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Although histones can form nucleosomes on virtually any genomic sequence, DNA sequences show considerable
variability in their binding affinity. We have used DNA sequences of Saccharomyces cerevisite whose nucleosome
binding affinities have been experimentally determined (Yuan et al. 2005) to train a support vector machine to
identify the nucleosome formation potential of any given sequence of DNA. The DNA sequences whose nucleosome
formation potential are most accurately predicted are those that contain strong nucleosome forming or inhibiting
signals and are found within nucleosome length stretches of genomic DNA with continuous nucleosome formation
or inhibition signals. We have accurately predicted the experimentally determined nucleosome positions across a
well-characterized promoter region of S. cerevisiee and identified strong periodicity within 199 center-aligned
mononucleosomes studied recently (Segal et al. 2006) despite there being no periodicity information used to train
the support vector machine. Our analysis suggests that only a subset of nucleosomes are likely to be positioned by
intrinsic sequence signals. This observation is consistent with the available experimental data and is inconsistent with
the proposal of a nucleosome positioning code. Finally, we show that intrinsic nucleosome positioning signals are

both more inhibitory and more variable in promoter regions than in open reading frames in S. cerevisiae.

[Supplemental material is available online at www.genome.org and http:/ /zlab.bu.edu/NPS/.]

Nucleosomal DNA in Saccharomyces cerevisiae is 165 bp long, of
which 146 bp wrap around the histone octamer in 1.65 turns.
The histone octamer, composed of two copies of each histone
protein—H2A, H2B, H3, and H4—has been highly conserved
throughout evolution (Luger et al. 1997). Genomic DNA se-
quences show considerable variability in their binding affinity to
the histone octamer, and this variability contributes to determin-
ing the location and distribution of nucleosomes (Drew and Tra-
vers 1985; Satchwell et al. 1986; Travers and Klug 1987; Baldi et
al. 1996; loshikhes et al. 1996; Lowary and Widom 1998; Stein
and Bina 1999; Widom 2001; Thastrom et al. 2004a,b,c;
Gencheva et al. 2006). The strongest natural nucleosome posi-
tioning sequences have been shown to have affinities for histone
binding that are less than that of some synthetic random DNA
sequences, indicating that eukaryotic genomes have not evolved
to maximize nucleosome positioning power with sequence alone
(Thastrom et al. 1999). A program developed to recognize nucleo-
some sites found that nucleosome positioning in the promoter
region may influence the regulation of gene expression (Levitsky
et al. 2001). Nucleosomes are depleted from active regulatory
elements throughout the S. cerevisiae genome in vivo (Lee et al.
2004), and yeast promoter regions are bound poorly by histones
both in vivo and in vitro (Sekinger et al. 2005).

The sequence-dependent structure of DNA appears to deter-
mine the rotational positioning of DNA about the nucleosome
(Drew and Travers 1985; Satchwell et al. 1986). Several other stud-
ies have also provided extensive evidence indicating a sequence-
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dependent positioning of nucleosomes along DNA (Simpson 1991;
Thoma 1992; Lu et al. 1994; Wolffe 1994; Trifonov 1997; Levitsky
et al. 1999; Kiyama and Trifonov 2002), and much work has been
done to elucidate the nucleosome positioning signals that deter-
mine the preference of a particular region to bind to histones and
form a nucleosome. The CA dinucleotide has been shown to be
important for nucleosome positioning, and the decamer
TATAAACGCC has a high affinity for histones (Widlund et al. 1997,
1999). TGGA repeats impair nucleosome formation (Cao et al.
1998), and poly (dA:dT) has been shown to increase the accessibility
of transcription factors bound to nearby sequences (Struhl 1985;
Chen et al. 1987; Iyer and Struhl 1995). It is well known that DNA
containing short AT-rich sequences spaced by an integral number
of DNA turns is easiest to bend around the nucleosome (Alberts
2002). There is evidence of a periodic repeat every 10.4 bases of the
dinucleotides AA and TT in nucleosome forming sequences (Co-
hanim et al. 2005), and a ~10-bp periodicity of AA/TT/TA dinucleo-
tides that oscillate in phase with each other and out of phase with
~10-bp periodic GC dinucleotides has been demonstrated (Segal et
al. 2006). However, there appear to be no specific motifs responsible
for nucleosome formation, and it is likely that an overall signal is
produced by the composition of the DNA.

