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Abstract

Background: Recent advances in the field of high-throughput genomics have rendered possible the performance
of genome-scale studies to define the nucleosomal landscapes of eukaryote genomes. Such analyses are aimed
towards providing a better understanding of the process of nucleosome positioning, for which several models
have been suggested. Nevertheless, questions regarding the sequence constraints of nucleosomal DNA and how
they may have been shaped through evolution remain open. In this paper, we analyze in detail different
experimental nucleosome datasets with the aim of providing a hypothesis for the emergence of nucleosome-
forming sequences.

Results: We compared the complete sets of nucleosome positions for the budding yeast (Saccharomyces cerevisiae)
as defined in the output of two independent experiments with the use of two different experimental techniques.
We found that < 10% of the experimentally defined nucleosome positions were consistently positioned in both
datasets. This subset of well-positioned nucleosomes, when compared with the bulk, was shown to have particular
properties at both sequence and structural levels. Consistently positioned nucleosomes were also shown to occur
preferentially in pairs of dinucleosomes, and to be surprisingly less conserved compared with their adjacent
nucleosome-free linkers.

Conclusion: Our findings may be combined into a hypothesis for the emergence of a weak nucleosome-
positioning code. According to this hypothesis, consistent nucleosomes may be partly guided by nearby
nucleosome-free regions through statistical positioning. Once established, a set of well-positioned consistent
nucleosomes may impose secondary constraints that further shape the structure of the underlying DNA. We were
able to capture these constraints through the application of a recently introduced structural property that is related
to the symmetry of DNA curvature. Furthermore, we found that both consistently positioned nucleosomes and
their adjacent nucleosome-free regions show an increased tendency towards conservation of this structural feature.

Background
Recent studies have suggested that the nucleosomal
organization of eukaryotic genome, should not be con-
sidered a mere obstacle but rather a vital component of
fundamental molecular processes, such as transcriptional
regulation [1,2] or replication [3,4]. However, the princi-
ples that specify the location of nucleosomes along the
DNA sequence remain largely elusive. In many cases,

the specific positioning of nucleosomes or even their
selective disruption [5] has been shown to be driven by
underlying sequence elements, but the extent to which
DNA guides the positioning remains an open question.
Genomewide nucleosomal maps may assist in the better

understanding of the process. Yuan et al. [6] first defined
the nucleosomal positions for a significant portion of the
yeast genome using micrococcal nuclease digestion fol-
lowed by microarray hybridization. Lee et al. [7] used the
same technique at a higher resolution to map nucleosomes
along the entire yeast genome, and Shivaswamy et al. [8]
defined the yeast nucleosome positions under two dif-
ferent conditions using high-throughput sequencing.
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Comparing the results of these studies has proved to be
more complicated than expected. In a recent work, Stein
and colleagues [9] examined independent nucleosomal
datasets for the genome of Saccharomyces cerevisiae in an
attempt to define the sequence prerequisites for nucleo-
some formation. They reported a limited degree of consis-
tency between different datasets, and reached the
conclusion that DNA sequence preferences have only
small effects in the placement of nucleosomes in vivo.
An independent study by Feng et al. [10] focused on two
individual genomewide datasets [7,8]. They suggested that
two distinct classes of nucleosomes of different stability
coexist in the cell nucleus, but they failed to detect any
sequence-specific preferences in either of the two classes.
Defining the sequence properties of nucleosomal DNA

has been the focus of a number of studies, with the main
scope being the prediction of nucleosome positioning
[11-16]. Regardless of the computational approaches
undertaken, which may vary from likelihood models
[13,16] to comparative genomics [12] and supervised
learning strategies [14,15], the combined results reach
two basic conclusions. Firstly, that only a subset of the
cell nucleosome positions may be predictable and sec-
ondly, that the sequence constraints of nucleosomal
DNA, if any, appear to be very weak. Even recent studies
that have attempted to establish a clearer connection
between the underlying sequence and the positioning of
nucleosomes in the light of new experimental evidence
[11,17-20] have not attempted to provide a concise fra-
mework for what drives nucleosome positioning on
DNA, other than the well-reported, ubiquitous dinucleo-
tide periodicities. Overall, the observations made by var-
ious research groups using both experimental and
theoretical approaches imply that there are few regions
in the genome in which the nucleosomal landscape is
consistent across the cellular population, and that the
majority of the nucleosomes are stochastically positioned.
Primary sequence conservation seems to be of little assis-
tance in attempts to define the population of consistently
positioned nucleosomes.
The idea for the existence of a subset of ‘important’

nucleosomes that statistically guide the overall position-
ing of the bulk set is not new. It was introduced in early
works by Kornberg and Stryer [21,22] and later studies
[23,24] have further elaborated this concept. In a recent
work, Reynolds et al. [25] proposed a very efficient
nucleosome-positioning model that supports statistical
positioning. They provided a concise theoretical frame-
work for the discrimination of nucleosome-bound versus
nucleosome-free regions (NFRs), and iterated the obser-
vation of only a small fraction of the complete nucleo-
somes being well positioned. However, they did not
examine whether the used patterns are under any sort
of constraint.

In this study, we focused on precisely this aspect, aim-
ing to identify the specific constraints that are expected
to be underlying well-positioned nucleosomes. We first
defined a subset of consistently positioned nucleosomes
in the yeast genome as primary candidates for playing
an organizing role in chromatin structure. We show
that, in contrast to the surprising absence of sequence
conservation, these nucleosomes are under strong struc-
tural constraints that are related to DNA curvature.
Furthermore, we show that these structural constraints
are retained in consistent nucleosomes in contrast to
the bulk nucleosomes, in which structural tendencies
are weaker and exhibit greater flexibility. We therefore
propose that statistical positioning may partially impose
secondary structural constraints within consistent
nucleosome positions.

