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Characteristics of Nucleosome Core DNA and Their Applications in
Predicting Nucleosome Positions

Hongde Liu, Jiansheng Wu, Jianming Xie, Xi’nan Yang, Zuhong Lu, and Xiao Sun
State Key Laboratory of Bioelectronics, Southeast University, Nanjing 210096, China

ABSTRACT By analyzing dinucleotide position-frequency data of yeast nucleosome-bound DNA sequences, dinucleotide
periodicities of core DNA sequences were investigated. Within frequency domains, weakly bound dinucleotides (AA, AT, and the
combinations AA-TT-TA and AA-TT-TA-AT) present doublet peaks in a periodicity range of 10-11 bp, and strongly bound
dinucleotides present a single peak. A time-frequency analysis, based on wavelet transformation, indicated that weakly bound
dinucleotides of core DNA sequences were spaced smaller (~10.3 bp) at the two ends, with larger (~11.1 bp) spacing in the middle
section. The finding was supported by DNA curvature and was prevalent in all core DNA sequences. Therefore, three approaches
were developed to predict nucleosome positions. After analyzing a 2200-bp DNA sequence, results indicated that the predictions
were feasible; areas near protein-DNA binding sites resulted in periodicity profiles with irregular signals. The effects of five
dinucleotide patterns were evaluated, indicating that the AA-TT pattern exhibited better performance. A chromosome-scale
prediction demonstrated that periodicity profiles perform better than previously described, with up to 59% accuracy. Based on
predictions, nucleosome distributions near the beginning and end of open reading frames were analyzed. Results indicated that the

majority of open reading frames’ start and end sites were occupied by nucleosomes.

INTRODUCTION

Seventy-five to ninety percent eukaryotic genomic DNA is
packaged in nucleosomes (1). Nucleosome DNA can be di-
vided into the core and the linker DNA. Core DNA, a ~147-
bp DNA sequence, is sharply bent and tightly wrapped around
a histone protein octamer (2). Nucleosome positioning refers
to the position the DNA helix adopts with respect to the his-
tone core; positioning has been implicated in the regulation of
gene expression in eukaryotic cells, since packaging DNA
into nucleosomes affects sequence accessibility (3—6).
Because DNA contains specific dinucleotides, in particular
weakly bound dinucleotides (e.g., AA, TT, TA) (3,4), which
are periodically spaced by 10-11 bp (7-10), DNA sequences
are intimately associated to nucleosome positioning. The
periodic spacing of dinucleotides facilitates a bend in the
DNA helix, which allows wrapping of the histone protein
octamer. Recently, computational models and experimental
determinations have made advancements in the field of nu-
cleosome positioning (3,4,11-13). Segal and co-workers (3)
identified nucleosome-bound DNA sequences and employed
those sequences to construct a dinucleotide-based model for
nucleosome positioning (3). Similarly, Ioshikhes and co-
workers utilized the occurrence of periodically distributed
AA and TT dinucleotides to define a ‘‘nucleosome position-
ing sequence’’ (11). Both groups subsequently applied their
models to predict nucleosome positioning on the entire Sac-
charomyces cerevisiae genome and compared their predic-
tions to experimentally determined nucleosome locations.
Results suggest that the genome DNA sequence partly de-
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termines the locations of nucleosomes. Yuan and co-workers
developed a tiled microarray approach to identify nucleo-
somes on S. cerevisiae DNA (4). Using a nucleosome DNA
sequence probe based on a specific dinucleotide periodical
pattern, Salih and co-workers introduced a straightforward
method for nucleosome mapping (12). More recently, Albert
and co-workers sequenced DNA from 322,000 individual
S. cerevisiae nucleosomes and analyzed the functions of nu-
cleosome positioning in gene regulation (13). Support vector
machines were also trained to predict nucleosome positions
(14).

In this study, a new dinucleotide periodicity characteristic
was discovered in core DNA sequences by analyzing the di-
nucleotide position frequency of yeast nucleosome-bound
DNA sequences with wavelet-based techniques. Subsequently,
based on the characteristics determined, three approaches
were applied for predicting nucleosome positions. The results
were compared with previously reported experimental data
and predictions (3,13). Finally, the distance from the nucle-
osome dyad to the start and the stop codons was estimated.

