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BioCye: Metaholic
Pathway
Databases and
Informatics Tools

Abstract

This article describes a coordinated set of bioinformatics databases and software tools
designed to solve multiple problems faced by metabaolic engineers and microbiologists related
to metabaolic pathways. Those problems include the following: (1] Answering basic questions
obout the metabolism of a given organism; that is, what pathways does a given bacterium
possess and what enzymes and metabolites participate in a given pathway? (2] Predicting the
metabolism of an organism from its genome sequence. [3] Engineering new pathways into

on organism. (4] Predicting pathway activation levels from omics datasets. (5] Comparative
onalyses of metabolism. BioCyc.org provides 20,000 Pathway/Genome datobases for
sequenced microbes that describe their reconstructed metabolic networks. The MetaCyc

DB provides a universal encyclopedia of metabolism across all domains of life. BioCyc
computational tools provide search, comparison, and multiple analysis operations, including

omics data analysis.
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Introduction

The immense diversity of microbial metabolism presents
microbiologists with great challenges: How do we capture
and interrogate the huge mass of information about
microbial metabolism? For any given microbe, how do
we navigate and analyze its metabolic network to gain
an in-depth understanding of its capabilities? And how
do we compare the metabolism of multiple microbes to
understand the differences in their networks? BioCyc, a
resource that has benefited from more than 20 years of
research and development, is designed to address these
challenges (Karp et al., 2019).

BioCyc.org provides a collection of 20,000 microbial
Pathway/Genome Databases (PGDBs), each of which
describing the genome and metabolic network of a
single sequenced organism. Each PGDB is based on

a computational reconstruction of the organism’s
metabolism computed from its sequenced genome (Karp
et al., 2011). For some organisms, that reconstruction is
supplemented with manually curated information. The
metabolic information present in each database includes
the reactions, metabolites, enzymes, and pathways that
make up each metabolic network.

BioCyc.org also provides dozens of computational tools
for searching and analyzing genome and metabolic
information. Search tools enable users to find a given
metabolite, reaction, enzyme, or pathway. Visualization
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tools enable users to inspect search results, including
information pages for metabolites, reactions, and
pathways. Visualization tools also enable navigation
through full metabolic networks. Analysis tools include
RouteSearch, which searches for novel metabolic

routes from a feedstock to a target compound, and
tools for visualizing and analyzing transcriptomics and
metabolomics data on individual pathway diagrams and
on full metabolic map diagrams. A suite of comparison
tools is available to differentiate the metabolic networks
of two or more organisms.

The computational tools present in the BioCyc.org
website are provided by the Pathway Tools software. A
local Pathway Tools installation can serve as a full data
management environment for genome and metabolism
information for thousands of organisms. For example,
Pathway Tools includes a genome browser, BLAST
searches, sequence pattern searches, and a multiple
sequence alignment tool. It also includes interactive
editing tools for modifying a PGDB, such as adding a new
metabolite, changing the function of a gene, adding a
transcriptional regulatory interaction, and modifying a
metabolic pathway.

A local Pathway Tools installation supports the analysis
of genomes not present in the BioCyc website by
enabling the generation of new PGDBs for any annotated
genomes, including proprietary genomes or a multi-
organism metagenome. In addition, a local Pathway Tools
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installation enables the RouteSearch tool to add new
reactions from MetaCyc when generating routes.

BioCyc Databases
The MetaCyc Database

The MetaCyc DB (MetaCyc.org) is a key reference database
for metabolism that contains experimentally studied
metabolic pathways, reactions, enzymes, and metabolites
from all domains of life. It has received extensive curation
from 74,000 publications to ensure the accuracy and
completeness of its information (Caspi et al., 2020).

In addition to serving scientists as an online encyclopedic
reference on metabolism, MetaCyc plays a central role
in several BioCyc computational tools. MetaCyc provides
the reference metabolic information for BioCyc tools

for computing metabolic reconstructions; those tools
copy relevant metabolites, reactions, and pathways
from MetaCyc into a new database containing the
reconstruction. MetaCyc is also the source of exogenous
reactions for the RouteSearch tool that designs novel
pathways from a specified start-to-end metabolite.

