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Preface

Computational systems biology, a term coined
by Kitano in 2002, is a field that aims at a
system-level understanding by modeling and
analyzing biological data using computation.
Itisincreasingly recognized thatliving system
cannot be understood by studying individual
parts, while the list of molecular components
in biology is ever growing, accelerated by
genome sequencing and high-throughput
omics techniques. Under the guiding vision of
systems biology, sophisticated computational
methods help to study the interconnection of
parts in order to unravel complex and net-
worked biological phenomena, from protein
interactions, pathways, networks, to whole
cells and multicellular complexes. Rather
than performing experimental observations
alone, systems biology generates knowledge
and understanding by entering a cycle of
model construction, quantitative simulations,
and experimental validation of model predic-
tions, whereby a formal reasoning becomes
key. This requires a collaborative input of
experimental and theoretical biologists work-
ing together with system analysts, computer
scientists, mathematicians, bioengineers,
physicists, as well as physicians to contend
creatively with the hierarchical and nonlinear
nature of cellular systems.

This book has a distinct focus on computa-
tional and engineering methods related to sys-
tems biology. As such, it presents a timely,
multi-authored compendium representing
state-of-the-art computational technologies,
standards, concepts, and methods developed

in this area. If compared to the first edition
published in 2005, the second edition has been
specifically extended to reflect new frontiers of
systems biology, including modeling of whole
cells, studies of embryonic development, the
immune systems, as well as aging and cancer.
As in the previous edition, basics of informa-
tion and data integration technologies,
standards, modeling of gene, signaling and
metabolic networks remain comprehensively
covered. Contributions have been selected
and compiled to introduce the different meth-
ods, including methods dissecting biological
complexity, modeling of dynamical proper-
ties, and biocomputational perspectives.

Beside the primary authors and their
respective teams who have dedicated their
time to contribute to this book, the editors
would like to thank numerous reviewers of
individual chapters, but in particular Jan
Eufinger for support of the editorial work.

It is often mentioned that biological sys-
tems in its entirety present more than a sum
of its parts. To this extent, we hope that the
chapters selected for this book not only give
a contemporary and comprehensive over-
look about the recent developments, but that
this volume advances the field and encour-
ages new strategies, interdisciplinary coop-
eration, and research activities.

