This article was downloaded by: [Tongji University]

On: 10 November 2014, At: 04:40

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House,
37-41 Mortimer Street, London W1T 3JH, UK

Journal of Biomolecular Structure and Dynamics

Publication details, including instructions for authors and subscription information:
| Blcrmolecular http://www.tandfonline.com/loi/tbsd20

Predicting Nucleosome Positions in Yeast: Using the
\ - Absolute Frequency

L Zhigian Zhang 2 , Yusen Zhang & Ivan Gutman °
.. 2 School of Mathematics and Statistics, Shandong University at Weihai , Weihai , 264209 ,
i China
b Faculty of Science , University of Kragujevac , P. O. Box 60, 34000 , Kragujevac , Serbia
Published online: 11 Jul 2012.

To cite this article: Zhigian Zhang , Yusen Zhang & lvan Gutman (2012) Predicting Nucleosome Positions in Yeast: Using the
Absolute Frequency, Journal of Biomolecular Structure and Dynamics, 29:5, 1081-1088, DOI: 10.1080/073911012010525032

To link to this article: http://dx.doi.org/10.1080/073911012010525032

PLEASE SCROLL DOWN FOR ARTICLE

Taylor & Francis makes every effort to ensure the accuracy of all the information (the “Content”) contained

in the publications on our platform. However, Taylor & Francis, our agents, and our licensors make no
representations or warranties whatsoever as to the accuracy, completeness, or suitability for any purpose of the
Content. Any opinions and views expressed in this publication are the opinions and views of the authors, and
are not the views of or endorsed by Taylor & Francis. The accuracy of the Content should not be relied upon and
should be independently verified with primary sources of information. Taylor and Francis shall not be liable for
any losses, actions, claims, proceedings, demands, costs, expenses, damages, and other liabilities whatsoever
or howsoever caused arising directly or indirectly in connection with, in relation to or arising out of the use of
the Content.

This article may be used for research, teaching, and private study purposes. Any substantial or systematic
reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or distribution in any

form to anyone is expressly forbidden. Terms & Conditions of access and use can be found at http://
www.tandfonline.com/page/terms-and-conditions



http://www.tandfonline.com/loi/tbsd20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/073911012010525032
http://dx.doi.org/10.1080/073911012010525032
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Tongji University] at 04:40 10 November 2014

Journal of Biomolecular Structure &
Dynamics, ISSN 0739-1102

Volume 29, Issue Number 5, (2012)
©Adenine Press (2011)

Predicting Nucleosome Positions in Yeast: Using the
Absolute Frequency

http://www.jbsdonline.com

Abstract

Nucleosome is the basic structure of chromatin in eukaryotic cells, and they form the chro-
matin fiber interconnected by sections of linker DNA. Nucleosome positioning is of great
significance for gene transcription regulation. In this paper, we consider the difference of
absolute frequency of nucleotides between the nucleosome forming and nucleosome inhib-
iting sequences. Based on the 2-mer absolute frequency of nucleotides in genome, a new
model is constructed to distinguish nucleosome DNA and linker DNA. When used to predict
DNA potential for forming nucleosomes in S. cerevisiae, the model achieved a high accu-
racy of 96.05%. Thus, the model is very useful for predicting nucleosome positioning.

Key words: Nucleosome position; Nucleosome DNA; Linker DNA; 2-mer absolute
frequency.

Introduction

Seventy-five to ninety percent eukaryotic genomic DNA is packaged in nucleosomes
which are the basic repeating units. Each nucleosome contains approximately 165
bp genomic DNA, and the core nucleosome is about 147 bp genomic DNA which
wrapped in 1.75 turns around a octamer of the histone proteins H2A, H2B, H3, and
H4 (1). Two neighboring nucleosomes are joined by a stretch of around 20-80bp
free DNA, termed “linker DNA” (2). Nucleosome core DNA’s precise location in
genomic DNA is the nucleosome’s positioning, which plays a very important role
in many biological processes, including replication, transcription, DNA repair, etc.
(3-12). How DNA sequence and deformation affect the positioning of nucleosomes
has been the subject of extensive coverage recently (13-28) in this Journal.

