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FOREWORD

Over the next several years, Tsinghua University Press will publish a se-
ries of books addressing progress in basic sciences and innovations in technolo-
gy. We have made no attempt to pursue a comprehensive coverage of all disci-
plines of science and technology. Rather, topics for this series were selected
with an emphasis on the currently active forefront of science and technology
that will be contemporary in the next century. Most books in this series will
deal with subjects of cross disciplines and newly emerging fields. Each book
will be completed by individual authors or in a collaborative effort managed by
an editor(s), and will be self-consistent, with contents systematically focused
on review of the most recent advances and description of current progresses in
the field. Sufficient introduction and references will be provided for readers
with varying backgrounds. We have realize clearly the challenge of encompass-
ing the diverse subjects of science and technology in one series. However, we
hope that, through intensive collaboration between the authors and editors,
high standards in editorial quality and scientific merit will be maintained for the
entire series.

The international collaboration on this series has been coordinated by the
Association of Chinese Scientists and Engineers-USA (ACSE). In the science

community, authors voluntarily publish their results and discoveries in the full



conviction that science should serve human society. The editors and authors of
this series share this academic tradition, and many of them are fulfilling a spir-
itual commitment as well. For our editors and authors who were graduated
from universities in China and further educated abroad in science and engineer-
ing, this is an opportunity to dedicate their work to the international education
community and to commemorate the historical open-door movement that began
in China two decades ago. When the human society enters the information age,
there is no geographic boundary for science. The Editorial committee hopes
that this series will promote further international collaboration in scientific re-

search and education at the dawn of the new century.

The Editorial Committee
1999. 6
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Preface ix

Science is advanced by new observations and technologies. The Human Genome
Project has led to a massive outpouring of genomic data, which has in turn fueled
the rapid developments of high-throughput biotechnologies. We are witnessing a
revolution driven by the high-throughput biotechnologies and data, a revolution that is
transforming the entire biomedical research field into a new systems level of genomics,
transcriptomics, and proteomics, fundamentally changing how biological science and
medical research are done. This revolution would not have been possible if there had
not been a parallel emergence of the new field of computational molecular biology,
or bioinformatics, as many people would call it. Computational molecular biolagy/
bioinformatics is interdisciplinary by nature and calls upon expertise in many different
disciplines—biology, mathematics, statistics, physics, chemistry, computer science,
and engineering; and is ubiquitous at the heart of all large-scale and high-throughput
biotechnologies. Though, like many emerging interdisciplinary fields, it has not yet
found its own natural home department within traditional university settings, it has
been identified as one of the top strategic growing arcas throughout academic as well
as industrial institutions because of its vital role in genomics and proteomics, and its
profound impact on health and medicine.

At the eve of the completion of the human genome sequencing and annotation, we
believe it would be very useful and timely to bring out this up-to-date survey of cur-
rent topics in computational molecular biology. Because this is a rapidly developing
field and covers a very wide range of topics, it is extremely difficult for any individual
to write a comprehensive book. We are fortunate to be able to pull together a team of
renowned experts who have been actively working at the forefront of each major area
of the field. This book covers most of the important topics in computational molec-
ular biology, ranging from traditional ones such as protein structure modeling and
sequence alignment, to the recently emerged ones such as expression data analysis
and comparative genomics. It also contains a general introduction to the field, as well
as a chapter on general statistical modeling and computational techniques in molec-
ular biology. Although there are already several books on computational molecular
biology/bioinformatics, we believe that this book is unique as it covers a wide spec-
trum of topics (including a number of new ones not covered in existing books, such
as gene expression analysis and pathway databases) and it combines algorithmic,
statistical, database, and Al-based methods for biological problems.

Although we have tried to organize the chapters in a logical order, each chapter is
a self-contained review of a specific subject. It typically starts with a brief overview of
a particular subject, then describes in detail the computational techniques used and
the computational results generated, and ends with open challenges. Hence the reader
need not read the chapters sequentially. We have selected the topics carefully so that
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the book would be useful to a broad readership, including students, nonprofessionals,
and bioinformatic experts who want to brush up topics related to their own research
areas.

