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Abstract—Nucleosomes are the basic units of eukaryotic
chromatin. The nucleosome positioning is dynamic for various
cell types and biological states, resulting in specific gene
regulation. Currently, there is no approach to find the
correspondence between two sets of nucleosomes to reveal the
difference of their positions.

We develop a method for nucleosome positions alignment based
on the dynamic programming algorithm, which can quantify the
changes in nucleosome locations with scores and evaluate
regional dynamics changes including translation and missing.
Given the result of a peak list stands for nucleosome positions, to
align the peaks from two samples, our method accumulate all
pair scores for match, replacement or deletion and choose the
maximum one as the optimal alignment. From nucleosome
alignment we can find one-by-one correspondence between
nucleosome positions in different cell stages and the conservative
stable and variable regions, which can be used to recognize
dynamic behaviors of nucleosome shift and eviction.
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L INTRODUCTION

In eukaryotic cells, the nucleosome is the basic unit of
chromatin, which wraps 147-bp DNA around an octamer of
histones. The nucleosome organizations have been implicated
to make nucleotide a density varies rosary shape to form
chromatin structure in regulating DNA replication, DNA repair
and gene transcription [1, 2]. In recent years, it has become a
hot spot to study the functions of the changes in chromatin
structure and nucleosome positioning in transcriptional
regulation [3, 4, 5].

Dynamic nucleosome positioning can pack or release DNA
fragment for proteins contact. Compared with the DNA
binding sites packed in nucleosomes, it is easier for
transcription factors to recognize them outside. When the cell
state changes, nucleosomes may relocate to remodel the
chromosome structure and expose different transcription factor
binding sites, TFBSs. Thus, transcription factors will bind
DNA and regulate the gene-specific expression. In addition,
nucleosome free region (NFR) in the upstream of transcription
start site (TSS) is conducive for the transcription initiation
complex combination to regulate gene expression [6]. From
another perspective, the collapse and reshape of nucleosomes
can make the chromatin topology spatial conformation changes

for transcription factor binding and RNA polymerase II
elongation.

Chromatin immune precipitation-chip (ChIP-Chip) and
chromatin immune precipitation-sequencing (Chip-Seq) [5] are
two important methods to infer the nucleosome positions.
Recently, a new technique called micrococcal nuclease-
sequencing (MNase-Seq) [7] was invented which could also be
used to obtain the nucleosome positions. Following by co-
immunoprecipitation and DNA sequencing, all these methods
will get short sequence reads which can be mapped back to
reference genome to find nucleosome positions.

It has been gradually recognized that nucleosome
positioning is dynamic for different cell types or biological
states. Previous studies mainly focused on specific functional
regions, such as promoters, for studying the relationship of
dynamic nucleosome positioning and transcriptional regulation.
For instance, Field et al. found nucleosome deletion in the
upstream of transcription start site by analyzing the yeast
profiles [9, 10]. Zaugg and Luscombe studied and proposed a
qualitative model for nucleosome architecture in yeast
promoters. The model consists of two NFR configurations,
Open and Closed, and two expression states ON and OFF.
Their model demonstrated that the promoter nucleosome
organization influences the expression state, not the expression
level [6].

Recently, two methods were proposed to compare the
different nucleosome positioning from two samples. One is
DiNuP  which was developed by Zhang et al
http://www.tongji.edu.cn/~zhanglab/DiNuP ~ [13].  DiNuP
combined reads from two samples with sliding window. The
Kolmogorov-Smirnov (K-S) test was then used to calculate the
difference between these re-sampled windows. A statistical P-
value was provided for each identified region of differential
nucleosome positioning (RDNPs) based on the difference of
read distributions. DiNuP was shown to be both sensitive and
specific for the detection of changes in nucleosome location
such as occupancy and fuzziness. Chen et al. provided another
method called DANPOS based on Poisson distribution for two
samples [25], http://code.google.com/p/danpos/. Sample with
higher nucleosome occupancy was used as preference (Poisson
distribution parameter 1), while the other sample was used to
calculate the difference. The result was classified into three
categories including nucleosome position shifts, fuzziness
changes, and occupancy changes.

2014 The 8th International Conference on Systems Biology (ISB)
978-1-4799-7294-4/14/$31.00 ©2014 IEEE

Qingdao, China, October 24-27, 2014



However, both DiNuP and DANPOS ignored the
biological significances of different kinds of nucleosome
dynamic changes which may results in incorrect alignment. In
reality, the nucleosome dynamic shift or eviction will result in
different biological processes.