In addition, our gap-filling tool draws from MetaCyc
reactions to fill gaps in metabolic models.
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MetaCyc metabolite pages, such as that for L-tryptophan,
include a list of chemical names and synonyms, molecular
weight and monoisotopic mass, chemical formula and
structure, unique identifiers (e.g., InChl and SMILES),
Gibbs free energy of formation, and links to many other
chemical databases.

The Regulation tab lists the regulatory influences of the
compound on enzymes within MetaCyc.

The Reactions tab lists the reactions known to produce,
consume, and transport the compound across all domains
of life, with associated pathway(s) indicated when
relevant. Clicking on a reaction opens a MetaCyc reaction
page, such as that for the L-tryptophan aminotransferase
reaction. The reaction page shows the reaction equation
with the chemical structures automatically colored to
show substructures that are conserved between the
reactants and the products and the bonds that are made
and broken by this reaction, based on the atom-mapping
information that we compute for most MetaCyc reactions
( ). For most reactions, the reaction page lists one
or more enzymes that catalyze them, the organisms from
which those enzymes were isolated, and the metabolic
pathways in which the reaction participates.
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Clicking on a pathway name opens a MetaCyc pathway
page ( ). Different organisms have evolved
alternative mechanisms for accomplishing a given
biochemical transformation (e.g., degradation of
L-tryptophan). We call these alternative mechanisms
pathway variants, and append roman numerals to the
pathway name to designate variants, such as L-tryptophan
degradation VI (to tryptophol). Pathway drawings are
generated automatically by the BioCyc software, and the
user can control which aspects of a pathway are included
in the diagrams, such as metabolite chemical structures
or allosteric regulation of pathway’s enzymes. Pathway
pages also list some specific organisms that are known

to possess the pathway and list the taxonomic groups

in which the pathway is expected to be found. Pathway
pages contain a mini-review of the literature describing
that pathway. Mini-reviews are found in other pages as
well; those for pathway and enzyme pages tend to be the
most extensive (Caspi et al., 2013).

Clicking on an enzyme name opens a MetaCyc gene/
protein page, such as that for the TrpE subunit of
anthranilate synthase of E. coli. Enzyme pages collect
information regarding the reaction(s) catalyzed by the
enzyme and the pathways in which they participate.
Enzyme pages also list the cellular location(s), the

activators, inhibitors, and cofactors affecting the enzyme,
and, when relevant, the multimeric complex in which

the protein is a subunit of. When available, the page

lists kinetic parameters for the enzyme as well as its
temperature and pH optima. Some proteins are annotated
by GO terms and protein features (known regions and
residues of interest within the protein, such as metal ion
binding sites, active sites, and phosphorylation sites),
which can be accessed via the Go Terms and Protein
Features tabs, respectively.

The overall data content of MetaCyc is summarized and
compared with the content of the KEGG pathway database
in . MetaCyc contains more data (7.3 times as many
pathways and 1.6 times as many reactions) and more in-
depth summaries of the literature in its mini-reviews.

To clarify the relationship between MetaCyc and BioCyc,
one major aim of MetaCyc is to integrate experimentally
derived information on metabolism from all domains of
life to provide a solid reference source for performing
metabolic reconstructions and developing metabolic
models. Thus, the collection of information for any

one organism in MetaCyc will necessarily be limited to
information from experimental studies. For example,
MetaCyc contains 22 pathways recorded as being

MetaCyc KEGG
Genomes 20,028 (BioCyc) 8,611
Pathways 3,085 425
Reactions 18,391 11,860
Mini-Reviews (textbook pages) 10,392 1,557

A comparison of MetaCyc version 26.5 (December 2022) with KEGG version 104.0+/0415 (December 2022). The first line
compares the number of genomes in BioCyc versus those in the KEGG Genome database (not including viral genomes).
Subsequent lines compare the number of pathways and reactions in MetaCyc with the number in KEGG (obtained
from the KEGG PATHWAY and KEGG REACTION databases, respectively). To calculate the number of textbook pages in
commentary, we collected the total lines of commentary in MetaCyc and in KEGG reference databases and converted
them to the number of textbook pages by using the formula 3050 words = 1 page.
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experimentally studied in Pseudomonas putida KT2440. In
contrast, the BioCyc DB for Pseudomonas putida KT2440
contains 334 metabolic pathways (including those present
in MetaCyc), most of which were predicted during the
computational metabolic reconstruction for this strain.