Roland Eils and Andres Kriete
Heidelberg and Philadelphia,
September 2013

xiii



Contents

Contributors  ix
Preface xiii

1. Introducing Computational Systems
Biology
ROLAND EILS, ANDRES KRIETE

1 Prologue 1
2 Overview of the content 4
3 Qutlook 6

References 7

2. Structural Systems Biology: Modeling
Interactions and Networks for Systems
Studies

ROBERT B. RUSSELL, GORDANA APIC, OLGA KALININA,
LEONARDO TRABUCO, MATTHEW ]. BETTS,
QIANHAO LU

1 Introduction 10

2 A brief history of structural bioinformatics 10
3 Structural analysis of interaction data 11

4 Other interaction types 13

5 Systems biology applications 13

6 New datasets-specific protein sites 14

7 Current and future needs 14

8 Concluding remarks 16

9 Acknowledgments 16

References 16

3. Understanding Principles of the
Dynamic Biochemical Networks of Life
Through Systems Biology

HANS V. WESTERHOFF, FEI HE, ETTORE MURABITO,
FREDERIC CREMAZY, MATTEO BARBERIS

1 Principles based on topology of the genome-wide
metabolic network: limited numbers of possible
flux patterns 22

2 Principles based on topology of the genome-wide
metabolic network: toward personalized
medicine 25

3 Industrially relevant applications of topology and
objective-based modeling 26

4 Applications of topology and objective-based

modeling to cancer research and drug

discovery 27

Principles of control 30

Principles of regulation 32

Regulation versus control 33

Robustness and fragility and application to the cell

cycle 35

9 Perfect adaptation and integral control in
metabolism 38

Acknowledgments 42

References 42

o ~J O

4. Biological Foundations of Signal
Transduction, Systems Biology and
Aberrations in Disease

URSULA KLINGMULLER, MARCEL SCHILLING,
SOFIA DEPNER, LORENZA A. D’ALESSANDRO

1 Introduction 46

2 Concepts in signal transduction 46

3 Mathematical modeling of signaling pathways 58
4 Conclusion 62

References 63

5. Complexities in Quantitative Systems
Analysis of Signaling Networks
CHRISTINA KIEL, LUIS SERRANO

I Introduction 66

2 Requirements for a quantitative systems analysis of
signaling networks 68

3 Synthetic biology approaches in signal
transduction 80

4 Outlook 82

References 83



vi CONTENTS

6. Gene Networks: Estimation, Modeling,
and Simulation

SEIYA IMOTQ, HIROSHI MATSUNO,
SATORU MIYANO

1 Introduction 89
Gene network estimation from microarray gene
expression data 91
3 Advanced methods for gene network
estimation 94
4 Petri net based modeling of gene networks 101
5 Conclusion 108
6 Related internet resources 109
Acknowledgments 109
References 109

7. Reconstruction of Metabolic Network
from Genome Information and its
Structural and Functional Analysis

HONG-WU MA, AN-PING ZENG

1 Introduction 114

2 Reconstruction of genome scale metabolic
networks 114

3 Mathematical representation of metabolic
networks 118

4 Structural analysis of metabolic networks 121

5 From network to modules 125

6 Concluding remark 129

References 129

8. Standards, Platforms, and Applications
STANLEY GU, HERBERT SAURO

I Introduction 134

2 Standards 138

3 Future considerations 152

4 Platforms 152

5 Applications 161

6 Future prospects and conclusion 163
7 Recommended resources 164

Acknowledgments 164
References 164

9. Databases, Standards, and Modeling
Platforms for Systems Biology

JUERGEN EILS, ELENA HERZOG, BAERBEL FELDER,
CHRISTIAN LAWERENZ, ROLAND EILS

1 Introduction 170

2 Pathway databases 171

3 Model databases 172

4 Systems biology standards 175

5 Simulation and modeling platforms 178
6 Conclusion 180

7 Outlook 181

References 181

10. Computational Models for Circadian
Rhythms: Deterministic versus Stochastic
Approaches

JEAN-CHRISTOPHE LELOUP, DIDIER GONZE,
ALBERT GOLDBETER

1 Introduction: the computational biology of
circadian rhythms 184

2 Modeling the Drosophila circadian clock 185

3 Stochastic models for circadian rhythms 195

4 Modeling the mammalian circadian clock 208

5 Conclusions 216

Acknowledgments 218

References 218

11. Top-Down Dynamical Modeling of
Molecular Regulatory Networks
REINHARD LAUBENBACHER, PEDRO MENDES

Introduction 224

Top-down modeling 225

Discrete models 226

Discrete methods for top-down modeling 228

Data discretization 232

Relationship between discrete and continuous

top-down modeling 234

7 Toward a mathematical theory of biological system
identification 235

8 Conclusion 236

Acknowledgments 237

References 237

(o) NI I ~SR UV SO R

12. Discrete Gene Network Models for
Understanding Multicellularity and Cell
Reprogramming: From Network Structure
to Attractor Landscapes Landscape

JOSEPH XU ZHOU, XIAQJIE QIU, AYMERIC FOUQUIER
D'HEROUEL, SUI HUANG



CONTENTS vii

1 Introduction 242

2 GENE regulatory networks and cell types:
attractors in a dynamical system 245

3 BOOLEAN networks for multicellularity 251

4 Dynamics of Large Ensemble of Networks 255

5 Development of multicellularity: relative stability
of states and global ordering 258

6 BOOLEAN network model of neuron cell
differentiation and reprogramming 265

7 BOOLEAN network model for pancreas develop-
ment and reprogramming 269

8 Conclusion—toward a la carte cell
reprogramming 272

References 273

13. Stochastic Simulations of Cellular
Processes: From Single Cells to Colonies

JOHN COLE, MICHAEL J. HALLOCK, PIYUSH LABHSETWAR,
JOSEPH R. PETERSON, JOHN E. STONE, ZAIDA
LUTHEY-SCHULTEN

1 Introduction 278
2 CME and RDME simulations in Lattice
Microbes 280
3 Simulating the lac genetic
switch in E. coli 281
4 Simulating MinDE oscillations in E. coli 286
5 Hybrid RDME/FBA simulations of a bacterial
colony 288
Acknowledgments
References 292