A recent study has reported that ~50% of in vivo nucleo-
some positioning is governed by an intrinsic organization en-
coded in genomic DNA (Segal et al. 2006). This was determined
by using 199 stably wrapped and center-aligned mononucleo-
some DNA sequences to construct a probabilistic model repre-
sentative of the DNA sequence preferences of nucleosomes in S.
cerevisiae. The model was derived from dinucleotide probability
distributions and included the reverse complement of each
nucleosome sequence to represent the twofold symmetry axis of
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the nucleosome structure (Richmond and Davey 2003). Another
recent study used comparative genomics to align six Saccharomy-
ces genomes and derive nucleosome positioning sequence pat-
terns based on the frequency of AA and TT dinucleotides
(Ioshikhes et al. 2006). This study found agreement between pre-
dicted nucleosome positions and the experimentally mapped
nucleosomes used in our study (Yuan et al. 2005) and concluded
that nucleosome positioning is at least partially determined by
the underlying DNA sequence throughout the Saccharomyces ge-
nomes. The investigators identified conserved nucleosome posi-
tioning sequence patterns across the various Saccharomyces spe-
cies and concluded that the basic features they identified should
be evident in higher eukaryotes given the evolutionary conser-
vation of chromatin structure.

While progress has been made in identifying sequences of
DNA that either favor or inhibit nucleosome formation, ad-
vances have been limited due to the lack of large-scale experi-
mental data. The identification of nucleosome positions
throughout the genome of S. cerevisiae (Yuan et al. 2005) has
provided an unprecedented opportunity to study nucleosome
positioning signals. Our study uses a support vector machine
(SVM) classifier, trained on a data set of sequence features from
the strongest and weakest nucleosome forming 50-bp fragments
(Yuan et al. 2005). Our SVM-based approach to sequence-based
prediction of preferences for nucleosome positioning is comple-
mentary to, and equally predictive as, the model proposed by
Segal et al. (2006).

Results

Training set

We used a SVM to distinguish between nucleosome forming and
nucleosome inhibiting sequences and created a training set con-
sisting of the 1000 highest (nucleosome forming) and 1000 low-
est (nucleosome inhibiting) scoring fragments from chromosome
III of the data set (Yuan et al. 2005) as shown in Figure 1. Using
the frequencies of the k-mers for k =1 to 6, the SVM can distin-
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Figure 1. The training set is composed of the fragments with the 1000
highest and the 1000 lowest hybridization scores from chromosome |II.
High and low hybridization binding affinities indicate that a sequence is
nucleosome forming or nucleosome inhibiting, respectively.

Table 1. The features responsible for distinguishing the
nucleosome forming from the nucleosome inhibiting sequences in
the training set

Nucleosome forming (+)

k-mer ROC score or inhibiting (—)
A/T 0.91 -
C/G 0.91 +
TA 0.83 -
ATA/TAT 0.81 -
TAA/TTA 0.81 -
AAA/TTT 0.80 -
AT 0.78 -
AAT/ATT 0.77 -
AATA/TATT 0.76

ATAA/TTAT 0.76 -
AAAA/TTTT 0.76 -
GC 0.75 +
CC/GG 0.74 +
CCA/TGG 0.74 +
TAAA/TTTA 0.73 -
AAAT/ATTT 0.72 -
CAG/CTG 0.71 +

The features collectively impart nucleosome formation/inhibition poten-
tial on a sequence. A plus symbol indicates nucleosome formation po-
tential, and a minus symbol indicates nucleosome inhibition potential.
The higher the ROC score, the more significant the feature is in distin-
guishing the two groups. The GC/AT richness of a sequence is the stron-
gest single factor among k-mer frequencies in determining its nucleo-
some formation potential. The entire table containing all 2772 k-mers is
available in the supplemental material at http://zlab.bu.edu/NPS/.

guish between the fragments within the training set with high
accuracy. We measure the quality of a given classifier by measur-
ing the area under the receiver operating characteristic (ROC)
curve. By this metric, a random classifier achieves a ROC score of
0.5, and a perfect classifier receives a ROC score of 1.0. The ROC
scores from 10-fold cross-validation have a mean of 0.951
(SD =0.02), demonstrating that the differences between the fre-
quencies of these k-mers can largely differentiate the two groups.
Sequence elements with length greater than six did not signifi-
cantly change the discrimination power of the SVM. The mean
ROC scores from 10-fold cross-validation of shorter sequence el-
ements are shown in Supplemental Figure 1.