The 19 chapters are grouped into four sections. The introductory section is a chapter
by Temple Smith, who attempts to set bioinformatics into a useful historical context.
For over half a century, mathematics and even computer-based analyses have played
a fundamental role in bringing our biological understanding to its current level. To a
very large extent, what is new is the type and sheer volume of new data. The birth of
bioinformatics was a direct result of this new data explosion. As this interdisciplinary
area matures, it is providing the data and computational support for functional
genomics, which is defined as the research domain focused on linking the behavior of
cells, organisms, and populations to the information encoded in the genomes.

The second of the four sections consists of six chapters on computational methods
for comparative sequence and genome analyses.

Liu’s chapter presents a systematic development of the basic Bayesian methods
alongside contrasting classical statistics procedures, emphasizing the conceptual im-
portance of statistical modeling and the coherent nature of the Bayesian methodology.
The missing data formulation is singled out as a constructive framework to help one
build comprehensive Bayesian models and design efficient computational strategies.
Liu describes the powerful computational techniques needed in Bayesian analysis,
including the expectation-maximization algorithm for finding the marginal mode,
Markov chain Monte Carlo algorithms for simulating from complex posterior distri-
butions, and dynamic programming-like recursive procedures for marginalizing out
uninteresting parameters or missing data. Liu shows that the popular motif sampler
used for finding gene regulatory binding motifs and for aligning subtle protein motifs
can be derived easily from a Bayesian missing data formulation.

Huang’s chapter focuses on methods for comparing two sequences and their
applications in the analysis of DNA and protein sequences. He presents a global
alignment algorithm for comparing two sequences that are entirely similar. He also
describes a local alignment algorithm for comparing sequences that contain locally
similar regions. The chapter gives efficient computational techniques for comparing
two long sequences and comparing two sets of sequences, and it provides real appli-
cations to illustrate the usefulness of sequence alignment programs in the analysis of
DNA and protein sequences.

The chapter by Jiang and Wang provides a survey on computational methods
for multiple sequence alignment, which is a fundamental and challenging problem
in computational molecular biology. Algorithms for multiple sequence alignment
are routinely used to find conserved regions in biomolecular sequences, to construct

|
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family and superfamily representations of sequences, and to reveal evolutionary
histories of species (or genes). The authors discuss some of the most popular
mathematical models for multiple sequence alignment and efficient approximation
algorithms for computing optimal multiple alignment under these models. The main
focus of the chapter is on recent advances in combinatorial (as opposed to stochastic)
algorithms.

Kearney’s chapter illustrates the basic concepts in phylogenetics, the design and
development of computational tools for evolutionary analyses, using the quartet
method as an example. Quartet methods have recently received much attention in the
research community. This chapter begins by examining the mathematical, compu-
tational, and biological foundations of the quartet method. A survey of the major
contributions to the method reveals an excess of diverse and interesting concepts in-
dicative of a ripening research topic. These contributions are examined critically with
strengths, weakness, and open problems.

Sankoff and El-Mabrouk’s chapter describes the basic concepts of genome re-
arrangement and applications. Genome structure evolves through a number of non-
local rearrangement processes that may involve an arbitrarily large proportion of a
chromosome. The formal analysis of rearrangements differs greatly from DNA and
protein comparison algorithms. In this chapter, the authors formalize the notion of a
genome in terms of a set of chromosomes, each consisting of an ordered set of genes.
The chapter surveys genomic distance problems, including the Hannenhalli-Pevzner
theory for reversals and translocations, and covers the progress to date on phyloge-
netic extensions of rearrangement analysis. Recent work focuses on problems of gene
and genome duplication and their implications for genomic distance and genome-
based phylogeny.

The chapter by Li describes the author’s work on compressing DNA sequences
and applications. The chapter concentrates on two programs the author has devel-
oped: a lossless compression algorithm, GenCompress, which achieves the best com-
pression ratios for benchmark sequences; and an entropy estimation program, GTAC,
which achieves the lowest entropy estimation for benchmark DNA sequences. The
author then discusses a new information-based distance measure between two se-
quences and shows how to use the compression programs as heuristics to realize such
distance measures. Some experiments are described to demonstrate how such a theory
can be used to compare genomes.

