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Summary

Owing to their importance in cellular physiology and pathology as well as to recent technological
advances, the study of lipids has reemerged as a major research target. However, the structural diversity
of lipids presents a number of analytical and informatics challenges. The field of lipidomics is a new post-
genome discipline that aims to develop comprehensive methods for lipid analysis, necessitating concomi-
tant developments in bioinformatics. The evolving research paradigm requires that new bioinformatics
approaches accommodate genomic as well as high-level perspectives, integrating genome, protein, chemical
and network information. The incorporation of lipidomics information into these data structures will
provide mechanistic understanding of lipid functions and interactions in the context of cellular and
organismal physiology. Accordingly, it is vital that specific bioinformatics methods be developed to analyze
the wealth of lipid data being acquired. Herein, we present an overview of the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database and application of its tools to the analysis of lipid data. We also
describe a series of software tools and databases (KGML-ED, VANTED, MZmine, and LipidDB) that
can be used for the processing of lipidomics data and biochemical pathway reconstruction, an important
next step in the development of the lipidomics field.
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1. Introduction

The complexity and challenges involved in the study of lipids
is adequately demonstrated by the fact that there are numerous
definitions of the term lipid. In its broadest sense, “lipid” defines
substances as oils, fats, and waxes that can only be characterized by
a large array of properties (http: //www.cyberlipid.org/). They have
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been loosely defined as biological substances that are in general
insoluble in water, but soluble in organic solvents. An alternative
definition states that lipids are hydrophobic or amphipathic small
molecules that may originate entirely or in part by carbanion-
based condensations of thioesters and /or by carbocation-based
condensations of isoprene units (1). Lipids possess a number
of vital functions including serving as structural components of
membranes, energy storage, and signal transduction molecules
(2). The study of lipids is necessary for the understanding of cel-
lular physiology and metabolism as well as the etiology of numer-
ous pathologies (3-6). Recent advances in analytical technologies
have made it possible to study lipids at different levels using tar-
geted and global screening strategies (7, 8). The rapid increases
in acquisition of lipid data have resulted in a concomitant need
for bioinformatics resources capable of analyzing this wealth of
data (9, 10). In particular, the structural diversity of lipids creates
a number of unique obstacles in performing bioinformatics anal-
yses and biochemical pathway reconstruction. Accordingly, it is
necessary that developments in bioinformatics match the ana-
lytical developments in a number of areas including: (1) raw data
processing, (2) efficient storage and data management, (3) linking
of metadata with experimental data, and (4) overall integration
with other omics level information in biochemical pathways and
networks (11, 12).

The complexity of lipid nomenclature represents another
unique challenge for both the lipid bioinformatician as well as the
experimentalist. For example, the lack of systemic names for many
lipid species renders it difficult to perform comprehensive litera-
ture searches. Efforts have been made to develop a new ontology
to cope with the complications of the lipid bibliosphere, but mul-
tiple challenges remain (I, 12). A number of online resources are
currently available for lipid classification and databasing as well
as lipid-specific biochemical pathway analysis (Table 1). How-
ever, the field of “lipidomics” has not received the same level of
attention as that of many other omics sciences. A major gap in
the field is the lack of tools to relate fluctuations in lipids to pheno-
typic changes and integrate this information into comprehensive
biological networks with genomics and proteomics data. The
recent emergence of community-wide efforts such as the LIPID
MAPS consortium (http://www.lipidmaps.org/) (13), Euro-
pean Lipidomics Initiative (http://www.lipidomics.net/) (14),
and similar developments in Japan (http://www.lipidbank.jp/)
(15) clearly show the present need and interest for lipid research
at the molecular level. Other lipid-centric databases such as LIPI-
DAT (http://www.lipidat.ul.ie/) focus on thermodynamic data
and associated information on lipid phase transitions.

LipidBank is the official database of the Japanese Conference
on the Biochemistry of Lipids (JCBL) and provides information
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Table 1

Online resources for lipid classification and pathway analysis®

Website

Description

Lipid classification and references
http: //www.lipidmaps.org/
http://www.cyberlipid.org/
http: //www.lipidlibrary.co.uk /
http: //lipidbank.jp/

http: //lipidsearch.jp/

http: //www.massbank.jp/

http: //www.lipidat.ul.ie /

http: //www.chem.qmul.ac.uk /iupac/lipid /
Pathway analysis tools

http: //www.genome.jp /kegg/

http: //vanted.ipk-gatersleben.de /
http: //kgml-ed.ipk-gatersleben.de /
http: //www.biocarta.com/

http: //sphingolab.biology.gatech.edu/
http: //www.ingenuity.com/

http: //www.genego.com/

Classification scheme and extensive tools
Description of lipid classes, with references
Extensive highly referenced information

Official database of Japanese Conference on the
Biochemistry of Lipids

Identification tool for phospholipid batch processing
High resolution mass spectral database
Lipid thermodynamic and phase transition information

TUPAC lipid nomenclature

KEGG biochemical pathways

VANTED network and pathway visualization
Graphical KGML pathway editor

Molecular and cellular pathways

Pathway map for sphingolipid biosynthesis
Commercial pathway program

Commercial pathway program

“There are many additional pathway analysis tools besides those listed here. An overview of tools for
visualizing biological networks is provided by Suderman and Hallett (29)

on identified natural lipids including fatty acids, glycerolipids,
sphingolipids, steroids, and various vitamins. Currently, Lip-
idBank contains over 6,000 molecules that are classified into
26 groups (16). The database contains molecular structures
(ChemDraw and MOL format), lipid names (common and
TUPAC names), spectral information (molecular mass, UV, IR,
NMR, and other if available), and most importantly, literature
information that reports lipid identification. All molecular infor-
mation has been manually curated and approved by experts in
lipid research (recorded as Informant of data in each entry). Recent
advances in LipidBank include an active connection to MassBank
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(http:/ /www.massbank.jp/), the Institute for Bioinformatics
Research and Development (BIRD, http: //www-bird.jst.go.jp/
index_e.html), and Lipid Search (http://lipidsearch.jp/) (15).

