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Abstract The EcoCyc database integrates information about the E. coli genome,
its metabolic pathways, and its regulatory network. EcoCyc is in use by scientists
from a variety of disciplines. Experimental biologists use it as a reference source
on E. coli, and to leverage information about E. coli to the study of other microbes.
Because the E. coli genome has the largest number of experimentally characterized
genes of any organism, EcoCyc is used in the annotation of other microbial genomes
by sequence similarity. EcoCyc has also been used in a number of global biological
studies by computational biologists, and to provide training and validation datasets
for the development of new bioinformatics algorithms. EcoCyc serves as a reference
source for metabolic engineers, and it is used in microbiology education. The soft-
ware behind EcoCyc, called Pathway Tools, has been used to develop EcoCyc-like
databases for many other organisms. Pathway Tools provides powerful query and
visualization capabilities, including tools to analyze high-throughput datasets by
painting those datasets onto genome-scale diagrams of the metabolic network, the
transcriptional regulatory network, and the complete genome map.
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6.1 Introduction

The EcoCyc database has been under development since 1992 with the goal of serv-
ing several different scientific communities that require knowledge of the molecular
parts of E. coli. EcoCyc has evolved from an initial focus on the metabolic path-
ways of E. coli to describe its complete genome and proteome, its metabolism and
transport capabilities, and its regulatory network.

This chapter surveys the scientific disciplines served by EcoCyc. It discusses how
these scientists use EcoCyc, and how the information and software tools provided by
EcoCyc have been designed to serve their needs. The article also describes recently
released software tools within EcoCyc, such as its Omics Viewers, the new graph
tracks for visualization of ChIP-chip datasets, and the comparative analysis tools
that support comparisons between any of the 370 organisms (including E. coli) that
are supported within the BioCyc collection.

Our knowledge of who uses EcoCyc comes from a survey of EcoCyc users that
we conducted in the spring of 2005, and from a citation analysis we performed
for EcoCyc. To date, publications about EcoCyc (and the associated database Reg-
ulonDB (Gama-Castro et al. 2008, Salgado et al. 2004), which draws most of its
content from EcoCyc) have been cited more than 500 times according to the ISI Web
of Knowledge (http://www.isiwebofknowledge.com/). Scientists who use EcoCyc
fall into the following groups:

e Experimental biologists who work with E. coli, other microbes, and higher or-
ganisms

Computational biologists

Bioinformaticists

Metabolic engineers

Educators

6.2 EcoCyc as a Reference for Experimental Biologists

EcoCyc is a knowledge resource for experimentalists who work with E. coli, other
microbes, and higher organisms. Over the last 50 years a tremendous amount of
information has been gathered on the genetics, biochemistry, and cell biology of E.
coli, and continues to be amassed at a rapid pace. The pertinent literature is spread
among a large number of scientific journals and many books.

Our 2005 Web-based survey asked what responders use EcoCyc for. Wet-lab
biology usage indicated by the survey was as follows (each sentence contains re-
sponses from one survey question): study the biology of E. coli (30%); use E. coli
as a model organism to study a particular aspect of biology (41%); use E. coli as a
tool (e.g., for protein expression) (23%); other microbial research (31%); and other
biological research (13%).! In the survey, 67% of responders said they use EcoCyc

! For questions in our survey that allow responders to select multiple choices, percentages refer to
percent of responders who selected that answer, and do not add up to 100.
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as a general E. coli reference tool; 19% use it as a tool for understanding other
nonpathogenic bacterial species; 27% use it as a tool for understanding pathogenic
bacterial species; and 28% use it for hypothesis generation (developing ideas for
new experiments).

EcoCyc can be thought of as an online review article. In EcoCyc version 12.0,
released in April 2008, 3,444 of the gene products described in EcoCyc (out of 4,472
total genes) contain mini-reviews authored by EcoCyc curators who summarize and
cite the experimental literature for that gene product. The majority of these sum-
maries are from 50 to 2,000 words in length. EcoCyc version 12.0 cites more than
16,000 peer-reviewed publications that have formed the basis for curation. Sum-
maries are also found in other EcoCyc pages, including pathway and transcription
unit pages. EcoCyc evidence codes describe the types of experimental evidence that
support assigned gene functions. In version 12.0, functional assignments for 2,853
gene products are supported by experimental evidence, which is the highest in both
relative and absolute terms of any model organism (Karp et al. 2007).

