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ABSTRACT

The genomic revolution, manifested by the sequencing of the complete genome of many
organisms, along with technological advances, such as DNA microarrays and
developments in the analysis of proteins, metabolites and isotopic distribution patterns,
challenged the conventional ways in which questions are approached in the biological
sciences: (a) rather than examining a small number of genes and/or reactions at any one
time, we can now analyze gene expression and protein activity in the context of
systems of interacting genes and gene products, (b) comprehensive analysis of
biological systems requires the integration of all cellular fingerprints: genome sequence,
maps of gene expression, total protein production, metabolic output, and 7 vivo
enzymatic activity, and (c¢) collecting, managing, and analyzing comparable data from
various cellular profiles requires expertise from several fields that transcend traditional
discipline boundaries. While researchers in systems biology have still to address
difficult challenges in both experimental and computational arenas, they possess for the
first time the opportunity to unravel the mechanisms of life. The enormous impact of
these discoveries in diverse areas, such as metabolic engineering, strain selection, drug
screening and development, bioprocess development, disease prognosis and diagnosis,
gene and other medical therapies, is an obvious motivation for pursuing integrated
analyses of cellular systems.



System Biology and The Genomic Revolution

Biology has evolved rapidly during the past fifty years, driven largely by advances
in molecular biology coupled with developments in computer science. This convergence
produced the genome revolution, allowing us to determine the complete genome
sequence, and through it complete gene catalogues, for a number of important
organisms, including humans. Genome sequencing along with other advances, such as
the development of DNA microarrays [1-3], which allow the simultaneous measurement
of the expression of every single gene in a cellular genome, and mass spectral analysis
of proteins [4-8], metabolites [9-12] and isotopic tracer distribution patterns [13-15],
have challenged the conventional paradigm of biological research. Rather than
examining a small number of genes and/or reactions at any one time, we can now begin
to look at gene expression and protein activity in the context of networks and systems
of interacting genes and gene products. Because our knowledge of this domain is still
largely rudimentary, investigations are now routinely moving from being “hypothesis—
driven” to being “data—driven” with analysis based on a search for biologically relevant
patterns. These technological advances have created enormous opportunities for
accelerating the pace of science. One can now envision the possibility of obtaining a
comprehensive picture of the mechanisms underlying the cellular function, its
regulation, and the interactions of an organism with its environment.

While the greatest attention has been paid to gene sequence and transcriptional
expression analysis using microarrays, it is becoming increasingly clear that these
alone cannot be used to accurately determine cellular function. Rather, a comprehensive

analysis of biological systems requires the integration of all fingerprints of cellular



function: genome sequence, maps of gene expression, total protein production,
metabolic output, and /7 vivo enzymatic expression (activity). While each of these has
significant value on its own, the picture that emerges from any single approach is quite
limited in nature. Gene transcription is a necessary but not sufficient condition for high
in vivo protein production. Regulation of translation, RNA and protein stability, and
post—translational modifications can alter the linear relationship between message and
the corresponding protein [16-18]. Additionally, a protein could be present in high
concentration, but it may lack the requisite conditions (substrate concentration,
cofactors, etc.) for activity in the actual cellular environment [19-20]. Integration of all
of these profiles for a systematically perturbed cellular system can provide insight
about the function of unknown genes, the relationship between gene and metabolic
regulation and even the reconstruction of the gene regulation network [21].

Holistic analyses of biological systems, however, require a change in the way in
which questions are approached in the biological sciences. Collecting, managing, and
analyzing comparable data from various cellular profiles requires expertise from several
fields that transcend traditional discipline boundaries, including engineering and
computer science, statistics and applied mathematics, and chemistry, physics, and
biology. This “systems biology” approach will be the framework for the training of a
new generation of researchers in the life sciences who will be able to work, interact
and collaborate in a very diverse and highly interdisciplinary environment.
Post-Genomic Research — Challenges, Opportunities, Directions

Despite the importance of integrated genomic, proteomic and metabolic studies, very

few experiments have been done to date that actually combine information from



multiple cellular profiles. Most recent work has focused on one analysis of a single data
type, or at best a combination of genomic and proteomic profiles. One of the main
reasons is that we presently lack both the conceptual understanding and the
computational tools that would allow the identification of cause-effect relationships
between the gene and protein expression and phenotypic profiles. The development,
however, of algorithms to address these questions cannot be accomplished in the
absence of experimental data that monitor the cellular physiology under a variety of
conditions at all stages of growth and levels of cellular function. Taking into
consideration the different time-scales of the various biological processes, it is
therefore very important to carefully design experiments that can provide comparable
gene expression, protein production and metabolic function data that can lead to useful
results. This will be closely tied to technological developments aiming at increasing and
improving the experimental techniques and methodologies for the quantitative
measurement of the cellular physiological state at each level of cellular function.

Even though DNA microarrays have revolutionized biological research, the
measurement of gene expression profiles based on them remains a semi—quantitative
process, which does not yet allow for absolute levels of gene expression to be
identified. At the proteomic level, researchers are still working on the development of
techniques for high throughput protein expression analysis, such as protein microarrays
[22-23], which will provide a level of throughput similar to those obtained for
transcriptional profiling with DNA arrays. Further, advances in protein crystallography

will enable the high—-throughput determination of the three—dimensional structure of



proteins [24] and significantly increase the quantity and quality of data in the public
protein databases.

