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Abstract— Genomic Signal Processing (GSP) has been a
challenging area of research for the past two decades and has
increasingly attracted the attention of researchers in the Digital
Signal Processing field. The prerequisite for genomic sequence
analysis is the conversion of Deoxyribo-nucleic acid (DNA)
sequence (ATTCGA....) to a numerical sequence. Further, DSP
algorithms can be implemented on these representations for
genomic analysis like prediction of coding regions, protein coding
regions, cancer cells. In this paper, the numerical representation
of DNA sequences are presented and compared in terms of
methodology, dimensionality, merits and demerits.
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I. INTRODUCTION

Bioinformatics is the rapidly developing area of
computer science devoted to collecting, organizing, and
analyzing DNA and protein sequences [4]. It is the science of
refining biological information into biological knowledge
using computers. The analysis, processing, and use of genomic
signals for gaining biological knowledge constitute the domain
of GSP. The aim of GSP is to integrate the theory and methods
of signal processing with the global understanding of
functional genomics, with special emphasis on genomic
regulation. The prerequisite for applying the signal processing
algorithms on DNA is the numerical representation or
mapping of DNA. The conversion of genomic sequences from
the symbolic form given in the public genomic databases into
digital genomic signals allows using signal processing
procedures for processing and analyzing genomic data.

This paper is organized as follows: Section Il presents the
biological concepts of DNA, Section Il elaborates different
mapping techniques Section 1V presents comparison between
mapping techniques in terms of dimension, merits, demerits
and Section V gives the conclusion.

WWW.asianssr.org

Il. BAsIC CONCEPTS OF MOLECULAR BIOLOGY

The main nucleic genetic material of cells is represented
by DNA molecules and carries the hereditary information of
organisms. The DNA double helix molecules comprise of two
anti-parallel intertwined complementary strands, each is a
helicoidally coiled heteropolymer as depicted in Fig.1.[4]
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Fig 1: Schematic model of the DNA molecule.

The repetitive units are the nucleotide bases, each
consisting of three components linked by strong covalent
bounds: a monophosphate group linked to a sugar that has lost
a specific oxygen atom, the deoxyribose group linked to a
nitrogenous base.

The genetic information is encoded in the DNA sequence
in the form of four important nucleotide bases called as
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Adenine(A), Thymine(T), Guanine(G) and Cytosine(C). .
Thymine (T) and cytosine (C) are called pyrimidines, adenine
(A) and guanine(G) are called purines. The base “A” always
pairs with base “T” and base “G” always pairs with base “C”.
As a consequence, the two strands of a DNA helix are
complementary, store the same information, and contain
exactly the same number of A and T bases and the same
number of C and G bases so it is enough to take one strand
into account for sequence analysis. The hydrogen bonds
within the complementary base pairs keep the strands together.
DNA sequence would be considered as a long stretch of
nucleotide bases (e.g.“CGATCGGCAATG.......cccecevvrreuenen. )
arranged in specific order.

A DNA strand can be divided
intergenic spaces. responsible for
protein synthesis. A  gene can be further
subdivided into exons and introns for cell with
(eukaryotes).Cells without a nucleus are
called prokaryotes and do not contain
Coding regions are called exons and non—coding
regions are called introns. According to the current
GenBank statistics, exons in the human genome account for
about 3% of the total DNA sequence, introns for about 30%,
and intergenic regions for the remaining 67%.The

into genes and
Genes are

nucleus
introns.

relationship between DNA sequence, genes,
intergenic spaces, exons and introns is
illustrated in Fig. 2[8].
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Fig 2: Organisation of genes depicting introns and exons
The coding regions within genes are denoted by
start and stop codons. Codons are a subsequence of
three letters within the DNA sequence.
64 possible codons (triplet). Each codon instructs
the cell machinery to synthesize an amino acid.