Results and discussion
Consistent nucleosomes in the genome of S. cerevisiae
A number of studies have attempted to define the com-
plete set of nucleosome positions along the yeast gen-
ome [7,8,13,23,24]. The final output of these studies
varies. Lee et al. [7] applied a hidden Markov model on
their raw data, which resulted in a set of genomic coor-
dinates for well-positioned nucleosomes. Shivaswamy
et al. [8] directly provided sequence coordinates for the
inferred nucleosome positions. Mavrich et al. [23] pro-
vided the densest of all datasets, with more than 65,000
nucleosome positions (in the form of genomic coordi-
nates of the pseudodyad axes), but these belonged to a
mixed population originating from different experimen-
tal approaches (sequencing and tiling arrays), which in
addition included hypothetical nucleosomes (that is,
positioned by the authors based on general occupancy
assumptions). Kaplan et al. [13] assigned a score to each
nucleotide in the yeast genome, reflecting the in vitro
affinity of the underlying sequence for histone binding.
By contrast, Zhang et al. [24] provided only the raw
datasets, making it difficult to include their inferred
positions in a comparative study.
We thus chose to directly compare the datasets of Lee

et al. [7] and Shivaswamy et al. [8], because they both
consist of homogeneous datasets that span the complete
genome of S. cerevisiae, and to use the data of Mavrich
et al. [23] and Kaplan et al. [13] for further validation of
our results. The sparseness of unaddressed sequence
space in the datasets of Lee et al. [7] and Shivaswamy
et al. [8] makes the comparison between them less com-
plicated (see below). In addition, both datasets consist of
positions with reference to genomic coordinates, provid-
ing a consistent platform for direct comparison. The
analysis was carried out as follows.
We connected each of the experimental calls of Lee et al.

[7] (40,089 nucleosomes) with its closest corresponding
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well-positioned nucleosome in the dataset of Shivaswamy
et al. [8] (49,043 nucleosomes). For every such pair, we cal-
culated the percentage of overlap, expressed as the percen-
tage of the intersection over the union of their
corresponding lengths. We then analysed the distribution
of these overlap values (see Additional File 1). We found
that 31,234 nucleosomes (78%) of the Lee et al. [7] dataset
had at least one nucleotide overlap with one of 33,146
nucleosomes (68%) of the Shivaswamy et al. dataset [8]. In
the analysis, we excluded non-overlapping segments to
avoid biases originating from local discrepancies between
the two datasets (for example, sequencing preferences,
experimental biases, or gaps). We thus confined our study
to the overlapping nucleosomes between the two datasets.
Of these overlapping positions, only 9.8% of the cases
(3,061 nucleosomes) had an overlap exceeding 0.95, and
17.8% of the cases (5,560 nucleosomes) had an overlap
greater than 0.90. These overlaps are still much larger than
expected by chance. To test the significance of these values,
we performed 1,000 simulations of two random experi-
ments, with an equal number of nucleosomal calls (see
Additional File 1). The overlap values between two random
experiments followed a Poisson distribution, which was sig-
nificantly different from the observed distribution (P < 10-3,
Kolmogorov-Smirnov test). In fact, an overlap ratio of 0.95
was not encountered in any of the 1,000 simulations. We
should note here that the positions by Shivaswamy et al.
[8] were provided at single-nucleotide resolution, whereas
those of Lee et al. [7] were given with a resolution equaling
that of the chip used, which was four nucleotides. The lat-
ter corresponds to ~2.5% of the nucleosome length, which,
taken on either side, roughly translates to a 5% uncertainty
value for each nucleosome position. We therefore believe
that a value of 95% represents the maximum possible over-
lap, given the combined resolution of the datasets and thus
opted for the overlap ratio of 0.95 to define well-positioned
nucleosomes that were consistent between the two sets. As
these are expected to have a stable position across all cells
in the population, we shall refer to them as ‘consistent
nucleosomes’ hereafter.

Consistent nucleosomes are well positioned in vivo
and in vitro
A direct comparison of the two previously discussed
datasets and their overlapping subsets was then crossva-
lidated using the scores of Shivaswamy et al. [8],
Mavrich et al. [23] and Kaplan et al. [13]. Initial valida-
tion of the consistent nucleosomes was conducted
through direct comparison with in vivo and in vitro
hybridization scores. We used the initial in vivo scores
provided by Shivaswamy et al. [8] for each of their
nucleosome calls. We then compared the scores of con-
sistent nucleosomes with non-overlapping nucleosomes;
that is, those that had zero overlap between the two

sets. Scores for nucleosomes with no overlap were sig-
nificantly lower than for those with high overlap values
(see Additional File 1). Because these scores were
directly linked to the initial raw experimental signal, the
observed differences may be an indication that consis-
tent nucleosomes are positioned more strongly in vivo.
Mavrich et al. [23] also provide a score for each