MATERIALS AND METHODS
Data sets

The dinucleotide position-frequency data from yeast and chicken nucleo-
some-bound DNA sequences were retrieved (http://genie.weizmann.ac.il/
pubs/nucleosomes06) (3). Each data set consisted of a matrix with 142 rows
and 20 columns (F42x20), indicating the occurrence frequency of 20 dinu-
cleotides (16 dinucleotides and 4 combination dinucleotides) at 142 positions
within the core DNA sequence. The data sets served two purposes. First,
periodicity analysis was used to explain the dinucleotide periodicity charac-
teristics along the core DNA. Second, the score computation was used to
predict nucleosome positions.
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To explore the relationship between DNA curvature and dinucleotide
spacing, the crystal structure data of the DNA complex and its histone pro-
teins were employed. Two crystal structure data sets (ID: 1ID3 and 1U35)
were retrieved from the Protein Data Bank (PDB).

The nucleosome position predictions were tested on a 2200-bp DNA
sequence (S. cerevisiae chr. II: 277,412-279,612 bp) as well as an entire
chromosome (S. cerevisiae chr. I). Sequence data were downloaded from the
Saccharomyces Genome Database (http://www.yeastgenome.org).

Methods

Analysis of dinucleotide position-frequency data and
periodicity patterns

Dinucleotides of DNA sequences display 10—11-bp periodicity (9), and it is
thought that the periodicity could vary along the core DNA sequence. To
explore this, two wavelet-based methods, time frequency spectrum (TES)
and wavelet frequency spectrum (WES) (15), were used to analyze the di-
nucleotide position-frequency data (F42x20). TFS has the capacity to pro-
vide both time and frequency information synchronously, resembling the
short-time Fourier transform. WES is similar to the Fourier power spectrum,
but is more accurate and flexible.

First, each dinucleotide occurrence frequency data set (each row of
F142%20) was analyzed with WES to determine what frequency (periodicity)
components were contained. Second, TES was employed to detect how the
periodicity components evolve along the positions. The row data were sep-
arated into three sections (two ends, each 50 bp, and one middle section)
before performing TFS. In TFS, the periodicities of weakly bound dinucle-
otides (AA, AT, TA, TT, and its combinations) present a regular variation
along the positions. The regular variation is termed the ‘periodicity pattern’’
(see Results and Discussion).

Curvature pattern of nucleosome-bound DNA sequence

The periodicity pattern reflects the regular spacing of weakly bound dinu-
cleotides along the core DNA sequence. Because DNA bending is sequence
dependent, the DNA curvature was subsequently investigated with a theo-
retical model and an estimation of the crystal structure data for confirmation
(16-19). The theoretical DNA curvature was estimated with curvature vector
C(Eq. 1), which is calculated with a matrix of roll p and tilt 7 angles obtained
for the 16 dinucleotide steps (16),

& 21rij
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where 1¥ is the double-helix average periodicity (10.4 bp) and number

(n, — ny) represents the integration step. The modulus of the vector repre-
sents deviation from B-DNA.
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On the other hand, the crystal structure data depict the central tract of the
DNA double helix. Each section of the tract is an arc. The true curvature was
estimated from the length ratio of the arc to its chord (Eq. 2),

C=1/d, (@)

where [ and d are the lengths of the arc and its chord, respectively. The ratio is
a number between 1 and /2.

The results demonstrate that the curvature of nucleosome-bound DNA
sequences also presented a typical variation, which is called the ‘‘curvature
pattern’’.

Three approaches for predicting nucleosome position

By virtue of the periodicity and the curvature patterns, two prediction ap-
proaches were constructed. First, the patterns were represented as two pattern
signals. Second, the periodicity and curvature profiles were calculated. The
periodicity profile was the signal that described weakly bound dinucleotides’
periodicities along a DNA sequence and was calculated as follows: the DNA
sequence was scanned at 1-bp increments with a 100-bp sliding window. In
each sliding window, the correlation function of weakly bound dinucleotides
(Cww-ww) was calculated (9). The correlation function was an oscillating
signal that contained dinucleotide periodicity information. Here, WFS was
performed on the correlation function to extract the preponderant periodicity
values in the range of 9.5-12 bp. The periodicity profile recorded the peri-
odicity value and the window central position.

The curvature profile provided a theoretical curvature value for the DNA
sequence at each position. The scanning was performed in 1-bp steps with
a 10-bp sliding window. In each window, the curvature was estimated with
Eq. 1.

