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Abstract The four-letter code sequence of a single strand of a DNA sequence was
converted into a line graph, and the vertices of the line graph were assigned weights
according to the dissociation constant (pK,) of the corresponding nitrogenous base
represented by each of the vertices. Connectivity type indices were computed for
the weighted line graphs and the numerical descriptors thus calculated were used
for alignment-free sequence comparison. The numerical descriptors proposed in this
study were calculated very fast even for whole genomes, and thus, the methodol-
ogy enabled alignment-free comparison of long DNA sequences without much com-
putational load. Sequence comparison using numerical descriptors derived from the
weighted line graphs is illustrated using 23 mitochondrial genomic sequences. The
cladogram obtained from the hierarchical clustering carried out using the numerical
descriptors grouped evolutionarily similar sequences together.
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1 Introduction

Traditionally evolutionary relationships among organisms had been inferred using
morphological characteristics. In the last few years scientists have switched more
to genomic data for studying evolutionary models (phylogeny) owing to the avail-
ability of enormous amount of sequence data. Evolutionary models obtained using
DNA sequence data are often referred to as substitution models because mutation
is considered as a substitution of one nucleotide for another at a particular site in
a DNA sequence. Genes of similar type, homologous genes, are normally used for
comparison of similarity among the sequences. Sequences of homologous genes from
various organisms are often unequal in length, and therefore, correspondences among
sequences positions are not evident. In order to make the alignment perfect, the local
and global dynamic programming algorithms use insertion of gaps, whereas multiple
sequence analysis uses insertion of gaps and deletion of residues. A matrix constructed
based on the aligned columns is then used for phylogenetic analysis. Several sequence
alignment algorithms were developed [1], and the computational load of such sequence
alignments increases with increase in length of the sequences. In order to reduce intense
computation, bioinformatics tools such as BLAST [2] and FASTA [3] were developed
based on heuristic approach.

Graphical representation methods were introduced by Hamori for visual com-
parison of DNA sequences [4,5] which was followed by several modifications and
additional graphical representation methods were introduced [6,7]. In graphical rep-
resentation methods, a DNA sequence is plotted, usually, as a random walk on a
Euclidean plane. The idea behind it was to read the DNA sequence base by base and
plot succeeding points on the graph. These rectangular walks had the inherent limita-
tion that sequence consisting of bases that alternated between two types along one axis
caused overlapping path in one or other of these representations. Thus, a repetitive
sequence showed up only one step along any one of the axes and led to loss of informa-
tion. Moreover, there were chances of two sequences leading to identical plots. Though
attempts were made [8] to remove degeneracy in graphical representations of DNA se-
quences, it was difficult to visualize the lengthier sequences and visual comparison of
large sequences was not possible. As visual comparison introduced obscurity, Randi¢
introduced [9—-11] numerical characterization of the DNA graphs and several authors
[12-18] followed this approach to suggest different ways of numerical characteriza-
tion of DNA sequences. Most of these approaches on numerical characterization of
DNA graphs were reviewed by Nandy et al. [19]

Numerical descriptors were also derived directly from the primary sequences using
information theory [20,21]. In the information theoretic approach, a DNA sequence
was considered as a linear sequence of n symbols from a finite set of four alphabets.
Probability distributions of combinations of (segment of) L symbols (L-tuple) were
computed. Information theory based measures were used on DNA sequences from
large databases and the approach was also extended to protein sequences [21]. All
these alignment-free sequence comparison methods treat biological sequences as a
string of letters and the biological molecules are reduced to linguistic representations
without any consideration for physicochemical properties, 3-D structure and long
range interactions. In this paper, numerical characterization of DNA sequences using
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one of the physicochemical properties of nitrogenous bases namely, dissociation con-
stants (pK,) is proposed as a first step in deriving DNA descriptors that encode more
information. Application of the new descriptors in alignment-free sequence compari-
son was tested using 23 mitochondrial genomic sequences.