292

14. Advances in Machine Learning for
Processing and Comparison of
Metagenomic Data

JEAN-LUC BOUCHOT, WILLIAM L. TRIMBLE,
GREGORY DITZLER, YEMIN LAN, STEVE ESSINGER,
GAIL ROSEN

1l Introduction 296
2 Preprocessing 297
3 Annotation of genes 300
4 Cross sample analysis 306

5 Understanding microbial communities 319

6 Open problems and challenges 320
Acknowledgments 321
References 322

15. Systems Biology of Infectious Diseases
and Vaccines
HELDER [ NAKAYA

1 Introduction 332

2 A brief overview of the immune response
3 Systems immunology tools and databases
4 Blood transctiptomics 339

5 Systems biology of infectious diseases
6 Systems vaccinology 347
7 Challenges and limitations
8 Conclusions 353
References 353

332
335

340

351

16. Computational Modeling
and Simulation of Animal Early
Embryogenesis with the MecaGen
Platform
JULIEN DELILE, RENE DOURSAT, NADINE PEYRIERAS

1 Introduction 360

2 MECA: model of cell biomechanics 367

3 GEN: model of molecular regulation and
signaling 375

4 MECAGEN: model of mechanic-genetic
coupling 378

5 Illustrations on artificial data 383

6 Biological case study: intercalation patterns in the
zebrafish epiboly 387

7 Discussion 402

References 403

17. Developing a Systems Biology
of Aging
ANDRES KRIETE, MATHIEU CLOUTIER

1 Introduction 408
2 Aging networks 408
3 Regulatory control mechanisms
in aging 410
4 Cell models of Parkinson’s Disease
5 Simulations and predictions 414
6 Robustness in the context of theories
and models of aging 417
7 Discussion and outlook 419
References 419

412



viii CONTENTS

18. Molecular Correlates of
Morphometric Subtypes in
Glioblastoma Multiforme

HANG CHANG, GERALD V. FONTENAY, CEMAL BILGIN,
ALEXANDER BOROWSKY, PAUL SPELLMAN, BAHRAM
PARVIN

1 Introduction 424

2 Background 425

3 Morphometric representation 426
4 Bioinformatics analysis 442

5 Computational pipeline 449

6 Conclusion 451

References 451

19. Applications in Cancer Research:
Mathematical Models of Apoptosis

STEFAN M. KALLENBERGER, STEFAN LEGEWIE, ROLAND
EILS

1 The perspective of apoptosis models in cancer
research 456

2 Overview of mathematical formalisms 458

3 Mechanistic ODE models describing apoptosis
networks 463

4 Conclusions 476

References 477

Author Index 483
Subject Index 525



Introducing Computational
Systems Biology
Roland Eils*®, Andres Kriete®

“Division of Theoretical Bioinformatics (BO80), German Cancer Research
Center (DKFZ), Heidelberg, Germany
"Department for Bioinformatics and Functional Genomics, Institute for
Pharmacy and Molecular Biotechnology (IPMB) and BioQuant, Heidelberg
University, Heidelberg, Germany
“School of Biomedical Engineering, Science and Health Systems,

Drexel University, Philadelphia, PA, USA

We need to turn data into knowledge and we need a framework to do so. S. Brenner, 2002.

1 PROLOGUE

The multitude of the computational tools needed for systems biology research can roughly
be classified into two categories: system identification and behavior analysis (Kitano 2001).
In molecular biology, system identification amounts to identifying the regulatory relation-
ships between genes, proteins, and small molecules, as well as their inherent dynamics hid-
den in the specific kinetic and binding parameters. System identification is arguably one of
the most complicated problems in science. While behavior analysis is solely performed on
a model, model construction is a process tightly connected to reality but part of an iterative
process between data analysis, simulation, and experimental validation (Figure 1.1). A typical

Computational Systems Biology, Second Edition ]. © 2014 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/B978-0-12-405926-9.00001-0
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FIGURE 1.1 Key to systems biology is an iterative cycle of experimentation, model building, simulation and
validation.

