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Abstract With the rise of experimental technologies for omics research in recent
years, considerable quantitative data related to transcription, protein and metabolism
are available for predicting protein functions. To predict protein functions from
large omics data, reference knowledge databases and bioinformatics tools play
considerable roles. KEGG (http://www.genome.jp/kegg/) database we have been
establishing is an integrated database of biological systems including genomic,
chemical and systemic functional information. Our group has also been develop-
ing the tools for genome or chemical analysis as GenomeNet Bioinformatics Tools
(http://www.genome.jp/en/gn_tools.html). In this chapter, we introduce the KEGG
database resources and the GenomeNet Bioinformatics Tools for predicting pro-
tein functions from the viewpoint of omics research, as well as some recent topics
(KEGG PLANT Resource and PathPred). KEGG PLANT Resource is one of the
contents in the KEGG EDRUG database, and contains links for plant secondary
metabolite biosynthesis pathways, plant genomes and EST sequences, chemical
information of plant natural products and the prediction tool for plant secondary
metabolism pathway. PathPred is a recently developed pathway prediction tool
based on the chemical structure transformation patterns of enzyme reactions found
in metabolic pathways.

Introduction

In recent years, high-throughput omics data such as transcriptome and metabolome
data is continuously increasing. Genomics, transcriptomics and proteomics pro-
vide the data of genes and proteins in individual organisms. On the other hand,
metabolomics, glycomics, and lipidomics provide information for endogenous
molecules, and chemical genomics provides information for exogenous molecules.
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For environmental studies, metagenomics and meta-metabolomics data are becom-
ing available as genomic and chemical information, respectively. One of the main
objectives of these high-throughput experiment projects is to uncover molecu-
lar building blocks of life. Integration and of high throughput genomics and
chemical spaces data and interpretation of high-order function is a powerful tech-
nique for understanding molecular building block of life such as protein function.
Bioinformatics approaches are required to predict protein function by analyzing
exclusively increasing omics data.

KEGG (http://www.kegg.jp/) [1] is a computer representation of biological sys-
tems, consisting of a number of sub-databases, such as those including genomic
and chemical information. Among these, systems information database is the most
unique feature in KEGG. They have been manually collected from review and
original articles, other publications, specialists’ website, and other resources. In
KEGG project, several useful bioinformatics tools have also been developed for
genome analysis and chemical analysis. These tools are released as GenomeNet
bioinformatics tools at GenomeNet website (http://www.genome.jp/).

Plants are known to produce vast and diverse secondary metabolites, and the
total number of plant metabolites are estimated to be over 200,000 [2]. Plant sec-
ondary metabolites support our life either directly or indirectly as foods, medicines,
and industrial materials. Notably, physiologically active natural products mainly
from plants are used as crude drugs and traditional medicine in our lives since
ancient times. Physiological active plant natural products have been main resources
for drug seed compounds. Thus, elucidating the biosynthetic pathways of plant
secondary metabolites is a valuable research area for plant biotechnology, agricul-
tural sciences and pharmaceutical sciences. In just the past decade, transcriptome
[3, 4] and metabolome [5, 6] analysis of model plant species such as Arabidopsis
(Arabidopsis thaliana) and rice (Oryza sativa) has become an active area of
research. Accordingly, the necessity of high-quality database resource of plants
gains the importance for predicting plant secondary metabolite biosynthesis path-
way and protein functions involved in the pathway. Therefore, we are currently
accumulating crude drugs and other plant natural product information as KEGG
EDRUG database.

In this chapter, we introduce the overview of the KEGG database and the recent
topics on the KEGG and GenomeNet resources from the viewpoint of protein func-
tion prediction, including KEGG EGENES, KEGG PLANT Resource and PathPred:
an enzyme-catalyzed metabolic pathway prediction server.

