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SUMMARY

This paper gives a brief overview of several applications from the emerging interdisciplinary field of genomic
coding theory that aims at applying concepts and techniques from the field of coding theory to problems
from the field of molecular biology. This is motivated by the high precision and robustness found in genomic
processes in addition to the increase in the availability of genomic data for a wide range of species. The
considered applications include source coding for DNA classification, channel coding for modelling gene
expression with emphasis on the process of translation, existence of error correcting codes in the DNA
and channel coding structure in the genetic code. Example results are presented that demonstrate the
relevance of the proposed approaches and open questions are formulated to suggest future research work.
Copyright© 2007 John Wiley & Sons, Ltd.

1. INTRODUCTION genome being far larger than the size needed to specify every
characteristic of any given individual. On other fronts, Mac

Motivated by the redundant structure of the genetic codeonaill [5] proposed a parity check code interpretation of

the existence of large evolutionary conserved non-codimgicleotide composition, and Mayal. [6] proposed the use

regions among species, and the existence of speddhlblock and convolutional codes to model the process of

sequences in coding regions, several researchers are tryfiagslation initiation in prokaryotic organisms.

to apply coding theory models to understand the structureThis paper is organised as follows. Section 2 presents

of the DNA and the operation of various genetic processegme biological background on gene expression in addition
Yockey [1] proposed one of the first models for gene exo some analogies that motivate this work. Section 3 presents

pression using encoding/decoding concepts from comntgcent research contributions and open problems in the field

nication theory. Liebovitclar al. [2] developed the first effi- of genomic coding theory. Finally, conclusions are drawn

cient method to scan through DNA sequences to determiieSection 4.

whether some linear block code structure is present. Years

later, Rosen [3] developed a method for the detection of

Iinear blogk codes that accounts for possible _insertions a3dWHY CODING THEORY?

deletions inthe DNA sequences. However, neither work was

able to support the existence of such simple error correcti .

codes in the DNA. Battail [4] argued about the existenc%q' From DNA to proteins

of nested error correcting codes in the DNA supported lfyene expression is the process through which information

several biological observations such as the size of the hunw@mtained in the DNA is transformed into proteins. Gene
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Figure 1. Communication theory model for gene expression.

expression is composed of two main steps: transcriptiexpression. The DNA can be modelled as an encoded
and translation. In transcription, the double stranded DNiAformation source that is decoded (processed) in several
molecule is used to synthesise a new single strands@ps to produce proteins. During these decoding steps,
molecule called messenger RNA (mRNA). The RNAhe processed DNA is subjected to genetic noise which
polymerase binds to a specific region in the DNA in ordeesults in several types of mutations. Transcription initiation
to separate the two strands. Once they are separated, om@esponds to a process of frame synchronisation where
of the strands serves as a template for the creationtbé RNA polymerase detects the promoter sequences
the mRNA. The resulting mRNA is consequently splice¢biological sync words). Translation initiation also

to remove the introns (non-coding regions) which resultorresponds to a process of frame synchronisation to detect
in a sequence of pure exons called mature mRNA. Thiee translation initiation signals (e.g. for prokaryotes this
mature mRNA travels in the cell until the ribosoméncludes the Shine-Dalgarno (SD) sequence and the start
binds to it at a specific region in order to start theodon). This is followed by a decoding process to map
process of translation. Once the ribosome binds propedgdons to amino acids. Figure 1 shows a model for gene
(translation initiation), it starts processing triplets of basesxpression based on building blocks from communication
(also called codons) of the mature mRNA to productheory. In this model, we assume that mutations can also
amino acids. The ribosome serves as a platform for tlecur in the involved proteins, that is RNA polymerase,
transfer RNA (tRNA) molecule which holds the aminaibosome and tRNA. Other similar models for gene
acids. A tRNA molecule connects using its anti-codoaxpression are summarised in Reference [6].