Genomic DNA sequences demonstrate high variability in their binding affin-
ity to the nucleosome core. A numerous attempts have been undertaken to find
sequence-dependent signals on DNA determining the location and distribution of
nucleosome and build the nucleosome positioning prediction models using various
models. Several studies have provided extensive evidence indicating a sequence
dependent positioning of nucleosomes along DNA (29). The ability of DNA to
form nucleosomes depends, at least partially, on the underlying sequence (30). In
previous works Satchwell detected a periodicity of 10bp in chicken nucleosome
sequence (31), Segal et al. defined this periodic signal as the nucleosome posi-
tioning code. Much work has been done to elucidate the nucleosome positioning
signals that determine 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 (32, 33). With the high-throughput techniques such as chromatin
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immunoprecipitation (CHIP), coupled with microarrays (CHIP-chip) and CHIP
coupled with sequencing techniques (CHIP-Seq), nucleosome positioning maps in
genome have been obtained with high resolution for yeast. Segal et al. in 2006
(34) used a hidden Markov model for constructing a “nucleosome-DNA interac-
tion model”. Their model has a 50% predicting accuracy. In 2008, Yuan et al.
proposed an N-score model to discriminate nucleosome and linker DNAs using
wavelet energies as covariates in a logistic regression model (35). In the same year,
a web-interface called “nuScore” was developed (36) for estimating the affinity of
histone core to DNA and prediction of nucleosome positioning, based on the DNA
deformation energy score. However, these methods are so complex that it will take
a long time to test all chromosome sequences. Therefore, developing a more simple
and accurate prediction method is purposeful.

In this paper, we point out a new method for nucleosome positioning prediction,
based on the 2-mer absolute frequency of nucleotides in genome (37, 38). Our
model for distinguishing nucleosome and linker DNAs in yeast genome has better
performance comparing to the previous works. High predictive success rates are
obtained by the new model, and in addition its computation is simpler than before.

Methods
Genomic DNA and Nucleosome Positioning Data

The genome sequences of Saccharomyces cerevisiae were downloaded from the
S. cerevisiae Genome Database. The nucleosome positioning information was taken
from published experimental data (39, 40). Positive dataset and negative dataset,
which consist of the nucleosome forming and nucleosome inhibiting sequences,
respectively, were constructed based on the work of Lee et al. (39). In the work, a
nucleosome formation score was given to each of 1,206,684 DNA fragments occu-
pying 81% of the S. cerevisiae genome based on microarray hybridization to nucle-
ase digested genomic DNA. In order to compare with previous studies, a total of
9,900 fragments of 150bp, having the highest hybridization scores, were selected
as the nucleosome forming sequences to construct the positive set. Additional
9,900 fragments of 150bp, having the lowest hybridization scores, were selected as
nucleosome inhibiting sequences to construct the negative set. For more information,
refer to (39-42).

2-mer Absolute Frequency

Many studies have shown that the frequency of the 2-mer nucleotide in DNA
sequences has a great influence on the distribution of the nucleosomes, and the
2-mer nucleotide compositions of the nucleosome forming and of nucleosome
inhibiting sequences are different. We analyze the nucleosome forming and of
nucleosome inhibiting data that is taken from published experimental data (42).

We count the occurrences of dinucleotides in the positive and negative data-
set. The average occurrences of dinucleotides in the two datasets are obtained
from its occurrences by dividing the total number of the nucleosome forming
sequences in the positive dataset and nucleosome inhibiting sequences in the
negative dataset, respectively, which are shown in Table I. Observing Table I,
we can find the 2-mer nucleotide compositions of the nucleosome forming and
nucleosome inhibiting sequences are quit different. Furtherly, 1000 sequences
were randomly selected from the nucleosome forming and nucleosome inhibit-
ing data, respectively. By counting the numbers of 2-mer nucleotides, we can
find some 2-mer nucleotides are different between nucleosome forming and the
nucleosome inhibiting data, for example, the differences of AA and TA is shown
in Figures 1 and 2.
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The average occurrences of dinucleotides in two data sets.

Average occurrence AA AC AG AT CA CC CG CT Nucleosome Positions by
Nucleosome 12188 9395 9754 9616 11.831  7.613 4375 10.204 Absolute Frequency
Linker DNA 23465 6451 6906 16736 6951  3.694 3892  6.775

Average occurrence GA GC GG GT TA TC TG TT

Nucleosome 10027 67014  7.31 9123 6916 10310 11721  12.095

Linker DNA 6.995 4276 3848 6522 16157  6.893 6.995  22.445

In this work, we consider the 2-mer absolute frequency (37). For a sequence S, a
2-bp sliding window was used to scan the DNA sequence from start to end in 1-bp
steps. Then we can get the total numbers of sixteen 2-mer nucleotides N , where XY
is one of AA, AC, AG, AT, CA, CC, CG, CT, GA, GC, GG, GT, TA, TC, TG and
TT. The respective frequency of the 2-mer XY is

F,=N,IN [1]

In the same way, we can define the frequency of a single nucleotide

Figure 1:
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(A) The AA 2-mer nucleotides distribution of 1000 nucleosome forming data. (B) The AA 2-mer nucleotides distribution of 1000 nucleosome

inhibiting data.