Outline of KEGG Resource

Overview of KEGG Database

Table 1 shows the list of KEGG main databases [1], and their contents. As of July
2010, KEGG comprises 19 main databases, categorized into systems information,
genomic information and chemical information as shown in Table 1. Genomic and
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Table 1 KEGG databases

Category Database Contents
Systems information KEGG PATHWAY Pathway maps
KEGG BRITE Functional hierarchies
KEGG MODULE Pathway modules
KEGG DISEASE Human diseases
KEGG DRUG Drugs
KEGG EDRUG Crude drugs and other natural products
Genomic information KEGG ORTHOLOGY KEGG Orthology (KO) groups
KEGG GENOME KEGG organism
KEGG GENES Genes in completely sequenced genomes
KEGG SSDB Best hit relation within GENES
KEGG DGENES Genes in draft genomes
KEGG EGENES Genes as EST contigs
KEGG MGENES Genes in metagenomes
Chemical information ~ KEGG COMPOUND Metabolite and other small molecules
(KEGG LIGAND) KEGG GLYCAN Glycans
KEGG REACTION Biochemical reactions
KEGG RPAIR Reactant pair chemical transformations
KEGG RCLASS Reaction classification
KEGG ENZYME Enzyme nomenclature
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chemical information databases are collection of molecular building blocks of life in
the genomic and chemical spaces, respectively, and systems information represent
the molecular systems that are built from the molecular building blocks.

KEGG is a computer representation of biological systems. Systems information
is the most characteristic feature in KEGG database, and is manually collected
from review articles, other publications, specialists’ website, and other resources.
Six databases in KEGG describe systems information. They are classified into
two types. The former three databases (PATHWAY, BRITE, and MODULE) are
the databases for pathway and functional classification. The latter three databases
(DISEASE, DRUG, and EDRUG) are the databases for analysis of the molecu-
lar network-disease association. DISEASE, DRUG, and EDRUG contain data of
disease, drug and bioactive natural products, respectively. The following seven
databases (ORTHOLOGY, GENOME, GENES, SSDB, DGENES, EGENES, and
MGENES) are categorized as genomic information. They are gene catalogs in the
completely sequenced genomes, manually defined ortholog groups, computationally
calculated sequence similarity information, and supplementary gene catalog data
(for draft genomes, EST contigs, and metagenomes). The six databases in chemical
information category (COMPOUND, GLYCAN, REACTION, RPAIR, RCLASS,
and ENZYME) are collectively called as KEGG LIGAND. They contain the infor-
mation of small molecules, glycans, biochemical reaction of these molecules,
chemical structure transformation patterns derived from reaction data, reaction
classification according to the chemical structure transformation pattern, and sup-
plemental information of enzyme nomenclatures. SSDB, DGENES, EGENES, and
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MGENES in the genomic information category are computationally generated, but
all other 15 databases are manually curated.

KEGG Orthology (KO): Basis of Genome Annotation in KEGG

KEGG Orthology (KO) is the basis for the protein function annotation in KEGG.
KEGG ortholog annotation procedure is described as follows. Protein sequences
with experimental evidences in specific organisms are used as seeds, and the homo-
logous sequences from other organisms are automatically collected. Consequently,
these sequence groups are manually curated and defined as the KO groups in the
context of molecular networks; i.e., as the nodes in the KEGG PATHWAY and
BRITE. KO groups are given K numbers for identification. Next, cross-species
annotation is added as follows. Gene catalogs of all complete genomes are generated
from RefSeq database and other public resources. They are computationally pro-
cessed to generate what we refer to as the GFIT tables, containing the list of genes
in a genome with the data of the best-hit genes (i.e., the most homologous genes)
against the all other genomes. The automatic cross-species annotation is performed
for a set of the “safe” K numbers, representing clearly defined ortholog groups.
Manual curation of this automatic annotation is performed using the KOALA
and GFIT tools. As of July 2010, genes data taken from 1135 prokaryotes and
131 eukaryotes species are stored in the GENES database. We developed KEGG
Automatic Annotation Server (KAAS) as functional annotation tool of genes. This
system automatically assigned KO for query genes. Detailed information about
KAAS is described in section “KAAS — KEGG Automatic Annotation Server”.