6.2.1 EcoCyc Analysis of Functional-Genomics Experiments

The use of DNA microarrays within the E. coli community has expanded tremen-
dously. Proteomics and metabolomics work in E. coli is also increasing steadily.
These “omics” methods yield large quantities of data that are difficult to analyze,
but promise to produce new insights into cell function; 44% of our survey respon-
ders said they use EcoCyc for analysis of the E. coli regulatory network. EcoCyc
facilitates analysis of functional-genomics data in two unique respects.

First, the extensive catalog of transcriptional regulatory circuits within EcoCyc
puts known mechanisms of gene regulation at the fingertips of experimentalists,
allowing them to focus on discovering new regulatory mechanisms rather than redis-
covering known mechanisms. EcoCyc describes the regulation by 183 transcription
factors of 1,492 promoters through regulatory interactions with 1,982 transcription
factor binding sites. The majority of these regulatory interactions are based on ex-
perimental assays reported in the literature.

A new effort within the EcoCyc project aims to expand the types of cellular
regulation encoded within EcoCyc. In 2007, the Pathway Tools software underly-
ing EcoCyc was expanded to be able to capture, display, and edit six subtypes of
regulation by attenuation, and curation of attenuation began. In 2008 we will be ex-
tending Pathway Tools to accommodate regulation by small RNAs, and translational
regulation, and curation of these types of regulation will begin.

The second way in which EcoCyc facilitates analysis of functional-genomics
data is via unique bioinformatics analysis capabilities, namely, three Omics Viewers
that paint omics data onto global diagrams of E. coli cellular networks and of the E.
coli genome. The same omics dataset can be viewed on all three diagrams so that it
may be interpreted from different biological perspectives. Omics measurements are
mapped to the same color scale on all three diagrams. Animation can be used on all
three diagrams to display multiple measurements, which could reflect different time
points, mutations, or treatments.
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Examples of the three Omics Viewers are shown in Figs. 6.1, 6.2, and 6.3.

A new tool for analysis of ChIP-chip datasets is shown in Fig. 6.4. This tool,
which we call graph tracks, is an extension of the genome-browser tracks capa-
bility. A ChIP-chip dataset is loaded into the Eco-Cyc genome browser (like the
Omics Viewers, a data file can be uploaded via the EcoCyc Web site, or loaded into
the desktop version of EcoCyc and Pathway Tools; the latter is recommended for
frequent users because it runs faster and provides more capabilities). The dataset
must be in GFF format (see http://www.sanger.ac.uk/Software/formats/GFF/). Data
is plotted against the genome with intensity values depicted both as the Y coordinate
and as color. Multiple graph tracks and normal horizontal tracks can be displayed
simultaneously to compare multiple datasets.

6.2.2 Leveraging EcoCyc to the Study of Other Microbes

EcoCyc sits at the core of the BioCyc collection of Pathway/Genome Databases
(PGDBs) for 379 organisms (Karp et al. 2005). For each of those organisms, BioCyc

Fig. 6.1 The Cellular Omics Viewer. This image shows an E. coli gene expression dataset painted
onto the E. coli metabolic network. The color assigned to each line (reaction) corresponds to the
expression level of the gene coding for the enzyme that catalyzes that reaction. The controls in the
upper left allow the user to stop and start animated displays within this diagram
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Fig. 6.2 The Regulatory Omics Viewer. This image shows an E. coli gene expression dataset
painted onto the E. coli transcriptional regulatory network. The color assigned to each circle or
square (genes) corresponds to the expression level of that gene. The innermost ring contains regu-
lator genes (transcription factors and sigma factors) that have no regulatory inputs defined within
EcoCyc. The middle ring contains regulator genes that do have defined regulatory inputs. The outer
ring contains non-regulator genes. Genes in the outer ring are grouped into clusters such that two
genes are assigned to the same cluster if those genes share the exact same set of regulators

contains their genomes, predicted metabolic pathways, and predicted pathway hole
fillers (that is, genes that are predicted to code for enzymes missing from the
metabolic pathways). For the bacteria, BioCyc also contains predicted operons. All
the bioinformatics tools available for EcoCyc are also available for other organisms
in BioCyc, including the genome browser and Omics Viewers.

