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ABSTRACT

The mathematical modelling of recombinant deoxyribonucleic acid (DNA)
utilises formal language theory which integrates the areas of applied discrete
mathematics, theoretical computer science, and linguistics. In splicing systems, the
presence of restriction enzymes allows DNA molecules to be cleaved and recombined
to generate a new set of molecules, known as a splicing language, which can be
analysed using formal language theory. Previous research on DNA splicing systems
with different restriction enzymes has led to various splicing languages. However,
these splicing languages are specific to the respective enzymes. In this research, the
splicing languages are generalised based on the sequence of restriction enzymes which
is either a palindromic sequence or a non-palindromic sequence. A palindromic
sequence is a recognition sequence that reads the same way both forward and
backward. Then, the splicing languages from the respective splicing systems are
reduced to simple splicing systems via homomorphism. In addition, the models of
splicing systems are verified through laboratory experiments to validate the theoretical
results from these generalisations. Lastly, algorithms and also a graphical user
interface (GUI) for splicing systems are developed using C++ visual programming to
generate all splicing languages from the splicing systems involving palindromic or
non-palindromic restriction enzymes. The results of this research include automata
for the generalisations of splicing languages in simple splicing systems and the GUI
for the computation of splicing languages. Moreover, the resulting molecules that
depict the generalised splicing languages are documented in polyacrylamide gel
electrophoresis (PAGE) gel photos as obtained from the experiments. The models
presented in this research contribute to the advancement of DNA computing through

the generalisations of splicing languages.
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ABSTRAK

Pemodelan matematik asid deoksiribonukleik (DNA) rekombinan
menggunakan teori bahasa formal yang mengintegrasikan bidang matematik diskret
gunaan, sains komputer berteori, dan linguistik. Dalam sistem hiris-cantum, kehadiran
enzim pembatasan membenarkan molekul-molekul DNA dipotong dan digabung
semula untuk menghasilkan set molekul yang baharu, dikenali sebagai bahasa hiris-
cantum yang boleh dianalisis menggunakan teori bahasa formal. Kajian terhadap
sistem hiris-cantum DNA yang melibatkan pelbagai enzim pembatasan sebelum ini
telah menghasilkan pelbagai bahasa hiris-cantum. Namun begitu, bahasa hiris-cantum
ini adalah khusus kepada enzim pembatasan tertentu. Dalam kajian ini, bahasa hiris-
cantum diitlakan berdasarkan jujukan enzim pembatasan iaitu jujukan palindromik
atau jujukan tak palindromik. Jujukan palindromik adalah jujukan pengecaman yang
dibaca sama ke hadapan dan ke belakang. Seterusnya, bahasa hiris-cantum daripada
sistem hiris-cantum berkenaan diringkaskan kepada sistem hiris-cantum ringkas
melalui homomorfisme. Tambahan pula, model sistem hiris-cantum ditentusahkan
melalui uji kaji makmal untuk mengesahkan hasil teori daripada pengitlakan tersebut.
Akhir sekali, algoritma dan antara muka grafik pengguna (GUI) bagi sistem hiris-
cantum dibangunkan dengan menggunakan pengaturcaraan visual C++ untuk menjana
semua bahasa hiris-cantum daripada sistem hiris-cantum yang melibatkan enzim
pembatasan palindromik atau tak palindromik. Hasil kajian ini merangkumi automata
bagi pengitlakan bahasa hiris-cantum dalam sistem hiris-cantum ringkas dan GUI bagi
pengiraan bahasa hiris-cantum. Tambahan lagi, molekul terhasil yang
menggambarkan bahasa hiris-cantum teritlak didokumenkan dalam gambar gel
elektroforesis poliakrilamida (PAGE) seperti yang diperolehi daripada uji kaji ini.
Model yang dibentangkan dalam kajian ini menyumbang kepada kemajuan

pengkomputeran DNA melalui pengitlakan bahasa hiris-cantum.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