end with codons found in the mature mRNA until a On a larger scale, evolution can be modelled as a single
sequence of amino acids is chained. The formed champut multiple output (SIMO) antenna system. Given an
then folds to finally produce a protein. Note that thevolutionary scenario of multiple species that evolved from
gene expression processes differ between eukaryotes andommon ancestor, the ancestor can be modelled as
prokaryotes. Prokaryotes are simple organisms that do io¢ transmitter and its sequence of bases as the output
have a nucleus such as bacteria (e.g. E. Coli) wherezghe information source. This information is transmitted
eukaryotes are organisms that have their DNA in the nucleoger the branches of the evolutionary tree (phylogenetic
(e.g. humans). tree), where the leaves of the tree correspond to the receive
antennas of the SIMO system. The antennas receive the
sequences that one can observe in different species with
errors (mutations) occurring during the transmission pro-
There are several analogies between data transmissi@ss. These analogies motivate the use of coding theory for
in communication systems and DNA processing in gergenetics.

2.2. Analogies and modelling
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3. GENOMIC CODING THEORY 3.2. Channel coding for modelling gene expression

3.1. Source coding for DNA classification Concepts from coding theory can be used to develop
. ] ] biologically-motivated models for the processes of
Special source coding algorithms have been developedyignscription and translation. This allows the analysis of
compress genomic sequences by taking into account thgifioys interactions that take place in gene expression using
structural properties, for example, DNACompress [7]. Igfficient computer simulations saving laboratory sources
Reference [8], we make use of source coding algorithms 48 time spent on experiments. Moreover, it might help in
approximate a mutual information-based distance measyfigcovering new facts that allow further understanding of
for the classification of DNA sequences. The mutughese processes. The work of May [6] established the first
information 1(S;; S;) between two given source§ and concrete ideas for modelling gene expression interactions
S; can be transformed into a bounded distance measyg.ad on algorithms inspired from coding theory.
through normalisation by their maximum possible mutual The process of translation in prokaryotes is triggered by
information. The resulting measure can then be expressgd detection of a biological sync word known as the SD
as sequence which is located around 10 bases before the
translation start codoaUG. It has been stated that the
1(5i;S)) (1) last 13 bases of the 16SrRNA subunit of the ribosome,
min(H(S:), H(S)) that binds to the mRNA, play an important role in the
detection of the SD sequence [10]. In Reference [11],
we model this detection/recognition system by designing

. ) a one dimensional codebook consisting of the nine sub-
compression achieved on a sequence generated by a g'élg&'uences with lengtv = 5 of the last 13 bases of the

source is used to approximate its entropy. Moreovef[GSrRNA molecule, that is, we obtain nine codewords

the compression achieved on the concatenation of two el 9 h
sequences generated by the two compared sources is uge: Lsi, .. siral, i €[1;9] ~ where s =l[sy,...,513]

. . . enotes the sequence of the last 13 bases. A sliding window
to approximate their conditional entropy [9].

. . is applied on a given noisy mRNA sequence to select
To demonstrate the performance of the given d'Stangﬁb—zgquences 0% lengthi a)rlld compareqthem with all

meastre, we _present results for differer!tiating b.etwe%gdewords in the proposed codebook. The codeword that
non-genic regions (ng), exons (ex) and mtro_ns (in). ArS sults in the minimum Hamming distance is selected and
content sequences, the first 50000 nucleotides (50 obtained minimum metric value is recorded. For the
of each type are selected from human chromosome )

19). As unknown N ; f nucleotid alysis, we apply the algorithm to 15@Q-0/i translated
(9 ). As unknown sequences, groups ot nucleotides Sequences annotated in the NCBI database [12]. In addition,
different sizes of each type are selected from hum%\p

chromosome 1 (c1). For each unknown sequendée e apply the algorithm on a set @fcoli sequences that

: U o . contain a start codon but are not translated. Average results
'(Ij'lr?;ar:;eljr(]%w : jiéo E\éigec?gt?;;iegrair;%f?egagsI?:]eed .t for both classes of sequences are plotted in Figure 2.
d YPerhe x-axis represents the position in the aligned

of the content sequence yielding the smallest dIStanCsee'quences. It can be seen that the proposed algorithm is

Al Unknown sbquences were corecty recognised (S (© ey the SD (peak at positon 40) and the start
Table 1) codon (pez_;\k at position 51) in 'Fhe_ translated sequences
' and, thus, is capable of differentiating between translated
and untranslated sequences. Moreover, these results support
the arguments for the importance of the 16SrRNA in the

translation process.

da(s;, S;))=1-

where H(S;) is the entropy of the sources;. The

Table 1. DNA classification using source coding.

