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PREFACE

Recent progress in the determination of genomic sequences has yielded many
millions of gene sequences. But what do these sequences tell us, and what
generalities and rules are governed by them? There is more to life than the
genomic blueprint of each organism. Life functions within the natural laws
that we know and those we do not know. It appears that we understand very
little about genetic contexts required to “read” these sequences. Mathematics
can be used to understand life from the molecular level to the level of the
biosphere. This book is intended to further integrate the mathematics and
biological sciences. The reader will gain valuable knowledge about mathemati-
cal methods and tools, phenomenological results, and interdisciplinary connec-
tions in the fields of molecular genetics, bioinformatics, and informatics.

Historically, mathematics, probability, and statistics have been widely used
in the biological sciences. Science is challenged to understand the system
organization of the molecular genetics ensemble, with its unique properties of
reliability and productivity. Disclosing key aspects of this organization consti-
tutes a big step in science about nature as a whole and in creating the most
productive biotechnologies. Knowledge of this structural organization should
become a part of mathematical natural science.

Advances in mathematical methods and techniques in bioinformatics have
been growing rapidly. Mathematics has a fundamental role in describing the
complexities of biological structures, patterns, and processes. Mathematical
analysis of structures of molecular systems has essential meaning for bioinfor-
matics, biomathematics, and biotechnology. Mathematics is used to elucidate
trends, patterns, connections, and relationships in a quantitative manner that
can lead to important discoveries in biology. This book is devoted to drawing
a closer connection and better integration between mathematical methods and
biological codes, sequences, structures, networks, and systems biology. It is
intended for researchers and graduate students who want an overview of the
field and who want information on the possibilities (and challenges) of the
interface between mathematics and bioinformatics. In short, the book provides
a broad overview of the interfaces between mathematics and bioinformatics.

ORGANIZATION OF THE BOOK

To reach a broad spectrum of readers, this book does not require a deep
knowledge of mathematics or biology. The reader will learn fundamental
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X PREFACE

concepts and methods from mathematics and biology. The book is organized
into 10 chapters covering mathematical topics in relation to genetic code
systems, biological sequences, structures and functions, networks and biologi-
cal systems, matrix genetics, cognitive informatics, and the central dogma of
informatics. Three appendixes, on bioinformatics notations, a historical time
line of bioinformatics, and a bioinformatics glossary, are included for easy
reference.

Chapter 1 provides an overview of bioinformatics history, genetic code and
mathematics, background mathematics for bioinformatics, and the big picture
of bioinformatics—informatics.

Chapter 2 is devoted to symmetrical analysis for genetic systems. Genetic
coding possesses noise immunity. Mathematical theories of noise-immunity
coding and discrete signal processing are based on matrix methods of repre-
sentation and analysis of information. These matrix methods, which are con-
nected closely to relations of symmetry, are borrowed for a matrix analysis of
ensembles of molecular elements of the genetic code. A uniform representa-
tion of ensembles of genetic multiplets in the form of matrices of a cumulative
Kronecker family is described. The analysis of molecular peculiarities of the
system of nitrogenous bases reveals the first significant relations of symmetry
in these genetic matrices. It permits one to introduce a natural numbering of
the multiplets in each of the genetic matrices and to provide a basis for further
analysis of genetic structures. Connections of the numerated genetic matrices
with famous matrices of dyadic shifts and with the golden section are
demonstrated.

In Chapter 3 we define biological, mathematical, and binary sequences in
theoretical computer science. We describe pairwise, multiple, and optimal
sequence alignment. We discuss the scoring system used to rank alignments,
the algorithms used to find optimal (or good) scoring alignments, and statisti-
cal methods used to evaluate the significance of an alignment score.

Chapter 4 provides an introduction to the structures of DNA, key elements
of knot theory, such as links, tangles, and knot polynomials, and applications
of knot theory to the study of closed circular DNA. The physical and chemical
properties of this type of DNA can be explained in terms of basic character-
istics of a linking number which is invariant under continuous deformation of
the DNA structure and is the sum of two geometric quantities, twist and
writhing.

In Chapter 5 we introduce protein primary, secondary, tertiary, and quater-
nary structure by geometric means. We also discuss the classification of pro-
teins, physical forces in proteins, protein motion (folding and unfolding), and
basic methods for secondary and tertiary structure prediction.

Chapter 6 covers the topics of network approaches in biological systems.
These approaches offer the tools to analyze and understand a host of biologi-
cal systems. In particular, within the cell the variety of interactions among
genes, proteins, and metabolites are captured by network representations. In
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this chapter we focus our discussion on biological applications of the theory
of graphs and networks.

Chapter 7 covers the topics of biological systems and genetic code systems.
We explain how the presence of fractal geometry can be used in an analytical
way to study genetic code systems and predict outcomes in systems, to gener-
ate hypotheses, and to help design experiments. At the end of the chapter we
discuss the emerging field of systems biology, as well as challenges and per-
spectives in biological systems.

