Genome analysis for nucleotide interactions in fully sequenced
genomes of selective prokaryotes
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Fully sequenced prokaryotic genomes of Escherichia coli, Haemophilus influenzae and Methanococcus janaschii
were subjected to genome analysis for nucleotide interactions. The analysis was restricted to inter-nucleotide
relations like two nucleotides in a dinucleotide, three nucleotides in a codon and two codons in a dicon.
This relational analysis was carried out in C language and was compiled on a C++ compiler. The relational
analysis showed a preferential dinucleotide frequency (the observed frequencies of AA and TT were higher
than the expected frequency and the observed frequencies of CC and GG). From codon frequency distribution
analysis, sub-codonic elements have been noticed, exerting that the first one or first two nucleotide may
reasonably determine the next nucleotide(s) in a codon. The analysis further reveals the existence of short-range
randomness or chaotic behaviour in prokaryotic genomes, which might be a forerunner for the origin of
introns in eukaryotes, besides being involved in a regulatory role.

Introduction

Genome analysis by various approaches, including
linguistic (Pesole et al 1994), grammatical (Collado-Vides
1991), as well as the nucleotide frequency approach
(Mrazek and Karlin 1998) have been immensely useful
in determining the frequency of occurrence of different
lengths of nucleotide strings in the genome besides
helping decipher sequence relatedness and specificity.
The ‘dinucleotide relative abundance’ has been shown
to follow a ‘general design’, where closely related
organisms have relatively identical/similar general design
(Karlin and Burge 1995). Hence they can be referred to
as ‘genomic signatures’ for different DNA samples. These
‘dinucleotide relative abundance’ analysis have explained
the differences between the DNA sequences in prokaryotes
and eukaryotes, viruses and hosts, and the way they
differ at codon sites etc. However, these assessments
have been restricted to few representative bacterial
sequences, possibly due to the lack of complete genome
sequences at the time of analysis (Nussinov 1984). In
addition, dinucleotide abundance studies were performed

Keywords.

using concatenated sequences or their inverted comple-
mentary sequences or from multiple 50 kb disjoint conti-
guous segments of the genome (Karlin et al 1997).
Though these studies reflect on the dinucleotide relative
abundance, the possibilities for nucleotide preferences in
dinucleotides, codons and dicons and vice versa have
not been considered. The recent availability of complete
genome sequences of a few prokaryotes (O’Brien 1997)
offers an excellent opportunity to analyse the possibility
of nucleotide interactions in the organization of the
genome. Hence in this study, we attempt to analyse the
inter-nucleotide relations between (i) two nucleotides in
a dinucleotide (e.g., interaction between A and C in a
dinucleotide AC), (ii) three nucleotides in a codon (e.g.,
interaction between A, C and G in a codon ACG), (iii)
two codons in a dicon (e.g., interaction between ACG
and TTT in a dicon ACGTTT), by choosing, for analysis,
the complete genome sequences of Escherichia coli,
Haemophilus influenzae and Methanococcus janaschii.
This study, comprising completely sequenced genomes
of prokaryotes, allows interpretations on the role of
genomic signature, helps in identifying species specific
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relations (if any), besides giving an indication of con-
formational and packaging arrangements in a double
helix. In this paper, we describe the genome as a
‘deterministic genome’ since the full length of the genome
has the potential to code for proteins at some point in
its lifetime and thus to avoid the bias based on classifying
them into non-open reading frame (ORF) and ORF regions.

2. Materials and methods

2. Genome database

The complete genomes of H. influenzae (1830 kbp)
(http://www.sdsc.edu/ResTools/cmshp.html), M. janaschii
(1740 kbp)  (http://www.sdsc.edu/ResTools/cmshp.html)
and E. coli (4636 kbp) (http://mol.genes.nig.ac.jp/ecoli/)
genomes were downloaded in a compressed mode and
decompressed by using the KeyView-32 program.

