red line), we obtained a good
fit with a periodicity close to that obtained for the in vitro data
set (Table 1). This implies that in vivo nucleosome occupancy is
determined by the DNA sequence that wraps the full octamer
rather than the ðH3∕H4Þ2 tetramer. Such behavior is much like
the shifted positions that are preferred after thermal or enzymatic
remodeling of in vitro reconstituted chromatin fragments (5, 41)
and emphasizes the central role of chromatin remodelers in in

Fig. 4. Comparison of the fitted nucleosome occupancy with genome-wide
nucleosome occupancy obtained after in vitro nucleosome reconstitution and
with data obtained after mock reconstitution (Materials and Methods). (A)
Logarithmic plot of the nucleosome occupancy with respect to the dyad posi-
tion on the DNA sequence of a part of chromosome XII on yeast DNA after in
vitro reconstitution of histone octamers (black line) and our model (red line).
A value greater than 0 indicates an affinity for nucleosome formation,
whereas a value lower than 0 indicates nucleosome depletion with respect
to the overall binding occupancy of the entire genome. The obtained values
for the dinucleotide periodicity and the chemical potential are summarized
in Table 1. (B) Same as A, comparing the dinucleotide model to the data
obtained from bare DNA. (C) A density dot plot comparison of the entire
chromosome. The color of each point represents the number of bp that
map to that point in the graph. The Pearson correlation coefficient between
the maps is indicated in Table 1. The dashed line in Fig. 4 C and D indicates a
perfect agreement between the experimental and modeled data. Note that
the experimental data was not renormalized; renormalization can change
the slope of the correlation plot to unity. (D) Comparing the dinucleotidemod-
el to experimental data obtained in parallel toA but usingmock-reconstituted
(bare) DNA, showing that systematic experimental errors such as MNase
sequence preferences or PCR bias cannot account for the high correlation be-
tween our model and the experimental nucleosome occupancy data.
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vivo nucleosome positioning (51). The obtained chemical poten-
tial in vivo is lower than for in vitro—i.e., −10.4� 0.4 and
−2.0� 0.3 kBT, respectively (Table 1). This lower-chemical-
potential obtained from in vivo data reflects the higher density
of nucleosomes that is found in natively assembled chromatin,
as well as the larger effective binding window, which increases
histone affinity. Despite fitting only two free parameters we
obtain a high Pearson’s correlation coefficient, comparable to
that reported by Kaplan et al. (23). Thus our generic model can
accurately describe genome-wide nucleosome occupancy of both
in vitro reconstituted and in vivo assembled chromatin. As the
obtained periodicity is very reproducible over all datasets and
the chemical potential is constant within the cell and expected
to be maintained between different cells, we can use these para-
meters to predict nucleosome occupancy on other DNA se-
quences. The values of B, p, and N presented here can thus be
used for predictions, though the chemical potential may vary
between species or experiments. It is nevertheless clear that the
model performs better for in vitro data than for in vivo, with the
latter requiring a binding window size that includes DNA binding
to histones H2A and H2B.

Local Deviations from the Predicted Nucleosome Occupancy. Above
we maintained a strict statistical mechanics description of nucleo-
some positioning with a minimal number of free parameters and
assumed that the thermodynamic properties of all nucleosomes
were identical. By allowing some variation in the affinity of his-
tones to the DNA we can capture other effects that may regulate
nucleosome positioning, such as histone variants, histone post-
translational modifications, and the presence of DNA binding
factors that compete for the same DNA. We implement this extra
degree of freedom by reducing the fitting window from 20 kbp to
400 bp, describing the interaction with DNA of approximately
two histone octamers at a time (Fig. 5, green line; Table 1). This
extra degree of freedom results in an increase in the Pearson’s
correlation coefficient (Table 1). The apparent chemical potential
now reflects the local histone affinity and yields a distribution for
both data sets that is much larger than for the 20 kbp averaged
values (Fig. 6 A and B and Table 1). It is interesting to note that
the distribution of the apparent chemical potential of the in vitro
data can be described by a single Gaussian profile with a width of
1 kBT, corresponding to thermal fluctuations of a limited number
of nucleosomes, whereas the local fits to the in vivo data display a
wider, bimodal distribution (Fig. 6). This reflects the fact that in
vitro reconstitutions are performed in the absence of other factors
and that possible variations in post-translational modification are
statistically distributed over all the nucleosomes, whereas in na-
tively assembled chromatin, variations in histone content are due
to biochemical activities recruited to specific DNA loci.