The field of deoxyribonucleic acid (DNA) computing emerged from the idea
of performing computations with biological materials, which was proposed by
Feynman [1] in 1961. The major function of DNA as part of the biological materials
incorporated in the computation gives considerable interest to many researchers from
molecular biology, mathematics, computer science, and engineering [2]. The
advancement in DNA computing was realised in Adleman’s experiment on solving the
Hamiltonian path problem based on two features: the massive parallelism of DNA
strands and the Watson-Crick complementarity [3]. In massive parallelism,
computation on DNA is derived as a DNA-based mechanism for solving intractable
problems [4] where the DNA strand is a chain composed of nucleotides. Meanwhile
for Watson-Crick complementarity, each double-stranded DNA (dsDNA) molecule
appears in a double helix structure of DNA which is formed by nitrogenous base
pairing [5]. While the results of Adleman’s experiment serve as a practical application
in DNA computing, research in this area also involves the theory, methods, and
algorithm designs concerned with the use of DNA. In wet-lab experiments, the
presence of restriction enzymes and a DNA ligase enable DNA molecules to be
cleaved and recombined to form further molecules. The mathematical formalism for
the molecular process of recombinant DNA under the given enzymatic activities that

utilises formal language theory is called a DNA splicing system [6].

Formal language theory is a study spurred on by the core of theoretical
computer science and discrete mathematics in the theory of computation [7]. A formal
language is a set of strings (or words) of symbols derived from an alphabet under some
formation rules. Basically, formal languages are composed of symbols in

mathematical notations, numeral systems, logic operations, and programming



languages. Unlike natural languages (such as English and Bahasa Melayu) commonly
used for communication in daily life, Latin alphabets with the upper and lower case
letters serve as symbols to create or spell words. In making proper and complete
sentences, the words are arranged according to the basics of grammar. For formal
languages, the strings can also be structured by the syntax of grammar (also known as
formal grammar) which was first proposed by Chomsky [8]. A formal grammar
consists of a set of productions with terminal and non-terminal symbols in which the
terminal symbols are the elements of an alphabet in the respective formal language;
while the non-terminal symbols are placeholder that can be replaced with the terminal
symbols to form the strings based on the productions.

Formal language theory can be associated with automata theory within the
framework of the theory of computation, by which automata are described as the
graphical representations of formal languages in state diagrams [7]. An automaton is
made up of a series of states and a set of input symbols. By moving through the states,
strings concatenated from the input symbols are produced by the automaton to generate
a language. Based on the Chomsky hierarchy introduced in [8], the automata can be
categorised by the classes of formal languages, which evolved into different types of
grammars. To establish the relation between automata theory and grammar, the
grammar formalism is used in designing the automata. The non-terminal symbols in
formal grammar represent the states where the transitions between the states are
determined by the productions. On the other hand, the strings of the input symbols are
formed by the sequences of the terminal symbols. Hence, the language generated by
the grammar can be recognised by the automata. The concepts of automata can be
applied in splicing systems where languages that result from the splicing systems can
be visualised in automata diagrams using grammars. The relation between splicing
systems, automata, and grammars had been discussed in [9]. Besides, the study of
splicing system under a systematic transition diagram was performed by constructing

automata that recognise the languages generated by splicing systems via grammar [10].

In the modelling of DNA splicing systems, the base pairs, DNA molecules, and
restriction enzymes are denoted as symbols, strings, and rules respectively by using

formal language theory. The language resulting from a DNA splicing system is known



as a splicing language [6]. Splicing languages can be generated as a result of many
variants of splicing systems, distinguished by different rules taken from restriction
enzymes. Manual computations to obtain the splicing languages generated by the
respective DNA splicing systems are often time-consuming. The purpose of this
research is to determine the generalised splicing languages in order to shorten the
computations. Hence, generalisations of splicing languages refer to the resulting
dsDNA strings that are summarised from the respective splicing systems using formal

language theory.

In the first part of this research, generalisations of splicing languages from
DNA splicing systems are determined and presented based on the rules. A vast
majority of previous research on DNA splicing systems, splicing languages, and rules
is based on dsDNA molecules in the form of single strings. Thus in the second part of
this research, the splicing systems are reduced to simple splicing systems in which the
generalised splicing languages for the latter are also obtained. For graphical
visualisation of the generalised splicing languages, the respective splicing systems are
constructed using concepts in automata theory and grammar. Next in the third part of
this research, wet-lab experiments for the splicing system are carried out to verify the
actual results from the experiments with these generalisations. Lastly, some
algorithms are built from these generalisations to develop a graphical user interface
for generating the splicing languages depending on the inputs of DNA molecule and

restriction enzymes.