PATHWAY and BRITE: Systems Representation in KEGG

KEGG PATHWAY maps describe the dual aspects of metabolic network. The
first aspect is genomic information network, i.e., the network of enzyme genes or
enzymes. In KEGG PATHWAY, genes and proteins are identified by the K numbers
as mentioned in the previous section. EC numbers are shown as the node names in
the pathway maps, but they are not used as the identifiers in KEGG. The second
aspect is chemical information network, the network of small molecules (chemi-
cal compounds) and chemical structure transformations. Chemical compounds are
identified by the C numbers and reactions are identified by the R numbers.

The KEGG reference pathway maps and BRITE reference hierarchies are cre-
ated as to be applicable to all organisms; the exceptions are those describing human
diseases. The organism-specific pathways and hierarchies can be generated by using
the K numbers as the gene identifiers in particular organisms. Genes in an organism,
take Arabidopsis thaliana as an example, are annotated with the K numbers, repre-
senting manually defined ortholog groups corresponding to the nodes in the KEGG
pathway maps.
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PATHWAY also provides the global metabolism maps, which are created by man-
ually combining about 120 existing traditional metabolic pathway maps. Circular
nodes represent chemical compounds, and the lines connecting two nodes are series
of reactions. These global pathway maps allow users to view and compare the entire
metabolism, by such means as mapping transcriptome data and/or metabolome data.

Color Objects in KEGG Pathways and BRITE Hierarchies

Integrating large-scale data of genomic (e.g., transcriptome) and/or chemical (e.g.,
metabolome) spaces onto the systems space (e.g., KEGG PATHWAY, BRITE) helps
our understanding for protein function prediction. This section explains the methods
for mapping molecular datasets to the KEGG pathway and BRITE hierarchies.

The first method is to use the options “Pathway Mapping” and “Brite Mapping”
available on the web pages (http://www.genome.jp/kegg/tool/color_pathway.html
and http://www.genome.jp/kegg/tool/color_brite.html), respectively. From the
Search Object page, the user can find the objects (genes, metabolites, etc.) of interest
in the PATHWAY maps or the BRITE hierarchies by coloring them. Consequently,
the user can obtain PATHWAY maps or BRITE hierarchies with these objects favor-
ably colored through the Color Object page. The objects of interest have to be
specified by the KEGG identifiers. The user can input the list of objects either
directly from the input box or by uploading the file including the list.

Another method for mapping dataset on pathway is accessing KEGG through
KEGG API (http://www.genome.jp/kegg/soap/). KEGG API is a web service to
use the KEGG system from your program via SOAP/WSDL. The service enables
users to develop software that accesses and manipulates vast amount of KEGG data
that are constantly updated. KEGG API provides function for coloring pathways.
For the general information on KEGG API, please refer to the KEGG API page at
GenomeNet (http://www.genome.jp/kegg/soap/).

KEGG REACTION: Chemical Structure Transformation
Information in KEGG

KEGG REACTION database contains enzyme reactions taken from KEGG
ENZYME database and from the metabolic pathway maps in KEGG PATHWAY
database. Each reaction is identified by the R number. KEGG RPAIR database is a
collection of reactant pair defined for each reaction in KEGG reaction, together with
the chemical structure transformation patterns characterized by the RDM patterns.
Each reaction pair is identified by the RP number. In general, a reaction consists
of multiple reactant pairs, and the one that appears on the KEGG metabolic path-
way maps is called as the main pair. The RDM pattern is defined as KEGG atom
type change at the reaction center “R”, the difference atom next to reaction cen-
ter “D”, and the matched atom next to reaction center “M”, respectively. KEGG
RCLASS database represents classification of reaction based on the RDM patterns
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of main reactant pairs. The transformation pattern may consist of multiple RDM
patterns. Each reaction class is identified as RC number. We developed PathPred
and E-zyme for predicting pathway and enzymatic functions. The RDM patterns
are the basis of these prediction tools. Detailed information about PathPred and
E-zyme are described in sections ‘PathPred: Pathway Prediction Server” and
“E-zyme for Prediction of Enzymatic Reactions”, respectively.