The average distribution of nucleosomes around transcription
start sites (TSS) is regulated in vivo (52–55). In yeast and other
eukaryotic cells, the þ1 nucleosome is well positioned and the
degree of positioning decreases progressively downstream in

the coding region. Around the TSS, a region of nucleosome
depletion is observed (56–59). If DNA sequence is the main
determinant for nucleosome occupancy, the apparent chemical
potential should be constant around the TSS. Analysis of the frac-
tion of DNA segments that displayed the lower apparent chemi-
cal potential in vivo showed that this fraction is highly enriched
near TSSs. Upon aligning the apparent chemical potential
around the TSS, we clearly observed a decrease in apparent che-
mical potential in in vivo chromatin at the þ1 nucleosome and a
slight increase around the −1 nucleosome (Fig. 6C, red line). This

Table 1. The fitted values for the dinucleotide periodicity and the
chemical potential for different genome-wide data sets obtained
at varying fit windows. The Pearson’s correlation coefficient
indicates the correlation between the experimental and fitted data

Dinucleotide
periodicity

(bp)

Chemical
potential

(kBT )

Pearson’s
correlation
coefficient

Fitting
window
size (bp)

In vitro 10.13 ± 0.04 −1.5 ± 0.2 0.74 20 000
Bare DNA 10.10 ± 0.05 −0.6 ± 0.3 0.23 20 000
In vitro (23) 10.10 ± 0.05 −2.0 ± 0.3 0.74 20 000
In vivo (23) 10.19 ± 0.02 −10.4 ± 0.4 0.66 20 000
In vitro (23) 10.14 ± 0.17 −1.9 ± 1.2 0.87 400
In vivo (23) 10.20 ± 0.10 −10.7 ± 1.7 0.83 400

Fig. 5. Genome-wide nucleosome occupancy for in vitro and in vivo experi-
mental data by Kaplan et al. (23) compared to our fitted nucleosome occu-
pancy with different fitting windows. (A) Logarithmic plot of the nucleosome
occupancy with respect to the dyad position on the DNA sequence of a part
of yeast chromosome I of the in vitro reconstituted DNA (black line) and our
model with fitting windows of 20 kbp or 400 bp (respectively red and green
line). The obtained values for the dinucleotide periodicity and the chemical
potential are summarized in Table 1. (B and C) A density dot plot comparison
between the nucleosome occupancy per bp of the in vitro data (x axis) and
that obtained by our model with a fitting window of 20 kbp and 400 bp. The
dashed line in Fig. 5B indicates perfect agreement between the experimental
and modeled data. Note that we did not renormalize both data sets as
was done in ref. 23. (D) Same as A, comparing the dinucleotide model to the
in vivo data. The obtained values for the dinucleotide periodicity and the
chemical potential are summarized in Table 1. (E and F) Same as B and C com-
paring the dinucleotide model to the in vivo data with a fitting window of
respectively 20 kbp and 400 bp.
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is not encoded in the DNA sequence as the in vitro data display
much smaller deviations from the average potential. To correct
for these small variations, we plotted the difference in average
chemical potential between in vivo and in vitro assembled chro-
matin (Fig. 6C, blue line). The decreased apparent potential
around nucleosome þ1, corrected for genetically defined differ-
ences, implies that factors other than DNA-histone interactions
are indeed responsible for the increased observed occupancy of
histones around TSSs.

Discussion
We present an empirical statistical mechanics model based solely
on the periodic occurrence of the dinucleotides TA, TT, AA, and
GC, that is sufficient to identify nucleosome positioning sequences
down to several base pair accuracy and to predict sequence depen-
dent affinity differences with about 2 kBT accuracy. Different
models exist to either position single histone octamers locally in
nucleosome positioning elements or to describe nucleosome occu-
pancy genome-wide (23, 27–30). In the case of single nucleosome
positioning elements, those models are able to predict nucleosome
dyads within 10 bp, but they fail to predict the free energy of bind-
ing obtained by calorimetry (30). The model we describe here is, to
our knowledge, the first to (i) capture both dyad position and free
energy of binding accurately and (ii) connect single nucleosome

positioning in vitro to genome-wide nucleosome occupancy map-
ping in vivo.