inferred position. This is an occupancy measure based
on the mode-normalized occupancy across all of their
four sequencing datasets, ranging from 0 to 100; a mean
score of 100 represents nucleosomes found at the same
position in all four replicate datasets. To further validate
our dataset of consistent nucleosomes, we analyzed
the cases that had > 0.95 overlap with the dataset of
Mavrich et al (~66,000 nucleosomes), and plotted the
distributions of mean occupancy for the complete data-
sets as their overlapping subsets (see Additional File 1).
We found that mean occupancy increased sharply as we
moved from the initial complete dataset of Mavrich
et al. [23] to two-set overlaps, reaching a mean of 93 in
the case of the three-set overlap (segments from Lee
et al. [7], Shivaswamy et al. [8] and Mavrich et al. [23]
that were overlapping in > 0.95 of their combined
lengths). In fact, none of the 3061 consistent nucleo-
somes, defined as the overlaps between Lee et al. [7]
and Shivaswamy et al. [8], showed an overlap of < 0.96
with a corresponding segment of the denser Mavrich
etal. [23] dataset, an additional indication that they
comprise a subset of highly reproducible positions.
In a recent work, Kaplan et al. [13] attempted to

decouple the intrinsic sequence preferences of nucleo-
somes from the combined action of all influencing fac-
tors, and thus provided a measure for the in vitro
affinity of the underlying DNA for nucleosome forma-
tion. Although this is expected to correlate well with
in vivo positioning, we examined possible differences
between consistent and non-overlapping nucleosomes
under in vitro conditions using the model scores as cal-
culated by Kaplan et al. [13] (see Methods for details).
We found a significant enrichment of model scores for
consistent nucleosomes compared with zero overlap
nucleosomes, as expected (see Additional File 1).
Taken together, these results verify our hypothesis

that well-defined nucleosomes are positioned more
strongly both in vivo and in vitro.

Sequence conservation in consistent nucleosomes
The focus of this work was the investigation of sequence
constraints characterizing consistent nucleosomes. We
used phastCons sequence conservation scores [26] (see
Methods), as a measure of evolutionary conservation
between seven species of the genus Saccharomyces, to
calculate the average sequence conservation for the
genomic regions under study. To avoid biases
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originating from the background genomic composition,
we partitioned all datasets into genic and intergenic
nucleosomes. Those falling within genes were treated
separately from those occupying non-coding genomic
space. Conservation of bulk nucleosomes in the two
complete genome datasets [7,8] is comparable with
background conservation in the yeast genome (0.71 for
genic nucleosomes, compared with 0.73 for yeast genic
regions). Interestingly, consistent nucleosomes show
overall lower conservation than the genomic background
for both genic and intergenic partitions of the genome
(Figure 1). This finding is somehow counterintuitive.
Consistent nucleosomes were shown to have enriched
affinity for histone molecules as suggested by both in
vivo and in vitro experiments and to share particular
positional preferences (see Additional File 1). These
facts combined would imply an increased functional role
for the underlying sequences, which does not easily

comport with the observed lack of sequence
conservation.
A number of studies [6,23,27] have pointed out the

role of NFRs in gene regulation. Such regions are
usually enriched in regulatory cis-acting binding ele-
ments for transcription factors that exclude the posi-
tioning of nucleosomes and could thus indirectly affect
the organization of chromatin. These NFRs are therefore
expected to be under specific sequence constraints, and
related to the positioning of nucleosomes. To test
whether such regions may be related to our consistent
nucleosomes (as defined above), we extracted the geno-
mic regions that fell between two adjacent consistent
nucleosome segments We defined as ‘adjacent’ two con-
sistent nucleosomes separated by a distance less than
the size of a nucleosome and termed their intervening
Nucleosome-Free Regions as ‘consistent NFRs’. The set
of these regions consisted of 1,099 genomic segments
with an average length of ~40 nucleotides. The small

Figure 1 Distribution of average sequence conservation (expressed as seven-way phastCons) for the complete nucleosome datasets,
3,061 consistent nucleosomes and 1,099 inter-nucleosomal consistent nucleosome-free regions (NFRs). Average conservation was
calculated as the sum of PhastCons values for a given region divided by its total length. (A) Genic regions partition (n = 5,770). Segments
overlapping 5,770 yeast genes from Shivaswamy et al. [8] (42041 nucleosomes), Lee et al. [7] (31,739 nucleosomes), consistent nucleosomes
(2,449 cases), consistent NFRs (879 cases). (B) Intergenic regions partition (5,442). Segments included in 5,442 yeast intergenic regions from
Shivaswamy et al. [8] (7,002 nucleosomes), Lee et al. [7] (8,350 nucleosomes), consistent nucleosomes (612 cases), consistent NFRs (220 cases).
Dotted horizontal lines correspond to the mean conservation of genic and intergenic regions respectively, calculated as the average over the
sum of their lengths.
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percentage (~10%) that had a length of > 100 nucleo-
tides suggested that they probably represent natural
nucleosome linker sequences; that is, short spacers
between two juxtaposed well-positioned nucleosomes.
There has been evidence that NFRs of greater length
may accommodate specific nucleosomes, whose unstable
nature obstructs their direct observation [28]. We thus
restricted our definition of consistent NFRs to consider
only regions shorted than a full nucleosome. The rela-
tive enrichment (1,099 pairs out of 3,061) of such short
linkers occurring between consistent nucleosomes
reflects an additional property of the latter, namely,
their preference to appear in pairs of dinucleosomes
(see also Additional File 1).
As expected, consistent NFR segments showed increased

sequence conservation. PhastCons scores calculated for
these regions showed an average sequence conservation
above the yeast genomic background for both genic and
intergenic regions. Although strong sequence constraints
are known to exist in these regions, this extremely high
conservation of consistent NFR suggests an increased
importance at various levels. Overall, the 1.099 defined
segments represented less than 0.5% of the length of the
total genome, and even if this is an underestimate due to
restricted coverage of the analyzed datasets, their extent is
unlikely to exceed 1% of the total genome size. On the one
hand, the extremely high conservation of these sequences
indicates multiple roles, which may include the guiding of
nucleosome positioning (see below). On the other hand,
their overall rarity suggests that signals of a different type
(possibly lying within nucleosomes) are probably also
necessary even though they may not be reflected in the
primary sequence conservation.

