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Abstract. The genetic code can be seen as the major key to biological self-
organisation. In fact, all living organisms regardless of whether they are plants,
bacteria or mammals have the same molecular bases: Adenine, cytosine,
guanine, and thymine. Unidimensional sequences of these bases contain the
genetic information for the synthesis of proteins in all forms of life. Thus, one
of the most fascinating questions is to explain why evolution has produced the
current genetic code and why it exists in its present form.

Motivated by these fundamental questions, a new software tool — Genetic
Code Analysis Toolkit (GCAT) — was developed which can be used to
investigate properties of the genetic code in order to develop hypotheses about
its origin and evolution. The main focus of the tool has been put on the
graphical visualisation of the data.

In the present paper we will describe in short the tool GCAT and give a
couple of applications presenting new results on circular codes and the structure
of some ancient codes.
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1 Introduction

The genetic code is a dictionary that translates triples of molecular bases into amino acids
which are then combined to form proteins — the main ingredient for all kind of livings.
Protein synthesis is therefore the essential mechanism that nature uses in forming life. A long
evolutionary process has produced the current genetic code table passing through several
ancient codes and the central and fascinating question is why the code is at it is. Is it
optimised in any sense or is its present form just a fiozen accident? After Watson and Crick
[3] had discovered the DNA helix structure and then deciphered the encoding of 20 amino
acids (plus a stop signal) by 64 codons, the scientific community was tempted to believe that
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the most central riddle of nature was solved and it was hoped that (genetic) deceases could
be cured in the near future. However, even after the 1000-Genome-Project [20] we are still
far from this paradisiac situation. Nowadays, it is clear that there are more secrets in
protein synthesis than we know and it is believed that only interdisciplinary efforts by
biologists, physicians, chemists, bioinformaticians and mathematician will help to
fully understand this complex process.

About 20 years ago, a class of so-called circular genetic codes” were found
statistically in genetic coding sequences [2]. These codes have remarkable prop-erties
that seem to play an essential role in the process of translation. They could be the
reason for one of the fundamental features of the genetic code, the noise immunity: The
ribosome apparently has mechanisms to detect and correct errors that arise during the
translational process, for instance, those caused by unintentional insertion or deletion
of a base in a sequence. The translation process in the ribosome is naturally error-prone
and it is highly unlikely that a complex system like this develops without any error
correcting or detecting mechanism. A series of publications [4, 5, 7, 8, 9] shows
fascinating similarities between properties of circular codes and processes within
protein synthesis. Moreover, a recent theory states that nature evolved from simpler
ancient codes that had high error correcting features to more complex codes by paying
the price of error correction and instead using a nested second code - a circular code.
Thus, also from an evolutionary point of view circular code theory is of great
importance and at the same time extremely difficult from a mathematical point of
view.

Inherently one often needs to examine many particular cases in the above research
in order to understand a pattern behind them for suggesting a theoretical explanation
of a process. This is very time-consuming, if done manually, and in particular in the
case of the genetic code one has to face a complexity that is comparable to those of a
chess game on a 8 x § chess board. Moreover, manual handling of such examples is
error-prone and a manual investigation of real data, for instance sets of data from
GenBank or from FASTA files, is completely impossible due to their sizes (compare
also [1, 12, 15]). Thus, the only possible approach to achieve useful results on this
field is to have a computer aid. However, there was no re-usable and expandable tool
accessible for this kind of genetic data that had a user-friendly editor and a main focus
on its graphical output. We hope to fill this slot by means of our software Genetic
Code Analysis Toolkit (GCAT). GCAT is capable to handle sets of codons as well as
genetic sequences from GenBank or FASTA files. A special feature of the tool is a
comprehensive editor which, amongst other things, visualises graphically the
processes implemented. This is one of the characteristics which distinguishes GCAT
from other tools like Bioconductor [14] that require knowledge in scripting.

2 Software

GCAT is a Java-based application with a comprehensive user interface for a rich user

2 More details can be found in Section *Circular Codes’ below.
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experience. Although developed as a stand alone software, its architecture enables the
integration of bioinformatic toolkits like Bioconductor or R [18] in general.
Technically, GCAT consists of two major components:

1. GCAT comes with a domain model for nucleic bases and amino acids that is
linked and integrated with BioJava [17]. BioJava is a feature rich frame-work
for bioinformatics, and GCAT primarely uses it to import and export
sequences from a file or web services.

2. Operations are the key functions in GCAT which are applied to a sequence or
a set of codons. They either modify or analyze a collection of tuples and the
result of an operation may be the input for another. Operations can be used in
an interactive mode similar to a shell or a workbench like R Studio or Matlab
or in batch mode. Each operation may also have a graphical user interface. All
operations are designed as plug-ins that are loosely coupled with GCAT’s core
components. New plug-ins can easily be added even without re-compiling the
software.

GCAT is freely available at http://www.gcat.bio.

3 Applications

In this section we discuss three applications of our tool GCAT that led to new results
on the genetic code and its evolution. The first two show interesting properties of
circular codes and the results in Theorem 1 and Theorem 2 lack theoretical proofs so
far but have been purely obtained by investigating the data using GCAT. The third
result sheds some light on a theory by Jiménez-Montano about the origin of the
genetic code.