We also ranked the training set without the SVM to deter-
mine how well any given k-mer can separate the high-scoring
fragments from the low-scoring fragments simply by counting
the number of that k-mer in each of the sequences. For each of
the 2772 k-mers, we ranked the training set by the k-mer com-
position and computed a ROC score from the resulting ranked
list (see Table 1). Here we found that the single-nucleotide fre-
quencies G+C (nucleosome forming) and A+T (nucleosome in-
hibiting) are the features most responsible for distinguishing the
sequences, each with ROC scores of 0.91. This is consistent with
findings that the AT-rich intergenic regions in S. cerevisiae are
nucleosome-free (Lee et al. 2004; Sekinger et al. 2005). While the
GC/AT-richness of a sequence is the strongest single factor
among k-mer frequencies in determining its nucleosome forma-
tion potential, no individual k-mer can achieve the ROC score of
the SVM using all k-mers; hence, it is the collection of features
rather than any individual feature that leads to the best distinc-
tion of the two groups of sequences. Table 1 contains a ranked list
of the abilities of the features to distinguish the two groups of
sequences.
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Application of the SVM to the test set

We used the trained SVM to classify the sequence fragments in
the test set (those sequences not on chromosome III) and ob-
tained the following ROC scores: entire test set, ROC = 0.71; ex-
treme 2000 fragments, ROC = 0.90; extreme 1000 fragments,
ROC =0.93; and extreme 500 fragments, ROC = 0.97.

The extreme fragments are the fragments in the test set with
the highest and lowest hybridization binding affinities. As shown
in Figure 2, the fragments with the most extreme hybridization
values score well, but the ROC scores decrease as the test set
includes fragments with hybridization scores approaching zero.
In other words, the fragments with extreme binding affinities are
accurately distinguished by the SVM, while the fragments with
hybridization values at or near zero are distinguished only as well
as would be expected by chance. It is difficult for the SVM to
correctly label the sequences with moderate hybridization values
because the hybridization scores of these sequences are far from
the hybridization scores of the sequences in the training set and
indicate that they do not have a strong preference for either
nucleosome formation or nucleosome inhibition.

Highly accurate predictions on subsets of the data

The SVM produces more accurate predictions for test set se-
quences with extreme prediction scores. Figure 3 shows a contour
plot of the ROC scores of the fragments in the test set with pre-
dicted values at various cutoffs. When all of the fragments are
included [corresponding to the position (0, 0) on the plot], a ROC
score of 0.71 is achieved. However, as the fragments with pre-
dicted values at or close to zero are removed from the test set, the
ROC scores improve significantly. A ROC score of 0.8 is achieved
with predicted values =0.70 and = —0.55, and a ROC score of 0.9
is achieved with predicted values =1.55 and =-1.25. As the
magnitudes of the thresholds are increased, the number of frag-
ments that are included in the test set decreases but the accuracy
of the predictions increases. We are able to make highly accurate
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Figure 2. The ROC scores of the trained support vector machine ap-
plied to the test set composed of the fragments not on chromosome |II.
The support vector machine is trained on the fragments of chromosome
Il with the most extreme scores and most accurately separates the frag-
ments in the test set with the most extreme scores.
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Figure 3. The fragments with the strongest nucleosome forming and
inhibiting signals are the most accurately predicted within the test set.
The X- and Y-axes are the high and low threshold values of the predicted
scores of the fragments, respectively. The colors on the contour plot
represent the ROC score. For example, at (0, 0) all the fragments in the
test set are included and have a ROC score of 0.71, while at (1, —1) only
the fragments in the test set with predicted scores =1 or =—1 are in-
cluded and have a ROC score of 0.83.

predictions on a subset of the data—the fragments with the
strongest nucleosome forming and inhibiting signals.