A recent report (60) put emphasis on the TA dinucleotide,
whereas we employ three additional dinucleotides, in line with
experimental data from Travers et al. (32). Omission of any of
these dinucleotides reduced the accuracy of the predicted relative
affinity, indicating that all four are important (see Fig. S4). It
should be possible to refine the model by determining the ampli-
tude of the probability functions for all possible dinucleotides
separately. This would add eight free parameters to the model,
which we could not confidently substantiate using the limited num-
ber of biochemically well-characterized nucleosome positioning
elements. From this work, it appears that attributing equal ampli-
tudes to the four dominant dinucleotides captures many detailed
features that have not beenmodeled in a consistent fashion before.

The potential energy landscape for nucleosome positioning
provides a framework to analyze more complex chromatin struc-
tures. Here we uniquely relate data obtained from in vitro recon-
stituted high-resolution single nucleosome positioning sequences
to genome-wide nucleosome maps. The latter data are only avail-
able with a resolution of about 10 bp. We therefore apply a 10-bp
averaging filter to the calculated energy landscape that enters
Percus’ equation. Omitting this 10 bp averaging of the energy
landscape dramatically reduces the correlation between the mod-
el and experimental data (Fig. S5). Besides the limited accuracy
of reported nucleosome occupancy maps, which would warrant
smoothing of the energy landscape, there can be physical me-
chanisms that reduce the barriers between favorable nucleosome
positions as well. Whereas the most favorable positions in the
energy landscape represent stable canonical nucleosomes, at the
peaks in the energy landscape it may be possible for the nucleo-
somes to adopt alternative conformations such as partial unwrap-
ping (44, 61) or inclusion of twist or stretch defects (62, 63). Using
such alternative conformations the nucleosome may evade the
energy penalty for highly unfavorable out-of-phase positions and
this may as a result decrease the barriers between the most favor-
able periodic nucleosome locations along the DNA.

In the case of genome-wide nucleosome occupancy predic-
tions, some available models successfully capture both in vitro
and in vivo systems (23, 64). Those models, however, are based
on complex probability functions that were extracted from the
same experimental data to which they were subsequently applied.
None of these models have sufficient predictive power that their
results can be transferred to other types of experiments. For in-
stance, the model by Segal et al. (33) is unable to distinguish the
601 sequence from random DNA (Fig. S1) whilst its prediction
accuracy for yeast data is 0.75. Here we applied a statistical me-
chanics approach validated on a limited set of well-characterized
nucleosome positioning sequences to construct probability func-
tions that predict nucleosome occupancy with a similarly high cor-
relation for in vivo genome-wide nucleosome occupancy in yeast.

For an even better description of nucleosome occupancy it was
necessary to allow for local variations in the apparent chemical
potential, by reducing effective DNA window sizes to 400 bp, ac-
counting for two nucleosomes (Materials and Methods, Table 1).
Biologically, such variations in apparent chemical potential may
reflect the processive nature of DNA replication forks and the
accompanying nucleosome assembly, as well as a modified mole-
cular composition of the resident histones, such as inclusion of
variants, post-translational modifications, or the competition with
other factors that bind DNA. It will therefore be interesting to
test whether differences in affinity can be due to histone variants
and histone modifications.

Although DNA sequence appears to strongly influence histone-
octamer binding, the DNA sequence does not appear to encode
the distance between adjacent bound histone octamers observed
with in vivo assembled chromatin (25). In order to maintain a
controlled distribution of distances, nucleosomes need to be

Fig. 6. (A) The distribution of the apparent chemical potential for the in
vitro experimental data shows a normal distribution with a standard devia-
tion of 1 kBT . (B) The distribution of the apparent chemical potential for the
in vivo experimental data shows a shoulder representing nucleosomes with a
higher apparent affinity. (C) The average apparent chemical potential
around transcription start sites (TSS) in the yeast genome (23). The apparent
chemical potential in vitro shows a constant value around the TSS (black),
whereas the apparent chemical potential in vivo shows a decrease at the start
of the open reading frame (red). The difference in the apparent chemical
potential between in vitro and in vivo shows a clear decrease in potential
at the start of the open reading frame (blue) indicating that the strongly
positioned nucleosome þ1 is not solely defined by the DNA sequence rules
employed by the model.
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repositioned, most likely by ATP-dependent chromatin-remodel-
ing enzymes such as ACF and CHD1 (65–69). Catalyzed nucleo-
some repositioning has been the subject of numerous experimental
and theoretical studies (5, 70–74) but the exact mechanism by
which these proteins move the histones along the DNA sequence
remains unclear, partially because the mechanisms of remodelers
can be heavily convoluted with nucleosome positioning effects that
are encoded in the DNA.