Possible role of consistent nucleosomes in gene
regulation
The proximity of consistent nucleosomes to highly con-
strained NFRs that carry regulatory elements suggests
that stable nucleosome positioning may be functionally
related to the nearby binding of transcription factors. In
fact, NFRs that host transcription factor binding
elements have been proposed to act as nucleosome posi-
tioning markers [6,23]. If this holds, positional prefer-
ences defining a mutual exclusion between transcription
factor binding sites and nucleosomes would be expected.
To test this, all consistent nucleosomes were centrally
aligned and extended in both directions for 100 nucleo-
tides. The resulting sequences (347 nucleotide long)
were then analyzed with PEAKS [29], an application to
identify significant motif positional biases in pre-aligned
DNA sequences. We performed a PEAKS search of
yeast-specific regulatory motifs as defined by Harbison
et al. [30]. The results of this analysis revealed a sig-
nificant over-representation of positional biases for

regulatory motifs, which are predominantly confined to
the flanking regions of consistent nucleosomes, in clear
contrast with the absence of significant motifs in the
centre of the sequence corresponding to the nucleosome
(Figure 2). The biased motifs belonged to a number of
transcription factors and had variable sequence compo-
sitions, with both AT-rich (TBP) and GC-rich (Ume-6,
Reb1, Swi4) sites found among them, suggesting that
these biases are partly independent from sequence com-
position and probably reflect more general structural or/
and functional tendencies.
Identical analysis was performed on a set of nucleo-

somes that was defined as the low overlap (< 5% but at
least one overlapping nucleotide) fraction of the two
datasets [7,8]. This set comprised 3,288 segments
obtained from the Lee et al. [7] study, which we termed
‘weakly positioned nucleosomes’. Inspection of the
PEAKS output suggested much weaker positional biases
for consistent nucleosomes. Only a few significant motif
biases that lacked specific positional preference with
respect to the nucleosome position were present.

Structural constraints of consistent nucleosomes
A number of studies have suggested the existence of a
‘nucleosome code’ [11-13,16,31], but existing models
appear to explain the binding of only a part of the com-
plete set of nucleosomes. However, genome-scale studies
on nucleosome formation in more complex eukaryotes
[32,33] have reported limited sequence constraints in
nucleosome sequences. It remains to be resolved
whether this apparent lack of constraint is only an arti-
fact of limited knowledge or due to inherent attributes
of the dynamics of the process.
The results presented thus far suggest an overall

absence of primary sequence constraints in the form of
sequence conservation even in well-positioned nucleo-
somes. Nonetheless, even under an assumed statistical
model, some degree of constraint would be expected in
those positions that are thought as instrumental for the
overall nucleosome-positioning process. In the case of
nucleosomes, which are particles involved in chromatin
structure and conformation, it is plausible to expect that
constraints may be better reflected within the DNA
structure rather than in the primary sequence itself. We
therefore introduce a concept of structural information,
which is directly related to the expected curvature of a
DNA sequence.
The importance of curvature in the formation of

nucleosomes has been demonstrated by several studies
[34-37]. The DNA sequence spooling the histone octa-
mer is curved, and it is plausible to assume that specific
curvature patterns may be advantageous for a nucleo-
some-forming sequence. Another important aspect of
nucleosomes is their inherent symmetry. The 147 bp
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nucleosomal sequence wraps around the octamer in a
symmetric manner, and its central part is associated
with the octamer’s pseudodyad axis, a region that has
been shown to bear structural features distinguishing it
from its flanking regions [34,38-40]. Starting from the
above observations, we hypothesized that nucleosomal
DNA sequences are likely to consist of: (i) two symme-
trically curved regions flanking the central part, as DNA
is expected to be curved in a similar manner on either
side of the pseudodyad axis; and (ii) a region of higher

flexibility associated with the pseudodyad axis, at which
the two superhelical loops have to meet and spool the
histone octamer in a more distorted conformation. If
these properties are to be reflected in the underlying
nucleosomal DNA structure, then a measure that effi-
ciently quantifies them should reveal structurally related
differences between nucleosome-binding and nucleo-
some-free sequences.
In a recent work [41], we introduced a structural