The final step was to predict the nucleosome positions. This task was
achieved by recognizing the pattern signal from its corresponding profile.
However, noise often hinders recognitions. Two strategies were used to
overcome this problem: one was a wavelet-based denoise for profiles; the
second was a convolution operation, which was performed on the pattern
signal and the corresponding profile. If a profile’s segment resembled the
pattern signal, the convolution would peak at the corresponding position,
indicating a nucleosome.

The third prediction approach estimated nucleosome positions by ap-
pointing a score that correlated to the extent of the dinucleotide position
frequency of a DNA sequence compared to the core DNA sequence. The
score was the sum of all product matrix elements from the dinucleotide
position-frequency matrix (F42x16) of core DNA sequences and the binary
indicator matrix (D¢x142) of the DNA sequence (Eq. 3),

score = sum(F\4x16 - Disx142) 3)

where score represents the score, matrix F 4516 denotes the dinucleotide
position-frequency matrix, and matrix D¢x 14> Was the binary indictor matrix
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TABLE 1 Dinucleotide periodicities of yeast nucleosome-bound DNA sequences
Single peak Dinucleotide CA CcC CG TA TT TG GC GT SS CC-GG GA-TC
Periodicity (bp)  10.69 9.88 9.88 1027 11.14 9.88 11.14 1027  9.88 9.88 9.88
Doublet peaks ~ Dinucleotide AA AT CT GA AA-TT-TA wWw CA-TG
Periodicity (bp) 10.27 10.27 9.88 10.27 10.27 10.27 9.88
11.14  11.14  10.69 11.14 11.14 11.14 10.69
No peak Dinucleotide AC AG GG TC AC-GT AG-CT

of the DNA sequence, where 1 indicated the presence of a certain dinucle-
otide and 0 indicated its absence, i.e., a 142-bp sliding window was used to
scan the DNA sequence from start to end in 1-bp steps. In each window, the
score was calculated with Eq. 3. The window’s position and the score were
recorded in a score profile. A high peak in the score profile indicated a
nucleosome. Some dinucleotides might be more important for nucleosome
positioning than others, as reflected in nucleosome sequence patterns. In
previously reported studies, the dinucleotide pattern AA-TT (11), AA-TA-
TT-GC (3), and WW-SS (13) have been used. The pattern RR-YY was also
suggested (20). In this study, these patterns were tested. Before calculating
the score profile of specific dinucleotide patterns using Eq. 3, the position-
frequency matrix (Fi4px16) Was reconstructed by conserving the specific
dinucleotide elements and setting the other elements to 0, which eliminated
negative effects (noise) of other dinucleotides in nucleosome positioning.
The final score profile was smoothed by a multipoint moving average.

The three methods all employed a sliding window to compute the profiles.
The periodicity profile consumed the majority of computation time, and the
score profile required the least amount of time. The results predicted here were
compared with experimental data from previously published studies (13) as
well as algorithmic results from Segal and co-workers (3). Following com-
parison to previously reported studies (13), a true positive (TP) was defined if
the shift between the prediction and the experimental data was <30 bp.
However, if the shift was more than 30 bp, the prediction was a false positive
(FP). Finally, if the prediction resulted in a 30-bp miss from the experimental
position, it was defined as a false negative (FN). Positive accuracy and sen-
sitivity were defined by Eq. 4 and Eq. 5, respectively.

T,
X100 @)
TP + FP

100 5)

Positive accuracy =

Sensitivit P X
ensinvity = ———

YTTP+FN
When comparing with Segal and co-workers’ algorithm (3), their predictions
were used as the standard for defining 7P, FP, and FN.

RESULTS AND DISCUSSION

Periodicity analysis for the dinucleotide
position-frequency data

The WES of dinucleotide position-frequency data from yeast
nucleosome-bound DNA indicated that 16 dinucleotides and
their combinations have different periodicity components in
the frequency domain (Fig. 1, Table 1). Strongly bound di-
nucleotides, including CA, CC, CG, and their combinations,
resulted in a single peak around 9.88 bp. Two weakly bound
dinucleotides, TT and TA, also demonstrate a single peak.
Interestingly, their positions were distinctly different: TT
presented at 11.14 bp, whereas TA presented at 10.27 bp. An
additional significant characteristic was the doublet peaks
that were observed between 10 and 11 bp for the weakly
bound dinucleotides AA, AT, and the combination AA-TT-

TA. Some dinucleotides exhibited no distinct peaks in the
range. Moreover, in some chicken nucleosome-bound se-
quences, doublet peaks were also found for dinucleotides
AA, TA, TT, AA-TT-TA, and SS-WW.