SU\S¢ c19ng-50kb ¢19in-50kb c19ex-50kb  To make biological use of the developed algorithm, it

c1ng-300kb 0.041-best 0.842 1025 Was gpphed to test the_effect of s!ngle point mutatlons in

clng-13kb 0.651-best 1.013 1.009 the ribosome on protein synthesis. To do this, we have
¢1in-300kb 0.933 0.585-best 1.014 introduced point mutations in all positions of the last 13

clin-13kb 1.000 0.052-best 1.068 bases of the 16SrRNA and executed the algorithm on the
clex-300kb 1.017 1.006 0.963-bestg /i data set. The obtained results are summarised in
clex-13kb 0.985 0.944

0.830-bestraple 2 by quantising into five levels the influence of these
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Figure 2. Detection of translation signals.

Table 2. Effect of mutations in the 16SrRNA on translation.  and splicing. (iii) Applying the developed models to
Positon 1 2 3 4 5 6 7 8 9 10 11 12 139enomes of different organisms. (iv) Using the developed
models to obtain new biological findings on gene
SD -- -+ 4Ly - - - - - - expression.

Start i N N S e S S

3.3. Error correcting codes in the DNA

mutations on detecting the SD and start codon signals. Time contrast to prokaryotes, there seems to be possible
levels are: — represents no influendgea strong negative redundancy (non-coding DNA) in the genomes of
influence,| a weak influencet a weak positive influence eukaryotes. In humans, for example, protein coding regions
andq a strong positive influence. comprise only approximately 2% of the whole genome. In

For example, results show that a mutation in positionfact, it has been observed that the complexity of an organism
has a strong negative influence on the recognition of the $Idd its ratio of non-coding to coding DNA is positively
signal, whereas a mutation in position 8 has no influencerrelated [13]. Furthermore, it has been shown that there
since perhaps its role is just to introduce spacing at tlaee several conserved non-coding sequences among species
moment of decoding the mMRNA sequence. The obtain@dich is a strong indicator of their important functionality
results showed complete agreement with some publishHdd]. These facts raise the following intriguing questions:
experimental results on the effects of various mutatiorf§ Why are higher organisms equipped with so much non-
[11]. coding DNA (maybe redundancy)? (ii) Can evolution be

This work can be extended in several directionsnodelled as an encoder which adds redundancy to the
(i) Designing similar models for the process of transcriptiogenomic information? (iii) Can one prove the existence of
in prokaryotes. (ii) Designing similar models for genesome form of error correcting codes in the structure of the
expression in eukaryotes including translation, transcripti@NA?
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From a coding theory point of view, there is a need tprocess using the Kullback—Leibler distance
find methods for the detection of a coding structure in a
received noisy data sequence whose encoder and decoder s[n] =D (py(y; V) || py(; ¢0)> 2)
are completely unknown. As evolution had a lot of time

to optimise its information transmission system, it Mmighte scores[s] is associated to the column in the middle
be a very complex che. Earller work has concentrat%q] the sliding window. Note that a low score corresponds
on gene sequences (i.e. coding DNA) or on prokaryoti§ 5 good channel and thus a highly conserved region.
organisms with relatively small genomes [2, 3]. Howevekig re 3 presents results for the estimation of conservation
as the genes are already constrained by the structure of e, yition to the underlying genomic data. Bases are
genetic code, it is unlikely that there are enough degreggeoged with a unique colour and maximal conserved
of freedom to form an error correcting code. MOreovey, s are marked in black. The proposed distance based

simple organisms like prokaryotes have short life cyclegqre signal reflects the different degrees of conservation
and benefit from fast adaptation to a changing enwronme%d, in contrast to earlier methods, does not rely on an