There are

There are one start codon and three stop codons. A
start codon signifies the beginning while a stop
end of the
The rest of the codons correspond to one

codon signifies the protein—coding
region.

of the twenty possible amino acids of a protein.

11l. DNA MAPPING

In order to apply digital signal processing, the nucleotides
of a DNA sequence should be mapped to their corresponding
numerical values. Numerical representation methods of DNA
sequences can be broadly classified into three groups i)Fixed

WWW.asianssr.org

Volume 1V Issue |

Mapping ii)Variable mapping and iii) Physico-chemical
property based mapping. In the following sub sections
we present the different mapping techniques in
detail.

A. Fixed Mapping

Define abbreviations and acronyms the first time they are
used in the text, even after they have been defined in the
abstract. Abbreviations such as IEEE, SI, MKS, CGS, sc, dc,
and rms do not have to be defined. Do not use abbreviations in
the title or heads unless they are unavoidable.

One of the most oldest and popularly used mapping
technique is the Voss mapping.It maps the four nucleotide
bases A,T,G, and C into four binary indicator sequences sa(n),
st(n), seg(n) and sc(n) respectively[1]. In each indicator
sequence, the numerical ‘1’ indicates the presence of
corresponding base and the numerical ‘0’ indicates its
absence. For example if the sequence s(n)=[...ATTGCC A
T G....],then

Sa()=[...100000100....] 1)
sm)=[...011000010...] ©)
Se(n)=[...000100001....] 3)
Se()=[...000011000....] @)

This mapping is considered as a four dimensional mapping,
since each base in genomic sequence is represented by four
dimensional vector.

In Tetrahedron representation, the four sequences
[sa(n),st(n),ss(n) ,sc(n)] are mapped to the four vertices of a
regular tetrahedron. The four 3-D vectors drawn from the
center to the corners of tetrahedron represented each of the
four bases [2]. This representation reduces the number of
indicator sequences from four to three but in a manner
symmetric to all the four sequences. Each DNA character can
be resolved into a four 3-D vectors (RGB) as

[a,, &g, a,]=[0, 0, 1] (5)
[t tg to]=[ .0, ] (6)
[9r 9g ul=[- - -] ()
[cnCgCol=[- » -] ©)

The above coefficients can be used to define the following
three numerical sequences

Xi(n)=" (2sr(n) - sc(n) - se(n)) 9)
Xy(n) = (sc(n) - se(n)) (10)
Xp(n)= (3sa(n) —s7(n) — sc(n) —sa(n)) 11

Where sa(n),st(n),ss(n) and sc(n) are four Voss indicators
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The dimensionality of the tetrahedral representation can be
reduced to two, by projecting the tetrahedron on a complex
plane [3]. The complex representation of DNA sequence is
given by

X(n)=asa(n) +¢ sc(n)+g ss(n) +tsr(n). (12)

Where a= 1+4j, t=1-j, c=-1-j, and g¢g=-1+j. In this
representation, the complementary pairs of bases A-T and C-G
are expressed by the symmentry with respect to the real axis.
The purine/pyrimidine pairs have the same imaginary parts.

The nucleotide representation is further reduced to one-
dimensional resulting in integer representation [4]. The
technique is obtained by mapping numericals {0,1,2,3} to the
four nucleotides as : T=0,C=1,A=2 and G=3.However,this
mapping technique implies a structure on the nucleotides such
as purine (A,G) > Pyrimdine(C,T).

In Real method [5], the four nucleotides are assigned with
the numerical A=-1.5, T=1.5,C=0.5 and G=-0.5, which bears
complementary property, is efficient in finding the
complementary of a DNA sequence. For example in the
sequence TGCAG represented by 1.5,-0.5, 0.5,-1.5,-0.5, the
change of sign and reverse the representation -1.5,0.5,-
0.5,1.5,0.5 yields the sequence ACGTC.