The LIPID MAPS consortium has created a number of useful
resources for the bioinformatics analysis of lipids. Specifically, the
new naming system that assigns a unique 12-character signature
for biologically relevant lipids affords automated processing of
lipidomics data (1). The LIPID MAPS online suite of tools ena-
bles the drawing of lipid structures and prediction of possible
structures from mass spectrometry data (17). These tools are
useful for providing conformity in the field regarding the gen-
eration of lipid structures and nomenclature. The LIPID MAPS
structure database is a relational database that encompasses struc-
tures and annotations of biologically relevant lipids curated from
a number of different sources (18). The LIPID MAPS Proteome
Database is an object-relational database of lipid-associated pro-
tein sequences and annotations (19). Recently, the list of lipid-
specific keywords was expanded, and in addition to GO and Kyoto
Encyclopedia of Genes and Genomes (KEGG) term description,
the description field of the UniProt records and the EntrezGene
names were also scanned for human and mouse. Taken together,
the LIPID MAPS suite of tools provides vital conformity in lipid
nomenclature and structural analysis, addressing some of the
major lipid-specific obstacles in the advancement of lipidomics
research.

The logical next step in the field is the development of tools
capable of integrating lipidomics data with gene and enzyme
data to perform biochemical pathway reconstruction and flux
analyses. The reconstruction of lipid pathways will require
three main basic building blocks: (1) advanced automatic data
processing software, (2) richly annotated lipid databases, and
(3) strategies for pathway mapping of lipid data in a context-
dependent manner. Given the structural diversity of lipid spe-
cies, these tasks will be challenging and require a combination
of novel and existing bioinformatics resources. In this chapter,
we present a brief description of the KEGG database and focus
on its suite of tools for applications in lipid-based analyses. In addi-
tion, the application of KGML-ED (KEGG Markup Language
Editor) and VANTED (Visualization and Analysis of Networks
containing Experimental Data), two specific tools for expanding
the functionality of KEGG pathway diagrams, are presented. We
then describe MZmine, a software package that enables the dif-
ferential analysis of liquid chromatography mass spectrometry
(LC/MS)-based lipidomics data, and the in silico spectra data-
base LipidDB (a custom database of lipid structures). Finally,
we present a strategy for combining MZmine with LipidDB and
the KEGG PATHWAY database to perform lipid pathway recon-
struction.
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2. Using KEGG
as a Resource
for Lipid-Based
Research

2.1. The Database
Overview

The KEGG isa database of biological systems that integrates genomic,
chemical, and network information (http://www.genome.jp/
kegg/) (20). KEGG was initiated in 1995 under the auspices of the
Human Genome Program of the Ministry of Education, Science,
Sports, and Culture of Japan (21). The initial objective of KEGG
was to develop computer-based methods for storing and analyzing
the genomic information that was just beginning to be produced in
large quantities [ the first full genome of Haemphilius influenzae was
produced by the TIGR center in 1995 (22)]. Since then, the suite of
KEGG databases has greatly expanded and includes comprehensive
and organism-specific metabolic and regulatory pathways as well as
chemical compound data, disease-specific information and “omics”
data analysis tools. As of August 2008, KEGG consists of 19 difter-
ent component databases that are broadly categorized into three dis-
tinct areas: systems, genomic, and chemical information (Table 2).
Systems information is the core of the KEGG databases, which
link genomic and chemical information via pathway diagrams in
the PATHWAY database and functional hierarchies of proteins and
chemical compounds in the BRITE database. KEGG ATLAS is a
new graphical interface for the PATHWAY and BRITE databases
that consists of a global metabolism map with newly developed
viewers. The MODULE and DISEASE databases are relatively
recent additions to the KEGG resources that store functional mod-
ules and complexes in pathways, and disease-related information
linking genes, pathways, and drugs, respectively.

The genomic information comprises functional annotation of
genes from complete and draft genomes. EST contigs have also
been added for some eukaryotic species whose genomes are not
yet available. All these annotations are stored in GENES (com-
plete genomes and manual functional annotation), DGENES
(draft genomes with automatic annotation), and EGENES (EST
contigs with automatic annotation). KO (KEGG Orthology) is
a unified description of gene/protein functions that is used for
linking genomic and pathway information. SSDB (Sequence Sim-
ilarity Database) stores all-versus-all sequence similarities (Smith-
Waterman scores) of genes in the GENES database, which enables
the visualization of homologue relationships. KO and SSDB are
the basis for functional annotation in KEGG.

For chemical information, we have created a composite
database called LIGAND (23, 24) that consists of six individual
databases: COMPOUND for chemical compounds and their
2-dimensional structures, DRUG for the medically related
components of COMPOUND, GLYCAN for carbohydrate
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Table 2

Databases in KEGG and lipid-related content?