In this paper, we designed an algorithm for nucleosome
positions alignment based on dynamic programming. Our
method could quantify the nucleosome reposition with
designed scores and evaluate regional dynamics changes
including replacement and deletion. Several methods have been
proposed to identify whole genome nucleosome positions by
analyzing Chip-seq reads distribution [22, 23, 26], which will
produce a peak list standing for the nucleosome positions.
After all pair scores for match, replacement or deletion are
accumulated, we can find one-by-one correspondence between
nucleosome positions in different cells. From which we can
identify dynamic behaviors of nucleosomes such as shift and
eviction, and recognize conservative stable and variable
regions.

II. MATERIALS AND METHODS

A. Data

The coordinates for all uniquely mapped sequencing reads of
nucleosome in resting and activated human CD4+ T cells is
downloaded from NIH website

http://dir.nhibi.nih.gov/papers/Imi/epigenomes/hgtcellnucle
osomes. aspx.

B.  Identify nucleosome positions

Several methods have been proposed to identify whole
genome nucleosome positions by analyzing Chip-seq reads
distribution [22, 23, 26], and we chose MACS to get the
nucleosome occupation signal [26], which first map the short
reads back to the reference genome, then extend them to
147bps for overlapping and modeling Poisson distribution
(Fig.1.A).

To find individual peak positions in overlapped signals,
maximum spectrum of continuous wavelet transform (MSCWT)
was utilized to identify the center of each peak as the
nucleosome location [27] in our research (Fig.1.B).
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Fig.1. Framework for identifying nucleosome positions. (A) The workflow of
MACS, which is used to calculate the nucleosome occupancy. (B) Maximum
spectrum of continuous wavelet transform (MSCWT) is used to recognized
individual peaks in overlapped signals.

C. Nucleosome Positions Alignment

In nucleosome occupation signal profile, each peak
indicates a nucleosome. We use a peak list to represent
nucleosome positions. Peak lists P and Q consist of peaks
which stand for nucleosome positions from two different
samples:

(1)

Peak list P contains m nucleosomes and Q has n. The
alignment of two peak lists refers to a one-by-one
correspondence which indicates the changes between these two
lists of nucleosomes. Nucleosomes with the same location will
be considered as match, while nucleosomes which is missing or
shifting will be considered as dynamic positioning.

For instance (Fig.2.A), there are three pairs of nucleosomes
that are matched, p(1)-q(1), p(2)-q(2), p(3)-q(3). However,
both nucleosome shift and missing could occur when dealing
with p(4) and q(4). To solve this problem, dynamic
programming is applied to calculate the better correspondence
by transforming the peak sequence alignment as a series of
single peak sub-alignments, from the first nucleosome to the
last one. This step will be repeated to find the optimal
alignment.
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Fig.2. Find the optimal alignment between peak lists P and Q. (A) With the
same genome, the nucleosome positions from two samples may have
corresponding relationship. With different biology significance, replacement
or missing should be scored differently. (B)The object is to calculate the best
score for each position in a matrix with sequences running across the first to
the last. (C) Eventually, all possible combinations of sequence matches and
gaps are taken into account. The highest-scoring red position gives the
corresponding sequence alignment [28].

Consider prefix P; and Qj;, which contains all peaks in the
front of p(i) and q(j) respectively. Score(i, j) is the highest
score for the two prefix alignment, and there are three
possible correspondence between p(i) and q(j) as follows:
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e Starting from Score(i-1, j-1) for the prefix Pi-1 and Qj-
1, to match p(i) and q(j).

e Starting from Score(i-1, j) for the prefix Pi-1 and Qj , to
align p(i) with a gap where a nucleosome is missed in

e Starting from Score(i, j-1) for the prefix Pi and Qj-1, to
align q(j) with a gap where a nucleosome is missed in P.

We score for each correspondence and choose the
maximum one as Score(i, j) .

Match [p(i),q(j)] denotes the score for the match of p(i) and
q(). We score it according to the distance between the
coordinates of p(i) and q(j) . The nearer they are, the higher the
score will be.

