Bioinformatics and Functional Genomics:
Challenges and Opportunities

Biological systems—single cells, multicellular tissues, and mul-
titissue organisms—are complex entities. From an engineering
point of view, they consist of a large number of physicochemi-

cal and mechanical
processes that oper-
ate in parallel and in
series. Under-stand-
ing the function of
the individual pro-
cesses and their
interactions is criti-
cal for advances in
drug discovery, as
well as in industrial
and agricultural bio-
technology.  The
combined annual
R&D expenditures
of these activities
are over $10 billion
accounting for more
than 60% of those
of the chemical and
allied products sec-
tor (Emst and Young,
1999; C&EN, 1999).

Chemical engi-
neers have been con-
tributing to many
aspects of biotech-
nology research and
development. In his
review of these con-
tributions, Bailey
(1995, 1998) sug-
gested that particu-
lar virtues of our
field have allowed
successful “chemi-
cal engineering of
cellular processes.”
Biological sciences

and every field in biotechnology are experiencing an ongoing revo-
lution. It is an information revolution driven by advances in analyti-
cal technology, biochemistry, nanotechnology, polymer chemistry,
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Figure 1: From qualitative description to quantitative prediction.
The ultimate goal of bioinformatics and functional genomics is a quantita-

tive prediction of cellular function based on DNA sequence and a small
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number of experiments. The achievement of this goal will require develop-

ments in analytical technology and in analysis frameworks. As we move
towards quantification of every cellular component and of the thermody-

namic and kinetic properties of the various processes in a cell, technology
becomes harder and innovative developments are required. The supporting
mathematical and computational frameworks required for the integration of
this information become more sophisticated as one moves from descriptive
to predictive understanding. While the final objective is well-defined, there

is not a unique path towards the accomplishment of this objective.
Technological innovations will drive the development of analysis frame-

works, and creative analysis frameworks will identify the technology needs.
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and material science. These technologies enable the precise and
quantitative characterization of various molecules within a cell and
the monitoring of many cellular processes simultaneously. This rev-

olution in biology
offers two main chal-
lenges to chemical
engineers: contribu-
tion to technology
development and
meaningful analysis
of the large-scale
information generat-
ed by these tech-
nologies.

This column of-
fers a perspective
on the challenges
posed by bioinfor-
matics and functional
genomics.  Bioin-
formatics here is
defined as the
development and
implementation of
computational tools
and frameworks for
the management,
analysis and inter-
pretation of biologi-
cal information, and
functional genomics
is defined as the
integration of ana-
Iytical technologies
and bioinformatics
for the elucidation
of the function of
cellular  compo-
nents. Capabilities
and limitations of
some of the current
technologies used in

studying cellular function are discussed, as well as qualitative sim-
ilarities between problems in chemical engineering and bioinfor-
matics.
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Bioinformatics and functional genomics

Three central processes that support cellular function are tran-
scription, translation, and biotransformation (Alberts et al., 1994),
which are strongly interdependent. The products of one process
serve as catalysts or reactants for another process, and the products
or reactants of a process can regulate the performance of other
processes in the cel-

structure, image analysis, data visualization methods, analysis of
gene and protein expression data, and simulation and dynamic
analysis of integrated cellular processes are some of the growing
activity areas of bioinformatics.

Every gene and its products, poly-ribonucleic acid (RNA) and
protein, can be classified according to their elementary functions
and their systemic functions. For example, the type of reaction,
such as dehydro-

lular system. A
fourth process, sig-
nal transduction, is
responsible for the
coordinated respons-
es of the cellular
function to environ-
mental changes and
stimuli. The struc-
tural and functional
information on the
components of vari-
ous processes is
encoded into poly-
deoxyribonucleic acid
(DNA) sequences,
which themselves
are assembled into
single molecules.
The set of DNA mol-
ecules within a sin-
gle cell is called a
genome. Functional
genomics has emerged
as a research field
that aims to map
DNA sequences and
the components they
encode for to the
function they per-
form within various
cellular processes.

Chemical Engineering

Process Identification

Process Control

Polymer Processes

Polymer Design

Chemical reaction networks
Atmospheric Chemistry
Polymer Chemistry

Catalysis

Fluid mechanics

Transport Phenomena

Thermodynamics

Table 1: Qualitatively similar problems in Chemical Engineering and Biology.

Enzyme regulation

Transcription and Translation regulation
mRNA synthesis

Protein synthesis

Protein Structure

Protein Folding

Cellular reaction networks

Integrated cellular processes

Development
Morphogenesis
Cell-to-cell communication

Physicochemical properties of
cellular components

Cellular encrgetics

genation, that a pro-
tein (enzyme) cat-

Biology alyzes is its elemen-

tary function, whereas

Interpretation of mRNA and its reactants and
protein expression data products character-

ize its systemic func-
tion, i.e., its function
within a system of
reactions. The iden-
tification of the ele-
mentary functions of
genes has been a
main field of study
in biology and bio-
chemistry research.
Problems in drug
discovery, metabolic
engineering, agricul-
tural biotechnology,
and molecular biolo-
gy have created the
need for understand-
ing the systemic prop-
erties of genes. Identi-
fication of these in-
tertwined functions
is essential, and bio-
informatics offers an
indispensable tech-
nology for function
assignment.