Category Database Content (Lipid-related resources) No. of Entries
Systems PATHWAY Pathway maps (16 reference pathway maps, 93,644
information including a lipid structure map for unsaturated
fatty acids; classified in “Lipid Metabolism”)
BRITE Functional hierarchies (“Lipid Metabolism” in 15,687
pathway and KEGG Orthology classification,
and “Lipids” classification based on LIPID-
MAPS)
MODULE Pathway modules (80 modules are defined for 669
pathways in “Lipid Metabolism”)
DISEASE Diseases 78
Genomic ORTHOL- KEGG Orthology (KO) groups (orthology 11,094
information OGY groups for enzymes in “Lipid Metabolism”)
GENOME Organisms in KEGG 876
GENES Genes in high-quality genomes with manual 3,445,423
annotation (genes annotated via KO groups for
lipid metabolism)
DGENES Genes in draft genomes with automatic 454,577
annotation
EGENES Genes as EST contigs with automatic annotation 2,222,350
VGENOME  Viral genomes in KEGG 3,167
VGENES Genes in viral genomes 65,289
OGENES Genes in organelle genomes 74,252
SSDB Sequence similarities with best hit relations
Chemical COMPOUND Metabolites and other chemical compounds 15,179
information (“Lipids” classified in BRITE hierarchy)®
DRUG Drugs 7,516
GLYCAN Glycans 10,966
ENZYME Enzymes 5,010
REACTION  Enzymatic and other reactions in metabolisms 7,647
RPAIR Reactant pairs and chemical transformation 9,906

“Entry information is current as of August 14th, 2008
Lipids in KEGG COMPOUND are cross-linked to both LIPID MAPS (1) and LipidBank (16)
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structures represented by monosugars as building blocks rather
than chemical atoms, ENZYME for enzyme nomenclature from
IUBMB (International Union of Biochemistry and Molecular
Biology), REACTION for metabolic reactions in PATHWAY,
and RPAIR for reactant pairs in REACTION and their chemi-
cal transformation patterns. These individual databases constitute
the main components of the PATHWAY database, which is dis-
cussed in greater detail below. Each component of the KEGG
database suite is given a unique object identifier, enabling the
nonredundant categorizing of all entries (Table 3).

KGML is an exchange format for KEGG graph objects,
especially the KEGG pathway maps that are manually drawn
and updated. KGML enables automatic drawing of KEGG path-
ways and provides facilities for computational analysis and mod-
eling of protein networks and chemical networks. The KGML
files for KEGG metabolic pathways contain two types of graph
objects: boxes (enzymes) that are linked by a relation and circles
(compounds) that are linked by a reaction in the KEGG path-
way diagrams. In contrast, the KGML files for KEGG regula-
tory pathways contain only the aspect of boxes (proteins) that are
linked by a relation. In the current KEGG system, boxes are iden-
tified by KO identifiers, but for historical reasons boxes in the
metabolic pathways are marked with EC numbers in the actual
pathway diagrams.

KEGG has been expanding its resources for lipid analysis and
currently includes >1,300 individual lipid species (with dedicated

Table 3

KEGG Object Identifiers

Prefix Content Database

K Gene/protein orthologue group  ORTHOLOGY
C Chemical compound COMPOUND
D Drug DRUG

G Glycan GLYCAN

R Reaction REACTION
(code) Pathway map PATHWAY
(code) Hierarchical text file BRITE

M Pathway module MODULE

H Human disease DISEASE

(code) Organism GENOME
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KEGG object identifiers) and several sources of information
useful for lipid-based bioinformatics analyses (Table 2). These
lipids are organized according to 16 different biosynthetic path-
ways under the “Lipid Metabolism” menu of KEGG PATHWAY
(Table 4). An overview of lipid metabolism in KEGG displaying the
interactions between the different pathways is shown in Fig. 1.
Individual lipid species in KEGG are organized into five distinct
levels based on LIPID MAPS classification. The first level con-
sist of eight different lipid groups: fatty acyls (FA), glycerolipids
(GL), glycerophospholipids (GP), sphingolipids (SP), sterol lip-
ids (ST), prenol lipids (PR), saccharolipids (SL), and polyketides
(PK). The second level divides the lipid groups into distinct
classes based on structural similarity; for example, the FAs
include FAO1 fatty acids and conjugates, FAO2 octadecanoids,
FAO3 eicosanoids, FA04 docosanoids, FAO5 fatty alcohols, FA06
fatty aldehydes, FAO7 fatty esters, FAO8 fatty amides, FAQ9 fatty
nitriles, FA10 fatty ethers, FA1l hydrocarbons, FA12 oxygen-
ated hydrocarbons, and FAOO other. The third level divides
the classes into smaller groups, for example, FAO3 eicosanoids

Table 4
Lipid metabolism pathways in KEGG

Fatty acid biosynthesis

Fatty acid elongation in mitochondria
Fatty acid metabolism

Synthesis and degradation of ketone bodies
Biosynthesis of steroids

Bile acid biosynthesis

C21-Steroid hormone metabolism
Androgen and estrogen metabolism
Glycerolipid metabolism
Glycerophospholipid metabolism
Ether lipid metabolism

Sphingolipid metabolism

Arachidonic acid metabolism

Linoleic acid metabolism

o-Linolenic acid metabolism

Biosynthesis of unsaturated fatty acids
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being further divided into: FA0301 prostaglandins, FA0302
leukotrienes, FA0303 thromboxanes, FA0304 lipoxins, etc.
The fourth and fifth levels break the smaller groups into individual
compounds (e.g., C00427 Prostaglandin H2). Each individual
lipid entity has a unique KEGG object identifier, which enables it
to be analyzed using the range of KEGG tools.