The third section covers computational methods for mining biological data and
discovering patterns hidden in the data.

The chapter by Xu presents an overview of the major statistical techniques for
quantitative trait analysis. Quantitative traits are defined as traits that have a con-
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tinuous phenotypic distribution. Variances of these traits are often controlled by the
segregation of multiple loci plus an environmental variance. Localization of these
quantitative trait loci (QTL) on the chromosomes and estimation of their effects
using molecular markers are called QTL linkage analysis or QTL mapping. Results
of QTL mapping can help molecular biologists target particular chromosomal re-
gions and eventually clone genes of functional importance.

The chapter by Solovyev describes statistically based methods for the recognition
of eukaryotic genes. Computational gene identification is an issue of vital importance
as a tool of identifying biologically relevant features ( protein coding sequences), which
often cannot be found by the traditional sequence database searching technique.
Solovyev reviews the structure and significant characteristics of gene components,
and discusses recent advances and open problems in gene-finding methodology and
its application to sequence annotation of long genomic sequences.

Zhang’s chapter gives an overview of computational methods currently used for
identifying eukaryotic Polll promoter elements and the transcriptional start sites.
Promoters are very important genetic elements. A Polll promoter generally resides in
the upstream region of each gene: it controls and regulates the transcription of the
downstream gene.

In their chapter, Shamir and Sharan describe some of the main algorithmic ap-
proaches to clustering gene expression data, and briefly discuss some of their prop-
ertiecs. DNA chip technologies allow for the first time a global, simultancous view of
the transcription levels of many thousands of genes, under various cellular conditions.
This opens great opportunities in medical, agricultural, and basic scientific research. A
key step in the analysis of gene expression data is the identification of groups of genes
that manifest similar expression patterns. This translates to the algorithmic problem of
clustering gene expression data. The authors also discuss methods for evaluating the
quality of clustering solutions in various situations, and demonstrate the performance
of the algorithms on yeast cell cycle data.

The chapter by Kanehisa and Goto dsecribes the latest developments of the
KEGG database. A key objective of the KEGG project is to computerize data and
knowledge on molecular pathways and complexes that are involved in various cellu-
lar processes. Currently KEGG consists of (1) a pathway database, (2) a genes data-
base, (3) a genome database, (4) a gene expression database, (5) a database of binary
relations between proteins and other biological molecules, and (6) a ligand database,
plus various classification information. It is well known that the analysis of individual
molecules would not be sufficient for understanding higher order functions of cells
and organisms. KEGG provides a computational resource for analyzing biological
networks.
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The chapter by Wong presents an introduction to what has come to be known as
datamining and knowledge discovery in the biomedical context. The major reason
that datamining has attracted increasing attention in the biomedical industry in recent
years is due to the increased availability of huge amount of biomedical data and the
imminent need to turn such data into useful information and knowledge. The knowl-
edge gained can lead to improved drug targets, improved diagnostics, and improved
treatment plans.

The last section of the book, which consists of six chapters, covers computational
approaches for structure prediction and modeling of macromolecules.

Wang and Zhang’s chapter presents an overview of predictions of RNA secondary
structures. The secondary structure of an RNA is a set of base-pairs {nucleotide
pairs) that form bonds between A-U and C-G. These bonds have been traditionally
assumed to be noncrossing in a secondary structure. Two major prediction approaches
considered are thermodynamic energy minimization methods and phylogenetic com-
parative methods. Thermodynamic energy minimization methods have been used to
predict secondary structures from a single RNA sequence. Phylogenetic comparative
methods have been used to determine secondary structures from a set of homologous
RNAs whose sequences can be reliably aligned.

The chapter by Solovyev and Shindyalov provides a survey of computational
methods for protein secondary structure predictions. Secondary structures describe
regular features of the main chain of a protein molecule. Experimental investigation
of polypeptides and small proteins suggest that a secondary structure can form
in isolation, implying the possibility of identifying rules for its computational pre-
diction. Predicting the secondary structure from an amino acid sequence alone 1s an
important step toward our understanding of protein structures and functions. It may
provide a starting point for tertiary structure modeling, especially in the absence of a
suitable homologous template structure, reducing the search space in the simulation
of protein folding.