The model we present here should enable both theoretical and
empirical research on chromatin processes that depend on nu-
cleosome occupancy and positioning. The 10 bp steps observed
upon enzymatic nucleosome repositioning in the 601 sequence by
yeast RSC (5), Drosophila Mi-2 (5), and Drosophila NURF (73),
for example, coincide with the 10 bp peak distribution of the 601
binding energy landscape, modeled here. This suggests that the
sequence-dependent energy landscape of the nucleosome can
play a dominant role during ATP-dependent nucleosome reposi-
tioning, because the energy landscape of nucleosome positioning
will define both the kinetics and thermodynamics of these pro-
cesses, not only in terms of favored nucleosome destinations
but also by its influence on translocation processivity and direction.
Extension of the current model may play an important role in dis-
entangling DNA sequence from histone and chromatin remodeler-
specific effects. A fundamental understanding of the nucleosome
sequence preferences as presented here is a requirement for elu-
cidating the role of DNA sequence in chromatin organization in
vivo, where the nucleosomes are continuously exposed to enzy-
matic nucleosome remodeling.

Materials and Methods
Prediction Model. Here, we test the hypothesis that dinucleotide probability
functions are able to predict nucleosome binding preferences. For this, we
apply a bottom-up approach by assuming that the probability functions
are based on a periodic distribution of TA, TT, AA, and GC (Fig. 1). The first
three dinucleotides may play an important role in bending the DNA, whereas
GC has been implicated to predominantly affect DNA twisting (75). In natural
and synthetic nucleosome positioning elements, these dinucleotides are
spaced with a periodicity p of approximately 10 bp, where the dinucleotide
GC is 5 bp out of phase compared to the dinucleotides AA, TA, and TT. We
model their periodic distribution within the nucleosome as

PðYsjYs−1Þ ¼ P0 þ B sin
�
2π

�
s
p
þ 1

2
δGC

��
; [2]

where Y denotes the nucleotide A, C, G, or T. The subscript s indicates the
position of the nucleotide in the nucleosome relative to the dyad. P0 is
the average probability to find one of the four nucleotides at position s
and equals 0.25. B is the amplitude with which the dinucleotides are distrib-
uted in nucleosomes. The preference of GC dinucleotides to face outwards of
the nucleosome, while TA, TT, and AA preferentially face inwards, is incor-
porated by δGC, the Kronecker delta function, being 1 for a GC dinucleotide
and zero otherwise. For the remaining dinucleotides the conditional prob-
ability is normalized:

∑
Ys

PðYsjYs−1Þ ¼ 1. [3]

Thus the distribution of dinucleotides starting with a C in the nucleosome,
PðY jCÞ is constant and equals P0. The dinucleotides AC, AG, and AT follow
1
3 ð1 − PðAjAÞÞ, GA, GG, and GT follow 1

3 ð1 − PðCjGÞÞ, and TC and TG follow
1
2 ð1 − PðT jTÞÞ, because PðAjTÞ ¼ PðT jTÞ. The likelihood to find the dyad of
a nucleosome at position i in a specific DNA sequence is proportional to
the product of the conditional probabilities of all of the dinucleotides in

the nucleosome, Pði; NÞ ¼ QiþN∕2
s¼i−N∕2 PðYsjYs−1Þ with N equal to the DNA foot-

print of the histone octamer or tetramer. For a fully random DNA sequence,
all dinucleotide positioning preferences average out yielding Pði; NÞ ¼ PN

0 ¼
ð0.25ÞN , resulting in Eq. 1.

The Boltzmann distributed likelihood ratios are converted to a free
energy landscape ΔGðiÞ by

ΔGðiÞ ¼ −kBT lnPnucði; NÞ; [4]

where kB is Boltzmann’s constant and T the absolute temperature.
The nucleosome positioning prediction model described so far takes only

one of the two strands into account, i.e. the Watson strand of a double-
stranded DNA molecule. In most models this symmetry is implicitly imposed
by the lack of detail (23, 30, 33) yielding an exact match between the normal
and the reverse complementary strand. Here, the free energy landscapes
calculated from either strand differ slightly from each other because the
conditional probability for the dinucleotides AT and GC is not symmetrical
(Fig. S2). We compute the effective free energy landscape from the Boltz-
mann weighted average of both strands.

Calculating the nucleosome occupancy genome-wide, a 10 bp low-pass
filter is applied to the free energy landscape. Variation of this filter between
8 and 100 bp does not result in significant changes in the obtained Pearson’s
correlation coefficient, whereas for a filter window below 8 bp the Pearson’s
correlation coefficient drops to zero (Fig. S5).