KEGG Resources and GenomeNet Bioinformatics Tools
for Predicting Protein Function

KEGG EDRUG and KEGG PLANT Resource

Overview of KEGG EDRUG and KEGG PLANT Resource

Natural resources including bioactive natural products, such as crude drugs and
foods, have been used usefully since ancient times. These natural resources are
mostly taken from plants. For this reason, we developed new database, KEGG
EDRUG (http://www.genome.jp/kegg/drug/edrug.html), which is a database of
crude drugs, essential oils and other useful natural product resources including plant
information resources.

Plants are known to produce diverse chemical compounds including those with
medicinal, nutritional and industrial values. These plant secondary metabolites
can be divided into groups that share the same core substructure, originated from
the same biosynthetic pathways and chemical building blocks. In this context,
KEGG EDRUG is also considered as a part of KEGG PLANT Resource, which
is an interface to the KEGG resource for plant research, especially for under-
standing relationships between genomic and chemical information of plant natural
products. KEGG PLANT Resource links to the biosynthetic pathway of plant sec-
ondary metabolites, sequences of plant genomes and ESTs, structural classification
of plant secondary metabolites, and pathway prediction tools for plant secondary
metabolites.

Pathway Maps of Plant Secondary Metabolite Biosynthesis

Plants produce vast and diverse secondary metabolites, but core structures of
these metabolites are synthesized from several important precursors. Biosynthesis
pathways of plant secondary metabolites are classifiable by precursors and their
biosynthesis pathways. Grouping secondary metabolite biosynthesis pathways by
their biosynthetic origins and mapping the core structures on overview pathway
maps will help our understanding about plant secondary metabolisms.

Therefore, the KEGG PLANT Resource provides the links to the pathway maps
for secondary metabolism. There are three types of pathway maps in KEGG PLANT
Resource, e.g., KEGG traditional pathway maps, a global map, and overview maps.

In recent years, the repertoire of the KEGG pathway maps for plant sec-
ondary metabolism is expanded, and some of the maps are renewed incorporating
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recent information. As a result, the secondary metabolite biosynthesis subclass in
KEGG PATHWAY is divided to “Metabolism of Terpenoids and Polyketides” and
“Biosynthesis of Other Secondary Metabolites”.

Recently, we developed new global map of secondary metabolism pathways.
Figure la is a screenshot of the reference global maps of secondary metabolite

(a)

Fig. 1 Example PATHWAY maps of global pathway and overview pathway. (a) Reference
global pathway map of secondary metabolites. (b) Overview pathway map of Biosynthesis of
phenylpropanoids
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biosynthesis, which include secondary metabolite biosynthesis pathways and related
pathway maps. This map allows users to view and compare the omics data or map-
ping species-specific pathways on the secondary metabolite specific pathway. The
major part of this pathway is related to plant metabolism, intended for the useful-
ness for plant scientists. This new global map of secondary metabolism also allows
users to map the species-specific pathways by using K numbers, e.g. Arabidopsis
thaliana. Users can easily figure out the secondary metabolism of specific species
at a glance.

KEGG PLANT Resource also provides two levels of overview pathway maps for
plant secondary metabolite biosynthesis. First level map is general overview path-
way map for biosynthesis of secondary metabolites. This pathway map is based
on overview of biosynthetic pathways map in KEGG PATHWAY, and modification
includes plant-specific pathways such as biosynthesis of secondary metabolite core
structures. Core structures of major plant secondary metabolites are mapped on the
overview map. The second are the category maps of plant secondary metabolite
pathways starting from specific precursor biosynthesis pathway. The category maps
include the detailed information of the core structure biosynthesis pathway. The cat-
egory maps reflect the classification of plant secondary metabolites. Figure 1b is the
example screenshot of overview pathway map of secondary metabolite biosynthe-
sis. Different to standard KEGG pathway maps, these overview maps contain the
graphics of chemical structures and not for mapping species-specific information or
experimental data.