The BioCyc.org site contains a powerful array of comparative genomics func-
tionality that allows scientists who study other microbes to further leverage Eco-
Cyc (46% of our users use EcoCyc to study other organisms besides E. coli),
and also allows scientists who study E. coli to learn from its similarities to other
organisms.

One comparative tool is the comparative genome browser. From a gene page
in BioCyc (meaning, from a gene page for any organism in the BioCyc collection
including EcoCyc), mid-way down the page is a button Align in Multi-Genome
Browser. Clicking on the button will produce a list of all BioCyc organisms. Se-
lect the organisms of interest and click Submit. The resulting display will show
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Fig. 6.3 The Genome Omics Viewer. This image shows the same E. coli gene expression dataset
as shown in Fig. 6.1, painted onto the complete E. coli genome. Each “shark fin” represents a
single gene. The color assigned to each gene corresponds to the expression level of the gene.
Upward pointing genes code for proteins, downward pointing genes code for RNAs. The left—right
directionality of each gene indicates its direction of transcription
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chromosomal regions for each organism, aligned at the orthologs of the start-
ing genes. Genes drawn in the same color in this display are orthologs of one
another (orthologs are defined as best bi-directional BLAST hits). The genome
browser navigation controls can be used to zoom or translate the genome map
display.

A second set of comparative tools is available from the Comparative Analysis
link on the main BioCyc query page (http://biocyc.org/server.html). These tools will
generate comparative reports across many dimensions of a PGDB. Several report
types are available. One report compares the metabolic pathway complements of the
selected organisms. Another report compares the metabolic reaction complements.
Another compares transporter complements. Reports are also available to compare
proteins, metabolites, and transcription units.

Each report contains several sections. For example, Figs. 6.5 and 6.6 show sec-
tions of the pathway report. The reports contain tables that contain summary statis-
tics. To drill down to the data from which those summary statistics were integrated,
click on a cell within the table. For example, clicking on a row name will produce

[ Pathway Class [E. coli CFTO73]E. cali K-12
[Biosynthesis [ 14a [ 127
- Amines and Polyamines Biosynthesis 7 7
- Amino acids Biosynthesis 38 27
- Aminoacyl-tRNA Charging 1 1
- Aromatic Compounds Biosynthesis 0 1]
- Carbohydrates Biosynthesis 13 g
- Cell structures Biosynthesis 6 8
- Cofactors, Prosthetic Groups, Electron Carriers Biosynthesis 26 32
- Fatty Acids and Lipids Biosynthesis 11 14
- Hormones Biosynthesis 0 0
- Metabolic Regulators Biosynthesis 1 1
- Nucleosides and Nucleotides Biosynthesis 9 3
- Other Biosynthesis 2 3
- Secondary Metabolism 0 0
- Secondary Metabolites Biosynthesis 2 2
- Siderophore Biosynthesis 1 1
Fig. 6.5 This table pI‘CSCIltS DegradatinnfUliIizali-uanssimiIminn 109 105
.. - Alcohols Degradation 2 4
statistics on the number of =
. - Aldehyde Degradation 1 5
pathways present in each - Amines and Polyamines Degradation 1 7
pathway class for the two - Amino Acids Degradation 24 18
E. coli strains under - Aromatic Compounds Degradation 4 \ 3
comparison. The two largest - C1 Compounds Utilization and Assimilation 3 1
[op_]eve] classes, - Carbohydrates Degradation 25 20
Biosynthesis and Degrada_ - Carboxylates Degradation 5 9
tion/Utilization/Assimilation, - Chlorinated Compounds Degradation 0 1]
are broken down further to - Cnfacmrs., F‘msjt‘hetl‘c Grnu,?s,‘EI.eclmn Carriers Degradation 0 0
P . - Degradation/Utilization/Assimilation - Other 3 1
show the dlStrlbuuon_ of - Fatty Acid and Lipids Degradation 4 2
pathways among their - Hormones Degradation 0 0
next-level subclasses. The - Inorganic Mutrients Metabolism 6 3
vast majority of pathways are - Mucleosides and Nuclectides Degradation and Recycling 2 4
assigned to only a single - Secondary Metabolites Degradation 15 14
class. However, a small Generation of precursor metabolites and energy 26 15
number may be assigned to Signal transduction pathways 0 21
more than one class 12l e L
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[ Pathway Holes E. col CFTO73]E. coli K-12
[Number of Pathway Holes 328 2
Pathway Holes as a percentage of total reactions in pathways: 43% 3%
Pathways with No Holes 68 190
Pathways with 1 Hole B4 9
[Pathways with 2 Holes 3 1
[Pathways with 3 Holes 23 2
Pathways with 4 Holes 13 0
Pathways with 5 Holes 14 0
Pathways with > 5 Holes 10 1
[Total Pathways with Holes 3 13