3.1. Circular Codes

A fundamental feature of the genetic code is its noise immunity: It is resistant to
mutational effects caused by e.g. insertion or deletion of a nucleic base or simply an
incorrect grouping of codons as a consequence of a false reading frame. Such
mutations can be fatal during the translation process, may result in nonfunctional
proteins and can thus lead to genetic diseases like, first of all, some kinds of cancer,
Tay-Sachs disease, or HIV.

In 1996, Arqués and Michel [2] selected, by means of statistical analysis, the 20
most frequent codons in the 3 different reading frames of genetic coding sequences.
The analysis was done in large gene populations of prokaryotes and eukaryotes (later
on extended to bacteria and viruses). Surprisingly, the set of codons they found formed
a circular code. Such codes are a weaker version of comma-free codes which had been
proposed by Crick in 1957 [3] as a solution for the frame-shift problem. Every out-of-
frame codon can be recognised immediately by comma-free codes as it cannot belong
to the code by definition. However, an experimental evidence that comma-free codes
are used in nature has been missing. Circular codes have likewise the property of
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detecting frame-shift mutations during the translation as every sequence of bases has at
most one decomposition into codons from a circular code if read on a circle.
However, the frame-shift error can only be detected eventually and after at most 13
bases. The property of circularity as well as that of comma-freeness are preserved
under a systematic exchange of nucleic bases and a reversing permutation of the
codon bases. This led to a systematic study and classification of circular codes in [4]
using group theory.

Even though circular codes have been found in nature as subcodes of the genetic
code and although they compile very well with the codon bias of coding sequences, it
is not clear how nature uses their error detecting and error correcting features. This
asks for a comprehensive and systematic statistical investigation of data sets from
data bases like GenBank in order to better understand the properties of circular codes
and their appearance in coding sequences as well as the possible role they play in
forming the three dimensional structure of proteins. In GCAT many features have
been implemented which are designed to carry out this analysis for either sets or
sequences of codons. Below we list some exam-ples of such functionalities of GCAT
which have turned out to be useful when working with circular codes:

e Test Sequence: The tool tests the given set of codons for properties like
comma-freeness, circularity, or self-complementarity.

e Substitute Nucleotide Bases: Applies one of the 24 possible permutations of
nucleotide bases to all codons in a given code.

e Split Sequence: In this functionality of the tool different possibilities to split a
given code according to some rules are collected. It includes the important
BDA subunit (compare the corresponding subsection below) and splittings into
comma-free subcodes.

e Permute Nucleotide Bases Positions: In each codon in a given code the order
of bases is changed according to the same rule.

e Analyse Sequence: This functionality provides different statistical features for
a given code like number of amino acids coded or codon usage in a sequence
from a given file.

We close this subsection with a new theorem that was obtained by using the Split
Sequence feature of our tool. However, it lacks a theoretical proof so far.

Theorem 1. Any maximal circular code can be partitioned into 4 comma-
free codes of size 5.

In Figure 1 (a) an example is given where a maximal circular code is divided into four
comma-free subcodes each of size five.
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(a) Splitting into comma-free subcodes (b) A maximal self-complementary circularcode
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(c) Batch tool (d) Ancient genetic code with the BDA editor
Fig. 1. Screenshots of GCAT.

3.2. Graphical Visualisation

In [5] a new graph theoretical approach to investigate properties of subcodes of the genetic
code was suggested. Given a subcode X of the genetic code, i.e. a set of codons, one associates
a directed graph to X by assigning to each codon N;N,N; two edges: one connecting the first
base with the second and third N; — N2N3 and a second edge connecting the first two bases
with the last one N;N, — N;. Figure 1 (b) shows an example of this graphical presentation.
The directed graph associated to a code visualises the code’s properties like circularity and
comma-freeness very well. For instance, a code is circular if and only if its associated graph is
acyclic, i.e. does not contain any circle, while comma-freeness is equivalent to a maximal path
length not exceeding 2 (see [5] for more details). Using the same approach for dinucleotides
instead of trinucleotides (codons) showed a beautiful similarity between the theory of
dinucleotide circular codes and tournaments on four vertices (see [5]) while restricting to
graphs with maximal path length equal to 1 even led to the discovery of a new class of strong
comma-free codes (see [6]).

The tool GCAT can be used to display and investigate the graphs associated to subcodes
of the genetic code. Various layouts (organic, stack, circle) of the graph can be displayed in
the editor. Thus properties like maximal path length or acyclicity of the graph can be easily
seen in GCAT. A new theorem that has been obtained using our tool is the following. It
will be discussed in [7]:

Theorem 2. 4 maximal circular code is self-complementary if and only if it satisfies
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the following two conditions:

(i) the set of vertices is self-complementary;
(ii) for any vertex v the number of outgoing edges of v equals the number of ingoing
edges of its complemented vertex.

The necessity of the two conditions in Theorem 2 is easily established but the sufficiency
again lacks a theoretical proof so far. In Figure 1 (b) an example is given where the graph of a
maximal self-complementary circular code is displayed.