Taking the concept of thresholding a step further, we can
consider what we call extreme neighbors, in which a fragment
and the fragments adjacent to it must be above certain thresh-
olds. In extreme neighbors 1, each fragment must be above the
high threshold, Ty, or below the low threshold, T, and the frag-
ment on each side of it must be =[T,, — 0.1] or =[T, + 0.1], re-
spectively. Likewise, in extreme neighbors 2 and extreme neigh-
bors 3, each fragment must be above or below T, and T, and the
two or three fragments, respectively, on each side of it must be
=[T,, - (0.2 or 0.3)] or =[T, + (0.2 or 0.3)]. It is logical to require
neighboring fragments to be above or below a threshold because
a nucleosome corresponds to six to eight overlapping probes.
Figure 4 illustrates the number of fragments in the test set and
the corresponding ROC score achieved at various thresholds un-
der the extreme and extreme neighbor conditions. The extreme
neighbor test sets achieve higher ROC scores than the extreme
test set but at the expense of fewer fragments being included at
each set of thresholds. These fragments with strong nucleosome
forming or inhibiting signals that are neighbored by fragments
with the same characteristics and are thus part of nucleosome
length stretches of genomic DNA with continuous nucleosome
formation or inhibition signals are predicted with extraordinary
accuracy.

Nucleosome formation potential

We can use the predicted values from the trained SVM to assess
the nucleosome formation potential along any given DNA se-
quence. The MRM1-HIS3 promoter region in S. cerevisiae has pref-
erential accessibility that is determined by a general property of
the DNA sequence rather than by defined sequence elements
(Sekinger et al. 2005). Figure 5 shows the binding affinities (Yuan
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Figure 4. The number of fragments in the test set and the correspond-
ing ROC score achieved under the extreme and extreme neighbor con-
ditions. The X-axis represents 0.05 increments in the high threshold, T,..
Within each increment of T,, increments of 0.05 from 0.00 to —2.00 of
the low threshold, T, are computed, and the highest ROC score from
these increments is selected. For example, the highest ROC score
achieved between a T, of 0 and a T, between 0.00 and —2.00 is 0.73
from 8264 fragments. The left and right Y-axes represent the ROC score
(solid lines) and the number of fragments in the test sets (dashed lines),
respectively.

et al. 2005) and the predicted values of nucleosome formation
potential determined by our SVM along the MRM1I-HIS3 pro-
moter region. The predictions reproduce the pattern of nucleo-
some formation potential identified by the experimentally deter-
mined hybridization values (r = 0.75), thus confirming that the
general properties of the DNA sequence can determine the posi-
tions of the nucleosomes in this promoter region.

To further test our ability to predict nucleosome formation
potential, we used our trained SVM to predict the nucleosome
formation potential along 199 center-aligned mononucleosomes
studied recently (Segal et al. 2006). Figure 6 shows the mean
predicted nucleosome formation potential over the forward and
reverse strands of the 199 nucleosome sequences, in which the
positions represent the center of the 50-mers on which the SVM
made a prediction. The nucleosome formation potentials form
an arc along the nucleosome and peak every 10 bp, except in the
center of the nucleosome where the peaks are every 20 bp with a
slight bulge 10 bp in between them. In contrast, the GC-content
of the mononucleosomes shows much weaker periodicity (to fa-
cilitate comparison, the ranges of the SVM scores and GC-
content in Figure 6 are set to 5% of their respective total ranges).
The periodicity of the nucleosome formation potential is identi-
fied by the SVM even though there is no periodicity information
used in its training, and the pattern reproduces the ~10-bp peri-
odicity found using the fraction of AA/TT/TA dinucleotides at
each position of the center-aligned nucleosome-bound DNA se-
quences (Segal et al. 2006). A strong periodicity of AA and TT
dinucleotides along Caenorhabditis elegans nucleosomal DNA at
intervals of ~10 bp that becomes less pronounced in the sequence
surrounding the putative dyad of the nucleosome (base pair 73)
has also been observed (Johnson et al. 2006). A ~10-bp periodic-
ity around the dyad has also been seen in nucleosomes of the
ovine beta-lactoglobulin gene in which the investigators sug-
gested that in vivo positioning sites are not necessarily aligned
with the strongest available in vitro positioning site but rather

tend to be located at a fixed distance (Gencheva et al. 2006). The
SVM implicitly reveals the AA/TT periodicity in the mononucleo-
somes and clearly demonstrates its advantage over using the GC-
content alone to identify nucleosome formation potential.