1.2 Research Background

In 1987, Head [6] introduced the first theoretical model of a DNA splicing
system that simulates the process of recombinant DNA under the framework of formal
language theory. An early experimental study of producing recombinant DNA
molecules with the presence of enzymes was conducted by Cohen et al. [11] in 1973.
The process that occurs in the splicing system, known as a splicing operation, takes
place by two types of enzymes: restriction enzymes and a DNA ligase. Each restriction
enzyme has a recognition sequence that detects a specific nucleotide sequence in DNA



molecules. In the process, the molecules are cut by the restriction enzymes at the
recognition sites and are then rejoined by the ligase to form the same or other
molecules. The splicing system is analysed using formal language theory whereby the
set of molecules (or DNA strings) generated throughout the process is called a splicing

language.

For structural purposes, DNA molecules consist of the upper and lower strands
of nucleotide sequences where both strands are complementary to each other. The
sequences of molecules can read in two ways; forwards and backwards (if inverted
180°) due to the complementary nature of the two strands [12]. In the context of word
combinatorics, a string that reads the same forwards and backwards is known as a
palindrome [13]. As mentioned in the first paper on splicing system by Head [6], the
definition of a palindrome was presented in terms of formal language theory
concerning the sequence effects of DNA structures. In 2012, Yusof [14] defined a
palindromic string for dsSDNA molecules in DNA splicing. Besides, a palindromic
sequence is a recognition sequence that is recognised by certain restriction enzymes
within DNA molecules if the sequence of the upper strand matches the sequence of the
lower strand when read from backwards [15]. In DNA splicing systems, restriction
enzymes act as rules that play a significant part in generating all potential DNA strings.
For simplicity in notation, a restriction enzyme with a palindromic sequence is denoted
by a palindromic rule, whereas a non-palindromic rule indicates a restriction enzyme

with a non-palindromic sequence.

According to Head’s splicing model, the rules are represented by triples that
indicate the cleavage patterns of restriction enzymes [6]. For each triple, the string of
a rule is termed a site that comprises left context, crossing, and right context [16].
From the molecular aspect, DNA molecules are cut in different ways depending on the
cleavage patterns in which 5’ overhang, 3’ overhang, and blunt end are produced by
restriction enzymes [17]. The 5’ overhang and 3’ overhang are sticky ends made by
staggered cuts of the restriction enzymes on the molecules, while the restriction
enzymes generate the blunt end from a straight cut down through both strands of the
molecules. By referring to the definition of a splicing system in [6], Head’s splicing
model consists of a set of initial DNA strings and two sets of triples over an alphabet,



where the alphabet is a set of symbols derived from DNA base pairs. Those two sets
of triples are classified by left and right patterns of rules associated with restriction
enzymes that produce 5’ overhang (or blunt end) and 3’ overhang, respectively. The
splicing rules for Head’s splicing model show that the crossings of triples correspond
to the sticky ends since sticky-end ligations are specific to the dsSDNA formation based
on the base pairing. However, for blunt ends, the crossings are written as empty strings
because blunt ended molecules can be ligated without involving the base pairing.
Hence, the notation of splicing rules is designed to preserve the natural function of

restriction enzymes towards DNA.

Throughout the years, the study of DNA and enzymes related to formal
language theory has rapidly attracted researchers’ interest, which resulted in various
extended models of splicing systems with different forms of notations for splicing
rules. In 1996, Paun [18] introduced a new formalism for splicing system indicated as
a pair known as a splicing scheme. The pair contains an alphabet and a set of rules in
the simplified form that only concerns the left and right contexts. Based on Paun’s
splicing operation, the resulting strings are linked independently since no crossing is
involved in this splicing system. Although Bonizzoni et al. [19] claimed that the
approach is theoretically powerful due to the effective links between the strings,
Paun’s splicing model does not work biologically without crossings to imitate the
enzymatic effects on recombinant DNA molecules. Then in that year also, another
splicing scheme was presented by Pixton [20] to define a set of rules wherein the
splicing model performs by a substituting operation that allows two strings to be
attached by replacing a site with a given string. Since the substituting operation
applied in Pixton’s splicing model is in opposition to the basic splicing operation,
Goode and Pixton [21] in 2004 proposed a new splicing model that resembles the
actual behaviour of recombinant DNA molecules through the splicing process.
However, the notation for splicing rules tends to disadvantage this splicing model in
identifying the left and right patterns of rules. In 2013, a theoretical analysis on Head,
Paun, Pixton and Goode-Pixton’s splicing models was made by Yusof et al. [22] to
investigate the effectiveness of the splicing performance from biological perspectives.
As a result, a Yusof-Goode (Y — G) splicing system was proposed with a new notation