KEGG GENES and EGENES of Plants: Sequence Information
of Plant Species

Although some research groups have launched genome projects of model plants
for specific plant families and industrial important plants, the available complete
genomes for plants are still very limited in comparison to other organism groups
such as animals and bacteria. At the end of June 2010, only 13 plant species of
complete genomes have been published and stored in KEGG, including two draft
genomes (Table 2). Thus, massive EST dataset have been processed for a number of
plant species to generate the EGENES database where the EST contigs are treated
as genes and automatically annotated with the KO (K number) identifiers [7] by
KAAS automatic annotation (see section “KAAS — KEGG Automatic Annotation
Server”). Currently, 77 plant species of the EST datasets are stored in the EGENES
database. The EST dataset covers wider variety of plant families and species than
complete genomes, especially in asterids as shown in Table 2.

We also provide the BRITE hierarchical lists of plant phylogenetic classification.
The phylogenetic classification of angiosperm is based on the second Angiosperm
Phylogeny Group classification for the orders and families of flowering plants (APG
IT 2003) [8]. APG II classification is based on molecular systematic of flowering
plants.
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Table 2 Number of plant families and species in complete genomes and EST datasets in KEGG

Classification Complete genomes (GENES, DGENES) EST datasets (EGENES)
Eudicots: asterids 0(0) 7(18)
Eudicots: resides 4(4) 8(31)
Eudicots: others 1(1) 4(4)
Monocots 13) 3(11)
Basal angiosperms 0(0) 1(1)
Gymnosperms 0(0) 2(5)
Ferns 0(0) 1(2)
Mosses 1(1) 2(2)
Green algae 2(3) 2(2)
Red algae 1(1) 0(0)
Glaucophytes 0(0) (1)
Total 10(13) 31(77)

Figures before parentheses are the number of families and figures in parenthesis are number of
species

Classification of Plant Secondary Metabolites

Based on the biosynthetic origin, major plant secondary metabolites are classi-
fied to polyketides (from acetate-malonate pathway), phenylprpoanoids and related
compounds (from shikimate pathway), terpenoids and steroids (from mevalonate
pathway or deoxyxylulose-phosphate pathway), and nitorogen-containing alkaloids
and sulfur-containing compounds (from amino-acids and related compounds). This
classification also reflects the core chemical structures of plant secondary metabo-
lites. We classified the plant secondary metabolites in the KEGG COMPOUND
database by their biosynthetic origins and the core chemical structures. Currently,
about 2600 plant secondary metabolites are collected in the BRITE classification
of phytochemical compounds (Table 3). The top seven metabolite classes contain
over 150 metabolites. All these metabolite classes are well studied, and contain
many bioactive metabolites such as components of crude drugs and essential oils.
This classification system is also used for categorizing drugs and other bioactive
compounds derived from plant metabolites. In a future, phytochemical compound
classification will be more refined and categorized into detail core structures, which
will help to link compound classification to biosynthetic pathways.

KEGG EDRUG Database

KEGG EDRUG database is a collection of bioactive natural products, which are
ingested in our bodies. These natural products, such as crude drugs, essential oils,
etc., are mostly supplied from plant. The E number is used for identifier of each
KEGG EDRUG entry, and is associated with the chemical components, efficacy
information, and source species information. At present, crude drugs and essential
oils are the two main components of the EDRUG entries.



280 T. Tokimatsu et al.

Table 3 Phytochemical compounds classification in KEGG BRITE as of July 2010

Classification # of compounds
Total phytochemical compounds 2617
Phenylpropanoids and related compounds 744
Monolignols 37
Lignans 71
Coumarins 61
Flavonoids 507
Stilbenoids 39
Hydrolysable tannins 24
Misc. Phenylpropanoids 5
Polyketides 97
Quinones 41
gamma-Pyrones 56
Terpenoids 965
Hemiterpenoids (C5) 3
Monoterpenoids (C10) 164
Sesquiterpenoids (C15) 298
Diterpenoids (C20) 170
Triterpenoids (C30), sterols and steroids 286
Tetraterpenoids (C40) (Carotenods) 36
Polyterpenoids 8
Alkaloids 720
Alkaloids derived from ornithine 103
Alkaloids derived from lysine 76
Alkaloids derived from nicotinic acid 18
Alkaloids derived from tyrosine 201
Alkaloids derived from tryptophan and anthranillic 199
acid
Alkaloids derived from histidine 3
Alkaloids derived by amination reactions 103
Misc. alkaloids 17
Amino acid derivatives other than alkaloids 91
Betalains 30
Cyanogenic glucosides 25
Glucosinolates 36