The doublet peaks indicated that there were two frequency
(periodicity) components in the original signal. Therefore, it
was important to locate where the two components occurred
in the time (position) plane. To this end, the weakly bound
dinucleotide position-frequency data were processed with
TFS; the result is shown in Fig. 2. Clearly, the two data ends
indicated a relatively low periodicity, whereas the middle
region resulted in a high periodicity. These results indicate
that the two ends of core DNA sequences adopt a denser
arrangement of weakly bound dinucleotides compared to the
middle region. For this study, this was termed the *‘peri-
odicity pattern’’ of core DNA. Considering that DNA bending
corresponds to weakly bound dinucleotides, the significance
of the characteristic was quite clear. If weakly bound dinu-
cleotides had greater periodicity, the DNA sequence would
have a smaller curvature, because widely spaced and weakly
bound dinucleotides hinder the bend of a large curvature.

To confirm this result, the curvature of a nucleosome-
bound DNA was estimated on the basis of the theoretical
model as well as from the crystal structure data. Fig. 3 depicts
the center tract of nucleosome-bound DNA (PDB ID: 1ID3)
and the positions of nucleotide A and T on the helix. Clearly,
the DNA backbone bent sharply into a helix to fit the histone
protein shape. Furthermore, the weakly bound nucleotides
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FIGURE 2 Position-frequency data of dinucleotide WW of yeast nucle-
osome-bound DNA sequences (@) and its TFS (b).
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occurred frequently at the edge of the DNA helix. Fig. 4, a
and ¢, demonstrates the curvatures of the yeast nucleosome-
bound DNA sequence (PDB ID: 11D3). Although the curves
from the theoretical model and the estimation from the crystal
structure data varied in some of the local positions, it was
obvious that both curves had high values at the two ends and
low values in the middle region. These results demonstrate
that the two ends had a large curvature and the middle region
had a small curvature, which provided powerful evidence for a
periodicity characteristic of core DNA. The curvature char-
acteristic was termed the ‘‘curvature pattern’’. Moreover, the
curvature pattern not only was exhibited in an individual case
but also was prevalent in many nucleosome-bound DNA se-
quences (Fig. 4, b and d, for human nucleosome-bound DNA
(PDB ID: 1U35)). It was determined that the random sequence
showed no such tendency (Fig. 4 ¢), which indicated that a
bend path was unique for core DNA. Therefore, the curvature
pattern can also be applied for predicting nucleosome positions.

To predict nucleosome positions, the periodicity pattern
and the curvature pattern were represented with corre-
sponding pattern signals (Fig. 5).

Liu et al.

FIGURE 3 Center tract of a nucleosome-
bound DNA (PDB ID: 1ID3) (@) and the distri-
bution of nucleotide A and T on the backbone
(b). In a, the gray line represents the backbone
of the DNA double helix, the bold black line is
the center tract of DNA, and the dotted line is
the center axis of the complex of DNA and its
histone. In b, the dotted line represents the DNA
helix.

The predictions of nhucleosomes positions

Nucleosome positions from the test sequence (S. cerevisiae chr.
11: 277,412-279,612 bp) were predicted with three approaches.
The DNA sequence consisted of the downstream portion of
gene GALI1O, an intergenic sequence with protein-binding
sites, and the upstream portion of gene GAll (5’ to 3"). In Fig. 6
a, the previously predicted nucleosomes are represented by the
white (3) and gray (13) ovals. The small ovals indicated the
conserved and bound DNA-binding sites (21).

