PREFACE

Biology easily has 500 years of exciting problems to work on.
— Donald E. Knuth

Ever since the structure of DN A was unraveled in 1953, molecular biology has witnessed
remendous advances. With the increase in our ability to manipulate biomolecular se-
quences, a huge amount of data has been and is being generated. The need to process
the information that is pouring from laboratories all over the world, so that it can be of
use to further scientific advance, has created entirely new problems that are interdisci-
plinary in nature. Scientists from the biological sciences are the creators and ultimate
users of this data. However, due to sheer size and complexity, between creation and use
the help of many other disciplines is required, in particular those from the mathematical
and computing sciences. This need has created a new field, which goes by the general
name of computeional molecular biology.

In a very broad sense computational molecular biclogy consists of the development
and use of mathematical and computer science technigues to help solve problems in
molecular hiology. A few examples will illustrate. Databases are needed to store all the
information that is being generated. Several international sequence databases already
exist, but scientists have recognized the need for new database models, given the spe-
cific requirements of molecular biology. For example, these databases should be able to
record changes in our understanding of molecular sequences as we study them; current
models are not suitable for this purpese. The understanding of molecular sequences in
turn requires new sophisticated techniques of pattern recognition, which are being de-
veloped by researchers in artificial intelligence. Complex statistical issues have arisen
in connection with database searches, and this has required the creation of new and spe-
cific tools.

There is one class of problems, however, for which what is most needed is gfficient
algorithms. An algorithm, simply stated, is a step-by-step procedure that tries to solve
a certain well-defined problem in a limited time bound. To be efficient, an algorithm
ghould not take “too long™ o solve a problem, even a large one. The classic example of a
problem in molecular biology solvable by an algorithm is sequence comparison: Given
twa sequences representing biomolecules, we want to know how similar they are. This
is & problem that must be solved thousands of times every day, so it is desirable that a
very efficient algorithm should be employed.

The purpose of this book is to present a representative sample of computational
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problems in molecular biology and some of the efficient algorithms that have been pro-
posed to solve them, Some of these problems are well understood, and several of their
algerithms have been known for many years. Other problems seem more difficulr, and
no satisfactory algerithmic approach has been developed so far. In these cases we have
concentrated in explaining some of the mathematical models that can be used as a foun-
dation in the development of future algerithms.

The reader should be aware that an algerithm for a problem in molecular biology is
acurious heast. It tries to serve two masters: the molecular biologist, who wants the algo-
rithm to be relevani, that is, to solve a problem with all the errors and uncertainties with
which it appears in practice: and the computer scientist, who is interested in proving that
the algerithm efficienmtly solves a well-defined problem, and who is usually ready to sac-
rifice relevance for provability (or efficiency). We have tried to strike a balance between
these often conflicting demands, but more often than not we have taken the Ccompuler sct-
entists” side. After all, that is what the authors are. Nevertheless we hope that this book
will serve as a stimulus for both molecular biologists and computer seientists.

This book is an introduction. This means that one of our guiding principles was to
present algorithms that we considered simple, whenever possible, For certain prablems
that we describe, more efficient and generally more sophisticated algorithms exist; point-
ers to some of these algorithms are usually given in the bibliographic notes at the end
of each chapter, Despite our general aim. a few of the algorithms or models we present
cannot be considered simple. This usually reflects the inherent complexity of the cor-
responding topic. We have tried to point out the more difficult parts by using the star
symbol {«] in the corresponding headings or by simply spelling out this caveat in the
teal. The introductory nature of the text also means that, for some of the ORICs, Dur cov-
erage is intended 10 be a starting peint for those new 1o them, It is probable, and in some
cases a fact, that whole books could be devoted to such topics.

The primary audience we have in mind for this book is students from the mathe-
matical and computing sciences, We assume no pricr knowledge of moleculzr biolagy
beyand the high school level, and we provide a chapter that briefly explains the basic
concepts used in the hook. Readers not familiar with molecular biology are urged how-
ever 1o go beyond what is given there and expand their knowledge by looking at some
of the books referred to at the end of Chapter 1,

We hope that this book will also be useful in some measure to students from the
biological sciences. We do assume that the reader has had some training in college-level
discrete mathematics and algorithms. With the purpose of helping the reader unfamiliar
with these subjects, we have provided a chapter that briefly covers all the basic concepls
uzed in the text,

Computational molecular biology is expanding fast. Better algorithms are constantly
being designed, and new subfields are emerging even as we write this. Within the con-
straints mentioned above, we did our best to cover what we considered 2 wide range
of topics, and we believe that most of the material presented is of lasting value, To the
reader wishing to pursue further studies, we have provided pointers to several sources
of information, especially in the bibliographic notes of the last chaprer (and including
WWW sites of interest), These notes, however, are not meant to be exhaustive. In addi-
tion, please note that we cannot guarantee that the World Wide Web Uniform Resource
Locators gien in the text will remain valid, We have tested these addresses, but due 1o
the dynamic nature af the Web, they could change in the future.
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BOOK OVERVIEW

Chapter | presents fundamental concepts from molecular biclogy. We describe the basic .
structure and function of proteins and nucleic acids, the mechanisms of molecular genet-
ics. the most important laboratory techniques for studying the genome of organisms, and
an overview of existing sequence datehases.