2 Conversion of a DNA sequence into a line graph

A line graph L(G) is obtained by converting each edge in a graph G into a vertex. In
a single strand of DNA the phosphodiester groups and the deoxyribose units remain
constant and the variation occurs only due to difference in nitrogenous base (see
Fig. 1a), and therefore, DNA sequences are represented by the four-letter code. A
DNA sequence was converted into a line graph in which each nitrogenous base repre-
sented a vertex while the phosphate and sugar units were suppressed. Each vertex was
then assigned a vertex weight based on the dissociation constant (pK,,) of the base cor-
responding to the vertex (Fig. 1b). Dissociation constants (pK ) of the DNA bases were
taken from the internet source www.sciencecollege.co.uk/SC/biochemicals.html. The
motivation for using a line graph was from the line distance matrix representation
proposed by Randi¢ [22].
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Fig.1 apK, values of the four bases b conversion of a DNA sequence into a line graph using pK, values
of the four bases as the vertex weights
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3 Connectivity indices for the DNA line graphs

In 1975 Randi¢ [23] proposed molecular connectivity index to characterize branching
in alkanes. The Randié connectivity index is calculated from the degrees & using the
relation given below:

1
L, _
x=> 53, ey

where i and j are the pairs of non-hydrogen atoms connected by a bond (edge) and the
summation is over all the bonds in a molecule, and degree § of a vertex is the number
of edges incident on the vertex. Kier et al. developed [24] a generalized connectivity
index " x considering paths of type vg, vy, ...v;, of length & in the molecular graph.
In the case of weighted graphs, vertices may be assigned weights based on several
schemes such as bond-order, valency, etc. A generalized connectivity index "y of
length /& can be calculated from the equation.

Pp— 2
K= 50,0

The connectivity indices are denoted as " x," yVor " x? to differentiate simple, valen-
cy, and bond-order based path connectivity, respectively. The new DNA descriptors
proposed in this paper were calculated by extending the calculation of connectivity
indices for molecular graphs to the DNA line graphs. The connectivity indices for
a DNA sequence were calculated based on pK, values of each of the four bases.
Hence, the notation * x 7X@ is suggested for the new set of descriptors proposed in this
paper. Calculations of " y PX@ for the hypothetical DNA sequence shown in Fig. 1b
are illustrated below:

1_pKa 1 1 1 1 1
X = + + + +
V35%x99  J/99x94 94x94 /94x42 /42x99
1
+ +
V99 x35 4/35x%x99
= 1.0339
1 1 1
2XpKa _ + +
V/35%x99.x94 J/99%x94x94 9.4x94x42
1 1 1
+ + +
V9.4x42%x99  /42x99x35 /42x35%x99
= 0.32860
7XpKa _ 1
V35%x99%x9.4%x94%x42%x99%x35x%x9.9
=476 x 1074
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Connectivity type indices for DNA sequences were previously proposed by Zhang
et al. [25], but the basis of calculating the x —indices in the present paper is entirely
different and not reported earlier.

4 Application of * x PX¢ jn sequence comparison

Twenty three genomic sequences of mitochondrial DNA were downloaded from
the GenBank database using Entrez data-retrieval tool (http://www.ncbi.nlm.nih.gov/
Entrez/). Table 1 gives the accession number, common names, and lengths of the
sequences used in the present study. Connectivity-based indices of order zero to ten
("xPXa for h = 0 to 10) were calculated for each of the sequences using an in-house
computer program developed in Visual Basic 6. The program took less than a minute
per sequence for calculating the indices using a PC with Intel Core2DUO (E4500)
2.20 MHz processor and 1 GB RAM. The connectivity-based descriptors calculated
for the 23 mitochondrial genomic sequences are given in Table 2. Ratio of (A+T) to

Table 1 Sequences used in the study

# Accession no. Species name Common name Seq. length
1 EU352212 Aedes aegypti Mosquito_AA 16655
2 L20934 Anopheles gambiae Mosquito_AG 15363
3 L06178 Apis mellifera Honey Bee 16343
4 AF149768 Bombyx mori Silk worm 15643
5 AF538716 Brugia malayi Round worm 13657
6 AC186293 Caenorhabditis briggsae C.briggasae 14420
7 X54252 Caenorhabditis elegans C.elegans 13794
8 U37541 Drosophila melanogaster Fruit fly 19517
9 AJ276844 Plasmodium falciparum Pfalciparum 5967
10 AJ312413 Tribolium castaneum Beetle 15881
11 AY526085 Bos taurus Cattle 16338
12 U96639 Canis familiaris Dog 16727
13 AF010406 Ovis aries Sheep 16616
14 D38113 Pan troglodytes Chimpanzee 16554
15 NC_001807 Homo sapiens Human 16571
16 AY612638 Macaca mulatta Rhesus Monkey 16564
17 NC_005089 Mus musculus Mouse 16299
18 X14848 Rattus norvegicus Rat 16300
19 X52392 Gallus gallus Chicken 16775
20 M10217 Xenopus laevis Frog 17553
21 AJ508398 Monodelphis domestica Opossum 17079
22 X83427 Ornithorhynchus anatinus Platypus 17019
23 AJ001588 Oryctolagus cuniculus Rabbit 17245
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(G+C) i.e., (sum of ‘A’s and ‘T’s) — (sum of ‘G’s and ‘C’s) was also included as one
of the numerical descriptors.