modeling cycle begins with a reductionist approach, creating the simplest possible model. The
modeling process generates an understanding of the underlying structures, and components
are represented graphically with increasing level of formalization, until they can be converted
into a mathematical representation. The minimal model then grows in complexity, driven by
new hypotheses that may not have been apparent from the phenomenological descriptions.
Then, an experiment is designed using the biological system to test whether the model predic-
tions agree with the experimental observations of the system behavior. The constitutive model
parameters may be measured directly or may be inferred during this validation process, how-
ever, the propagation of errors through these parameters present significant challenges for the
modeler. If data and predictions agree, a new experiment is designed and performed. This pro-
cess continues until sufficient experimental evidence in favor of the model is collected. Once
the system has been identified and a model constructed, the system behavior can be studied,
for instance, by numerical integration or sensitivity analysis against external perturbations.
Although the iterative process is well defined, the amount of data to be merged into this
process can be immense. The human genome project is one of the hallmarks indicating a turn
from a reductionistic approach in studying biological systems at increasing level, into a dis-
covery process using high-throughput techniques (Figure 1.2). Ongoing research increases the
wealth of contemporary biological information residing in some thousand public databases
providing descriptive genomics, proteomics and enzyme information, gene expression, gene
variants and gene ontologies. Refined explorative tools, such as new deep sequencing, along
with the emergence of new specialized -omics (metabolomics, lipidomics, pharmacogenom-
ics) and phenotyping techniques, constantly feed into this data pool and accelerate its growth.
Given the enormous and heterogeneous amount of data, computational tools have become
indispensable to mine, analyze, and connect such information. The aggregate of statistical
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FIGURE 1.2 By the evolution of scientific disciplines in biology over time, ever-smaller structures have come into
focus and more detailed questions have been asked. With the availability of high-throughput sequencing techniques
in genetics a turning point was reached at the molecular basis of life. The frontiers of research extended to hypothesis-
free data acquisition of biological entities, with genomics becoming the first in a growing series of “-omics” disci-
plines. Although functional genomics and proteomics are far from being completed, “omics” -type approaches
addressing the phenotypical cellular, tissue and physiological levels constitute themselves as new scientific disci-
plines, filling up an otherwise sparse data space. Computational systems biology provides methodologies to com-
bine, model, and simulate entities on diverse (horizontal) levels of biological organization, such as gene regulatory
and protein networks, and between these levels by using multiscale (vertical) approaches.

bioinformatics tools to collect, store, retrieve, visualize, and analyze complex biological data
has repeatedly proven useful in biological decision support and discovery. Deciphering the
basic building blocks of life is a necessary step in biological research, but provides only lim-
ited knowledge in terms of understanding and predictability. In the early stages the human
genome project stirred the public expectation for a rapid increase in the deciphering of dis-
ease mechanisms, more effective drug development and cure. However, it is well recognized
that the battery of mechanisms involved in the proliferation of complex diseases like cancer,
chronic diseases, or the development of dementias cannot be understood solely on the basis
of knowing all its molecular components.

As a consequence, a lack of system level understanding of cellular dynamics has prevented
a substantial increase in the number of new drugs available for treatment, drug efficacy, or
eradication of any specific diseases. In contrast, pharmaceutical companies are currently lack-
ing criteria to select the most valuable targets, R&D expenses skyrocket, and new drugs rarely
hit the market and often fail in clinical trials, while physicians face an increasing wealth of
information that needs to be interpreted intelligently and holistically.

Analysis of this dilemma reveals primary difficulties due to the enormous biomolecular
complexity, structural and functional unknowns in a large portion of gene products and a
lack of understanding of how the concert of molecular activities transfers into physiological
alterations and disease. It has been long recognized that the understanding of cells as open
systems, interacting with the environment, performing tasks and sustain homeostasis, or bet-
ter homeodynamics (Yates 1992), requires the development of foundations for a general sys-
tems theory that started with the seminal work of Bertalanffy (Von Bertalanffy 1969).
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It appears that with the ever increasing quality and quantity of molecular data, mathematical
models of biological processes are even more in demand. For instance, an envisioned blue-
print of complex diseases will not solely consist of descriptive flowcharts as widely found in
scientific literature or in genomic databases. They should rather be based on predictive, rigor-
ously quantitative data-based mathematical models of metabolic pathways, signal transduc-
tion cascades, cell-cell communication, etc. The general focus of biomedical research on
complex diseases needs to change from a primarily steady-state analysis at the molecular
level to a systems biology level capturing the characteristic dynamic behavior. Such biosimu-
lation concepts will continue to transform current diagnostic and therapeutic approaches to
medicine.

2 OVERVIEW OF THE CONTENT

This completely revised, second edition of this book presents examples selected from an
increasingly diverse field of activities, covering basic key methods, development of tools, and
recent applications in many complex areas of computational systems biology. In the follow-
ing, we will broadly review the content of the chapters as they appear in this book, along with
specific introductions and outlooks.