Chapter 2 describes strings and graphs, two of the most importan: mathematical ob-
jects used in the book. A brief exposition of general concepts of algorithms and their
analysis is also given, covering definitions from the theory of NP-completeness.

The following chapters are based on specific problems in molecular biology. Chap-
ler 2 deals with sequence comparison. The basic two-sequence problem is siudied and
the classic dynamic programming algorithm is given. We then study extensions of this
algorithm, which are used to deal with more general cases of the problem. A section is de-
vated to the multiple-sequence comparison problem. Other sections deal with programs
used in database searches, and with some other miscellancous issues.

Chapter 4 covers the fragment assembly problem. This problem arises when a DNA
sequence is broken into small fragments, which must then be assembled to reconstitute
the original molecule. This is a technigue widely used in large-scale sequencing projects,
such as the Human Genome Project. We show how various complications make this
problem quite hard to solve, We then present some models for simplified versions of the
problem. Later sections deal with algorithms and heuristics based on these models.

Chapter 5 covers the physical mapping problem. This can be considered as fragment
assembly on a larger scale. Fragments are much longer, and for this reason assembly
technigues are completely different. The aim is (o obtain the location of some markers
along the ariginal DNA molecule. A brief survey of techniques and models is given.
We then describe an algorithm for the consecutive ones problem; this abstract problem
plays an important role in physical mapping. The chapter finishes with sections devoted
to algorithmic approximations and heuristics for one version of physical mapping.

Proteins and nucleic acids alse evolve through the ages, and an important ool in
understanding how this evolution has taken place is the phviogenedic iree. These trees
also help shed light in the understanding of protein function, Chapier & describes some
of the mathematical problems related to phylogenetic tree reconstruction and the simple
algorithms that have been developed for certain special cases.

Animportant new field of study that has recently emerged in computational biclogy
is genome rearrangements. 1t has been discovered that some organisms are genetically
different, not so much at the sequence level, butin the order in which large similar chunks
of their DNA appear in their respective genomes, Interesting mathematical models have
been developed to study such differences, and Chapter 7 is devoted to them.

The understanding of the biological function of molecules is actually at the heart of
most problems in computational biology. Because molecules fold in three dimensions
and because their function depends on the way they fold, a primary concern of scientists
in the past several decades has been the discovery of their three-dimensional structure,
in particular for RNA and proteins. This has given rise to methods that try o predict a
molecule’s structure based on its primary sequence. In Chapter # we describe dynamic
programming algorithms for RNA structure prediction, give an overview of the difficel-
ties of protein structure prediction, and present one important recent development in the
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field called protein threading, which attempts to align a a protein ssguence with a known
structure,

Chapler 9 ends the book presenting a description of the exciting new field of DNA
computing. We present thers the bagic experiment that showed how we can use DNA
molecules to solve one hard algorithmic problem, and & theoretical extension that applies
1o ancther hard problem.

A word about general conventions, As already mentioned, sections whose headings
are followed by a star symbol (+) contain material considered by the authors to be more
difficult. In the case of concept definitions, we have used the convention that terms used
throughout the book are in boldface when they are first defined. Other terms appear in
itarlics in their definition. Many of our algorithms are presented frst through English sen-
tences and then in pseudo code format (pseudo code conventions are described in Sec-
tion 2.3). In some cases the pseudo code provides a level of deteil that should help readers
interested in actual implementation,

Summaries are provided for the longer chapuers.

EXERCISES

Exercises appear at the end of every chaprer, Exercises marked with one star (+) are hard,
but feasible in less than a day, They may require knowledge of computer science tech-
niques not presented in the book, Those marked with two stars (e} are problems that
were once research problems but have since been solved, and their solutions can be found
in the literature (we usually cite in the bibliographic notes the research paper that solves
the exercise). Finally exercises marked with a diamond (&) are research problems that
have mot been selved as far as the authors know.
At the end of the book we provide answers or hints to selected exercises.

ERRORS

Despite the authors” best efforts. this book no deubt contains errors, IF you find any, or
have any suggestions for improvement, we will be glad to hear from you. Please send
error reports or any other comments to us al bio@ dec.unicamp.br, or at

J. Meidanis / I. C. Setubal

Instituto de Computagio, C. P 6176
UNICAMP

Campinas, SP 13083-070

Brazil

{The authors can be reached individually by e-mail at meidanis@dec.enicamp.br and at
setubal @dec unteamp. b)) We thank in advance all readers interested in helping us make
this a better book. As errers become known they will be reported in the following WWW
site;

httpfwww.dee. unicamp. brf"bio/lCMB. htenl
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