Fig. 6 b represents the denoised periodicity and Fig. 6 ¢
the convolution periodicity profile. The arc form peaks in the
convolution profile (Fig. 6 ¢) indicate stable nucleosomes; the
large and sharp peaks indicate unstable nucleosomes or no
nucleosomes. The nucleosome positions were predicted by
combining the proofs of Fig. 6, b and c. The black ovals be-
tween the two subplots represented the predicted stable nu-
cleosomes. Table 2 listed the prediction deviations from the
experimental data (13) and Segal and co-workers’ report (3).
Compared with Segal and co-workers’ predictions (3), five
nucleosomes were correctly detected, with deviations <30 bp
and positive accuracy of 55.56%. These results, however, do
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FIGURE 4 a and b are curvatures calculated from the
crystal structure data, a for 11ID3 and b for 1U35. ¢ and d are
theoretical curvatures for DNA of 1ID3 and 1U35, respec-
tively. e represents the theoretical curvature for a random
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FIGURE 5 The periodicity pattern signal (a) and the curvature pattern
signal (b).

not indicate that the proposed methods were less accurate than
Segal and co-workers’ method; the difference between them
should be attributed to inaccuracies in both methods.

When compared to experimental data (13), the predictions
appeared to contain more FPs, which most likely indicates
that nucleosome positioning was determined by multiple
factors, not a single sequence-dependent one. Interestingly,
within the area surrounding the protein-DNA binding sites
(between gene GAL1 and GAL10), both the denoised and the
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convolution profile displayed an irregular signal, indicating
unstable nucleosomes. If the dinucleotide arrangement of a
DNA sequence was not in accordance with core DNA se-
quences, the DNA sequence bends would not appropriately
match the shape of the histone and would result in an unstable
DNA complex and nucleosome. If a DNA sequence segment
served as a particular protein’s target site, the sequence was
conserved in most cases. The conserved sequence might
disrupt the dinucleotide position-frequency pattern and re-
sult in an unstable nucleosome. Therefore, the position of an
unstable nucleosome could be a potential protein-binding
site. Specifically, the irregular signals in a periodicity pro-
file might be employed to predict potential protein-binding
sites.

The curvature profiles are depicted in Fig. 6, d and e. Al-
though they provide some correct predictions, the over-
lapping peaks hindered proper recognition. Taken together,
this study concluded that the periodicity and curvature pat-
terns are intrinsic properties of core DNA sequences. The
prediction approaches that were based on these patterns are
feasible; however, the results can still be improved.

The third approach predictions (score profiles) are depicted
in Fig. 7. The performance of various dinucleotide patterns is
summarized in Table 2. The score profiles of the YY-RR
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TABLE 2 Prediction comparisons of the experimental data and reports in the literature

Comparison with Segal and co-workers’ (3) predictions (p > 0.2)

Comparison with the experimental data (13) (threshold >0.3)

Score profile

Predictions by Score profile

Segal and
Periodicity Curvature YY- SS- AA-  AA-TT- Periodicity Curvature co-workers  YY- SS-  AA- AA-TT-

Method profile profile RR  WW TT TA-GC Al profile profile (3)(p >02) RR WW TT TA-GC Al
TP (shift =30 bp) 5 3 7 5 5 4 4 2 3 4 2 3 4 2 2
FP (shift >30 bp) 4 6 3 4 4 5 5 7 6 5 8 6 5 7 7
FN (miss >30 bp) 2 2 1 1 0 0 2 1 0 1 0 1 0 1 1
Sensitivity (%) 71.43 60.00 87.50 83.33 100.00 100.00 66.67  66.67 100.00 80.00 100.00 75.00 100.00 66.67 66.67
Positive 55.56 33.33 70.00 55.56  55.56 4444 4444 2222 33.33 44.44 20.00 33.33 44.44 2222 2222

accuracy (%)

pattern and the 16-dinucleotide pattern exhibited more noise
because they required a larger smooth window (41 point).
Compared with previously reported data (13), the AA-TT
pattern displayed the highest positive accuracy (44.44%) and
sensitivity (100%), followed by the AA-TT-TA-GC pattern
and SS-WW pattern. These three patterns generated similar
score profiles. The YY-RR and 16-dinucleotide patterns re-
sulted in more overlapping peaks, with an unclear baseline. In
addition, the score profiles were different from the other three

patterns. These results indicate that dinucleotide AA-TT
played an important role in nucleosome positioning. After the
addition of dinucleotide TA-GC to AA-TT or the use of SS-
WW, predictions were not improved. In addition, the use of
the YY-RR pattern introduced even more noise.