Comparison of similarity among sequences using a diverse pool of numerical
descriptors enables clustering in a multidimensional space and this is expected to yield
amuch better result than one-dimensional analyses using a single descriptor. However,
numerical descriptors that are highly inter-correlated encode redundant information
and appropriate statistical tools should be used to extract mutually orthogonal descrip-
tors. Principal Component Analysis (PCA) is normally used for data reduction and
extraction of orthogonal parameters. PCA yields a set of eigenvalues and the eigen-
vectors where the elements of eigenvectors can be interpreted as correlation indices
and they reflect the degree of association between the ith variable and the jth principal
component. The objective of the interpretation is to select one variable to represent each
eigenvector; this subset of variables will have low inter-correlation because the eigen-
vectors are uncorrelated. Hopefully, the variables will be selected with the thought
of maximizing the variation between the predictor variables selected as the subset
and criterion variable. Although the correlation between the predictor variables in the
subset and the criterion variables cannot be greater than the correlation between all
of the predictor variables and the criterion variable, the difference between the two
correlations should not be statistically significant. Thus, principal component analysis
(PCA) should yield a subset of predictor variables that reduces both the data collection
and the inter-correlation.

The " x -values in Table 2 for different orders (i = 0, 1 etc) differ in their magnitudes
and this was expected to effect the results of PCA because PCA is scale dependant.
Hence, the * x-values were normalized using the following procedure:

iy

n—nh

(€)

h
Xnormalized =

where 7 is the sequence length and h is the order of connectivity type descriptor. The
normalized " x -values values, and AT/GC ratio were then scaled using the transfor-
mation log, (variable +3) and thus all the descriptors were brought to same orders
of magnitudes. PCA of the data matrix containing 23 observations and 12 columns
extracted two factors and they accounted for 99% of total data variance. The com-
ponent matrix indicated all x -descriptors were highly correlated to the first principal
component (PC-1) while AT/GC ratio was highly correlated to the second princi-
pal component (PC-2). Amongst the x-descriptors, 3y PKq and 0y PKe were almost
perfectly correlated with PC1. Hence, © x ?X¢ and AT/GC were selected from the ini-
tial descriptors set. The two selected descriptors had very low correlation between
them (r = —0.278) and were used to study the similarity of sequences. Hierarchi-
cal cluster analysis was carried out using SPSS software and Euclidean distance was
used as a measure of similarity. The dendrogram was drawn using linkage within
group method and Euclidean distance as the measure of similarity in the 2-D space.
The dendrogram (phylogenetic analysis) obtained for 23 genomic sequences is given
in Fig. 2. The alignment-free approach followed in this paper was found to clus-
ter similar sequences together. For example almost all invertebrates (arthropods and
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*#* 4+ +* HIERARCHICAL CLUSTETR ANALYS IS * * * **
Dendrogram using Average Linkage (Within Group)
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Fig. 2 Phylogenetic analysis of twenty three genomic sequences of mitochondrial DNA

nematodes) were diverged from vertebrates by grouping the insects in one close clus-
ter and worms in another. Duck billed platypus is a monotreme and retains mixture
of mammalian and reptilian features was paired with frog and mouse. This indi-
cated that these mitochondrial genomic sequences might share some commonality
in their gene families. Among the vertebrates, mammals and primates were sepa-
rated (primates in same node), and distinguished from the rest of the species. It
is quiet satisfying to note that the approach used in this study was able to iden-
tify similarity among the sequences. Moreover, the approach advocated in this pa-
per was utilized to compare genomic sequences without much demand for large
computation time as opposed to very large computation time required in sequence
alignment methods. There is a wide scope to extend the calculation of the x-indi-
ces for DNA graphs using other physicochemical properties and solvent perturba-
tion parameters. It is also possible to assign weights to the edges based upon other
interactions. Though, such secondary structural characteristics are not necessary for
sequence comparison they will be useful while considering the numerical descrip-
tors as biodescriptors. However, extension of the approach to protein sequences and
incorporating secondary structural information will result in better numerical charac-
terization.
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5 Availability of computer program

The computer program for the calculation of the DNA descriptors explained in this
paper may be obtained free of cost from the corresponding author (R.N.).
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