BioCyc Organism-Specific Databases

BioCyc organism-specific databases contain the full
genome of the organism; database objects describing
every gene and protein in the organism; and a mixture

of computationally predicted information about the
metabolic reactions, pathways, and metabolites of this
organism. These databases are created through a series of
operations that include computational inferences, import
of data from other bioinformatics databases, and, for
selected organisms, manual curation.

Computational inferences

» Metabolic reconstruction (computational prediction of
metabolic pathways and reactions)

» Prediction of pathway holes (genes likely to code for
enzymes catalyzing pathway reactions with no assigned
enzyme)

» Prediction of transport reactions

» Prediction of operons

» Prediction of protein complexes

» Determination of orthologs to other BioCyc genomes

» Data import

» Creation of database links to UniProt

» Import of Gene Ontology terms and protein features
from UniProt

» Import of protein localization data from PSORTdb

» Import of gene essentiality data from OGEE
Manual curation

» Curation of gene functions from the literature, including
enzymatic activities and regulatory functions
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» Curation of protein complexes

» Deletion of incorrectly-predicted enzymatic activities
and pathways

» Curation of missing pathways

Some of the BioCyc databases describe organisms that
are used extensively in the fields of synthetic biology and
metabolic engineering and may be of particular interest
to researchers in these fields. The following databases
received manual curation.

Escherichia coli K-12 MG 1655 (EcoCyc). K-12 strains of E.
coli serve as the most common hosts for recombinant
DNA technology. The EcoCyc DB is arguably the most
comprehensive organism knowledgebase available.

It has been manually curated by teams from multiple
institutions for over 25 years from 42,000 publications.
Its contents span protein function, metabolic pathways,
transport, and regulation (Keseler et al., 2021).

Bacillus subtilis 168. Following E. coli, B. subtilis is the
second most commonly used bacterium in synthetic
biology. In addition to being the best-characterized Gram-
positive bacterium, the organism can secrete proteins in
the gram per liter range and does not produce any toxic
by-products (van Dijl & Hecker, 2013).

Pseudomonas putida KT2440. P. putida is a well-
established host for cloning and gene expression,
displays solvent tolerance, has a remarkable capability to
degrade aromatic compounds, and has a high tolerance
to oxidative stress. It is considered a model organism

for biodegradation studies and as production platform
and is currently used for bioremediation, small molecule
production, and bioplastics production (Nikel et al., 2016).

Saccharomyces cerevisiae S288c (YeastCyc). S. cerevisiae
is used in brewing, baking, and as the main source of
nutritional yeast. The yeast genome, which was the

first eukaryotic genome to be completely sequenced, is
highly accessible to manipulation, making it an excellent
model for genome engineering and a preferred host

for expression of eukaryotic proteins. The S. cerevisiae
database was generated in 2002 by the Saccharomyces
Genome Database (SGD) team and benefited from
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significant curation by SGD curators. In 2012, the database
was transferred to SRl International, where it is curated by
members of the SRI Bioinformatics Research Group (Caspi
et al., 2014).

Corynebacterium glutamicum ATCC 13032. C. glutamicum
has been traditionally used industrially for large-scale
production of amino acids. This “work horse” of the amino
acid fermentation industry is nonpathogenic, does not
produce any toxins, and has been used for over 70 years
for multi-million-ton scale production of glutamate

and lysine. It is now commonly engineered to allow

the production of a wide range of industrially relevant
compounds using a variety of carbon sources (Becker et
al., 2018).