Fig. 6.6 A pathway hole is a reaction in a pathway for which no corresponding enzyme has been
identified in the genome. Pathway holes may exist for a number of reasons: They may represent
true enzymatic functions in the organism for which the gene has not yet been found, or they could
represent false positive pathway predictions or cases in which the pathway in this organism differs
slightly from the reference pathway in MetaCyc. This table counts all the pathway holes in each
organism, and classifies pathways based on their number of pathway holes

a new table showing a list of all data elements within the columns of that row. For
example, clicking on the row heading “Total Pathways with Holes” in Fig. 6.6 will
produce Fig. 6.7, which shows every pathway containing at least one pathway hole
(a reaction that has no assigned enzyme) in these E. coli strains.

Fig. 6.7 A listing of
pathways in two E. coli
PGDBs that contain pathway
holes. The listing is truncated
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E. coli K-12
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6.3 Significance for Computational Biology

By computational biology we mean analysis of biological systems using computa-
tional methods; 51% of our survey responders said they use EcoCyc for computa-
tional biology, such as in the following areas.

6.3.1 Significance for Microbial Genome Analysis

A flood of nucleotide sequence data from microbial genomes is upon us. The
genomes of more than 500 microorganisms—cultured and uncultured—have been
completely sequenced, and many more will be completed in the next 5 years. Accu-
rate, extensive analysis of these data is essential to permit them to be fully exploited
in applications in medicine and biotechnology.

EcoCyc allows microbial-genome projects to produce more accurate annotations
of sequenced genes, and to predict the metabolic pathways of their organisms. When
gene function predictions are performed using sequence-similarity programs such
as BLAST and FASTA, newly sequenced microbial genes often show similarity
to E. coli genes. Researchers turn to EcoCyc as a source of information about E.
coli gene function because EcoCyc is updated so frequently with literature-based
information. Because E. coli is the genome with the highest fraction of its gene
functions established experimentally, annotators for other microbial genomes are
well advised to prefer sequence-similarity matches to E. coli genes over matches
with similar scores from other organisms, to minimize the transitive annotation
problem. Transitive annotation can decrease the accuracy of sequence annotation
by transferring gene functions from one gene to another through long chains of
similarity matches, each of which increases the likelihood of an incorrect functional
prediction. Although EcoCyc curation in the 1990s focused on those genes whose
products encode enzymes in metabolic pathways, it now contains rich annotations
of all characterized E. coli genes.

In addition to predicting gene function, many scientists are using EcoCyc path-
way data to predict the metabolic pathways of genomes they sequence. That predic-
tion occurs by combining the PathoLogic module of Pathway Tools in combination
with the larger MetaCyc pathway database (Caspi et al. 2008). Twice per year, SRI
propagates updates to EcoCyc metabolic pathways and enzymes to MetaCyc. Meta-
Cyc version 12.0 describes 1,036 experimentally elucidated pathways from 1,108
organisms. PathoLogic predicts the pathways of an organism by matching enzymes
in the organism’s annotated genome against enzymes in MetaCyc pathways, to pre-
dict which pathways from MetaCyc are present in the organism. To date, 1,300
groups have licensed Pathway Tools and MetaCyc from SRI, and tell us they are
applying the software to at least 200 genomes.