property that quantifies the strength of the pattern

Figure 2 PEAKS [29] output patterns. (A) 3,061 consistent nucleosomes with > 95% overlap between two independent experimental datasets
[7,8]; (B) 3,288 weakly positioned nucleosomes with < 5% overlap. Both sets were centrally aligned around the position of the assumed
pseudodyad axis, representing 0 in the x axis. Both forward and reverse complements of each sequence were included in the analysis. Colored
bubbles correspond to positional biases of significant regulatory motifs as defined by Harbison et al. [30]. Each significant motif is represented as
an oval, colored according to an arbitrary internal legend. The width of each oval corresponds to the range of the position of significance, and
the height is the relative motif signal (RMS). The RMS is defined as the maximum number of sequences that contain the motif in the region
over the number of sequences that contain the motif at the P-value cut-off level; that is, the random expectance of the motif occurring in that
region in 1000 random sets (for example, the elongated red oval for Abf1 in (A) was found to a significant bias in positions 120 to 150
nucleotides away from the center of the nucleosome, and in 2.5 times more sequences than those expected under a random model, thus
having an RMS value of 2.5). Notice the difference in the scale between the two panels, suggesting increased fold biases for the consistent
nucleosomes. Images produced by PEAKS are reproduced here with the permission of the program’s authors.
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described above. We implemented this concept (’sym-
metry of DNA curvature’) in a suitably adjusted method
(SymCurv), which permits us to attribute a symmetry of
curvature score to each nucleotide on a given DNA
sequence (see Methods for details). We calculated Sym-
Curv for the complete genome sequence of S. cerevisiae,
and went on to check whether consistent nucleosomes
showed the expected tendency for high SymCurv values.
The results are shown in Figure 3a. Consistent nucleo-
somes were found to have significantly higher SymCurv
values compared with their adjacent linker sequences,
whereas weakly positioned (unstable) nucleosomes (that
is, those with < 5% overlap between the two sets) were
shown to have significantly lower values than the consis-
tent nucleosomes. A more thorough examination was
conducted after centrally aligning all consistent and
weakly positioned nucleosomes, and calculating the
average SymCurv value over each nucleotide position
with respect to the centre of the assumed nucleosome
(Figure 3b). Consistent nucleosomes had the expected
low-high-low SymCurv pattern, which reflects a strongly
positioned nucleosome in the centre, flanked by two
NFRs. Weakly positioned nucleosomes significantly
deviated from this pattern, showing a wider peak with a
‘fuzzier’ shape with lower SymCurv values and with less
pronounced boundaries. The SymCurv pattern for con-
sistent nucleosomes is therefore suggestive of specific
structural preferences related to nucleosome positioning,
which are not reflected in the sequence conservation.
To better establish the existence of this structural con-

straint, we went on to test whether SymCurv values of
consistent nucleosomes are susceptible to minor
changes in the primary sequence. If structural con-
straints exist, it would be expected that small changes,
even point mutations, would bring about significant
changes in the structural profile of the sequence, thus
the sequence will have low structural robustness. We
formulated a simple measure of robustness for Sym-
Curv, based on the variance of SymCurv values over all
one-nucleotide neighbors of a given sequence (see
Methods for details). A sequence under strong structural
constraints is expected to exhibit high variance, and
therefore its robustness will be low. We calculated Sym-
Curv robustness values for the three sequence classes
under study and plotted the corresponding distributions
(Figure 3c). Consistent nucleosomes had robustness
values similar to those NFRs, and were significantly
lower than those of weakly positioned nucleosomes. The
low robustness values of both consistent nucleosomes
and NFRs are indicative of strong structural constraints,
even though their profiles in terms of SymCurv values
are significantly different. In the case of NFRs, these
constraints coexist with those of the primary sequence
as indicated by high sequence conservation, which may

offer an explanation for their extremely high conserva-
tion, reflected in very high average phastCons values
(Figure 2). By contrast, consistent nucleosomes also
appear to be under structural constraints, but at the
same time lack significant conservation at the level of
primary sequence. This may be an additional indication
for the existence of a weak structural code for nucleo-
some positioning, which is only indirectly connected to
the DNA sequence.

Conclusions
The existence of a DNA code for nucleosome position-
ing would impose a considerable informational load on
any eukaryotic genome, guiding the positioning of only
a subset of nucleosomes appears to be a more plausible
hypothesis. Models for the statistical positioning of
nucleosomes were proposed relatively early [21,22], but
to what extent the whole process may be driven by a
restricted subset of sequences was difficult to test before
the accumulation of experimental data. Furthermore,
there are multiple candidates for the role of the effector
sequences for statistical positioning. NFRs with high
sequence conservation and affinity for various transcrip-
tion factors have been suggested to play an organizing
role in the formation of nearby nucleosomes [6,7,16]. By
contrast, well-positioned nucleosomes, occupying key
positions close to the transcription start sites of genes,
have also been reported to impose regular spacing of
neighboring nucleosomes [23,42], a situation that resem-
bles the ‘parking lot’ model proposed by Kiyama and
Trifonov [43].
The question concerning the sequence properties of

these nucleosome positioning elements is perhaps even
more interesting than their distribution along the gen-
ome. Assuming a functional role even for a restricted
part of the eukaryotic genome would imply the exis-
tence of some type of constraints that would reflect the
importance of nucleosomal elements in fundamental
cellular processes. Such constraints have remained elu-
sive for the great majority of nucleosome sequences.
Experimental evidence from higher eukaryotes [32,33]
suggests an overall lack of sequence conservation for the
majority of nucleosome sequences. On the other hand, a
number of theoretical models for nucleosome-forming
sequences [12,13,15,16,25] have indicated various
sequence tendencies related to DNA composition and
periodicities, but to what extent these properties are
constrained (this being the prerequisite for any code) is
a question that has not been addressed in full.
This work constitutes an attempt to provide evidence

for the existence of a specific type of constraints in a
subset of nucleosomes that share particular positional
and structural preferences. Our observations, after a
thorough comparison of published nucleosome datasets
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in the yeast genome, support a model of statistical
positioning with only a restricted subset of the total
nucleosomes being well positioned. Such consistent
nucleosomes show a lack of sequence conservation com-
pared with their adjacent NFRs, and there is a strong
tendency for transcription factor binding sites to be
found at their boundaries. Combined, these findings are
strong indications for the NFRs being the organizing
elements in the process of nucleosome positioning.
According to this hypothesis, NFRs would provide the
scaffold for the strong binding of other DNA-related
proteins, allowing the remaining space to be bound by
the histone octamers. However, a look, at the secondary

structure of DNA shows that a concise nucleosome-
positioning model is probably more complicated.
Through the application of a recently introduced struc-

tural property of DNA [41] and a suitable measure of its
variability developed in this study, we show that consis-
tent nucleosomes have significantly different behavior
compared with both weakly positioned (unstable) nucleo-
somes and NFRs, a difference that can be attributed only
to specific constraints existing at the level of DNA struc-
ture. Such constraints may not necessarily be captured at
the level of the primary sequence. In a recent work, Bet-
tecken et al. [18] showed that the well-documented,
nucleosome-related, dinucleotide periodicities drastically