A large-scale prediction was completed on an entire chro-
mosome (S. cerevisiae chr. I). Table 3 lists the performance.
The periodicity profile was slightly better than the curvature
profile, and both proposed methods resulted in better perfor-
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FIGURE 7 Predictions of nucleosome positions by the
score profile. a, b, ¢, and d are the score profiles of specific

dinucleotide patterns AA-TT, AA-TT-TA-GA, SS-WW,
and YY-RR, respectively. e is the score profile based on 16
dinucleotides. A 47-point smoothing was used for d (YY-
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TABLE 3 Prediction performance of the periodicity profile and
the curvature profile for S. cerevisiae chr. |

Positive Averaged

accuracy  Sensitivity error of TP Resolution
Periodicity profile 59.76% 70.34% 15 bp 212 bp
Curvature profile 59.51% 69.53% 20 bp 235 bp
Predictions by Segal 42.32% 68.04% 29 bp 172 bp

and co-workers (3)
(p>0.2)

Prediction resolution refers to the most frequent distance of neighboring
nucleosomes.

mance than previously published studies (3). In addition,
nucleosome distributions near the start and stop codons were
analyzed for 71 verified ORFs of chr. [; the results are shown
in Fig. 8. The number of nucleosomes that were present at
varying distances, from either an ORF start (Fig. 8, a—c) or an
ORF end (Fig. 8, d—f), were binned in 10-bp intervals then
plotted as a seven-point smoothed frequency distribution. Fig.
8, a and d, depicts the experimental data (13); Fig. 8, b and e,
shows the predictions using the periodicity profile; and Fig. 8,
¢ and f, demonstrates the predictions from Segal and co-
workers’ study (3).

Fig. 8, a and b, indicates that some minor peaks still remain
separate from the main peaks, which coincides with other
published studies (4,11,13). Fig. 8 ¢, however, demonstrates a
lack of minor peaks. Although Fig. 8 b differs from Fig. 8 a at
the local region (~—250 to ~—100 bp), our impression was
that Fig. 8 b was more similar to Fig. 8 a than to Fig. 8 c. With
respect to the nucleosome-free region, Fig. 8 b exhibits dif-
fering results from the experimental data. In previous studies
(11), it was concluded that the nucleosome distributions
presented substantial differences in the region spanning —300
to —80 bp, in terms of TATA-less and TATA-containing
genes. Even for TATA-containing genes, the nucleosome dis-
tributions of three gene clusters differed. Moreover, Fig. 8 b
demonstrates an aggregate nucleosome distribution of chr. 1.
In this respect, the characteristics of the nucleosome-free re-
gion shown in Fig. 8 b are reasonable.

In Fig. 8 b (and Fig. 8 a), there is a peak at ~—27 bp, which
indicates that the ORF start sites were occupied by nucleo-
somes; these results have also been previously reported
(4,11,13). Similarly, most ORF end sites were also occupied
by nucleosomes at ~—13 bp upstream (Fig. 8, d and ¢). This
finding, however, has not been previously reported. Nucleo-
some density in various gene regions was also investigated.
As previously shown (2), nucleosomes possess different
densities at ORFs and intergenic regions. Intergenic regions
had a low occupying ratio (~10.4%), whereas ORFs pre-
sented a higher occupying ratio (>>32.7%).

CONCLUSIONS

This study represents a thorough investigation of the dinu-
cleotide periodicity characteristics of nucleosome-bound
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FIGURE 8 Nucleosome distribution near the ORF start and ORF end. The
number of nucleosomes located at varying distances from either an ORF
start (a, b, and ¢) or an ORF end (d, e, and f) were binned in 10-bp intervals
then plotted as a smoothed frequency distribution. a and d are calculated
with nucleosome positions determined from experiments (13); b and e are
calculated with those predicted by the periodicity profile; ¢ and f are
calculated according to Segal and co-workers’ (3) predictions.

DNA sequences. Weakly bound dinucleotides of core DNA
sequences were spaced smaller at the two ends, with larger
spacing in the middle section. The periodicity pattern was
also reflected in the curvature of the DNA sequence. Based
on these findings, three approaches were constructed to
predict nucleosome positions, and the results from this study
confirmed that these approaches were feasible. Using the
prediction data, nucleosome distributions were examined
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near the start and stop codons, as well as the nucleosome
densities in ORFs and the intergenic regions.

The periodicity and curvature patterns were determined
to be intrinsic properties of core DNA sequences; they were
prevalent in almost all core DNA sequences. The periodicity
profile is derived from dinucleotide frequencies. Therefore, if it
is applied to new genomic sequences, new dinucleotide posi-
tion-frequency data are still needed to refine the characteristic.
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