Chapter 8 continues the discussion introduced in Chapter 2 on genetic
matrices and their symmetries and algebraic properties. The algebraic theory
of coding is one of the modern fields of applications of algebra and uses
matrix algebra intensively. This chapter is devoted to matrix forms of presen-
tations of the genetic code for algebraic analysis of a basic scheme of degen-
eracy of the genetic code. Similar matrix forms are utilized in the theory of
signal processing and encoding. The Kronecker family of the genetic matri-
ces is investigated, which is based on the genetic matrix [C A; U GJ, where
C, A, U, and G are the letters of the genetic alphabet. This matrix in the third
Kronecker power is the 8 x 8 matrix, which contains all 64 genetic triplets in
a strict order with a natural binary numeration of the triplets by numbers
from O to 63. Peculiarities of the basic scheme of the genetic code degener-
acy are reflected in the symmetrical black-and-white mosaic of this genetic
8 x 8 matrix. Unexpectedly, this mosaic matrix is connected algorithmically
with Hadamard matrices, which are well known in the theory of signal pro-
cessing and encoding, spectral analysis, quantum mechanics, and quantum
computers. Furthermore, many types of cyclic permutations of genetic ele-
ments lead unexpectedly to reconstruction of initial Hadamard matrices
into new Hadamard matrices. This demonstrates that matrix algebra is a
promising instrument and adequate language in bioinformatics and algebraic
biology.

In Chapter 9 we review briefly the intersections and connections between
the two emerging fields of bioinformatics and cognitive informatics through a
systems view of emerging pattern, dissipative structure, and evolving cognition
of living systems. A new type of math-denotational mathematics for cognitive
informatics is introduced. It is hoped that this brief review will encourage
further exploration of our understanding of the biological basis of cognition,
perception, learning, memory, thought, and mind.

In Chapter 10 we return to the big picture of informatics introduced in
Chapter 1. We propose a general concept of data, information, and knowledge
and then place the main focus on the process and transition from data to
information and then to knowledge. We present the concept of the central
dogma of informatics, in analogy to the central dogma of molecular biology.

Each chapter finishes with a summary of challenges and perspectives of
corresponding topics. These summaries are structured to bridge the gaps
among the interdisciplinary areas, which involve concepts and ideas from a
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variety of sciences, including biology, biochemistry, physics, computer science,
and mathematics.

THE CHALLENGES

The interface between mathematics and bioinformatics and computational
biology presents challenges and opportunities for both mathematicians and
biologists. Unique opportunities for research have surfaced within the last 10
to 20 years, both because of the explosion of biological data with the advent
of new technologies and because of the availability of advanced and powerful
computers that can organize the plethora of data. For biology, the possibilities
range from the level of the cell and molecule to the level of the biosphere. For
mathematics, the potential is great in traditional applied areas such as statistics
and differential equations, as well as in such nontraditional areas as knot
theory.

The primary purpose of encouraging biologists and mathematicians to work
together is to investigate fundamental problems that cannot only be approached
by biologists or by mathematicians. If this effort is successful, the future may
produce individuals with both biological skills and mathematical insight and
facility. At this time such people are rare; it is clear, however, that a greater
percentage of the training of future biologists must be mathematically ori-
ented. Both disciplines can expect to gain by this effort. Mathematics is the
“lens through which to view the universe” and serves to identify important
details of the biological data and suggest the next series of experiments.
Mathematicians, on the other hand, can be challenged to develop new math-
ematics in order to perform this function.

In this book we explore some of the development and opportunities at the
interface between biology and mathematics. To mathematicians, the book
demonstrates that the stimulation of biological data and applications will
enrich the discipline of mathematics for decades to come, as did applications
in the past from the physical sciences. To biologists, the book presents the use
of mathematical approaches to provide insights available for bioinformatics.
To both communities, the book demonstrates the ferment and excitement of
a rapidly evolving field—bioinformatics.
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1 Bioinformatics and Mathematics

Traditionally, the study of biology is from morphology to cytology and then to
the atomic and molecular level, from physiology to microscopic regulation,
and from phenotype to genotype. The recent development of bioinformatics
begins with research on genes and moves to the molecular sequence, then to
molecular conformation, from structure to function, from systems biology to
network biology, and further investigates the interactions and relationships
among, genes, proteins, and structures. This new reverse paradigm sets a theo-
retical starting point for a biological investigation. It sets a new line of inves-
tigation with a unifying principle and uses mathematical tools extensively to
clarify the ever-changing phenomena of life quantitatively and analytically.

It is well known that there is more to life than the genomic blueprint of
each organism. Life functions within the natural laws that we know and those
that we do not know. Life is founded on mathematical patterns of the physical
world. Genetics exploits and organizes these patterns. Mathematical regulari-
ties are exploited by the organic world at every level of form, structure, pattern,
behavior, interaction, and evolution. Essentially all knowledge is intrinsically
unified and relies on a small number of natural laws. Mathematics helps us
understand how monomers become polymers necessary for the assembly of
cells. Mathematics can be used to understand life from the molecular to the
biosphere levels, including the origin and evolution of organisms, the nature
of genomic blueprints, and the universal genetic code as well as ecological
relationships.

Mathematics and biological data have a synergistic relationship. Biological
information creates interesting problems, mathematical theory and methods
provide models for understanding them, and biology validates the mathemati-
cal models. A model is a representation of a real system. Real systems are too
complicated, and observation may change the real system. A good system
model should be simple, yet powerful enough to capture the behavior of the
real system. Models are especially useful in bioinformatics. In this chapter
we provide an overview of bioinformatics history, genetic code and mathemat-
ics, background mathematics for bioinformatics, and the big picture of
bioinformatics—informatics.
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