That is why they have significant higher mutation rates angl . ;rate model of neutral evolution [14, 17, 18].
smaller genomes than more complex organisms such aghis work can be extended in several directions:

eukaryotes. Therefore, it i; unlikely that an error correctin@) Expanding the coding theoretic analysis of the conserved
code can be found in their genome. As a result of thepg, coding sequences. (ii) Developing methods for the
observations, we believe that if an error correcting coqging getection of error coding structure and applying
would existin the DNA, then itis most appropriate to sear¢fyem 1o conserved non-coding regions. (i) Investigating
for it in the conserved non-coding regions of eu"aryouﬁependencies between coding and non-coding sequences

organisms. _ using phylogenetic and information theoretic methods.
In Reference [15], we introduce a novel Kullback—

Leibler based method that can identify function . . .
redundancy in the DNA. Evolution is commonly describ:éA' Channel coding structure in the genetic code
by a set of parameteng, representing the phylogeny andThe discovery of the mapping of codons to amino acids
a model of mutations [16]. We assume an ancestor inpkhown as the genetic code) was a major advance in the field
sequencex[n] is transmitted over an evolution channebf molecular biology [19]. The genetic code has 64 codons
to output at the receiver the vectgfr]. The channel that uniquely map to 20 amino acids which is a redundant
is characterised by the transition probabilitiggy|x; ¥) mapping. There are many research efforts trying to study the
conditional onx and parameterised ovefr. The channel evolution of the genetic code and its optimality properties.
varies overn as different DNA regions have been subjectedihe approach used to test optimality is based on generating
to different substitution rates according to the significanagher mappings of codons to amino acids and trying to
of the biological importance of the information they carrycompare them with the natural genetic code using physio-
From this point of view, estimating the conservation of ahemical metrics such as polarity and hydrophobicity [20].
particular DNA region amounts to the estimation of how One can easily show that codons which code for one
good the transmission channel was in this region. amino acid are more closely related to one another (in
From a communication theoretic viewpoint, thesequence) than they are related to codons that code for
maximum conservation is equivalent to the case atheramino acids. In other words, codons that code for one
noiseless transmission, that is, the transmitted bfigp amino acid differ in several cases by just one nucleotide.
is observed unchanged in all components of the receiVaus, single nucleotide mutations (especially in the third
vectory[n]. In this situation, the channel shall be specifietbcation) will often not change the resulting amino acid
by py(ylx; ¥o) and the receive vectoy[n] is distributed ratherthanleadto an error. Investigating protein substitution
according to py(y; ¥o). For the comparison with the matrices, another interesting observation is that the smaller
maximum conservation case, we calculate the maximuime number of codons per amino acid, the higher the
likelihood estimatap of the evolutionary model that mostself substitution score for that amino acid. A higher self
likely generated an ensemble of receive vecigg] in a substitution score implies that the amino acid was more
sliding window over the observed data. Then, we calculatdten conserved in its location within evolutionary related
the probability mass functiorpy(y;¢) for a column protein sequences.
parameterised by and compare the estimated distribution Based on the given observations and analysis, the
with the one corresponding to the maximum conservatidallowing open research questions can be raised: (i) Can one
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Figure 3. Top, conservation score indicating conserved regions; Bottom, visualisation of the respective genomic data.

justify the structure of the genetic code using channel codisgnilar characteristics, gene discovery within a given
theory? (ii) Can one prove the optimality of the genetic coderganism, improving the process of protein synthesis in
using channel coding theory? (iii) Is there a relationshigenetic engineered proteins, etc. As a summary, this work
between the number of possible codons that result in a giveiil help in stimulating the interdisciplinary research efforts
amino acid and the importance of the amino acid? (iv) s apply techniques from the field of communication theory
there a relationship between the redundant structure of tleeother problems from the field of genetics.

genetic code and DNA repair mechanisms?
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