3.3. Binary Dichotomic Algorithms

When it comes to mutations, the essential question is how a codon can be read correctly by the
ribosome. The investigations in [13, 10] showed that it is possible to determine a codon
uniquely by applying a sequence of so called Binary Dichotomic Algorithms (BDA). Those
algorithms ask chemical questions to the bases involved in the codon that might be performed
by the ribosome.

GCAT contains such a component (1d) that analyses and links the structure of the genetic
code to BDAs. A BDA partitions codons into two classes (0 or 1) and it is a generalisation of
known partitions like the Rumer- [19], Parity-, Complementary- or Hidden-classification
[11]. Fig. 2 shows an example for the Rumer-BDA.

b [5—21 bs
o] [bo]

amino/keto?

strong/weak? amino

9 o)

() Visual representation

BDA (il,i2) QI Q2
Rumer (2,1) (C 4) {C, G}
(b) Table representation

Fig. 2. The Rumer classification is an important example for a binary dichotomic algorithm.
Here a codon is classified into the classes 0 or 1 depending on the chemical properties of the
bases at positions 1 and 2. (a) shows a visual representation of the algorithm. The first decision
is related to base 2. If it is of type keto (i.e. U or G) the first base is also considered: If the first
base is of type strong (C or G) a 0 is assigned and otherwise a 1. For instance, the codon CUG
obtains 0. (b) lists the same information in a table format. (il, i2) indicates the involved bases
for the first and second decision (or question), Q1 and Q2 are the bases used for the decision (Q
like question).
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When such a classification of a codon is repeated with different BDAs we can
concatenate the classes to a binary word consisting of zeros and ones. This leads to a
larger number of different words (or classes) and enables us to create more than two
classes for a single codon. This method was used to address different questions: We
have shown that it is possible with a set of six BDAs to create 64 classes [13], i.e.
every codon can be distinguished uniquely. In particular, the ribosome is a possible
biological entity that implements this mechanism. Weak base-pairs (i.e. A-U or U-A)
are indistinguishable one from another in the minor groove of an RNA strand. Strong
base-pairs (C-G or G-C) also cannot be distinguished in the minor groove, but display
a different profile of hydrogen bonds compared to weak base pairs. These
observations narrow down possible BDAs. However, it is still possible to create 64
classes with reading-head-compatible BDAs though [13]. This suggests a hypothesis
for a possible error-detection mechanism in the translation process.

Another application is to match ancient codes by means of BDA classifications.
The evolution theory according to Jiménez-Montano [16] claims that at the beginning
there were only eight amino acids. Such a genetic code table could be perfectly fitted
(see table 1). Here again, like in the Rumer-BDA above, the first two bases are
required to classify the ancient amino acids. Fig. 1 (d) shows the BDA editor that
produces this ancient code. We, again, close this section with the following theorem:

Theorem 3. The ancient code by Jiménez-Montano can be produced by

BDAs.

Table 1. Ancient genetic code according to [16]. (a) This precursor code has eight amino acids
represented by eight classes which can be fit with three BDAs shown in right table (b).

(a) Ancient code table (b) BDAs
18] C A G BDA(i1,i2) | Q1 Q2
Leulll | Prol100|! 001 |[Arg101 A1 (2, 1) |(A D|{A, G}
Leulll Pro100|! 001 |Arg101 A2 |2, 1) |(A U {U, C}
Leulll | Prol100|! 001 |[Arg101 A3 (2, 1) |(C G)|{A, G}
Leu 111 | Pro 100 | ! 001 |Arg 101
Leu 111 | Pro 100 | ! 001 |Arg 101
Leul1ll| Pro 100 | ! 001 |Arg 101
Leulll | Pro 100 | ! 001 |Arg 101
Leulll | Pro100|! 001 |Arg 101

Val 110 | Ala010 | Asp000 |Gly 011
Val 110 | Ala010 | Asp000 | Gly 011
Val 110 | Ala010 | Asp000 | Gly 011
Val 110 | Ala010 | Asp000 |Gly 011
Val 110 | Ala010 | Asp000 |Gly 011
Val 110 | Ala010 | Asp000 | Gly 011
Val 110 | Ala010 | Asp000 | Gly 011
Val 110 | Ala010 | Asp000 | Gly 011
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4 Discussion and Conclusion

The Genetic Code Analysis Toolkit (GCAT) is a novel user-friendly and
extensible software tool which is intended to be used by (theoretical) biologists,
mathematicians and physicists to explore structural properties of the genetic
code. The software is open source, so it can be developed further in order to
establish hypotheses concerning structural properties of the genetic code and
execute tests to prove these. In the present paper we have described in short
some already implemented functionalities of the tool and have given some
exam-ples of its applications. A special feature of the tool is its graphical
visualisation of the genetic code and a possibility to consider not only genetic
codes consisting of trinucleotides but also n-nucleotides for every given natural
n. It allows, for instance, to examine dinucleotide and tetranucleotide genetic
codes that can be useful in order to study the evolution of the modern genetic
code.
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