Figure 3 Structural constraints in consistent nucleosomes reflected in SymCurv values. (A) Distributions of SymCurv [41]values for 1,099
consistent nucleosome-free (NFR) sequences, 3,061 consistent nucleosomes and 3,288 weakly positioned nucleosomes in the form of box plots.
One value was calculated for each sequence as the average SymCurv value over all nucleotides (see Methods). Solid boxes extend to cover the
core 50% of the values around the median, whiskers extend to the further points, and notches extend to 1.58 of the interquartile range. Non-
overlapping notches between two distributions suggest significant differences at 95% confidence interval. Values of consistent nucleosomes are
significantly greater than both linker (t-test, P < 10-16,) and weakly positioned nucleosomal sequences (t-test P < 0.001). (B) Normalized SymCurv
values for the central 447 nucleotides of consistent against weakly positioned nucleosomes. Both forward and reverse complements of each
sequence were included in the analysis. Values were calculated here as the average SymCurv value over each position on a set of centrally
aligned sequences (that is, the centre of the sequences was set to 0, and each nucleotide was assigned a coordinate relative to the centre), and
were subsequently normalized against the overall average in the yeast genome (see Methods). Curves were smoothed with a running average
on a window of 50 bp for better representation. Dotted vertical lines represent the boundaries of consistent nucleosomes. (C) Robustness of
SymCurv values for consistent NFR, consistent nucleosomes and weakly positioned nucleosomes. Robustness was defined as the negative
logarithm of average SymCurv variance in the set of one-nucleotide neighbors of each sequence. Low SymCurv robustness values for consistent
nucleosomes versus weakly positioned nucleosomes (t-test P < 10-7) reflect increased constraints at the structural level. Similarly low values of
consistent NFR sequences suggest that such constraints are also present in these sequences apart from those at the sequence level.
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differ between organisms in terms of the dinucleotides
involved. In their study of the S. pombe nucleosomal
landscape, Lantermann et al. [44] reported significant
discrepancies at the sequence level compared with the
nucleosome sequence compositional preferences of S.
cerevisiae. Such discrepancies at the DNA sequence level
may disappear at structural level. In fact, dinucleotide
structural properties such as roll, tilt and twist angles
may shape the bendability, deformability and curvature
of DNA molecules in a degenerate way. Different oligo-
nucleotides may give rise to similar structures, which
eventually are the elements to be recognized by DNA-
binding proteins. Along the same lines, Travers et al. [45]
support the view of a mixed deterministic-stochastic
framework for nucleosome positioning, suggesting a ‘tun-
able property’ as the basis for the DNA-guided nucleo-
some positioning. Figure 4 gives a clear demonstration of
how SymCurv may act as such a ‘tunable property’. Nor-
malized values of SymCurv and sequence conservation
(as PhastCons) were plotted as an average over 1,099
centrally aligned consistent NFRs (see Results). The mir-
ror-image-like pattern is suggestive of how sequences
with low conservation may assume favorable conforma-
tions for the accommodation of nucleosomes. Some of
the missing aspects of the complicated process of nucleo-
some positioning and the shaping of the underlying
sequences may thus be revealed through the assessment

of a simple structural property instead of with the use of
a complicated model.
In this work, we have attempted to use such a property

to reconcile the existence of well-positioned ‘key’ nucleo-
somes with the lack of sequence conservation within
them, by revealing a secondary type of constraint, emer-
ging at the structural level. We show that the symmetry
of DNA curvature, as quantified by SymCurv [41], is sig-
nificantly higher in well-positioned nucleosomes com-
pared with unstable, weakly positioned nucleosomal
sequences. This second-level sequence pattern may be a
reflection of a weaker type of constraint related to struc-
tural preferences of the histone octamer, which has been
further fixed through the consistent positioning of
nucleosomes in the same region through evolution. Our
findings may thus be combined into a model for the
emergence of a weak nucleosome-positioning code
(Figure 5). According to this hypothesis, whose starting
point is the statistical positioning of nucleosomes, consis-
tent nucleosomes are only partly guided by nearby NFRs.
Once established, a set of well-positioned nucleosomes
may impose secondary constraints that further shape the
underlying DNA. This ‘molding’ of the genomic sequence
is not taking place at the level of the primary sequence
but at that of secondary DNA structural conformation, as
the only prerequisite is the accommodation of the his-
tone octamer. Thus, in the same way that a sculptor

Figure 4 Average conservation and SymCurv plotted around 1,099 consistent nucleosome-free regions (NFRs) defined through the
comparison of two independent datasets (see text for details). The center of the NFR was set as zero. Both forward and reverse
complements of each sequence were included in the analysis. Conservation was calculated as mean PhastCons scores over all sites with a
specific distance from the centre of the NFR, and SymCurv calculated accordingly. Both curves were smoothed with a running average on a
window of 50 bp for better representation.
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creates a cast that bears no detailed characteristics of the
sculpture other than its basic outlines, the DNA may be
shaped in order for greater affinity with the octamer to
be achieved, regardless of the primary sequence elements
that constitute it.
Overall, our study suggests that sequence constraints

related to nucleosome positioning, although weak and
secondary, exist and are better reflected at the level of
DNA structure. Defining the complete set of such con-
straints would therefore be of great value to our under-
standing of both chromatin organization and its role in
gene regulation in eukaryotes.