for writing splicing rules in double of triples based on the specified patterns. In 2014,



the concept of a fuzzy splicing system was also developed by Karimi et al. [23] as an
extension of Paun’s splicing model to enhance its computational power with respect

to the fuzzy effect on the splicing operation.

Head’s splicing model has been used to define several kinds of splicing systems
such as null-context and simple splicing systems. A null-context splicing system was
introduced by Head [6] where the splicing rules focus on crossings only whereby the
left and right contexts are denoted as empty strings. Additionally, the splicing rules of
the null-context splicing system were extended to a simple splicing system which was
developed by Mateescu et al. [24]. In simple splicing systems, a simplified splicing
rule representation is deduced from the notation of rules for the null-context splicing
system. In order to verify the existence of a splicing language, the laboratory
validation of Head’s splicing model was done by Laun and Reddy [25], which
contributes to the first wet-lab experiment for a biological (or wet) splicing system.
The experiment was designed in an attempt to analyse the expected recombinant DNA
molecules as predicted by the theoretical model. Inspired by the wet splicing system,
a few experimental works on other splicing models and splicing languages have been

conducted, which are shown in [26-29].

In a nutshell, research in this area has progressed remarkably in the past three
decades due to the advent and interdisciplinary studies of theoretical splicing systems
and their splicing languages with regard to the splicing operations and rules. This
research concerns the reliability of splicing languages that result from DNA splicing
systems, i.e., the splicing languages can be generalised depending on the splicing rules

of the respective splicing systems by using Head’s approach.

1.3 Problem Statement

Over the years, various types of splicing systems have been introduced with
different operations, notations and rules. Splicing languages generated by the
respective splicing systems are commonly obtained by manual computations which

are time-consuming. There is no observable study on the shortening of computations



in splicing languages. Hence, this research focuses on generalising splicing languages
in order to summarise all resulting dsDNA strings from different cases of DNA

splicing systems involving palindromic and non-palindromic rules.

The generalised splicing languages are presented as sets of dsDNA strings to
preserve the nature of recombinant behaviour through splicing operations. Based on
previous research, the modelling of DNA splicing systems concerned on writing
dsDNA strings as single strings. In this research, the generalised splicing languages
are simplified using the arbitrary small-letter dsDNA symbols, which can be
recognised in simple splicing systems. Also, since DNA molecules have long
nucleotide sequences made up of numerous base pairs, then the graphical
representations for the splicing systems are proposed to visualise the generalised

splicing languages through automata.

Based on the generalisations of splicing languages which are obtained
mathematically, the laboratory verification of these generalisations is performed to
enhance the reliability of these theoretical results in an experimental manner. Thus in
this research, the molecular aspects of the generalisations of splicing languages are

investigated through wet-lab experiments.

Lastly, from the literature, there exists no recognisable invention which serves
as an efficient alternative for the manual computation of splicing languages. Hence, a
GUI for DNA splicing systems is created as an application program to generate
splicing languages promptly based on the given initial DNA molecule and restriction

enzymes.

The following questions are answered in this research:

1. What are the generalised splicing languages that result from DNA splicing

systems with palindromic and non-palindromic rules?

2. How to graphically represent the corresponding generalised splicing system

through automata?
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1.5

How to perform wet-lab experiments for laboratory verification of the
generalisations of splicing languages?

How to design algorithms and a programming code for the corresponding

splicing systems in a graphical user interface?