The KEGG PATHWAY database provides biochemical pathway
diagrams representing molecular wiring diagrams of interac-
tion and reaction networks. It can be browsed from the KEGG
PATHWAY entry point that is available by clicking the “KEGG
PATHWAY” link on the KEGG homepage. In addition to
metabolic pathways, PATHWAY provides protein interaction
networks stored in the sections “Genetic Information Processing,”
“Environmental Information Processing,” and “Cellular Processes.”
The “Human Diseases” section is also useful for examining pro-
tein interactions where proteins reported to be involved in the
disease are highlighted. “Drug Development” stores another
type of pathway diagram where the individual history of a drug’s
design is represented with the structural changes in the drug dur-
ing the development process.

In the “Metabolism” menu of PATHWAY, each pathway dia-
gram can be browsed by clicking the pathway name. In addition,
the pathways shown in Fig. 1 are interactive and can be expanded
on by clicking on an individual lipid pathway. For example, Fig. 2
shows the pathway diagram for arachidonic acid metabolism,
where the boxes (arrows) and the circles represent enzymatic
reactions and chemical compounds, respectively. The pathway
diagram shown in Fig. 2a is a reference pathway that is created
by combining information from the peer-reviewed literature for
a range of organisms. Organism-specific pathways are automati-
cally produced by coloring the corresponding enzymes based on
the annotation of genes, as shown for human arachidonic acid
metabolism in Fig. 2b. The help button at the upper right pro-
vides a detailed description of objects in the pathway diagram
including protein interaction networks.

In the case of unsaturated fatty acid biosynthesis, a combina-
tion of elongases and desaturases are utilized for producing a wide-
range of lipids with varying degrees of unsaturation and overall
length. Because of this complexity, these structural combinations
are represented differently from other KEGG metabolic pathway
diagrams. The elongases and desaturases are drawn from top to
bottom and from left to right, respectively, in a grid-like form.
This network of enzymes can therefore account for the various
synthetic processes that produce the range of unsaturated fatty
acids. The enzymes involved in unsaturated fatty acid biosynthesis
have been analyzed based on protein sequences and classified to
show organism specificities (25).
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Fig. 1. KEGG reference pathway for lipid metabolism.

The pathway diagrams in the PATHWAY database are clas-
sified in hierarchies. Enzymes can be classified according to the
pathway classification if they are drawn in pathway diagrams.
However, some enzymes and proteins are also assigned specific
functions and can be classified according to function. The BRITE
database is a collection of such functional hierarchies for proteins
and other molecules, and works as a supplement to the PATH-
WAY database. In addition to the network hierarchies, protein
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2.2.2. Searching Pathway
Information

2.3. Genomic
Information in KEGG

2.3.1. Browsing Orthology,
Genes, and Genomes

families, and hierarchies for compounds, reactions, drugs, dis-
eases, and organisms are available. The lipid classification system
employed is based on that of LIPID MAPS (1).

Besides a standard keyword search for the definitions such as
“arachidonic acid metabolism” in the PATHWAY database,
searching and custom coloring objects in the pathway diagrams
can be performed (Fig. 3a). By selecting target organisms from
pull-down menus and inputting a list of object ID and color pair,
pathway diagrams including the specified objects (genes and/or
chemical compounds) are listed with the hit objects. Clicking the
pathway name on the list displays a colored pathway as shown
for arachidonic acid metabolism in Fig. 3b. This functionality
is useful for mapping so-called “omics” data onto pathways.
Because pathway diagrams contain genes and proteins in addi-
tion to chemical compounds, KEGG can accept omics data input
from a range of platforms including metabolomics, proteomics
and transcriptomics data. A stand-alone Java application called
KegArray has been developed to map omics data to pathway
diagrams (Wheelock, et al., 2009). For transcriptomics or pro-
teomics data, KegArray can use two different tab-delimited text
data formats: precalculated ratios between a treated and control
sample (ratios) or four raw data values representing total signal
and background noise for treated and control samples, respec-
tively (KEGG EXPRESSION format; see http://www.genome.
ip/kegg/expression/). For metabolomics results, the data for-
mat is similar to that of gene/protein data; however, only ratio
values can be used. KegArray also provides a mapping tool to
genome maps and BRITE functional hierarchies that covers pro-
tein families and complexes whose pathway information is not
available. KegArray is freely downloadable from http://www.
genome.jp/download/

Each box in the KEGG pathway diagrams represents several
aspects of the objects (i.e., enzymes, orthologies, reactions, and
genes). Among them, orthologies are the most important regard-
ing the reconstruction of organism-specific pathway diagrams
from the reference pathways. KO is a database for defining the
function of each orthologue group and is used to annotate genes
in the GENES database. For example, in the case of the box with
“1.14.99.1” in Fig. 2a, the function is defined as “prostaglan-
din-endoperoxide synthase” with the orthologue ID K00509,
E1.14.99.1, or PTGS (Fig. 4). The annotated genes with this
tunction are listed in the “Genes” field with a three-letter organ-
ism code, hsa for human, ptr for chimpanzee, etc. (see below for
detailed information regarding the three-letter codes).