Lactobacillus plantarum WCSF1. L. plantarum is one of the
most studied species that are extensively used in the food
industry. The bacterium is widely used in the manufacture
of dairy products, fermented foods, and bacteriocins
(Behera et al., 2018). It is also considered a probiotic and
serves as a source of commercially important enzymes
such as esterases and lipases (Andersen et al., 1995; Kim et
al., 2017; Uppada et al., 2017).

Lactobacillus rhamnosus GG. L. rhamnosus has been used
for various health effects including the prevention and
treatment of gastro-intestinal infections and diarrhea
and stimulation of immune responses and is currently
one of the most widely studied probiotic strains. It has
antibacterial activity and anti-inflammatory effects

on its host. It also produces and secretes proteins that
reduce the inflammatory state and apoptosis of intestinal
epithelial cells (Claes et al., 2012; Yan et al., 2007).

The following databases received no manual curation:

Clostridium acetobutylicum ATCC 824. Solventogenic
clostridia are attractive hosts for anaerobic biosyntheses
because they produce a broad spectrum of chemicals that
can be used as precursors to or directly as biofuels and
industrial chemicals (Tracy et al., 2012). C. acetobutylicum
natively produces acetone, butanol, and ethanol and has
been used for production of chemicals for the biofuels,
flavoring, cosmetics, and plasticizers fields. However,
clostridia-based bioproduction remains economically
unfavorable on an industrial-scale because of the
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inefficient fermentation process, leading to intensive
efforts to modify their metabolic network to remove
bottlenecks (Cheng et al., 2019; Liao et al., 2018; Yang et
al., 2016).

Shewanella oneidensis MR-1: Microbial fuel cells convert
organic compounds to electricity (Logan & Rabaey, 2012).
The process requires that the microorganisms transfer
electrons to electrodes. This is enabled by microbial
nanowires, electrically conductive filaments that facilitate
long-range extracellular electron transfer. Bacterial
nanowires are involved in several additional processes
such as electromethanogenesis (Kato et al., 2012) and
microbial electrosynthesis (Rabaey & Rozendal, 2010). S.
oneidensis produces nanowires that conduct current by
electron hopping between cytochromes surrounding a
filament of an unspecified composition (EI-Naggar et al.,
2010; Pirbadian & El-Naggar, 2012).

Geobacter sulfurreducens PCA: Like S. oneidensis,

G. sulfurreducens produces nanowires, but these
nanowires are completely different, comprising pili that
have metal-like conductivity attributed to overlapping
pi—pi orbitals of aromatic amino acids (Malvankar & Lovley,
2014; Reguera et al., 2005).

Bacteroides thetaiotaomicron: This organism is a prevalent
and stable resident of the human gut. It possesses an
extensive collection of saccharolytic enzymes and serves
as a primary fermenter of host-, diet-, or microbially
derived polysaccharides. Genetic modification of this
bacterium to sense and respond to stimuli in the gut has
been suggested as providing a foundation for microbiome
engineering (Mimee et al., 2015).

Deinococcus radiodurans R1: Deinococcus spp. are among
the most radiation-resistant microorganisms, showing

a remarkable resistance towards ionizing radiation,
desiccation, UV radiation, and oxidizing agents. Several
studies have used D. radiodurans for small molecule
production or bioremediation of toxic compounds under
stress conditions, such as radioactive environments (Brim
et al., 2000; Gerber et al., 2015; Lange et al., 1998).

Synechocystis sp. PCC 6803: Photosynthetic cyanobacteria

attract significant attention as a promising alternative to
traditional hosts due to their ability to use solar irradiation
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and CO2 as their sole energy and carbon sources,
respectively. Cyanobacteria have been successfully
engineered to produce more than 20 fuels and small
molecules directly from CO2. Synechocystis sp. PCC

6803 is one of the cyanobacterial species with the most
developed genetic tools and is a favorite cyanobacterium
for genetic engineering (Wang et al., 2013; Wang et al.,
2016; Yu et al., 2013).