Research Objectives

The objectives of the research are:

to generalise the resulting splicing languages from different DNA splicing

systems with palindromic and non-palindromic rules.

to reduce the generalised splicing languages from the splicing systems to

simple splicing systems.

to construct graphical representations of the generalised splicing languages in

simple splicing systems via automata.

to verify the theoretical results for the generalisations of splicing languages

through wet-lab experiments.

to design algorithms and also develop a graphical user interface for DNA

splicing systems in a C++ programming language.

Scope of the Research

In this research, the splicing languages are generalised using Head’s splicing

model to interpret the process of cutting and pasting DNA using the splicing operations

and also the properties of restriction enzymes as splicing rules. The generalisations of

splicing languages are classified in the corresponding DNA splicing systems based on

palindromic and non-palindromic rules, the number of cutting sites, and crossings of

the rules. This research presents the generalisations of splicing languages that are



generated by the splicing systems involving one or two rules for one or two non-
overlapping cutting sites with the same and different crossings. Besides, the wet- lab
experiments in this research involve restriction enzymes CviQl and Acil, and T4 DNA
ligase in the laboratory procedures in order to verify the generalisations of splicing

languages through the experiments.

1.6  Significance of the Research

Mathematical research in the field of molecular biology has generated new
discoveries that benefit the development of applications in DNA computing. DNA
splicing system is a mathematical formalism for the biological phenomenon through
splicing operations which is inspired by DNA computing models. In this research,
DNA splicing systems provide the generalisations of splicing languages theoretically,
which depict the results from wet-lab experiments that are often costly and time-

consuming.

Furthermore, the graphical user interface for DNA splicing systems is
beneficial for mathematicians and biologists in the advancement of recombinant DNA
technology. Mathematicians involved in this area of research can utilise this interface
to obtain the splicing languages from the respective splicing systems. Moreover, the
process of recombinant DNA is quite familiar among biologists since it is one of the
laboratory methods of genetic recombination. The GUI also benefits computer
scientists to model the universal programmable DNA-based computers that rely on
DNA code, since in DNA computers, data are stored in the base sequence of DNA
instead of silicon chips, and the computer is used to record data for a living cell.

1.7 Research Methodology

This research has been carried out to achieve the objectives through five
phases, as shown in the following.



Phase 1: Literature review on concepts of DNA, splicing systems, formal language
theory, automata theory, and grammar.

This research begins with studying the structures of DNA and variants of
splicing systems including the splicing languages. Then, the roles of restriction
enzymes and DNA ligases in the splicing systems are also analysed, whereby the
restriction enzymes and ligases mentioned in this research are obtained from the New
England Biolabs (NEB) catalogue [30]. Furthermore, some basic concepts in formal

language theory, automata theory, and grammar with their relations are explored.

Phase 2: Generalise the splicing languages resulting from DNA splicing systems.

The splicing languages generated by Head’s splicing model are generalised
according to the palindromic and non-palindromic rules, and the cutting sites and
crossings of the rules. By using formal language theory, the generalised splicing
languages are described as regular expressions to specify the patterns of the resulted
dsDNA strings through the splicing operation. The generalisations of splicing
languages are presented in theorems and lemmas which are proven using direct,

induction, contradiction and contrapositive methods.

Phase 3: Construct graphical representations for the generalisations of splicing
languages in simple splicing systems via automata.

The generalisations of splicing languages from the respective splicing systems,
which are discussed in Phase 2, are simplified using the small-letter dsSDNA symbols
and then reduced to simple splicing systems via homomorphism. In order to construct
the automata, the generalised splicing languages are deduced from grammars where
the productions formed by the grammars correlate with the transitions between states
in the automata. Then, the graphical representations of the languages generated by the
grammars are visualised in automata diagrams to recognise the generalised splicing
languages. The automata are constructed using a deterministic finite automaton (DFA)
model that accepts the generalised splicing languages as regular languages which can

be defined by the regular expressions.

Phase 4: Present the molecular aspects of the generalisations of splicing languages in

wet splicing systems.