Methods
Dataset comparison and in vitro validation
Genomic coordinate overlaps were calculated as
described in the Results section. Validation was con-
ducted using the in vitro data from Mavrich et al. [23].
For each nucleosome under examination, the corre-
sponding segment of the Mavrich et al. [23] dataset that
had an overlap > 0.95 was retained. Thus, three new
subsets were formed, consisting of significant (≥ 0.95)
overlaps of the Lee et al. [7] dataset, the Shivaswamy

et al. [8] dataset and consistent nucleosomes, against
the set of Mavrich et al. [23] (see Additional File 1).
Validation was performed with the in vitro data from

Kaplan et al. [13]. For each set of genomic coordinates,
we retrieved the model scores of Kaplan et al. [13 ]
http://genie.weizmann.ac.il/software/data/Yeast_sac-
Cer1_Model_Score.gxt.gz. As data were in the form of a
single value per nucleotide, we calculated the sum of
model scores and then averaged these over the length of
the nucleosomal segment under examination (always
equaling 147 nucleotides), resulting in one value repre-
senting the mean in vitro model score for each genomic
region (see Additional File 1).

Sequence conservation
To assess sequence conservation, we used an approach
similar to that described above for the in vitro data. We
obtained seven-way PhastCons values from UCSC Gen-
ome Browser http://hgdownload.cse.ucsc.edu/golden-
Path/sacCer1/multizYeast/ for the complete yeast
genome (2003 Assembly, sacCer1). PhastCons values
were summed for each segment, and then averaged over
its length. Averaged aggregates of these values for each

Figure 5 A model for nucleosome positioning sequences. Vertical dotted lines represent consistent nucleosome boundaries. Green and red
filled plots with arbitrary axes are qualitative representations of sequence conservation and SymCurv, respectively, shown here to allow better
description of the model (actual data presented in Figure 4). High-affinity binding is necessary for regulatory elements occupying the
surrounding space and allowing nucleosomes to occupy regions of low sequence constraint. The consistent positioning of these nucleosomes
does not require high affinity but imposes a secondary level of constraints of a structural type on the underlying sequences. The symmetry of
DNA curvature may be seen as one constraint of this type.
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genomic segment were used as a measure of its overall
sequence conservation. Genomic coordinates were clas-
sified as genic or non-genic based on the genomic coor-
dinates of SGD genes for the 2003 Assembly (sacCer1).
Mean conservation (Figure 2, dotted lines) was calcu-
lated as the overall average of PhastCons values for all
genic and all intergenic nucleotides.
Peaks
PEAKS [29] was implemented directly from the posi-
tional footprinting web server http://evolutionaryge-
nomics.imim.es/PEAKS/usr/, using transcription factor
binding sites matrices from a previous study [30], with a
cut-off value of 0.99 and a footprinting window size of
11 nucleotides. Given a set of pre-aligned sequences,
PEAKS detects motifs that show significant clustering at
a particular distance from an arbitrary reference ele-
ment, which in this case was set as the position of the
pseudodyad axis of the assumed nucleosome.
To assess significance of positional biases, PEAKS uses

random datasets to estimate a P value for each binding
factor. In the graphical representation (Figure 3), each
significant motif is represented as an oval, whose width
corresponds to the range of the significant position, and
whose height is the relative motif signal (RMS). The
RMS is defined as the number of sequences that contain
the motif in the region over the number of sequences
that were expected to contain the motif at the P-value
cut-off level (random expectance of the motif occurring
in that region calculated for 1,000 random sets). Images
produced by PEAKS are reproduced here with the per-
mission of the program’s authors.

SymCurv: calculating the symmetry of curvature of a
given DNA sequence
The symmetry of curvature of DNA sequences [41] was
calculated by applying symmetry constraints on a DNA
sequence’s predicted curvature. Given a sequence on
which curvature values are computed for each trinucleo-
tide step, a symmetric pattern around a given nucleotide
position n would imply similar values of curvature at
equal distances from this position on either direction.
That is, the value of curvature at position n-1, Curvn-1
should be similar to the value at position n+1, Curvn+1,
and this should hold for all pairs of positions at distance
i from n for i = 1, ..., m, where m is a suitably adjusted
parameter. At each such distance, we can compute the
absolute difference between the corresponding curvature
values di = |Curvn-i-Curvn+i|. The lower this value, the
higher the symmetry within the given distance i from n.
We define the symmetry of the curvature of the

sequence centered at position n on a window of length
m as the inverse sum of the distances over all values
from 1 to m:

S m =
dSym

ii=

m

( ) ∑ 1

1

(1)