Figure 2:
data.

25 T T T T T T T T T 35 T T T T T T T T T

(A) (B)

20 B

15

10 I
i |
5

0 L L L L L L L L 0 ! L L L L L s L L

0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
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Where X is A, C, G and T, N is the total number of nucleotides of the sequences
S. The 2-mer absolute frequency P, (XY) is defined as the ratio of the frequency of
2-mer XY to that of the first nucleotide X. That is

P (XY)=F,,/F, [3]

So the 2-mer absolute frequency of sequences S, is defined by

x, =[P,(AA), P,(AC), P,(AG),..., P,(TG), P,(TT)] [4]

Thus, we get a sixteen-dimensional vector X, representing the DNA sequence.

Table II shows the 16 average 2-mer absolute frequencies of two data sets. We can
observe that most of 16 average 2-mer absolute frequencies of nucleosome form-
ing sequences in positive dataset are between 0.2 and 0.3 and that of nucleosome
inhibiting sequences in negative dataset are more than 0.3 or less than 0.2. This
same result happens when a fixed number of sequences are randomly selected from
the positive and negative dataset, respectively.

The Algorithm Model

Using theories mentioned above, every sequence of the positive dataset and
the negative dataset can be represented by corresponding sixteen-dimensional
vector.

Next, we divide the positive dataset and the negative dataset into two parts: positive
training set and positive test set, negative training set and negative test set, respec-
tively. Positive test set and negative test set compose the test set. If a sequence is
the i_th sequence of the positive training set, we can get a correspondence between
the i_th sequence and an eighteen-dimensional vector

X=X, Xigeees X6 [5]

Where X, (j = 1, 2,..., 16) is the 2-mer absolute frequency of the i_th sequence. In
this way, we can get a matrix X: X = XU(i =1,2,..,n,j=12,...,16), where n,
is the number of sequences in the positive training set. Set u, as the average vector
of X. Then

and

m

LA

X =) X In, [6]

i=1

Table 11

The average 2-mer absolute frequency in two data sets.
Average

absolute frequency P (AA) P(AC) P(AG) P(AT) P(CA) P(CC) P(CG) P(CT)

Nucleosome 0.2859  0.2270  0.2395  0.2399  0.3454  0.2111  0.1136  0.3028

Linker DNA 0.4151  0.1250  0.1310 03223 0.3368  0.1593  0.1755  0.3206

Average P(GA) P(GC) P(GG) P(GT) P(TA) P(TC) P(TG) P(TT)
absolute frequency

Nucleosome 0.3034  0.2079  0.2027  0.2765  0.1731  0.2513  0.2853  0.2812

Linker DNA 03252 0.1919 0.1644  0.3108 0.3156  0.1330  0.1388  0.4064
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Where, (i =1, 2,...,n,,j =1, 2,..., 16). In the same way, we can get a matrix Y
and the average vector u, from the negative training set:

Y=(@y)G(=12..nj=12..16)

U, = [V}, Yoseess Yig

Where n, is the number of sequences in the negative training set. Thirdly, for any
sequence of the test set, we also can get a sixteen-dimensional vector 7. In order to
decide whether the sequence belongs to positive set or to negative set, a nonlinear
discriminant function ¢ is defined by the follow model:

n = (T_I/l]) (T_u])T [7]
n, = (T_uz) (T_uz)T [8]
¢=01,—n)2 [9]

The parameter £ gives the decision for the sequence. In this model, the threshold &,
is decided by the training set. As & > &, the sequence S is classified into the posi-
tive group, whereas into the negative group as § < &,

Assessment of Prediction Performance

In order to evaluate the performance of a predictive algorithm, selecting a test
method is an important issue. In the previous papers, the jackknife test and ROC
curve were used normally. Both positive data set and negative data set were divided
into five sets randomly. The first set, both positive and negative data set, was used
as a test set, and the other four sets were retained as training sets. The model was
evaluated by the test set. In order to test the robustness of the model, we select the
2nd, 3rd, 4th, and 5th set as test sets in turn, to evaluate the performance of the
model and to use other retained four sets as training set, respectively. So, we pre-
pared five training sets and five test sets and constructed five models.