©)
A gap means at least one nucleosome is missed in one of
these two samples. For example, Gap [p(i),-] indicates that a
nucleosome is missed in sequence Q at the corresponding
location of p(i). The score of Gap is formulated as below. After
the alignment of prefix Pi.;jand Qj, if there is no nucleosome in
sequence Q from the location of p(i-1) to p(i), we consider a
gap exists and score it with its size.

(#

However, for a long segment of DNA without wrapping
histones to form nucleosome in the genome which may results
in a large gap with a very low score, the algorithm will match
the next nucleosome immediately to make sure the score is not
too low, which will produce imperfect results( Fig.3.A).

To fix this bug, we set -147 as the maximum penalty for
Gap, which equals to the length of the DNA in a nucleosome.
When the space between two samples is more than this value,
the penalty remains as -147. (Fig.3.B).
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Fig.3. Larger gap will cause matching errors. (A)With a large gap in front of
p(3) and q(4), it will choose match score immediately in order to avoid the
score being much lower. Obviously, it is not the optimal alignment. (B)The
result is better when set147 as a maximum penalty which means no matter
how large the gap is.

In summary, the gap score is formulated as below:
©)

Starting at the left-upper, i=0, j=0, to the right-downer, i=m,
j=n, eventually, all possible combinations of sequence matches
or gaps are taken into account. Score (m, n) is for the global
alignment, from which we can trace back to find the optimal
nucleosome alignment with the highest score (the red pathway
in Fig.2.C). From the results, we could get the best

correspondence between nucleosome positions from two cells
and infer the conservative stable or different variable regions
easily.

III.  RESULT AND DISCUSSION

We used the nucleosome positions data of chromosome 20
from CD4+ activated and resting cells to conduct simulation
experiment (Fig.4). The abscissa indicates the coordinate of
genomic DNA sequence. Blue circles represent the
nucleosomes in activated cells, while purple for the resting
cells. Straight lines connect the matched pairs of nucleosomes,
and the black curve below shows the degree of differences
between nucleosome positions from these two cells.

Fig.4. The alignment result of nucleosome positions from activated and
resting CD4+ cells. The abscissa indicates the coordinate of genomic DNA
sequence. Blue circles represent the nucleosome positions in activated cells,
while purple for the resting cells. Straight lines connect the match pairs. The
black curve shows the degree of differences between two samples. The curve
is smooth if the nucleosome location shifts little, which is conservatively
positioning. On the contrary, rising curve reflects larger distance and a peak
may indicate one nucleosome missing.

TABLE 1. SOME GENE EXPRESSION DATA IN ACTIVATED AND RESTING
CD4 + CELLS
chr Gene TSS TTs 1D_mRNA State Value ABS_call P-value
Resting 3055. 42 0.000732422
20 VAPB 56397651 56455369 NK_004738 Activated 3222.28 0. 000244141
Resting 5739.01 0.000244141
20 ADNP 48980934 48940290 NH_015339 Activated 5448. 21 0. 000244141
Resting 1853.37 0.000244141
20 SEC23B 18436188 18490050 NM_006363 e ed] 7131.19 0.000244141
Resting 2333.89 0.00195313
20 ENTPD6 25124372 25155360 NM_001247 (o] 1039, 64 0.00195313
VAPB ADNP
PO |
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Fig.5. The alignment result of some genes, representatively, VAPB .
ANDP . SEC32B. ENTPD6. There is one or two missing gap in the
upstream of transcription start site, TSS, while the downstream has perfect
corresponding.
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From the calculation result, we can infer the site of
reposition easily, especially the missing nucleosomes.
Combined with the gene expression data of activated/resting
CD4+ cells, the results showed that only one or two missing
nucleosome in the upstream of transcription start site, while the
downstream had perfect corresponding (table 1, Fig. 5). This
results is consistent with previous researches: nucleosome
reposition or deletion happens in promoter region to regulate
the gene-specific expression when the cell state changes.

IV. CONCLUSION

In this paper, taking advantage of dynamic programming,
we proposed a method for nucleosome positions alignment,
which accumulated all pair scores for match, shift and missing.
By computing the high-score alignment path, we could obtain
the optimal correspondence between nucleosome positions of
two samples. From the results, we can infer the differences and
find the dynamic regions between different samples. Given the
function of genomic region, the biological significance could
be further analyzed.

Combined with the distribution of functional DNA
elements, further efforts will be paid in studying the behavior
mechanisms of reposition or deletion in the future.
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