Each gene ID in the “Genes” field is a link to the KEGG
GENES database. Figure 5 is the human PTGS1 entry.
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Fig. 4. KEGG orthology for “prostaglandin-endoperoxide synthase” with the orthologue
ID K00509, E1.14.99.1, or PTGS. The annotated genes with this function are listed in the
“Genes” field with a three-letter organism code, hsa for human, ptr for chimpanzee, etc.

Each entry in GENES contains 1D, name, definition, links to
other databases, chromosomal position, and amino acid and
nucleotide sequences. The amino acid sequences in the GENES
database are subject to all-versus-all sequence similarity search
using a search program that implements the Smith-Waterman
algorithm (26) and the results are stored in SSDB.

Similar sequences from other organisms are available from
the “Ortholog” button in the SSDB field of a GENES entry
(Fig. 6). In the same way, similar sequences from the organism
in question can be obtained from the “Paralog” button. Relative
to a simple homology search, the SSDB also provides a best-hit
relations from a genome level comparison as shown in the “best”
column in Fig. 6. The symbol “<->” indicates bidirectional best
hit where the query is the most similar to the sequence in the
target organism (cfa for dog as the top hit in Fig. 6) and vice
versa. The number after the symbol indicates the total number of
similar sequences in the target organism.
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Fig. 5. KEGG GENES entry for human PTGS1. Each entry in GENES contains ID, name,
definition, links to other databases, chromosomal position, and amino acid and nucle-
otide sequences.

The organism name in the Entry field of a GENES entry is a
link to the GENOME database ( Homo sapiensin Fig. 5). As well
as the literature, taxonomy, and statistics such as the number of
genes, it provides an entry point for various information on the
organism including pathway maps, gene catalogs in BRITE hierarchy,
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Fig. 6. KEGG SSDB (Sequence Similarity DataBase) search result for human PTGS1.

and genome maps if available. The full list of the organisms with
their three-letter code is available by following the link “Organ-
ism list.”

2.4. Chemical Infor- Small circles in each KEGG pathway diagram represent chemical

mation in

2.4.1. Browsing Chemical

Information

KEGG compounds and are clickable to show chemical structures. Figure 7
is the COMPOUND entry for prostaglandin H2 that is linked to
the arachidonic acid metabolism pathway in Fig. 2. Each com-
pound entry contains the fields ID, Name, Formula, Mass (exact
molecular mass), Structure (2-dimensional picture), and MDL/
Mol file, as well as links to external databases including LIPID
MAPS (1) and LipidBank (16).

As shown in the previous section, (Subheading 2.3) each box in
the pathway diagram represents a chemical reaction as well as the gene
and orthology. The pathway diagram with the reaction links is avail-
able by selecting the “Reference pathway (Reaction)” menu from the
pull-down menu and pressing the “Go” button. Figure 8a shows the
REACTION entry obtained after clicking “1.14.99.1” of the path-
way in Fig. 2. The reaction scheme is displayed with the structure
diagram where the structural changes in the reaction can be seen.

Usually, an enzyme reaction transforms substrates to prod-
ucts in a local part of a chemical compound, and several reactions
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Fig. 7. KEGG COMPOUND entry for prostaglandin H2.

employ the same transformation rules in terms of the local
changes between substrates and products. The transformation
rules can be extracted automatically by aligning atoms between
substrates and products, and KEGG provides such rules in the
reactant pair (RPAIR) database, which has been manually curated
following automatic extraction from the literature.

Figure 8b shows the RPAIR entry for the reaction in Fig. 8a.
The structures of substrate and product are shown in KCF (KEGG
Chemical Function) format, which is designed to represent atom
types with environmental information. In the alignment dia-
gram, the region aligned is colored either in green, orange, or
red, and the one not aligned is in blue. We define the red atom
as the reaction center because it is placed at the border of aligned
and nonaligned regions, and those next to the reaction center
as different atom and matched atom for nonaligned and aligned
regions, respectively. This information is listed in the RDM field
as the format “reaction center:different atoms:matched atoms.”
Related pair shows the other RPAIR entries with the same RDM,
so that similar reactions can be easily identified.
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Fig. 8. (a) KEGG REACTION entry obtained for prostaglandin H2 synthase. The reaction
scheme is displayed with the structure diagram where the structural changes in the
reaction can be seen. (b) KEGG RPAIR entry for the reaction in (a). The structures of
substrate and product are shown in KEGG Chemical Function (KCF) format, which is
designed to represent atom types with environmental information.

The chemical information in KEGG is stored in the LIGAND
composite database, which is maintained in a relational database
as well as flat file database for DBGET search (27). The query
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‘®00 KEGG Compound Search

KEGG Compound Search
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Structure
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Database  (# COMPOUND
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4lr

[ LIGAND | KEGG ]

Fig. 9. Results of a structure search, where the programs SIMCOMP and SUBCOMP can
be used for similar structure and substructure searches, respectively.

interface for the relational database is available for searching via
keyword, formula, and molecular weight (exact mass). Another
search facility to LIGAND is to search similar structures or sub-
structures for the query chemical compound structure. By clicking
the “DB search” button in a compound entry (e.g., Fig. 7), the
query interface for the structure search is shown (Fig. 9), where
SIMCOMP and SUBCOMP are programs for similar structure
and substructure searches, respectively. Figure 10 shows a SIM-
COMP search result ordered according to the similarity score
where the aligned part is colored. The main page for the com-
pound search allows the input structure in the form of either
MDL/MOL, SMILES (simplified molecular input line entry
system), or KEGG COMPOUND ID. By using the stand-alone
Java application KegDraw, the compound structure can be drawn
and submitted to the main page.