2.2 Genome analysis

All the programs for the relational analysis were written
in C language and were compiled by the C++ compiler
under the IRIX (UNIX) environment which was accessed
through a Silicon Graphics workstation. The program
allows the analysis of a complete genome sequence or
a selective stretch/string of a DNA sequence. Both the
strands have not been joined or concatenated, as that
would lead to a reduction in the dinucleotide combinations
thus averaging them out. So our analysis is extended
only to a single strand of the complete genome. The
programs are shown in the appendix. The data were
further analysed by SigmaPlot to comprehend the
nucleotide interactions.

2.3 Logic applied in genome analysis

The number of combinations possible with the four
nucleotides of a given length is 4", where n is the
sequence length. The program was written such that, it
would generate all the possible combinations of given
length, like 4° for dinucleotides, 4°> for codons, 4° for
dicons (two codons taken at a time) and 4° for tricons
(three codons taken at a time) and store in an array for
future comparison with the genome. The entire sequence
of the genome was considered as a single string. Through
standard ‘file pointer’ function, each sequence in a
particular category was compared with the genome
through the standard stremp() function till it reaches the
End of File (EOF). If the comparison was a successful
event, an integer variable was increased by one unit. In
this way, at the end of the comparison, the number of
times that particular sequence occurred was obtained.
After comparison with the particular sequence, the next
sequence was taken from the array and the similar
process of comparison was repeated.
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The relationship between randomness and deterministic
nature of the genome was analysed by another standard
function ‘fseek()’, to accomplish lexical (one nucleotide
jump), codonic (three nucleotide jump) and diconic shifts
(hexanucleotide jump). The function fseek(), positions
the cursor at the desired place to start comparison. In
this way data reflecting the lexical, codonic and diconic
shifts was obtained. '

Probability theorem was used to analyse the relation
between the nucleotides:

“The events A, B, C.... are said to be independent,
if and only if the probability of occurrence of these
events taken together, P(ANBNC...) i.e., observed fre-
quency, is equal to the product of the probabilities of
individual events, P(A)*P(B)*P(C)... i.e., expected fre-
quency:

P(ANBNC = P(A)*P(B)*P(C)

The failure to satisfy this condition implies the presence
of mutual interactions between the nucleotides.

Dinucleotide expected frequencies were calculated by
multiplying each base frequency with the four base
frequencies and comparing with the observed dinucleotide
frequencies through bar graphs. ‘

Three types of expected frequencies were calculated
to find if there are any interactions within the codons.
The 64 codons were divided into 4 parts of 16 codons
each. The-parts were created such that, in each part the
Ist nucleotide i.e,, ‘1’ in a codon of ‘123’ occurs in
all the 16 dinucleotide combinations (see figure 3). This
methodology was adopted to know the influence of the
I'st nucleotide on the next two nucleotides.

1-2-3 type: In this approach 1,2,3 stand for specific
nucleotides and each nucleotide was considered to occur
independently. As the frequency of 1,2,3 were known,
they were multiplied and compared to the observed
frequency of the 64 codons.

12-3 type: In this type, codon frequency was
considered as the result of the influence of dinucleotide
and base frequencies. The expected frequency was
calculated by multiplying the observed frequency of the
dinucleotide (by considering 12 as a dinucleotide) with
the observed frequency of the bases (by considering 3
as the base).

1-23 type: In this, the expected frequency was calculated
by multiplying the observed frequency of the dinucleotide
(by considering 23 as a dinucleotide) with the observed
frequency of the bases (by considering 1 as the base).
This expected frequency was compared with the observed
frequency of the 64 codons.

All the data, ie., expected and observed frequencies,
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were normalized i.e., each frequency was divided by the
cumulative frequency and expressed as a percentage.

3. Results and discussion
3. Base composition and dinucleotide frequency

In all the three genomes, the ratio of C, G and A, T
are approximately equal to one (figure 1). The order of
frequency of nucleotides is A>T>C>G in H. influen-
zae, A>T>G>C, in M. janaschii and C>G>A>T
in E. coli. The C+ G content of H. influenzae was found
to be 38%, 31% in M. janaschii while in E. coli it was
to be 51% and the calculated values from this study
agree with the experimental data in the literature (Olesen
and Woese 1996; Devine and Wolfe 1995). The
frequencies of ‘AA’, ‘TT’ and ‘CC’, ‘GG’ are approxi-
mately equal. Interestingly, though the frequency of C
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