At the metabolic level, researchers are still in the search of techniques that might
provide an enzymatic activity profile equivalent to those we can now obtain for gene
expression and protein production. As it is highly unlikely that we will ever be able to
develop an in vivo enzymatic activity chip, mapping the flux distribution through a
metabolic reaction network [25] is the closest phenotypic equivalent to the type of data
we can measure from available techniques for gene and protein expression. Fluxes are
determined indirectly from the measurement of net excretion rates of extracellular
metabolites and/or the use of isotopically labeled substrates [25]. All, however,
comprehensive methods for the analysis of complex metabolic flux networks are
presently primarily based on steady-state or pseudo steady-state assumptions in lack
of accurate and extensive quantitative measurements of the intracellular metabolite
concentrations and their isotopic tracer distribution. Advances in metabolic profiling [9-
11], defined as the qualitative and quantitative detection (by Nuclear Magnetic
Resonance Spectroscopy and Mass Spectrometry) of low molecular weight metabolites
from the breakdown of the cellular macromolecules, are expected to enhance our
understanding of metabolic activity under transient conditions [26-27]. This will lead to
an increased number of integrated genomic and metabolic studies, which have been
currently limited from to the lack of flux analysis methodologies for transient
physiological conditions. Furthermore, technological and computational developments

for metabolic characterization at the micro-scale [28] will increase dramatically the



number and type of examined physiological conditions opening enormous opportunities
in the area of comparative biological studies.

Efficient use of the big load of data generated from systems biology studies will
require development of extended databases that can effectively capture and integrate
genomic, proteomic and phenotypic data. Currently there exist databases that store
DNA and protein sequence data, protein three—dimensional structure, and metabolic
pathway structure and stoichiometry, but it is still extremely difficult to link information
across these diverse resources. Furthermore, these databases should be expanded to
accommodate gene and protein expression along with /7 vivo metabolic activity data
representing many different physiological conditions. The analysis of biological systems
and the development of theoretical models that describe and predict cellular function
must be based on integrated data from a large number of experiments. As the
microarray community has come to realize, this will require the development of
standards for describing experimental conditions and for submitting data to public
databases (see MIAME protocol [29]). A similar initiative is imperative for the accurate
collection of large quantities of systems biology data as the hope is that this can lead to
conclusions about the interrelationships of the various cellular functions that manifest
themselves under the experimental conditions under study.

Further, there is a clear need for development of data visualization and mining
software that can be used with diverse data types to explore the relationships that exist
and to infer the presence of metabolic pathways. Such a system would integrate gene
annotation and a variety of expression data to allow visualization of metabolic pathway

activity at the transcriptional level, connecting each gene to the reactions that are



catalyzed by the enzyme it encodes. If one assumes a direct correlation between
changes in gene expression and associated enzymatic activity as reflected by metabolic
output (an assumption in obvious need of verification), gene expression data should
allow the formulation of a tentative metabolic network to be further confirmed by
additional metabolic activity studies, including assessment of /n vivo metabolic pathway
activity as it is measured in terms of fluxes or metabolite concentrations. Any observed
inconsistencies, such as high levels of gene expression without a corresponding change
in metabolic activity, or the converse, will provide powerful leads to assist in
developing verified causal relationships of consequence to overall cell behavior. With
such an approach, the first obvious application of combined profiling of metabolic
activity and gene expression will be in tracing the origin of easily observed
physiological changes, focusing on well understood metabolic pathways as a means of
justifying this approach. Although such pathways are often considered well-known, they
were derived when information about only a relatively small number of genes was
available, and we anticipate that integrated whole genome analyses will overturn many
of the widely held assumptions about genetic and metabolic interrelationships.

Finally, we believe that at this stage, when integrated analyses are still in their
infancy, appropriate model biological systems should be selected and used to validate
software modules and computational algorithms developed from the combination of data.
Short, well-controlled pathways, relatively isolated from the rest of metabolism or
those well-studied with respect to their genomic and metabolic regulation should be
used as test models. Experiments should be conducted in such a way to assure that the

observed changes in the physiological profiles of the cells are due only to the applied



perturbations and not to other variables. In addition it is only through the comparison of
the predictions of a computational algorithm with expected data based on previous
biological knowledge that the conclusions of such algorithms can be validated.
Candidates for such analyses include portions of central carbon metabolism and amino
acid biosynthesis. While these are not isolated parts of the cellular network, they are
among the best studied, particularly in bacteria, where the genes associated with these
reactions are usually the first to be annotated in sequenced genomes.

In conclusion, it is clear that the combination of gene expression, protein production
and /n vivo metabolic activity data, along with new, powerful experimental and
computational analytical methodologies will provide unprecedented insight into the
structure of the language which is used by the cell to communicate changes in the
cellular environment to gene expression and vice versa. While researchers in systems
biology have still to overcome many obstacles and address difficult challenges in both
experimental and computational arenas, they possess for the first time the opportunity
to unravel the mechanisms of life. The enormous impact of these discoveries and the
smaller ones along the way in diverse areas, such as metabolic engineering, strain
selection, drug screening and development, bioprocess development, disease prognosis
and diagnosis, gene and other medical therapies, is an obvious motivation for pursuing
integrated analyses of cellular systems using combinations of methods that provide
insight into physiological profiles.
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