To determine the influence of nucleosome formation poten-
tial on in vivo nucleosome positions, we used a hidden Markov
model to derive the boundaries of the predicted nucleosomes in
our test set and compared them to the nucleosome boundaries
determined by the experimental data. The hidden Markov model
was developed to use the hybridization values of the tiled probes
as input to assign nucleosome/linker boundaries (Yuan et al.
2005). Here, we use it for the same purpose, but with scores
predicted by the SVM as input. Overall, 41.3% and 49.8% of our
predicted well-positioned nucleosomes are within 30 and 40 bp,
respectively, of those determined experimentally (Yuan et al.
2005), compared with 24.05 = 0.02% and 33.10 = 0.02% ex-
pected by chance (P < 10~ ®). A previous study reported that 54%
of predicted stable nucleosomes were within 35 bp of literature
positions compared with 39 + 1% expected by chance
(P <10 '©) (Segal et al. 2006). Despite the differences between
the methods for predicting nucleosome formation, they both
position 15%-17% more nucleosomes than is expected by
chance. Since the chance occurrences of well-positioned nucleo-
somes provide no information on intrinsic positioning, the per-
centage of nucleosomes that are intrinsically positioned is deter-
mined as the proportion of nonchance nucleosomes that are
aligned. Since both approaches reveal 15%-17% more well-
positioned nucleosomes than is expected by chance, this corre-
sponds to 22%-25% of nucleosome positioning due to intrinsic
sequence signal. A comparison of the experimental and predicted
nucleosome mapping is available in the Supplemental Material.

For comparison, we trained another SVM with the regions
assigned as well-positioned nucleosomes and linkers in chromo-
some III (Yuan et al. 2005). We then used this trained SVM to
make new predictions on the test set (non-chromosome III re-
gions) and used these predicted values as input to the aforemen-
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Figure 5. The predicted nucleosome formation potentials reproduce
the pattern of positioned nucleosomes found with the experimentally
determined hybridization binding affinities in the MRM1-HIS3 promoter
region.
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Figure 6. The trained support vector machine reveals the periodicity of the nucleosome formation
potential along center-aligned mononucleosomes. The mean predicted nucleosome formation poten-
tial over the forward and reverse strands of 199 nucleosome sequences is shown with a solid line, while
the GC-content of the sequences is shown with a dashed line. The positions represent the center of the
50-mers on which either the SYM made a prediction or the GC-content was calculated.

tioned hidden Markov model. We found 38% and 46% of the
predicted well-positioned nucleosomes are within 30 and 40 base
pairs, respectively, of those determined experimentally. This per-
formance is slightly worse than that of the SVM trained on the
2000 probes with the most extreme hybridization values, sup-
porting the validity of using individual probe sequences as train-
ing data.

Intrinsic variability of promoter regions

Previous evidence has shown that intrinsic depletion of nucleo-
somes is a mechanism commonly used by promoter regions in S.
cerevisiae and that the intrinsic positioning of nucleosomes
within coding regions in this species is more modest (Sekinger et
al. 2005). We hypothesize that the organizational plan of S. cer-
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Figure 7. Intrinsic nucleosome positioning signals are more inhibitory