3. KGML-ED
and VANTED

3.1. Introduction

In addition to the tools directly available from the KEGG website,
there are several software applications that interact with the KEGG
database and provide additional analysis and visualization capabili-
ties. In the following section, we introduce two tools: (1) KGML-
ED, which allows the dynamic exploration and editing of KEGG
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Fig. 10. Results of a SIMCOMP search (similar structure) ordered according to the similarity score.

3.2. KGML-ED

diagrams and (2) VANTED, which supports a dynamic mapping
of experimental high-throughput data onto KEGG pathways and
the subsequent analysis of this context enriched data.

KGML-ED is a graphical network editor that provides read- and
write support for the KGML file format. The KEGG diagrams
provide a huge amount of information. However, there are
some restrictions that arise from the use of predefined diagrams
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to present the different pathways as shown in Fig. 2. KEGG
PATHWAY diagrams only provide a static view of the data, which
cannot be edited by the user. In addition, navigating between
pathways is often restricted to links to other diagrams where the
result of the navigation (the new diagram) replaces the current
image. These limitations are addressed by KGML-ED (http://
kgml-ed.ipk-gatersleben.de), which provides both editing and
dynamic exploration of KEGG pathway diagrams (28).

KGML-ED takes advantage of the KGML and can import,
edit, and export files in this format. The structure as well as the
attributes of pathways given as KGML files can be modified,
deleted, or even newly created. For example, a reaction includ-
ing its substrates, products, and connections to enzymes, as
well as its visual attributes (e.g., position, coloring, and node
sizes) can be changed in a consistent fashion. During the export
process, the tool confirms that the new pathway is a correct
KGML file.

KGML-ED supports advanced visualization and explora-
tion methods for KEGG pathways. An overview network can
be generated for either a given set of pathways or all pathways,
where each node of the network represents a KEGG pathway
and each edge represents the connection between pathways. For
example, for all pathways, this is done by clicking on the “Cre-
ate Pathway-Map-Overview” button in the side panel “Proc-
ess” and subsequent selection of the species. This overview
network can be extended by automatic replacement of a node
(representing a particular pathway) with its complete pathway
by double-clicking onto the node. The pathways are arranged
automatically taking into account the well-known KEGG lay-
out of single pathways. Pathway overlaps can be easily removed
by using the menu command “Layout — Separate Pathway-
Subgraphs.” A set of pathways can be loaded by choosing a
pathway category (e.g., “Lipid Metabolism”) or by marking
all relevant pathways in the panel “Load.” All loaded pathways
can be either combined into one pathway (in one window) or
opened as separate pathways in different windows. Figure 11
shows the overview network for all lipid metabolism path-
ways, with two extended pathways. It is also possible to extend
pathways stepwise in KGML-ED. Starting with a given pathway,
cach link to another pathway can be replaced by this pathway,
thereby building a pathway map of increasing complexity.
Also the reverse function of collapsing pathways after a
detailed investigation into an overview node is supported. As
KGML-ED provides a complete dynamic access to pathways, it
allows the user to custom-build specific pathways that can be
exported as KGML-files or pictures. In conclusion, KGML-ED
provides novel methods for the editing and dynamic explora-
tion of KEGG pathway diagrams.
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Fig. 11. Application of KGML-ED to KEGG lipid metabolism pathways with two extended KEGG pathways displayed (“glyc-
erolipid metabolism” and “androgene and estrogen metabolism”).

3.3. VANTED The increase in systems-orientated research approaches is leading
to the development of numerous pathway analysis and visualiza-
tion software (29). VANTED (http:// vanted.ipk-gatersleben.de)
is a tool for the visualization and analysis of networks with related
experimental data that maps complex data sets (e.g., transcrip-
tomics, proteomics, metabolomics, and fluxomics data) onto
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KEGG pathways and other relevant biological networks (30, 31).
The application also provides a variety of functions for network
editing, data processing, statistical analysis, and visualization.
Data from experiments can be uploaded into the software
using different file formats such as KEGG EXPRESSION files,
Microsoft Excel-based forms, and CSV (comma-separated val-
ues) files. For example, to access data from an Excel file the panel
“Experiments” is used where the “Load Dataset” command allows
the upload of data. The data can then be mapped onto pathways,
for example, accessed from the KEGG PATHWAY database and
analyzed in the pathway context. The complete KEGG hierarchy
is easily accessible through VANTED by the panel “Pathways”
and the subpanel “KEGG.” Marking one or several pathways and
clicking “Load Selected Pathways” loads the selected pathways.
To allow multiple analyses of the data, the same large data set
can be mapped onto different pathways. An example is shown in
Fig. 12, where gene expression levels from a study on the influ-
ence of glucose repression (32) are mapped to a lipid pathway
and shown inside the nodes in the form of a bar-chart. Red bars
inside the diagrams show levels under glucose repression situa-
tion in comparison to the control (gray color). As all graphical
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Fig. 12. VANTED screenshot, showing the KEGG pathway “synthesis and degradation of ketone bodies” for Bacillus sub-
tilis. Gene expression levels have been mapped onto the pathway and shown inside the nodes in the form of a bar-chart
(dark gray bars: level under glucose repression situation, light gray bars: level in control).
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elements are dynamically changeable, any type of diagram can be
incorporated into KEGG pathway nodes enabling the represen-
tation of multimodal and multidimensional data. Other available
visualization options include color-coding (heatmap), pie-charts,
and line-charts for time series data. VANTED has been used by
the LIPID MAPS consortium to construct custom lipid pathways
and to map experimental data (33). In conclusion, VANTED
supports the analysis and visualization of high-throughput data
in the context of KEGG pathway diagrams.