The first section of this book introduces essential foundations of systems biology, princi-
ples of network reconstruction based on high-throughput data with the help of engineering
principles such as control theory. Robert B. Russell, Gordana Apic, Olga Kalinina, Leonardo
Trabuco, Matthew J. Betts, and Qianhao Lu provide an introduction (Chapter 2) on “Structural
Systems Biology: modeling interactions and networks for systems studies.” Molecular mechanisms
provide the most detailed level for a mechanistic understanding of biological complexity. The
current challenges of a structural systems biology are to integrate, utilize, and extend such
knowledge in conjunction with high-throughput studies. Understanding the mechanistic
consequences of multiple alterations in DNA variants, protein structures, and folding are key
tasks of structural bioinformatics.

Principles of protein interactions in pathways and networks are introduced by Hans V.
Westerhoff, Fei He, Ettore Murabito, Frédéric Crémazy, and Matteo Barberis in Chapter 3.
Their contribution is entitled “Understanding principles of the dynamic biochemical networks of life
through systems biology” and discusses a number of basic, more recent and upcoming discover-
ies of network principles. The contributors review analytical procedures from flux balance in
metabolic networks to measures of robustness.

In Chapter 4, Ursula Klingmiller, Marcel Schilling, Sonja Depner, and Lorenza A.
D’Alessandro review the “Biological foundations of signal transduction and aberrations in disease.”
Signaling pathways process the external signals through complex cellular networks that reg-
ulate biological functions in a context-dependent manner. The authors identify the underly-
ing biological mechanisms influential for signal transduction and introduce the mathematical
tools essential to model signaling pathways and their disease aberrations in a quantitative
fashion.

Further acceleration of progress in pathway reconstruction and analysis is contingent on
the solution of many complexities and new requirements, revolving around the question of
how high-throughput experimental techniques can help to accelerate reconstruction and
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simulation of signaling pathways. This is the theme of the review in Chapter 5 by Christina
Kiel and Luis Serrano on the “Complexities underlying a quantitative systems analysis of signaling
networks.” Chapter 6 by Seiya Imoto, Hiroshi Matsuno, Satoru Miyano presents “Gene net-
works: estimation, modeling and simulation.” The authors describe how gene networks can be
reconstructed from microarray gene expression data, which is a contemporary problem. They
also introduce software tools for modeling and simulating gene networks, which is based on
the concept of Petri nets. The authors demonstrate the utility for the modeling and simulation
of the gene network for controlling circadian rhythms.

Section 2 provides an overview of methods, mathematical tools, and examples for model-
ing approaches of dynamic systems. “Standards, platforms, and applications,” as presented by
Herbert Sauro and Stanley Gu in Chapter 8, reviews the trends in developing standards indic-
ative of increasing cooperation within the systems biology community, which emerged in
recent years permitting collaborative projects and exchange of models between different soft-
ware tools. “Databases for systems biology,” as reviewed in Chapter 9 by Juergen Eils, Elena
Herzog, Baerbel Felder, Christian Lawerenz and Roland Eils provide approaches to integrate
information about the responses of biological system to genetic or environmental perturba-
tions. As researchers try to solve biological problems at the level of entire systems, the very
nature of this approach requires the integration of highly divergent data types, and a tight
coupling of three general areas of data generated in systems biology: experimental data, ele-
ments of biological systems, and mathematical models with the derived simulations. Chapter
10 builds on a classical mathematical modeling approach to study patterns of dynamic behav-
iors in biological systems. “Computational models for circadian rhythms - deterministic versus sto-
chastic approaches,” Jean-Christophe Leloup, Didier Gonze and Albert Goldbeter demonstrates
how feedback loops give rise to oscillatory behavior and how several results can be obtained
in models which possess a minimum degree of complexity. Circadian rhythms provide a par-
ticular interesting case-study for showing how computational models can be used to address
a wide range of issues extending from molecular mechanism to physiological disorders.