and more variable in promoter regions than in open reading frames in .
cerevisiae. The distributions of the average and standard deviation of the
nucleosome formation potentials within each of the promoter regions
and open reading frames suggest that promoter regions in S. cerevisiae
are specifically designed to inhibit nucleosome formation.
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(http://www.yeastgenome.org). Indeed,
the average nucleosome formation po-
tential within each of the promoter re-
gions is significantly lower than that
within each of the coding regions
(P <10~ 1%). Meanwhile, the standard
deviation of the nucleosome formation
potentials within each of the promoter
regions is significantly higher than that within each of the cod-
ing regions (P < 10~ '°), perhaps because the complex regulatory
functions of promoters require some regions to be nucleosome
free and others to be tightly bound by nucleosomes, while the
primary function of coding regions is not regulated by the vari-
able binding of individual nucleosomes. Nucleosome positioning
has been suggested to play a role in regulating gene expression in
human promoter regions in which the nucleosome formation
potential has been shown to be higher in tissue-specific genes
than in housekeeping genes (Levitsky et al. 2001).

Discussion

We have developed a method to predict the nucleosome forma-
tion potential of any given sequence of DNA and identified the
sequence features that contribute to this potential. Our analysis
gives additional insight into previously studied regulatory re-
gions (Yuan et al. 2005), and we can now identify the segments
of DNA in this data set that have nucleosome formation poten-
tial and those that lack it. It is likely that when nucleosomes are
formed with DNA that lacks nucleosome formation potential,
there are other factors involved in their formation. We can also
expect that in regions showing high nucleosome formation po-
tential but no nucleosomes, there must be an explanation for
why the area is devoid of nucleosomes. For example, it may be an
active regulatory region that requires the DNA to be free of chro-
matin. There are two well-known mechanisms for disrupting
nucleosomes and causing lower nucleosome occupancy—
activator-dependent recruitment of chromatin-modifying activi-
ties at enhancers (Deckert and Struhl 2001; Boeger et al. 2003,
2004; Reinke and Horz 2003; Korber et al. 2004) and chromatin
alterations during the process of Pol II elongation (Kristjuhan
and Svejstrup 2004; Lee et al. 2004; Schwabish and Struhl 2004).
These mechanisms occur largely independently of the DNA se-
quences wrapped around nucleosomes and work in conjunction
with the nucleosome formation potential of the sequences to
produce the observed nucleosome positions.

The features responsible for distinguishing the two groups

1174 Genome Research
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on March 2, 2022 - Published by Cold Spring Harbor Laboratory Press

Nucleosome positioning signals in genomic DNA

of sequences in the training set show that the GC/AT-richness of
a sequence is the strongest factor with regard to single k-mer fre-
quencies in determining the nucleosome formation potential. GC-
and AT-rich sequences favor and inhibit nucleosome formation,
respectively. An enrichment of AT/TA dinucleotides in linker DNA
and of GC/CG dinucleotides in nucleosome core DNA has also been
found in C. elegans (Johnson et al. 2006). The differences between
sequences that prefer to bind to histones and those that do not may
lie in the flexibility of the DNA. If the sequence is flexible, it will
more easily wrap around the histones than if it is rigid, and the
k-mers identified as contributing to or resisting nucleosome forma-
tion may be a result of the deformability of the sequence.

The sequence dependence of nucleosomal positioning has
been examined from many perspectives (Widom 2001) including
modeling DNA structure and deformability (Sivolob and Khra-
punov 1995; Anselmi et al. 1999; Kiyama and Trifonov 2002). It
has recently been shown that histone proteins impose large
shearing deformations of adjacent base pairs at sites of sharp
local bending into the minor groove, and this appears to govern
both the superhelical pathway and the positioning of the nucleo-
some (Tolstorukov et al. 2007). These shear deformations, called
Slide, describe the displacement of two adjacent base pairs along
the long axis of the dinucleotide step (Dickerson 1989). Tol-
storukov and colleagues found that the computed cost of de-
forming DNA on the nucleosome increases substantially if the
crystallized sequence is displaced relative to its observed posi-
tioning, indicating that the flexibility of each type of dinucleo-
tide step with respect to Slide is related to the nucleosome for-
mation potential of that step.