Klebsiella pneumoniae: This organism natively produces
large amounts of 2,3-butanediol (2,3-BD), a compound
that has many industrial applications. The organism is
easy to cultivate, grows rapidly in a simple medium, and
can metabolize all the major sugars in hemicellulose and
cellulose hydrolysates into 2,3-BD (Ji et al., 2011). Despite
a certain risk of opportunistic infection by the organism,
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it has been used extensively for the production of 2,3-BD
from many substrates, including wood hemicellulose (Yu
& Saddler, 1982; Yu et al., 1985); sugar cane juice (Berbert-
Molina et al., 2001); starch (Zheng et al., 2008); Jerusalem
artichoke tubers (Sun et al., 2009); and corncob molasses
(Wang et al., 2010).

BioCyc Software Tools
Search Tools and Information Seeking

One major task for industrial users of BioCyc is finding
information about the genome or metabolism of their
organism of interest or related organisms. Multiple search
tools are available for finding information in BioCyc
databases. The quick search box near the top of most
BioCyc pages enables name-based searches across the

www.simbhgq.org



currently selected database, whether MetaCyc or a BioCyc
organism-specific database. Searching for a term such as
“pyruvate” or “utilization” produces a list of entities within
that database whose name contains the search term,
sorted by the type of entity. For example, results from the
pyruvate search would include pathways such as pyruvate
fermentation to acetate, enzymes such as pyruvate
carboxylase, metabolites such as 3-hydroxypyruvate,

and reactions involving a metabolite with pyruvate in its
name.

Additional search tools are available under the Tools >
Search menu. For example, the command Tools > Search >
Search Genes, Proteins, or RNAs would enable searching a
BioCyc database for enzymes with any combination of the
following specified properties: molecular weight range,

pl range, number of subunits, protein features, small
molecule regulator, cofactor, substrate, or ligand.

The full metabolic network browser generates an
organism-specific metabolic chart from an organism
PGDB. This diagram can be interactively zoomed in

real time in a web browser. As the diagram enlarges, it
progressively depicts metabolites, enzyme names, and
gene names. The user can search the diagram for the
names of metabolites, enzymes, genes, and pathways.
The diagram can also be overlayed with omics data and
with predicted reaction fluxes, and it can be used for
comparing two or more metabolic networks.
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Metabholic Engineering Tools

Metabolic Network Explorer provides interactive
exploration of the metabolic network of an organism
starting with a compound of interest (see ). Once
the user selects the initial compound, the tool shows all
the reactions in the organism’s metabolic network that
either produce or consume that compound. Selecting one
of those reactions generates a short pathway consisting
of that reaction. The user can add reactions either leading
to the first compound of the pathway or continuing from
the pathway’s last compound. Adding more reactions in
this fashion builds a novel pathway based on enzymes
available in the organism.

When executing this tool in the MetaCyc DB, the user can
design pathways that consist of enzymes from multiple
organisms. In that scenario, the tool may alert the
designer to the presence of metabolic transformations
that they are not familiar with and are otherwise difficult
to find (Paley & Karp, 2021).

Metabolic Route Search (MRS, see ) aims to find
possible metabolic routes connecting a specified starting
molecule to a specified product metabolite. The version of
the tool that is available at BioCyc.org can search a single
organism-specific database or a user-defined combination
of organism-specific databases. The version of the

tool available by installing a local copy of the Pathway
Tools software also enables reactions to be drawn from
the broad collection of metabolic reactions present in
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MetaCyc, which covers enzymes that are characterized
from thousands of organisms (Krummenacker et al., 2019;
Latendresse et al., 2014).

In addition to specifying the feedstock and goal
compounds, the user can specify the number of routes

to compute and the maximum route length (number

of reactions). The software searches for minimal cost
routes where the cost of a route depends on the included
number of reactions (reactions imported from MetaCyc
can be assigned a higher cost), and the number of
feedstock atoms lost along the route (which are computed
from MetaCyc atom mappings). The user can also specify
compounds or reactions to avoid.

The RouteSearch tool can search only fully balanced
reactions in which all the components have complete
chemical structures. As a result, polymeric reactions are
currently not included in the tool’s results.