4. MZmine, Lip-
idDB, and Pathway
Reconstruction
Efforts

4.1. MZmine-Based
Data Processing

There are numerous ongoing efforts toward achieving the nec-
essary lipid bioinformatics goals, some of which were discussed
in detail in earlier sections. Emerging community-wide efforts
such as LIPID MAPS provides several lipid research tools includ-
ing universal nomenclature and a classification system for lipids
and various mass spectrometry-based tools for the prediction of
lipid mass spectra. Lu et al. (34) introduced a novel cognoscitive-
contrast-angle algorithm and database to increase the accuracy of
identifying lipid-mediators. Software tools such as LipidProfiler
(35) enable automatic identification and multiple internal stand-
ard-based quantification for glycerophospholipids. Similarly, Kur-
vinen et al. (36) developed software that can process glycerolipid
data from LC/MS analysis using prespecified parameters. Other
open source software tools such as SECD and LIMSA enable the
display of chromatograms and processing of mass spectrometry-
based lipid data (37). This suite of tools has been augmented by
the recently introduced MZmine toolbox, which was designed to
perform differential analysis of LC/MS data (38). The following
subsections describe the data processing tool, MZmine (Sub-
heading 4.1), an in silico database (LipidDB) in (Subheading
4.2), and propose a strategy for biochemical pathway reconstruc-
tion of lipids (Subheading 4.3) (39).

The analytical technologies employed for lipidomics studies enable
the simultaneous screening of hundreds of lipids and are capable
of rapidly generating large data sets. Accordingly, the quality of
automated data processing is a crucial step in the bioinformat-
ics pipeline for lipidomics. The recent increase in interest in data
processing software demonstrates the critical importance of these
tools. We have developed an open source Java-based data process-
ing tool called MZmine that implements all the key processing
steps for metabolomics data, with a particular focus on managing
lipidomics data obtained from LC/MS-based experiments (40).
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MZmine software offers several key methods for data process-
ing stages that allow differential analysis of LC/MS lipidomics
data across multiple samples. The data processing stages include
spectral filtering, peak detection, alignment and normalization.
Additionally, recursive peak search algorithm and peak picking
methods are implemented for improving already aligned results.
Difterent visualization methods are implemented for compara-
tive display of data across multiple samples. The latest version,
MZmine2 beta (http://mzmine.sourceforge.net/) provides
additional features including an improved toolbox framework
for better expandability, methods for processing high-resolution
instrument data, a new 3D visualiser, and new implementations of
chromatogram, spectra, and 2D visualiser, as well as storage and
project parameters for defining sample properties. Figure 13 shows
a screen shot of the MZmine2 toolbox. The modular framework
of the MZmine2 toolbox offers greater flexibility for the incor-
poration of new algorithms, which is an important characteristic
for customization.
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Fig. 13. Screen shot of MZmine2 toolbox (http://mzmine.sourceforge.net/), with the different functionalities shown: (a)
sample list, (b) extracted ion chromatograms, (c) selected ion peak heights or areas across multiple samples, (d) base
peak intensity across multiple samples, (e) individual data points for a selected scan, (f) 2D plot of LC/MS data, with
retention time on x-axis and m/z ratio on y-axis, and (g) 3D plot of LC/MS data, with peak heights on the z-axis.
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4.2. LipidDB: In Silico
Spectral Libraries

4.3. Reconstruction
Efforts of Lipid
Pathways

Improved analytical methods and matured data processing soft-
ware tools require the construction of reference spectral libraries
to facilitate identification at the systems level. Currently avail-
able lipid resources such as LIPID MAPS provide the necessary
information on lipids and serve as guidelines for lipid databases.
In silico LipidDB comprises the main lipid classes including glyc-
erolipids, glycerophospholipids, sphingolipids, and sterol esters.
These classes may vary structurally in terms of one or more fatty
acid moieties and the head group. In order to facilitate automatic
identification of lipids from lipidomics experiments, the most
likely occurring fatty acids are utilized as “seeds” to computa-
tionally generate the theoretical spectra of lipids. The choice of
seeds can be modified to generate representative lipids depending
on the experimental design and area of interest.

A SMILES representation is used to store fatty acid seeds.
SMILES is an easily understandable linear indexing system in
terms of atoms and bonds that follows specific grammar rules.
It allows the construction of lipid classes and their substruc-
tures by exploiting the class-specific structure of each class. A
canonical version of SMILES representation is generated for each
lipid using the Daylight SMILES toolkit (http: //www.daylight.
com). Isotopic distributions are computed for each lipid and lipid
nomenclature complies with the recommendations of the LIPID
MAPS consortium.