As antibiotic-resistant bacteria become more prevalent, pharmaceutical compa-
nies are seeking novel microbial drug targets. Some companies are targeting en-
zymes within metabolic pathways (Karp 1997, 2003). Because EcoCyc improves
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our ability to predict the metabolic pathways of a microbe from its genomic se-
quence, it facilitates development of new pharmaceuticals (Karp 1997, 2003, Karp
et al. 1999), such as its use by Bristol-Myers Squibb to find drug targets in Strepto-
coccus pneumoniae (Thanassi et al. 2002).

6.3.2 Significance for Global Biological Studies

Because the EcoCyc data are structured within a sophisticated ontology that is
amenable to computational analyses, EcoCyc allows scientists to ask questions
spanning the entire genome of E. coli, the known metabolic network of E. coli, the
known transport complement of E. coli, the known genetic regulatory network of
E. coli, and combinations thereof. A surprisingly diverse array of systems biology
studies is being fueled by EcoCyc: 40% of our survey responders said they use
EcoCyc for large systematic biological studies. As we add new types of data to
EcoCyc, we facilitate new types of global studies. For example, addition of new
types of regulatory mechanisms will accelerate global studies of these mechanisms.

EcoCyc was used to develop methods for computing shortest path lengths within
metabolic networks. These methods were used to study the topological organization
of the E. coli metabolic network (Ravasz et al. 2002), and to investigate correlations
between path lengths and factors such as genome distance between enzymes (Arita
2004, Simeonidis et al. 2003).

EcoCyc was used in several studies relating protein structure to the metabolic net-
work. One study compared the small-molecule metabolism enzymes of yeast and E.
coli to see which were conserved (Jardine et al. 2002). Two related studies surveyed
the structural anatomy of EcoCyc pathways (Teichmann et al. 2001a,b). Two studies
considered the organization of E. coli metabolic enzymes into protein families using
EcoCyc (Rison and Thornton 2002, Tsoka and Ouzounis 2001). EcoCyc was used
as a source of information on metabolic enzymes in a study that correlated sequence
and functional relatedness in enzymes (Pellegrini et al. 1999).

EcoCyc was used as a source of transcriptional regulatory network information
for analysis of genome-wide transcriptional regulatory networks (Ma et al. 2004),
and was used to understand patterns in transcriptional control (Shen-Orr et al. 2002).
EcoCyc pathways were used as a source of functionally related proteins for a study
of the correlation between protein levels—evaluated based on codon bias—and
functional relationship (Lithwick and Margalit 2005).

Van Dien et al. drew on EcoCyc to interpret label-tracing experiments in Methy-
lobacterium extorquens to estimate flux rates through its metabolic network (Van
Dien et al. 2003). Cases et al. used EcoCyc to investigate the fraction of the genome
devoted to transcription-related proteins, small-molecule metabolism enzymes, and
transport, for 60 bacterial genomes classified by lifestyle (Cases et al. 2003).
Peregrin-Alvarez et al. used EcoCyc to study the phylogenetic extent of metabolic
enzymes and pathways throughout all taxonomic domains (Peregrin-Alvarez et al.
2003).
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6.4 Significance for Bioinformatics Research

The development of many new bioinformatics methods requires high-quality gold-
standard datasets for training and validation of those methods; 21% of our survey
responders said they use EcoCyc as a gold-standard dataset for developing bioin-
formatics algorithms, and 58% said they use EcoCyc for bioinformatics. As we
add new types of data to EcoCyc, we facilitate development of new bioinformatics
methods, for example, addition of new types of regulatory mechanisms will enable
development of new predictors for those types of regulation.

Genome context methods for predicting gene function, such as phylogenetic pro-
files, conserved chromosomal adjacency, and the Rosetta Stone method, have been
one of the major developments in bioinformatics in the last 5 years. EcoCyc played
a key role in their development (Bowers et al. 2004, Enault et al. 2003, von Mering
et al. 2003). EcoCyc was used to determine whether proteins that appear to share
regulatory sequences might be functionally related (Studholme et al. 2004).