Reinhard Laubenbacher and Pedro Mendes review “Top-down dynamical modeling of molecu-
lar regulatory networks,” Chapter 11. The modeling framework discussed in this chapter con-
siders mathematical methods addressing time-discrete dynamical systems over a finite state
set applied to decipher gene regulatory networks from experimental data sets. The assump-
tions of final systems states are not only a useful modeling concept, but also serve an explana-
tion of fundamental organization of cellular complexities. Chapter 12, entitled “Multistability
and multicellularity: cell fates as high-dimensional attractors of gene regulatory networks,” by Joseph
X. Zhou and Sui Huang, investigates how the high number of combinatorially possible
expression configurations collapses into a few configurations characteristic of observable cell
fates. These fates are proposed to be high-dimensional attractors in gene activity state space,
and may help to achieve one of the most desirable goal of computational systems biology,
which is the development of whole cell models. In Chapter 13 John Cole, Mike J. Hallock,
Piyush Labhsetwar, Joseph R. Peterson, John E. Stone, and Zaida Luthey-Schulten review
“Whole cell modeling strategies for single cells and microbial colonies,” taking into account spatial
and time-related heterogeneities such as short-term and long-term stochastic fluctuations.

Section 3 of this book is dedicated to emerging systems biology application including mod-
eling of complex systems and phenotypes in development, aging, health, and disease. In
Chapter 14, Jean-Luc Bouchot, William Trimble, Gregory Ditzler, Yemin Lan, Steve Essinger,
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and Gail Rosen introduce “Advances in machine learning for processing and comparison of metage-
nomic data.” The study of nucleic acid samples from different parts of the environment, reflect-
ing the microbiome, has strongly developed in the last years and has become one of the
sustained biocomputational endeavors. Identification, classification, and visualization via
sophisticated computational methods are indispensable in this area. Similarly, the decipher-
ing immune system has to deal with a large amount of data generated from high-throughput
techniques reflecting the inherent complexity of the immune system. Helder I. Nakaya, in
Chapter 15, reports on “Applying systems biology to understand the immune response to infection
and vaccination.” This chapter highlights recent advances and shows how systems biology can
be applied to unravel novel key molecular mechanisms of immunity.

Rene Doursat, Julien Delile, and Nadine Peyrieras present “Cell behavior to tissue deforma-
tion: computational modeling and simulation of early animal embryogenesis,” Chapter 16. They pro-
pose a theoretical, yet realistic agent-based model and simulation platform of animal
embryogenesis, to study the dynamics on multiple levels of biological organization. This con-
tribution is an example demonstrating the value of systems biology in integrating the differ-
ent phenomena involved to study complex biological process. In Chapter 17, Andres Kriete
and Mathieu Cloutier present “Developing a systems biology of aging.” The contribution reviews
modeling of proximal mechanisms of aging occurring in pathways, networks, and multicel-
lular systems, as demonstrated for Parkinson’s disease. In addition, the authors reflect on
evolutionary aspect of aging as a robustness tradeoff in complex biological designs.

In Chapter 18, Hang Chang, Gerald V Fontenay, Ju Han, Nandita Nayak, Alexander
Borowsky, Paul Spellman, and Bahram Parvin present image-based phenotyping strategies
to classify cancer phenotypes on the tissue level, entitled “Morphometric analysis of tissue het-
erogeneity in Glioblastoma Multiforme.” Such work allows to associate morphological heteroge-
neities of cancer subtypes with molecular information to improve prognosis. In terms of a
multiscale modeling approach the assessment of phenotypical changes, in cancer as well as
in other diseases, will help to build bridges toward new spatiotemporal modeling approaches.
Stefan M. Kallenberger, Stefan Legewie, and Roland Eils demonstrate “Applications in cancer
research: mathematical models of apoptosis” in Chapter 19. Their contribution is focused on the
mathematical modeling of cell fate decisions and its dysregulation of cell death, contributing
to one of the ramifications of the complexities in cancer biology.

3 OUTLOOK

It is commonly recognized that biological multiplicity is due to progressive evolution that
brought along an increasing complexity of cells and organisms over time (Adami et al. 2000).
This judgement coincides with the notion that greater complexity is “better” in terms of com-
plex adaptive systems and ability for self-organization, hence robustness (Csete and Doyle
2002 Kitano 2004). Analyzing or “reverse” engineering of this complexity and integrating
results of today’s scientific technologies responsible for the ubiquitous data overload are an
essential part of systems biology. The goals are to conceptualize, abstract basic principles, and
model biological structures from molecular to higher level of organization like cells, tissues,
and organs, in order to provide insight and knowledge. The initial transition requires data