In Quaterion representation method [6], the nucleotides are
mapped to four vectors symmetrically placed in the 3-D space
that is oriented towards the vertices of a regular tetrahedron.
The representation is three dimensional and the axes express
the differences “weak minus strong bonds”, “amino minus
Keto”, and “ purines minus pyrimidines”. By choosing { +1}
coordinates for the vertices of the embedding cube, the vectors
that represent the four nucleotides take the simple form:

a =i+j+k , c=i-jk, g=-1-j+k, t=-1+jk (13)

In QPSK based method [7], the four nucleotides are
assigned with the values a=j, c=1, t=-1, g=-j which is analogy
to the QPSK modulation. For example if the sequence is
CTAGT, the corresponding QPSK mapping representation is
givenby 1, -1, j, -j,-1.

B. Varibale Mapping

Variable mapping technique is based on twiddle factor[8],
the four nucleotides A,G, T and C are represented by complex
numerical value which varies with position in codon along the
DNA sequence based on the 16™ different twiddle factor Wy
that occupy 16 different locations on the circle. The circle is
divided into 4 quadrants for 4 nucleotides where A,C,G, and T
are represented by the values of twiddle factors of 1°*,2™, 3"
and 4" quadrant respectively. Unlike fixed mapping technique
the values of each nucleotide will vary through the entire
sequence depending on the location of codon and the position
of nucleotide within the codon. The 1% nucleotide of a codon
will be considered in the place of ‘1’ position. Similarly 2"
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and 3" nucleotides of the codon will be placed in 2™ and 3™
position as depicted in Fig.3.

Im

Fig.3.Variable mapping technique

C. Physico Chemical Property Based Mapping

In this type of mapping techniques, biophysical and
biochemical properties of DNA molecules are used for DNA
sequence mapping.This method is robust and used to search
biological principles and structures in biomolecules. These
techniques include the atomic number, the paired numeric, the
DNA walk, the z-curve, the EIIP and the Pseudo EIIP
representation.

A single atomic number indicator sequenced is formed by
assigning each nucleotide with the atomic number as C=58,
T=66, A=70 and G=78 in the DNA sequence [14]. For
example if the sequence is ATTGC, the corresponding atomic
number representation is as x(n)={70,66,66,78,56}.

In Paired Numeric representation [11], nucleotides (A-
T,C-G) are to be paired in a complementary manner and
values of +1 and -1 are used respectively to denote A-T and C-
G nucleotide pairs.. According to this representation, for a
DNA sequence ‘TAGCCAT..’, corresponds to the sequence
x(n)={+1,+1,-1,-1,-1,+1,+1...}.

For the study of scale-invariant long range correlations of
DNA sequence , a graphical representation of DNA sequences
called DNA walk has been adopted [12].This representation
shows a graph of DNA sequence in which the walker steps
up(+1) if the nucleotide is pyrimidine (T or G) , while the
walker steps down(-1) if the nucleotide is purine (A or C).The
DNA walk allows to visualize the concentration of purines and
pyramidines in the DNA sequence. The graph continues to
move upwards and downwards as the sequence progresses in a
cumulative manner with its base along x-axis.

The Z-curve [13] is a three —dimensional zigzag curve that
provides a unique representation for analysis and visualization
of DNA sequence. The three components of the Z-curve {x, y;
z,} represent three main dichotomies of the nitrogenous bases
biochemical properties. They can arranged in classes
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1) Molecule structure: A and G are Purine (R) while C and
T are Pyrimidine(Y).

2) Strength of links: bases A and T are linked by two
hydrogen bonds (W-weak) while C and G are linked by three
hydrogen bonds(S-strong).

3) Radical content: A and contain the amino NH; group
large groove(M-class) while T and G contain the keta group(K
class).

The Z-curve is composed of a series of nodes P,P, P,...... P
with coordinates X, Yy, z, ,where n=0,1,2,...L and L is the
length of the DNA sequence.