The chapter by Chan et al. surveys currently available physics-based computa-
tional approaches to protein folding. A spectrum of methods—ranging from all-atom
molecular dynamics to highly coarse-grained lattice modeling—have been employed
to address physicochemical aspects of protein folding at various levels of structural
and energetic resolution. The chapter discusses the strengths and limitations of some
of these methods. In particular, the authors emphasize the primacy of self-contained
chain models and how they differ logically from non-self-contained constructs with
ad hoc conformational distributions. The important role of a protein’s aqueous en-
vironment and the general non-additivity of solvent-mediated protein interactions are
illustrated by examples in continuum electrostatics and atomic treatments of hydro-
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phobic interactions. Several recent applications of simple lattice protein models are
discussed in some detail.

In their chapter, Peitsch et al. discuss how protein models can be applied to
functional analysis, as well as some of the current issues and limitations inherent
to these methods. Functional analysis of the proteins discovered in fully sequenced
genomes represents the next major challenge of life science research, and compu-
tational methods play an increasingly important part. Among them, comparative
protein modeling will play a major role in this challenge, especially in light of the
Structural Genomics programs about to be started around the world.

Xu and Xu's chapter presents a survey on protein threading as a computational
technique for protein structure calculation. The fundamental reason for protein
threading to be generally applicable is that the number of unique folds in nature is
quite small, compared to the number of protein sequences, and a significant portion
of these unique folds are already solved. A new trend in the development of com-
putational modeling methods for protein structures, particularly in threading, is to
incorporate partial structural information into the modeling process as constraints.
This trend will become more clear as a great amount of structural data will be gen-
erated by the high-throughput structural genomics centers funded by the NIH Struc-
tural Genonics Initiative. The authors outline their recent work along this direction.

The chapter by Nussinov, Ma, and Wolson describes highly efficient, computer-
vision and robotics based algorithms for docking and for the generation and match-
ing of epitopes on molecular surfaces. The goal of frequently used approaches, both in
searches for molecular similarity and for docking, that is, molecular complementarity,
is to obtain highly accurate matching of respective molecular surfaces. Yet, owing to
the variability of molecular surfaces in solution, to flexibility, to mutational events,
and to the need to use modeled structures in addition to high resolution ones, utili-
zation of epitopes may ultimately prove a more judicious approach to follow.

This book would not have been possible without the timely cooperation from all
the authors and the patience of the publisher. Many friends and colleagues who have
served as chapter reviewers have contributed tremendously to the quality and read-
ability of the book. We would like to take this opportunity to thank them individu-
ally. They are: Nick Alexandrov, Vincent Berry, Mathieu Blanchette, David Bryant,
Alberto Caprara, Kun-Mao Chao, Jean-Michel Claverie, Hui-Hsien Chou, Bhaskar
DasGupta, Ramana Davuluri, Jim Fickett, Damian Gessler, Dan Gusfield, Loren
Hauser, Xiaoqiu Huang, Larry Hunter, Shuyun Le, Sonia Leach, Hong Liu, Satoru
Miyano, Ruth Nussinov, Victor Olman, Jose N. Onuchic, Larry Ruzzo, Gavin Sher-
lock, Jay Snoddy, Chao Tang, Ronald Taylor, John Tromp, Ilya A. Vakser, Martin
Vingron, Natascha Vukasinovic, Mike Waterman, Liping Wei, Dong Xu, Zhenyu
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Xuan, Lisa Yan, Louxin Zhang, and Zheng Zhang. We would also like to thank Ray
Zhang for the artistic design of the cover page. Finally, we would like to thank
Katherine Almeida, Katherine Innis, Ann Rae Jonas. Robert V. Prior, and Michael
P. Rutter from The MIT Press for their great support and assistance throughout the
process, and Dr. Guokui Liu for connecting us with the Tsinghua University Press
(TUP) of China and facilitating copublication of this book by TUP in China.
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