Metabolic Modeling: When installed locally, the Pathway

Tools software enables the user to generate quantitative
metabolic flux models. The modeling toolkit includes
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functions such as flux balance analysis, flux variability
analysis, and reaction gap filling.

Omics Data Analysis

In many industrial applications, scientists generate
transcriptomics and metabolomics data to better
understand the response of their organisms to conditions
of interest. BioCyc contains multiple tools that facilitate
analysis of these data.

» Transcriptomics data analysis tools include the following
capabilities:

» Visually overlay transcriptomics data onto individual
pathway diagrams

» Visually overlay transcriptomics data onto multi-
pathway diagrams

» Visually overlay transcriptomics data onto full metabolic
network diagrams ( )

» Sort pathways according to a pathway activation score
computed from the transcriptomics data
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» Analyze data using the interactive Omics Dashboard
tool ( )

» Perform gene-set enrichment analysis

» Metabolomics data analysis tools include the following
capabilities:

» Search BioCyc for metabolites based on monoisotopic
mass and/or chemical formula

» Visually overlay metabolomics data onto individual
pathway diagrams

» Visually overlay metabolomics data onto multi-pathway
diagrams

» Visually overlay metabolomics data onto full metabolic
network diagrams

» Sort pathways according to a pathway activation score
computed from the metabolomics data

» Analyze data using the interactive Omics Dashboard
tool

» Calculate metabolomics-based pathway-covering sets

» Perform metabolite-set enrichment analysis
Comparative Pathway Analysis tools include

» A comparative analysis tool that visually highlights
shared reactions on a full metabolic network diagram.

» Atool that generates tables of the pathways that are
shared by a set of organisms. In this tool, the user
selects a pathway category of interest, such as amino
acid biosynthesis or carbohydrate catabolism pathways;
the comparison table is based all pathways within that
category.

Availahility

BioCyc.org is available by subscription to all users. The
E. coli database at EcoCyc.org is freely available.
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The Pathway Tools software is freely available to
academics and is available for a fee to commercial
institutions.
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Figure Legends

Figure 1. BioCyc shows full structures for compounds in compound,
reaction, and pathway pages; users can specify the level of details in
pathway diagrams. Compound structures are uniformly protonated
to the typical cellular pH of 7.3. All balanceable reactions are
balanced, and an optional atom-mapping coloring helps users
follow the chemical transformations. The control panel on the left
allows zooming in/out and printing the diagram to a PDF file.

Figure 2. Pathway diagrams show compounds, reactions, EC
numbers, enzymes catalyzing the reactions, genes encoding the
enzymes, and links to upstream and/or downstream pathways.
The flask icon in the upper right corner indicates experimental
evidence for the pathway. Every object can be clicked to navigate
to its own page, providing additional details. A Detail Level
button allows the user to select which features are displayed.

Figure 3. The Metabolic Network Explorer provides interactive
exploration of the metabolic network of an organism. This
figure shows a user constructed route consisting of two
reactions. The route can be expanded or modified by clicking
on the circled plus symbols flanking the reactions.

Figure 4. The Metabolic Route Search tool aims to find possible
metabolic routes connecting a specified starting molecule

to a specified product metabolite. Reactions imported from
MetaCyc (indicating the enzymes catalyzing them are not
present in the explored organism) are shown in red.

Figure 5. The Cellular Overview Omics Viewer allows painting
omics data on a diagram that shows all pathways and enzymatic
reactions of an organism. The diagram can accept many

types of omics data, such as transcriptomics, proteomics, and
metabolomics. A control panel allows the user to control many
aspects of the diagram. When multiple time points are recorded,
the tool supports animation, moving automatically from one time
point to another. Sophisticated zooming controls display more
information as the zooming level increases. Popups can show
information for individual enzymes in multiple plot types.

Figure 6. The Omics Dashboard consists of a series of panels that
summarize omics data for different cellular systems. Each panel
contains a set of plots representing one subsystem, with large
dots showing the average of multiple values. Clicking on a panel
opens a new panel with more data (insert at bottom right corner)
enabling to user to move from a high-level view representing the
whole organism into individual enzymes with only a few clicks.
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