The overall prediction accuracy (A) of the five models is defined as

_ TP+ TN [10]
TP + TN + FP + FN

whereas sensitivity S, specificity P, and Matthew’s correlation coefficient MCC of
every subcellular location are defined as

g—_ 1P
TP + FN [11]
TP
" TP+FP [12]

and
(TP X TN) — (FP X FN)

MCC =
J(TP + FP) X (TN + FN) X (TP + FN) X (TN + FP)

[13]

where TP, TN, FP, and FN represent true positive, true negative, false positive, and
false negative, respectively.

Performance of the model was evaluated with 5-fold cross validation, and the qual-
ity of the classifier was shown in Table III. We also compare our method with IDQD
methods (41) on the S. cerevisiae genome data set in jackknife test. Our model
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Table 111
Prediction results of the nucleosome core DNA and linker DNA in S. cerevisiae genome in
jackknife test.

Test set Accuracy (%) Sensitivity (%) Precision (%) MCC (%)
Set 1 96.14 96.11 96.16 92.27
Set 2 96.06 96.06 96.06 92.12
Set 3 95.88 95.86 95.91 91.77
Set 4 96.14 96.11 96.16 92.27
Set 5 96.04 96.01 96.06 92.07
Average 96.05 96.03 96.07 92.1
1IDQD 94.94 94.29 95.53 89.9

can distinguish the nucleosome core DNA sequence and linker DNA sequence in
S. cerevisiae genome with high accuracy. The model achieved a good performance
with average accuracy of 96.05% and MCC of 92%.

The ROC curve of the model in discriminating nucleosome core DNA and linker
DNA sequences. ROC (Relative Operating Characteristic curve), is a comparison
of two operating characteristics (TP & FP) as the criterion changes. AUC (the
area under the ROC curve) is also used to evaluate performance of model. The
AUC provides a single measure of overall prediction accuracy. The 0.5 of AUC is
equivalent to random prediction. Values of AUC between 0.5 and 0.7 indicate poor
accuracy. Values of AUC between 0.7 and 0.9 indicate good prediction accuracy
and above 0.9 indicate excellent prediction accuracy. Our model’s ROC cures is
shown in Figure 3, and the AUC is shown in Table I'V. Field et al. and Yuan et al.
distinguished the nucleosome core DNA sequences and linker DNA sequences pre-
viously, the AUC were 0.975 and 0.955, respectively. The AUC of our model is
0.991, indicating higher accuracy of our model.

Discussion

Previous researches have shown that the form of nucleosome distribution has
preference of DNA sequences; 2-mer nucleotide plays a very important role in it.
That this is the case has been known for at least two decades. Travers et al. (43)
showed in 1987, using statistical analysis of 177 DNA molecules from chicken
erythrocytes, that certain 2-mer and 3-mer nucleotides within nucleosome-bound

ROC curve
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Figure 3: Relative Operating Characteristic curve (ROC).
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Table IV
ROC curve analysis.

Test set AUC S.E. 95% C.I. Comment

Set 1 0.99098 0.00151 0.98801-0.99394 Excellent test
Set 2 0.99082 0.00153 0.98783-0.99381 Excellent test
Set 3 0.99046 0.00156 0.98741-0.99351 Excellent test
Set 4 0.99074 0.00153 0.98774-0.99375 Excellent test
Set 5 0.99156 0.00146 0.98869-0.99442 Excellent test

sequences exhibit well-defined periodicities, based on the way specific bases
influence the molecule’s physical structure. Kunkel and Martinson discovered that
poly (dA) -poly (dT) sequences are disfavored by nucleosomes and cannot appear
in them at all above certain lengths (44). Later many models based on one of these
signals (45-47) achieved limited success in prediction of nucleosome positions,
but their results always get a lower accuracy. So developing new computational
methods based on multiple factors is desirable. In this study, we consider the 2-mer
absolute frequency of the nucleosome forming and nucleosome inhibiting data and
highlights some difference between nucleosome DNA and linker DNA. Using the
2-mer absolute frequency to predict the core nucleosomes, we reach a more accu-
rate result. However, nucleosome positioning along genome is determined by mul-
tiple factors, including preference of DNA sequences, competitive or cooperative
binding of protein factors, activities of ATP-dependent remodeling complexes, and
so on (48-51). If we add other factors to the vector, such as periodicity and curva-
ture, results may be better. This is planned to be our next research in the future.
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