Biochemical pathway mapping is a fundamental requirement to
gain mechanistic understanding of the underlying phenotype
as well as achieving in-depth insights by pathway modeling and
simulation studies. This is feasible with the construction of data-
bases that serve as knowledge bases for biochemical pathways,
development of data processing software tools, and strategies
for pathway mapping mechanisms. Properly organized databases
enable the viewing and /or construction of biochemical pathways.
At present, several databases containing information on differ-
ent pathway levels are available. The KEGG PATHWAY database
hosts information on the majority of well-known metabolic path-
ways, including lipid pathways for several organisms as described
in Subheading 2.1. The information depicted as biochemical
pathway maps includes metabolic reactions, underlying enzymes,
and metabolites as discussed above. The KEGG database also pro-
vides organism-independent biochemical pathways that serve as
reference pathways for constructing organism-specific pathways
allowing users to select those enzymes on reference pathways that
are relevant to the organism of interest. Other notable databases
such as MetaCyc (41) provide similar useful information. The
available databases therefore provide the necessary basic building
blocks for pathway research, which can be combined with newly
developed lipid-specific databases.
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Modern biochemical research consists of mature analytical
techniques that have evolved to provide substantial quantities of
information. Accordingly, existing databases need to reflect these
changes and be able to comply with this new influx of informa-
tion. This necessity is particularly acute in the case of lipids. While
lipid analytical techniques are capable of providing detailed infor-
mation at the lipid species level, current lipid pathway informa-
tion is mostly restricted to the general lipid class level. At this
level, the structure of many lipids on biochemical pathways con-
tains one or more fatty acids and head groups. Given the possible
number of fatty acids and head groups that are substitutable for
that particular entry, lipid pathway reconstruction can easily lead
to combinatorial explosion. The complexity varies from path-
way to pathway. The bioinformatics approaches should therefore
meet these challenges to enable context-specific studies of lipid
pathways. We propose here a strategy for pathway reconstruction
using MZmine, LipidDB, and other pathway mapping strategies
utilizing biochemical pathway templates from the KEGG PATH-
WAY database.

As a starting point towards such a context-specific pathway
reconstruction studies, the proposed strategy bridges the gap
between modern analytical knowledge and existing lipid pathways
in connection with lipidomics data (39). Every lipid entry can
be linked to information on reference lipid pathways and experi-
mental information such as retention time that is necessary for
peak assignment from lipidomics experiments. As a practical step
toward avoiding this combinatorial problem in pathway map-
ping, generic pathway templates are utilized to create molecular
instance pathways for molecular species selected based on multi-
variate and coregulation analyses.

Figure 14 shows the essential building blocks involved
in the molecular pathway instantiation. We use the following
steps for lipid pathway reconstruction: (1) select the appropriate
biochemical pathway for the metabolite of interest from standard
sources such as KEGG, (2) convert generic lipid names (e.g.,
phosphatidylcholine) on a given biochemical pathway template
to systematic subclass names (e.g., l-acyl-2-acyl-sn-glycero-
3-phosphocholine), (3) construct XML schema for a given
pathway using a network visualization tool called megNet (42),
(4) create an XML document for the instance pathway based
on the lipid of interest and gene expression data if available,
and (5) visualize the pathway using megNet. Other visualiza-
tion tools such as VANTED (se¢ Subheading 3.3) enable the
analysis and manipulation of experimental data under multiple
conditions such as time series data. These applications will be
extremely important for mapping temporal fluctuations in lipid
levels and highlight a limitation of the majority of biochemical
pathway tools.



366

Wheelock et al.

LC/MS data

Mbolecular instance pathway

A ) ———
i Gene expression
LipidDB database

Data
Integration

T
ekl
5 |

Lipid pathway template from KEGG database

Fig. 14. Workflow of lipid pathway instantiation: data processing software, spectral database, gene expression data,
KEGG PATHWAY template and data integration and visualization tools.

5. Gonclusions

Recently, a number of different bioinformatics tools for the anal-
ysis and interpretation of lipidomics data have become available.
However, this field is still in its infancy and further advances are
needed. A particular challenge in the pathway reconstruction of
lipid molecular species is understanding how individual lipids
affect underlying biological phenotypes. The majority of existing
pathway tools (e.g., KEGG, Ingenuity, and MetaCore) are not
capable of mapping individual lipid species from different lipid
classes. For example, KEGG contains a pathway for “Sphingo-
lipid metabolism”; however, this pathway is focused mainly on
the biosynthesis of the different sphingolipid components (e.g.,
ceramide, sphingosine, and sphingomyelin). The pathway cannot
account for the different fatty acid species of the individual com-
ponents. For example, KEGG shows that the enzyme ceramide
cholinephosphotransferase (E.C. 2.7.8.3) forms sphingomyelin
from ceramide, but the individual fatty acid species is only dis-
played as “R,” making the mapping of “sphingolipidomics” data
on the KEGG impossible. The Sphingo MAP consortium (Table 1)
has identified more than 450 species to date, demonstrating an
obvious limitation in current pathway reconstruction efforts.
It is necessary to develop bioinformatics techniques capable of
analyzing these large and increasingly complex datasets. Efforts
such as LIPID MAPS that seck to develop a systematic and uni-
versal classification and nomenclature system for individual lipid
species will be extremely important for these efforts. However,
further developments are clearly needed for context-specific
pathway reconstruction. The available tools and databases including
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MZmine, LipidDB, LipidBank, LIPID MAPS, and pathway
mapping strategies such as VANTED and KEGG PATHWAY will
provide the basis for comprehensive pathway reconstruction, but
further advances are required. In addition, altered biochemical
pathways are not the only cause of lipid concentration changes.
The measured lipid concentrations in fact reflect regulation at
multiple spatial and dynamic scales, including, for example, sys-
temic lipid metabolism, global changes in cell membrane compo-
sition, or lipid oxidation. The inherent difficulty of accounting
for such complexity in the analysis of lipidomics data will remain
a formidable challenge as well as a research opportunity for some
time to come.
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