10



The experiments are designed by the modelling of wet splicing systems to
determine the expected DNA molecules using the generalised splicing languages.
There are three molecular methods involved in laboratory procedures to conduct the
experiments: polymerase chain reaction (PCR) technique, the process of restriction
enzyme digestion and DNA ligation, and the preparation of polyacrylamide gel
electrophoresis (PAGE) gels. First, the PCR technique is performed to produce the
initial DNA molecules, while the recombinant DNA molecules are generated through
the process of restriction enzyme digestion and DNA ligation. Then, the molecules
resulting from the experiment are visualised on the PAGE gels to verify the generalised

splicing languages.

Phase 5: Develop algorithms and a graphical user interface (GUI) for DNA splicing
systems.

The generalised splicing languages are applied in the algorithms which are
designed by a series of steps to compute the splicing languages. Then, the algorithms
are implemented in a C++ programming code. The GUI for DNA splicing systems is
developed using Microsoft Visual Studio to execute the programming code and to
design the interface for receiving inputs from users and for generating outputs. On the
interface, the users are required to insert an initial DNA string and rules taken from
any restriction enzymes. As the outputs of the GUI, the splicing languages that contain
the resulting molecules are displayed on the interface based on the respective inputs

entered by the users.

Next, the research framework for this thesis is illustrated in Figure 1.1, where

those grey-coloured boxes correspond to the objectives of this research.

11
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Figure 1.1

Thesis Organisation

Research framework

This thesis is divided into seven chapters. The first chapter gives a brief idea

methodology.

of this research which includes the research background, problem statement, research

objectives, scope of the research, significance of the research, and research

The literature review on the structures of DNA and the historical background

12

of DNA splicing systems are presented in Chapter 2. Besides, the properties of
restriction enzymes with palindromic and non-palindromic sequences, and the

function of DNA ligases in the splicing systems, are discussed. Moreover, some




concepts in formal language theory, automata theory, and grammar are given in this
chapter. The preliminaries that are used throughout this research are also stated.

Chapter 3 presents the generalisation of splicing languages from DNA splicing
systems with different rules as stated in the theorems. In this chapter, these
generalisations are arranged into three sections based on the rules: palindromic rules,

non-palindromic rules, and both palindromic and non-palindromic rules.

Chapter 4 begins by showing the relation between simple splicing systems,
automata theory, and grammar. Then, the generalisations of splicing languages in
simple splicing systems that are reduced from the DNA splicing systems, are given in
propositions which are preceded by corollaries that simplify these generalisations
using the small-letter dSDNA symbols. Finally, the graphical representations of the
generalised splicing languages in the simple splicing systems via automata are

presented as theorems.

In Chapter 5, the molecular aspects on the generalisations of splicing languages
in wet splicing systems are discussed. The experimental design of the splicing systems
is presented to determine the expected DNA molecules. Next, the laboratory
procedures are given to demonstrate the steps of conducting the wet-lab experiments.
Then, the actual results of the experiments are analysed to prove the existence of the

expected molecules.

Chapter 6 is dedicated to the graphical user interface for DNA splicing systems
in which the objectives of the programming code are stated as a brief overview of the
purpose of GUI. In this chapter, the algorithms for the generalisations of splicing
languages are presented as flowcharts to illustrate the programming procedure. Also,
the instructions to use the interface are provided. Furthermore, several examples of
DNA splicing systems are given to show how the GUI functions to generate the

splicing languages as outputs.

13



Lastly, the whole research is summarised in Chapter 7. Besides, some
suggestions for further research on the generalisations of splicing languages are also

given in this chapter.

Figure 1.2 is shown to visualise the outline of the thesis.

GENERALISATIONS OF SPLICING LANGUAGES FROM
DEOXYRIBONUCLEIC ACID SPLICING SYSTEMS

Chapter 1
Introduction

Research Research Significance of Thesis
background objectives the research organisation

Problem Scope of the Research
statement research methodology

Chapter 2
Literature Review

Restriction enzymes with
DNA and its structure palindromic and non- Function of DNA ligases
palindromic sequences

\ 4

Formal lanauage theor Historical background of Automata theory and its
guag y splicing systems relation to grammar
Chapter 3

Y

Generalisations of DNA Splicing Languages with Different Rules

I I
DNA splicing systems
with both palindromic and
non-palindromic rules

DNA splicing systems DNA splicing systems
with palindromic rules with non-palindromic rules

Figure 1.2 Thesis outline
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Conclusion
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Figure 1.2
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