The flexibilities of the 10 unique dinucleotide steps with
respect to the parameter Slide have been used to determine that
although the pyrimidine-purine steps have traditionally been
considered the most flexible, TA has context-dependent flexibil-
ity while CA/TG and CG are generally more flexible (Packer et al.
2000a). According to this study, CG, GC, and GG/CC steps are
flexible; AT and AA/TT steps are rigid; and the TA step has con-
text-dependent flexibility, providing a sound explanation of why
G+C content and A+T content favor and inhibit nucleosome for-
mation, respectively. CA/TG is a highly flexible dinucleotide, and
while it is not as distinguishable as GC, CC/GG, and CG in terms
of frequency between nucleosome forming and nucleosome in-
hibiting sequences, each incidence of CA/TG in a sequence likely
has a large impact in imparting nucleosome formation potential.
A complementary study on tetranucleotide structure has shown
that the dinucleotide steps AT/TT, AT, and TA are context inde-
pendent, while CC/GG, CG, and GC are strongly context depen-
dent and the remaining steps are weakly context dependent
(Packer et al. 2000b). Thus dinucleotides that inhibit nucleosome
formation are generally rigid regardless of their context, while
those that favor nucleosome formation are flexible with their
structure depending on their tetranucleotide context.

A-tracts, straight and rigid sequences that cause a sharp
bend in the dinucleotide step following them, are strong nucleo-
some breakers and appear to be used as part of a nucleosome
prevention system (Iyer and Struhl 1995). A-tracts are present in
significantly higher amounts in the low scoring (nucleosome in-
hibiting) compared with the high scoring (nucleosome forming)
fragments of our training set. A comparison of A-tracts and C-
tracts in the training set reveals striking differences. While C-
tracts of size 4 to 6 cannot distinguish the two groups of frag-
ments (ROC =0.55), A-tracts of the same size do a fair job
(ROC =0.73). As shown in the supplemental data to Table 1,

among the frequencies of single features, AAAAA and AAAAAA
are the highest-scoring 5- and 6-mers, respectively, indicating
that these homopolymers have the most influence among the
longest k-mers in imparting or inhibiting nucleosome formation.
These results are consistent with other studies concluding that
A-tracts contribute to the prevention of nucleosome formation
but are not sufficient on their own (Iyer and Struhl 1995; Suter et
al. 2000). The role of A-tracts in increasing transcription and
protein accessibility has been well demonstrated (Russell et al. 1983;
Struhl 1985; Chen et al. 1987), and nucleosome-free regions have
been found to be enriched for A-tracts (Yuan et al. 2005).

We compared the locations of our predicted well-positioned
nucleosomes to experimentally determined locations using the
same definition of accuracy used previously (Segal et al. 2006) so
that a direct comparison could be made. Our demonstration that
41% and 50% of our predicted well-positioned nucleosomes are
within 30 and 40 bp, respectively, of those determined experi-
mentally (Yuan et al. 2005), compared with 24% and 33% ex-
pected by chance, indicates that 17% of the nucleosome posi-
tioning above what is expected by chance is determined by in-
trinsic signals in the genomic DNA. This corresponds to 22%-
25% of non-chance nucleosome positioning. These results are in
accord with a previous study claiming that ~50% of nucleosome
positioning is determined by sequence (Segal et al. 2006). In this
study, 54% of the predicted stable nucleosomes were within 35
bp of literature positions, while 39% were expected to be by
chance, indicating an intrinsic sequence signal effect of 15%
above random and 25% nonchance nucleosome positioning.
This lower rate of intrinsic sequence signal that determines
nucleosome positioning goes against the idea of a genomic code
and rather reveals that the discrimination of different sequences
by histones is relatively subtle except in some extreme cases. This
is in agreement with a previous study suggesting that nucleo-
some location has a greater role than positioning strength in
nucleosome remodeling (Ioshikhes et al. 2006). It is also in ex-
cellent accord with the only study to explicitly reveal intrinsic
nucleosome positioning in which two out of seven nucleosomes
are positioned similarly in vitro and in vivo (Sekinger et al. 2005).