The inversion in the Ssym formula is performed to
maximize the symmetry score; the more symmetric the
values on either side of position n, the closer the sum of
distances will approach zero and thus larger the symme-
try value Ssym will become. As values of di are generally
in the range of two orders of magnitude, we use the
inversion in equation 1 (rather than, for example,
the simpler use of its negative value) to increase the
dynamic range of Ssym values and thus ‘spread’ the Ssym
value range to better capture differences between
sequences.
Based on the above definition of Symmetry, the sym-

metry of curvature is calculated as follows. Given a
genomic sequence, the method proceeds by first calcu-
lating the curvature values and subsequently applying
the symmetry constraints on the resulting curvature
data.
First, curvature values of the given sequence are cal-

culated. In the current version of our method, we calcu-
late the DNA curvature using BENDS [46], extended
with the use of trinucleotide parameters as described
previously [47,48]. The output of this step is an array in
which a curvature value is attributed to every nucleo-
tide, calculated through a window of length of 30 bp
centered on each nucleotide and sliding 1 bp at a time.
According to this scheme, each trinucleotide and its
reverse complement (for example, TAA/TTA) are
equivalent in terms of structural parameters (roll, tilt
and twist angles). It is thus an easy matter to apply the
calculation to both the sequence under examination and
its reverse complementary. This makes sense from the
physical point of view as we expect that the nucleosome
forming potential of a given DNA sequence be strand-
independent.
Secondly, nucleosomal sequences have been reported

[34,36,39,40] to be flexible around their central region,
where local distortions are relaxed. Thus, the region of
the pseudodyad axis may be expected to produce lower
curvature values, separating two parts of overall higher
curvature. A local curvature minimum is thus set as a
prerequisite for a given site to be considered as a possi-
ble dyad axis, and the calculation of Ssym is only to take
place in sites fulfilling this condition. Thus, the curva-
ture values array is scanned for local minima. For posi-
tions that fulfill the above criterion, a local minimum
score is calculated according to the formula:

S n
Curv Curv Curv Curvn n n n

min
( ) ( ) ( ) ( )

( )
( ) ( )

=
− + −− +

1

1 1
(2)
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if Curv(n-1) >Curv(n) and Curv(n-1) >Curv(n), while
Smin (n) = 0, otherwise Curvn is the curvature value at
position n on the genomic sequence. The inversion in
the Smin formula is performed to selectively increase the
scores for mild local minima, as the local decrease in
curvature on the dyad axis region is expected to be a
smooth, minor decrease rather than an acute one.
Thirdly, the SymCurv symmetry score at every local

minimum site is calculated using equation 1. The length
parameter m was set to 25, based on the combined size
of the pseudodyad axis and the immediate flanking
regions. The calculation is thus conducted over a win-
dow of 50 nucleotides, which corresponds to five DNA
double-helical pitches. The overall score of the symme-
try of curvature, SymCurv, is calculated as the product
of the two scores.

SymCurv S Sn m min n sym n m( , ) ( ) ( , ),= (3)

where m = 25.
We should note here that use of m values in the range

of (m = 15 to 35), corresponding to three to seven heli-
cal turns yielded similar results. We therefore chose to
use m = 25 (~five helical turns) as it is closer to the
known size of the dyad axis region [49] and its immedi-
ate flanking sequences, which have been shown to be
contributing the most to histone binding [50,51].
SymCurv thus assigns a value for each nucleotide.

Given a region of size L nucleotides, we may calculate
an overall SymCurv value for the genomic segment as
the average over all nucleotides.

SymCurv L =
SymCurv i

L
i

L

( ) ( )∑ (4)

We proceeded in such a way to compute SymCurv
values for nucleosome and NFR regions in this study.
To allow direct comparison, the SymCurv values in
Figures 3b and Figure 4 were normalized in the form of
z-scores:

ZSC i =
SC i mean SC

sd SC
[ ]

[ ] ( )
( )

,
−

(5)

where the new ZSC[i] value was calculated on the
basis of mean and standard deviation values of SymCurv
for the complete yeast genome. Thus, the average values
were set around 0.
Robustness of SymCurv
The robustness of SymCurv values was then tested.
Given a DNA sequence of length L, its average SymCurv
value was initially calculated as described above. We
then produced the complete set of DNA sequences,
which differ from the original by one nucleotide, by

mutating all individual positions but keeping the rest of
the sequence intact. For a sequence of length L, there
are 3L one-nucleotide mutants or neighbors. We then
calculated the average SymCurv values for all neighbors
and defined the distance within them as the variance of
the four values for each nucleotide position. Thus for
nucleotide i the distance D(i) is:

D i = var SymCurv A ,SymCurv G ,SymCurv C ,SymCurv T( ) [ ] [ ] [ ] [ ]( ),

where SymCurv[X] is the value of SymCurv at the i-th
nucleotide for the neighbor bearing nucleotide X at that
specific position.
The overall distance for the complete sequence Dseq is

then calculated as the average over all L positions:

D =
D i

Lseq

i

L ( )∑
As high variance is a measure of variability, which is

inversely related to robustness, we may define robust-
ness (R) as the negative logarithm of the above distance:

R = Dseq seq− ( )log

The logarithm is used here to decrease the dynamic
range of R purely for practical reasons, as overall dis-
tances (D) exhibit a range of values over several orders
of magnitude.
A property such as Rseq is used as a measure of the

variance of the SymCurv values between the one-
nucleotide neighbors. It represents the tendency of a
given sequence to radically alter its structural properties
(as measured by SymCurv) given a single mutation any-
where within it. In this sense, robust sequences will
tend to have low (strongly negative) values of D. By con-
trast, sequences under strong structural constraints will
tend to have increased variance, as even single nucleo-
tide mutations may bring about notable changes in the
structural profile, and their robustness will therefore be
decreased.

Additional material

Additional file 1: Additional information on the definition and
validation of consistent nucleosomes. Text containing additional
information on the definition and validation of consistent nucleosomes.
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