Modem technolo-
gies have allowed
high-throughput generation of information about the DNA
sequence of the genomes of an organism, the quantitative monitor-
ing of its RNA and protein molecules, the identification of protein-
protein and DNA-protein interactions, and the mapping of the
genetic variations within a population. Computer science, statis-
tics, and biology have given birth to bivinformatics as a new disci-
pline that is concerned with the efficient management and useful
interpretation of large-scale biological information. Early efforts in
bioinformatics were focused on the analysis of DNA sequence
data. They involved the design and integration of DNA sequence
databases, the alignment of protein and DNA sequences, the
assembly of DNA sequence fragments into genomic maps, and the
prediction of the function of a gene based on comparison of its
sequence with sequences of genes with known function. The accel-
erating generation of data from various sources and for various cel-
lular processes, the ever-changing analytical technologies, and the
increasing computational power broaden the scope and objectives
of bioinformatics research and development. Prediction of protein
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Function assignment: technologies and constraints

The sequences of the whole genome of over 50 organisms have
been published (http://www.ncbi.nlm.nih.gov), and the sequencing
of the genome of more than 300 organisms is in progress. An
increasing number of private companies are also investing in
sequencing the genomes of their proprietary organisms, such as
bacteria and plants, or of organisms involved in infectious diseases,
such as pathogenic bacteria and viruses. The DNA sequence infor-
mation is growing exponentially, and it is doubling almost every
year. Each new DNA sequence is computationally analyzed to
determine the regions of sequence that might encode for proteins
(genes) and the regions that might be responsible for the regulation
of transcription (Quellette and Baxevanis, 1998). The next step is
prediction of function of the various genes. This is done using pair-
wise alignment algorithms that compare the DNA sequence of new
genes with DNA sequences of known functions from other organ-
isms. The output of these computational analyses is a similarity
index between every new gene and every gene in the databases.
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The extent of similarity between two sequences is based on the
sequence identity (i.e., percent of invariant nucleotides or amino
acids) and/or conservation (i.e., changes at a specific position of an
amino acid that preserve the physicochemical properties of the
original residue). Thus, if a new gene is similar to a gene of known
function, the new gene might perform the same function. This
genome-wide analysis that assigns a possible function to every
new gene is called genome annotation. In every new genome, how-
ever, 30-40% of the genes cannot be assigned a function with con-
fidence using the current computational approaches. Moreover, a
significant percentage of the unassigned genes do not share signif-
icant similarity with any other gene in the databases. This implies
that, as the sequence information is growing exponentially, the
number of genes of unknown function is also growing exponen-
tially.

A number of intelligent computational approaches have been
developed to narrow this gap. One of them employs hidden
Markov models for the identification and classification of DNA
sequences within a gene that might be responsible for a specific
protein domain (Durbin et al., 1998). In this approach, a hypothet-
ical function can be assigned to a protein if it shares common
domains with proteins of known function even if, based on pair-
wise comparison methods, it is not significantly similar with them.
In another approach, proteins were clustered into families based on
all pairwise comparisons among 18,000 proteins encoded in seven
complete genomes (Tatusov et al., 1997). This protein classifica-
tion approach has, as its basic unit, a group of descendants of a sin-
gle ancestral gene and, since such a group is associated with a con-
served, specific function, the inclusion of a protein in a cluster
automatically entails functional prediction.

The approaches discussed above have been proven to be
extremely useful in every aspect of research and development in
biological sciences and biotechnology. They constitute the basis
for annotation of every newly sequenced gene and genome. At
their current state, however, there are limitations in their ability to
predict the function of a gene and its product based on DNA
sequence information. A combination of experimental and compu-
tational approaches is needed to overcome these limitations.

In most of the cases, computational analysis of DNA sequence
provides information about the elementary function of a gene and
its product. Recent developments in analytical methods allow the
observation of a set of genes and their products “in action” provid-
ing information about their systemic function. One of the tech-
nologies used to infer function for various genes and to understand
the complex interactions between cellular function and environ-
ment allows rapid and cell-wide monitoring of gene expression
profiles (Nature Genetics, 1999). Using nanofabrication tech-
niques, thousands of DNA probes are attached to microarrays, and
they hybridize with fluorescent labeled complementary DNA
(cDNA) that has been quantitatively produced from the messenger
RNA (mRNA) content of whole cells. The relative intensity of
hybridized elements allows rapid, reproducible and parallel quan-
tification of the mRNA species within a cell. Data mining, cluster-
ing, and statistical analysis are used to classify the expression pro-
files and to identify sets of genes that share similar expression pat-
terns. Comparison of the gene expression profiles between two
experimental conditions over time can provide important informa-
tion about groups of genes whose transcription is subject to the
same regulatory rules and, therefore, they might serve similar cel-
lular objectives. The power of these methodologies in studying
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gene expression has attracted considerable attention and has raised
a lot of excitement. However, as mentioned in a recent review arti-
cle, there are more review articles on gene expression technologies
than primary research papers in this field (Bassett et al., 1999).