The interaction among multiple histone octamers on a finite stretch of
DNA leads to additional nucleosome positioning effects known as “statistical
positioning.” Physically this effect can be modeled as a fluid of 1D rods with a
finite size, distributed in a free energy landscape (34–37). The nucleosomes
are in contact with a thermal bath, which allows the nucleosomes to move
freely over the DNA to find their energetically most favorable positions.
Furthermore, histone octamers can freely exchange with unbound octamers
in a reservoir at chemical potential μ. We can use the free energy landscape
obtained from Eq. 4 to calculate the thermodynamic equilibrium density of
histone octamer positions, nðiÞ, using Percus’s equation (34–37)

μ
kBT

¼ ΔGðiÞ
kBT

þ ln nðiÞ − ln
�
1 −

Z
iþσ

i
nðx 0Þdx 0

�

þ
Z

i

i−σ

nðx 0Þ
1 −

R
x 0þσ
x 0 nðx 0 0Þdx 0 0 dx

0; [5]

where μ is the chemical potential of the interaction between histones and
DNA and σ the footprint of a histone octamer.

To compare the result of Eq. 5 with experimental genome-wide nucleo-
some occupancy maps we have to take into account that each nucleosome
protects 147 bp from MNase digestion. To reproduce such nucleosome occu-
pancy maps, we therefore convoluted the outcome of the Percus equation
with a window of 147 bp around each nucleosome position. Thus each single
bp peak in the nucleosome positionmap is converted into a 147 bp blockwith
the same amplitude and center position in the nucleosome occupancy map.

The modeled data was fitted to 20 kbp sections of the experimental data
using a Levenberg–Marquadt routine. This fit yielded the optimal values for
the two free parameters, the periodicity of the dinucleotides p, and the che-
mical potential μ. Fitting a larger section did not change the outcome of the
observed dinucleotide periodicity and chemical potential, but required more
computational resources. Local variations in μ were revealed by fitting small
400 bp sections of DNA to Eq. 1. To exclude end-effects from the Percus’ equa-
tion, the section was extended with 1000 bp on both sides but only the cen-
tral 400 bp part was used for comparison with experimental nucleosome
occupancy data.

The Pearson’s correlation coefficient is calculated between model and ex-
perimental data without any renormalization, as opposed to others (23). The
nucleosome occupancy of parts of the yeast genome, in particular those con-
taining repetitive sequences, could not be determined experimentally. These
parts were not included in our comparative analysis, though our algorithm
calculated the nucleosome occupancy for the entire genome.

The algorithm described above is available online at http://bio.physics.
leidenuniv.nl/~noort/cgi-bin/nup3_st.py.

Genome-Wide Nucleosome Occupancy. In addition to the data reported in lit-
erature we produced two unique genome-wide experimental data sets on
nucleosome occupancy as follows. Genomic DNA was purified from S. cere-
visiae strain BY4741 (EUROSCARF) and histone octamers from G. gallus ery-
throcytes (76). The genomic DNA was mixed with histone octamers in a 1∶1
(nucleosomal) molar ratio with a final DNA concentration of 60 ng∕μl in 2 M
NaCl, 10 mM Tris pH 8.0, and 0.25 mM EDTA. The histones were reconstituted
on DNA using a salt gradient dialysis against 10 mM Tris pH 8.0, and 0.25 mM
EDTA and a sequence of decreasing salt concentrations: 1.8, 1.2, 1.0, 0.8, 0.6,
0, and 0 M NaCl. Each dialysis step lasted at least three hours. A control sam-
ple of DNAwithout histones was mock-reconstituted in parallel. Nucleosomal
and bare DNA, with concentrations of 9 ng∕μl, were digested with 3 mU∕μl
micrococcal nuclease (Worthington) at 37 °C in a total volume of 60 μl until
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the nucleosomal DNA was fragmented to 100–160 bp. For both the nucleo-
somal and bare samples, 100–160 bp–sized DNA was extracted from an
agarose gel using the Qiagen gel selection kit. The size-selected DNA was
prepared and sequenced on an Illumina GAII according to the manufacturer’s
protocol, yielding between 15 and 20 million mapped reads. The number of
reads that mapped to the sacCer2 genome was normalized per bp. For com-
parison of the datasets with the model, the 2 log of the normalized number
of reads per bp was calculated.
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