Xn = (Ap +Gp)-(C+Ty)  R-Y (14)
Yn= (An+Cn) *(Gn"'Tn) M-K (15)
o= (A+T,)-(C+Gy) W-S (16)

The Electron-ion interaction pseudopotential (EIIP)
representation gives the distributing of the free electrons
energies along a DNA sequence and also the quasi-valence
number associated with each nucleotide [10]. The energy of
delocalized electrons in amino acids and nucleotides has been
calculated as the EIIP. If these values are used in the string
x[n], the sequence is named as ‘EIIP indicator sequence’,x¢[N].
For example if x[n]J= AT T G C A A, then x,[n]=[0.1260
0.1335 0.1335 0.0806 0.1340 0.1260 0.1260].

The optimized version of traditional EIIP representation,
called Pseudo-EIIP representation [9]. The optimization is
obtained using quasi-Newton algorithm based on the Broyden-
Fletcher-Goldfarb-Shanno updating formula. In order to
achieve consistency between the optimized characteristic
values and the EIIP values, we need to ensure that the four
variables are always positive and their numerical values are
normalized at the end of each iteration such that their sum is
always equal to the sum of the EIIP values. The Pseudo —EIIP
representation of nucleotides are A=0.1994, T= 0.1933,
G=0.0123 and C=0.0692

IV. COMPARISION BETWEEN MAPPING TECHNIQUES

In this section, all numerical representation methods and
their merits and demerits are summarized and shown in Table
1.The dimension of each mapping technique is given in
second column. It also summarizes the merits and demerits in
third and fourth column respectively.

TABLE [I:DIMENSION,MERITS AND DEMERITS OF DNA NUMERICAL
REPRESENTATION (1:VOSS; 2: TERAHEDRON; 3:COMPLEX; 4:INTEGER; 5:REAL;
6:QUATERION; 7:QPSK; 8:VARIABLE; 9:ATOMIC NUMBER; 10:PAIRED
NUMERIC; 11:DNA WALK;12: Z-CURVE; 13:EIIP; 14:PSeupo EIIP)
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2 |3 Periodicity detection Reduced

redundancy

3 |14 A-T and C-G are Introduces base
reflecting bias in time
complementary feature | domain analysis
of nucleotides

4 |1 Simple technique Mathematical

properties not
present in DNA
sequence

511 A-T and C-G are Mathematical
complement properties not

present in DNA
sequence

6 |14 Overcoming base bias | Working on

DQFT only

7. |1 Follows the molecular | Randomness
structure

8 |34 Highly accurate for Computational
gene prediction complexity

9 |14 Reflecting DNA Requiring
physic chemical further
property exploration

10 | 2 Reflecting DNA Requiring
structural property ; further
reducing complexity; exploration

11 |1 Providing long range Not suitable for
correlation lengthy (>1000
information; offering bases)
graphical sequences
visualization.

12 |3 Clear biological Not suitable for
interpretation; reduced | lengthy (>1000
computation, offering | bases)
numerical and sequences
graphical
visualization.

13 |14 Reducing Failing to detect
computational coding regions
overhead; improving in some
gene discrimination genomes.
capability

14 | 1,4 Improved accuracy Requiring
along with high further
efficiency exploration

Dimension

Merits

Demerits

1 |4

Efficient spectral
detector of base
distribution offering
numerical and
graphical visualization

Redundancy,lin
early dependent
set of
representation
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V. CONCLUSION

The paper presents a review of various methods for
numerical representation of DNA. Each of the DNA numerical
representation offers different properties. In Fixed mapping
representation methods, DNA nucleotides do not necessary
reflect the original structure of DNA. The Variable mapping
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rule is based on codon position and is more appropriate in

gene prediction. The Physico Chemical

Property based

mapping exploits the structural differences of introns and
exons. Fixed mapping techniques contain more redundant data
than Physico Chemical Property based mapping. Hence we
summarise that choice of appropriate representation depends
on a particular application.
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