Proteomics refers to the array of technologies that focus on the
identification of the systemic properties of proteins (Pandey and
Mann, 2000). Two-dimensional gel electrophoresis allows the sep-
aration of cellular proteins on a polymer gel according to their mol-
ecular weight in one dimension and according to their isoelectric
point in the second dimension. This technique allows the quantifi-
cation of sets of cellular proteins and similarly the gene expression
monitoring, and comparative studies provide invaluable informa-
tion about the cellular function of proteins whose elementary func-
tion can either be known or unknown. Another set of proteomic
technologies allows the identification of interactions between pro-
teins and between proteins and DNA domains. These kinds of
interactions suggest the involvement of the corresponding proteins
in the regulation of signal transduction and transcription. Efforts in
proteomic technologies address the key limits of the current tech-
nologies: the narrow spectrum and quantification of the protein
properties that can be monitored simultaneously.

Bioinformatics and chemical engineering

The ultimate goal of functional genomics and bioinformatics is to
integrate these large-scale data sets of the cellular processes toward
a quantitative, and ultimately predictive, understanding of the func-
tion of individual cells and multicellular tissues (Figure 1). Current
knowledge and analysis frameworks for most of the problems in
biology allow a descriptive, qualitative understanding. A closer
examination of the current technologies for cell-wide monitoring of
the cellular processes suggests that, as we move from DNA
sequence through transcription and translation to signal transduc-
tion and biotransformations, the corresponding technologies are
limited. On the other hand, analysis frameworks that could be used
to analyze these data and provide quantitative predictions are inad-
equate currently. These limitations present a number of challenges
for technology development, data interpretation, and, ultimately, for
integrating information from multiple levels of cellular function.

Chemical engineers can successfully contribute to resolving
some of these problems in bioinformatics and functional genomics.
There are, in fact, qualitative similarities between core chemical
engineering research areas and problems addressed by bioinformat-
ics (Table 1). Let us consider some of these analogies in more detail.

The identification of the function of various gene products based
on mRNA and protein expression data is a process identification
problem. However, the large number of components involved and
errors associated with the technology-specific measurements is new
to the existing methodologies for process identification.
Biotransformations, as well as transcription and translation process-
es, are subject to a very elaborate regulatory scheme. While deci-
phering of these regulatory structures is another process identification
problem, the discovery of design principles behind these structures
will require engineering process control principles and methodolo-
gies.

Transcription and translation are similar in spirit to polymeriza-
tion processes. They, however, are more complex than most of the
processes studied in chemical engineering. Multiple mRNA and
protein species are synthesized in parallel, and they compete for
the same monomers, nucleic acids, and amino acids, respectively.
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Moreover, they are autocatalytic processes since their products
serve as catalysts for the synthesis of the monomers and for the
polymerization itself. mRNA and protein expression are also sub-
ject to elaborate regulatory actions that are realized via protein-
protein, protein-DNA, and protein-RNA interactions.

The resolution of the three-dimensional structure of proteins and
RNA, based on crystallographic and NMR data and the prediction
of these structures from the known nucleic acid and amino acid
sequences, is analogous to polymer design problems. The issues
here, however, are more complex. Proteins are composed of 20 dis-
tinct monomiers, and their folding and structure depend strongly on
the “nonideal” cellular environment.

Reaction-diffusion processes drive the complex processes of
development and morphogenesis, during which a single cell, the
fertilized egg, is evolving into a multitissue organism. These
processes are very similar to problems studied in fluid mechanics
and transport phenomena. The analysis of developmental process-
es, morphogenesis, and cell-to-cell communication will require
novel theoretical and computational frameworks originating from
fluid mechanics for the study of reaction and transport processes in
the context of cellular environment.

Biotransformations, transcription, and translation are complex
physicochemical processes. Their complexity and the uncertainty
of their physicochemical properties resemble those of many prob-
lems common in combustion, atmospheric chemistry, polymer
chemistry and thermodynamics of complex mixtures. The large
number of components, the thermodynamic interactions among
these components, the nonlinearity of the kinetic properties, the
different time scales of various processes, and the spatial organiza-
tion of the cellular environment are some of the qualitative simi-
larities between the biological processes and processes whose
study is central to chemical engineering.

Concluding remark

The construction of quantitative simulation models of living
organisms, based on DNA sequence information and large-scale
functional genomics data, is the seemingly Utopian goal of bioin-
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formatics. Although it is hard to predict when such a task will be
accomplished, it is the ultimate objective that drives developments
in analytical technologies and bioinformatics. The very engineer-
ing nature of this endeavor promises an almost unimaginable array
of challenges and opportunities for chemical engineers.
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