EcoCyc data were used to develop computational methods for predicting other
key biological relationships, such as protein-protein interactions (Bowers et al.
2004, Tsoka and Ouzounis 2000), and to compute correspondences among atoms
in reactants and products in biochemical reactions (Arita 2003).

EcoCyc was used as a gold standard for developing analytic and predictive com-
puter programs. It has been used in operon prediction (Price et al. 2005, Romero
and Karp 2004, Steinhauser et al. 2004) as well as for predicting promoters and
transcription start sites (Burden et al. 2005, Gordon et al. 2003). EcoCyc was used as
the source of metabolic pathways for genome-wide prediction of protein functions
and interactions (Marcotte et al. 1999). The EcoCyc class hierarchy was used to
categorize proteins for generating phylogenetic profiles (Pellegrini et al. 1999).

EcoCyc was consulted for compound-related information in a C-14-glucose
radio-labeling study that followed the time dependence of various metabolite pools
(Tweeddale et al. 1999). EcoCyc proved useful for investigating details of various
proteins in a project to construct a whole-cell simulation (Tomita et al. 1999).

6.5 Significance for Model-Organism Database Development

In addition to E. coli serving as a model organism for microbial research, EcoCyc
has become a model for development of bioinformatics database development for
other organisms. The Pathway Tools software underlying EcoCyc is now being used
in the development of many other organism-specific databases. Web links to these
databases can be found at http://BioCyc.org.

Databases include

® Microbes: Saccharomyces cerevisiae, Candida albicans, Streptomyces coeli-
color, Pseudomonas aeruginosa, Rhizobium etli, Brucella suis, Coxiella burnetii,
Rickettsia typhi

® Plants: Arabidopsis thaliana, Medicago truncatula, multiple Solanaceae species

o Mammals: Mus musculus
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6.6 Significance for Metabolic Engineering

Metabolic engineers alter microbes to produce biofuels, to produce flavor enhancers
in food, to increase efficiency of production of bioproducts such as amino acids
and vitamins, to produce pharmaceuticals, and to degrade toxic pollutants (Bailey
1991, Stephanopoulos and Vallino 1991). The Department of Energy GTL Project
seeks to engineer microbes to solve problems of global carbon sequestration and
environmental remediation (Frazier et al. 2003). The late Jay Bailey described many
metabolic-engineering case studies in which heterologous proteins are introduced
into cells to alter their metabolism (Bailey 1991). He wrote “No universal principles
have emerged from metabolic engineering research to guide the choice of the next
useful genetic alteration. .. there is no substitute for knowledge of the pathways
involved, their regulation, and their kinetics” (Bailey 1991). Metabolic engineers
consult EcoCyc and MetaCyc to select the optimal enzyme for an engineering prob-
lem, to predict undesirable side effects of a metabolic alteration, and to predict the
metabolic network of their workhorse organism using Pathway Tools; 25% of our
survey responders said they use EcoCyc for metabolic engineering.

The Palsson group has drawn heavily from EcoCyc to prepare quantitative flux
balance models of the E. coli metabolic network (Edwards and Palsson 2000, Reed
and Palsson 2003, Reed et al. 2003). We have recently collaborated with the Pals-
son group to further develop new versions of our respective models of the network
(Feist et al. 2007). The Palsson group also used EcoCyc to validate results from
in silico modeling of genome-scale E. coli metabolism (Reed and Palsson 2004).
Other metabolic engineering studies making use of EcoCyc include (Chassagnole
et al. 2002, Jardine et al. 2002, Weber et al. 2002)

6.7 Significance for Education

Of our survey responders, 20% said they use EcoCyc in graduate or undergraduate
classes that they teach. The classes include Metabolic Network Analysis; Microbial
Physiology; Introduction to Bioinformatics; Molecular Genetics; Genomics, Pro-
teomics and Systems Biology; and Microbial Biotechnology. Dr. R. Gunsalus of the
University of California Los Angeles is developing a Web portal to EcoCyc for use
in undergraduate microbiology education.
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