Nucleosome positioning sequence patterns have been found
to be conserved across related Saccharomyces species (Ioshikhes et
al. 2006). We have shown evidence that promoter regions delib-
erately inhibit nucleosome formation to a greater extent than
coding regions, suggesting an evolutionary selection that makes
these regions distinct with respect to intrinsic histone patterns.
We would expect nucleosome positioning in promoter regions to
be conserved throughout Saccharomyces species even if the un-
derlying sequence is not strongly conserved. If this proves to be
the case, it would add a new level of understanding to sequence
conservation as it would be a general sequence property rather
than individual motifs that is conserved. Other non-yeast species
can also be examined to reveal the extent to which the nucleo-
some positioning features are universal. It is reasonable that the
high conservation of histone proteins between species would
contribute to similar nucleosome positioning signals being
found within the genomes of distant organisms.

Methods

We used experimental data consisting of nucleosome hybridiza-
tion affinities of overlapping 50-mers within the S. cerevisiae ge-
nome (Yuan et al. 2005). The S. cerevisiae DNA was treated with
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MNase, a DNA-digesting enzyme that removes the regions con-
necting one nucleosome bead with the next. The nucleosomal
DNA itself survived because it was protected by histones. The
nucleosomal DNA was isolated, labeled with a green fluorescent
dye, and mixed with digested pieces of total genomic yeast DNA
labeled with a red fluorescent dye. The mixture was then applied
to a microarray chip covered with overlapping 50-base DNA se-
quences. The DNA pieces hybridize to the probes on the chip,
and by plotting the green-to-red ratio for each spot on the chip,
the positions of the nucleosomes could be determined. The over-
lapping 50 base pair fragments cover ~4% of the S. cerevisiae ge-
nome (most of chromosome III and 223 additional regulatory
regions), and for each fragment, we have the genomic coordi-
nates, sequence, and hybridization score. Scores represent hy-
bridization strength and are inversely proportional to the
amount of cleavage; i.e., high-scoring fragments are nucleosome
forming and low-scoring fragments are non-nucleosome form-
ing.

Support vector machine

The SVM is a supervised classification algorithm that separates
two groups of data according to given characteristics (Vapnik
1998). The trained classifier can subsequently be used to assign
new data points to one of the two given classes. A training set is
mapped onto a feature space, and a plane separating the positive
and negative examples is chosen that maintains a maximum
margin from any point in the training set. The classification of an
unlabeled example can then be predicted by mapping it into the
feature space and determining on which side of the separating
plane it lies.

We used the Gist software package for SVM classification
(Pavlidis et al. 2004). In our application, the data are 50-mer
sequences, and the two groups are “nucleosome forming” and
“nucleosome inhibiting.” We represent each sequence using the
frequencies of each overlapping k-mer, where k = 1 to 6 (A, C, AA,
AT, TA, etc.). Thus, each sequence is converted into a fixed-
length vector of k-mer frequencies and is labeled indicating
whether it is initially identified as nucleosome forming or
nucleosome inhibiting. A ROC score indicates the accuracy with
which the frequencies of the k-mers separate the two groups of
sequences in a held-out test set (Hanley and McNeil 1982). The
values of the ROC score range from zero to one, with a score of
one being perfect (the test correctly predicts the classification of
each object) and a score of 0.5 indicating that the predictions are
random.

Determination of nucleosome states

Hidden Markov models (HMMs) allow us to look at time series
data in which what we wish to predict is not what we observe;
i.e., the underlying system is hidden. A HMM has been developed
in which the observed states are the hybridization value of each
50-bp fragment of DNA and the hidden states are the designation
of a well-positioned nucleosome (N), a delocalized nucleosome
(D), or a nucleosome free/linker region (L) for each fragment
(Yuan et al. 2005). The HMM uses both the hybridization value of
the DNA fragment as well as the probable state of the DNA frag-
ments preceding it to determine its state. We used the predicted
values derived from the SVM in place of the hybridization values
as input to the HMM in order to determine the predicted bound-
aries of the nucleosomes and linker regions within the continu-
ous regions of our test set. The HMM uses overlapping 50-mers
with a step size of 20 as input and results in six to eight probes
indicating a well-positioned nucleosome and nine or more indi-
cating a delocalized nucleosome. As a result, distances between

centers of nucleosomes are in 10-bp increments. The number of
well-positioned nucleosomes that are expected to align by
chance with those determined experimentally were determined
by repeated random shuffling of the placement of the predicted
well-positioned nucleosomes in each continuous region.
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