This table shows the first classes and second classes of the Phytochemical compounds
classification in KEGG BRITE

Pathway Prediction for Plant Secondary Metabolism

Predicting biosynthetic pathways of plant secondary metabolites and linking them
to the plant genomes are challenging problems. We recently developed a web-based
server named PathPred, which is designed to predict secondary metabolite biosyn-
thesis pathways for a given compound using the information of known enzyme
reactions (i.e., RDM patterns and chemical structure alignments of substrate-product
pairs). Detailed information about PathPred is described in the next section.
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PathPred: Pathway Prediction Server

PathPred (http://www.genome.jp/tools/pathpred/) [9] is a recently developed web-
based server for predicting metabolic pathway of a given compound. Current version
of PathPred provides a multi-step reaction prediction of xenobiotics biodegradation
pathways and secondary metabolite biosynthesis pathways, and we aim to improve
this toward more sophisticated prediction for metabolic pathway reconstruction.

Prediction procedure consists of the following three steps. The first step is a
global similarity search of a query compound against the KEGG COMPOUND
database by the SIMCOMP program [10, 11]. The second step is a local pattern
match against the RDM pattern library to select the matched patterns that are appli-
cable to the query compound. Specific category of the KEGG pathways, such as
xenobiotics biodegradation pathways or secondary metabolite biosynthesis path-
ways, have their specific subsets of the RDM patterns [9, 12, 13]. Thus, we extracted
and use the specific RDM patterns library for xenobiotics biodegradation and sec-
ondary metabolite biosynthesis, respectively. The third step is to apply the structure
transformation to the query compound based on the selected matched patterns.
PathPred has a function to assign plausible EC numbers to the suggested reaction
steps. This function is based on the E-zyme program. Further information about
E-zyme is described in section “E-zyme for Prediction of Enzymatic Reactions .

We have to mention that the meaning of the query compound is different depend-
ing on whether users would like to predict biodegradation pathways or biosynthesis
pathways. In the case of biodegradation, the query compound is the molecule that
will break down. In other words, it is located at the beginning of the pathway. On
the contrary, in the case of biosynthesis, the query compound is the molecule that
was synthesized. In other words, it is located at the end of the pathway. This makes
sense when we consider what we would like to do, but this is sometimes confusing
when we actually use this application. Users may optionally input the end product
in biodegradation or the start compound in the biosynthesis. If the users have an idea
what the origin of the query secondary metabolite might be, specifying them might
help better prediction. Users can use input query compound in the MDL mol for-
mat, the SMILES representation, or KEGG COMPOUND/DRUG identifier (C/D
numbers). We provide KegDraw for drawing chemical compound structures and
glycan structures. Compound structures drawn by KegDraw are also used as queries
for PathPred. KegDraw is java application and software for MacOSX, Microsoft
Windows, and Linux provided from KegTools download page (http://www.genome.
jp/download/).

Figure 2 shows an example of the prediction result for plant secondary metabo-
lite pathway (shown as a tree-like structure) by PathPred. This example includes
the biosynthetic pathway from umbelliferon (7-Hydroxycoumarin) to fraxidin (8-
Hydroxy-6,7-dimethoxycoumarin). Fraxidin is a major component of a crude drug
Saposhnikovia root [14] and chemically classified to coumarins. Figure 2a shows
a PathPred prediction pathway tree from umbelliferon to fraxidin. Red, blue, and
gray compound numbers indicate the query or final compounds, compounds in the
KEGG database, and hypothetical molecules that are also generated elsewhere in


http://www.genome.jp/tools/pathpred/
http://www.genome.jp/download/
http://www.genome.jp/download/

282

Final
CX0065
CX0078

o

05851
o]
CX0095
CX0042
o]

CX0046

CX0211
O

Query CX0007 CXO067 CX0033
(a) o O
CXoo72
o]
co1752 co1527
CXO060 CX0061
o] o
CX0063
o]
CX0012 CX0015
. o] lo]
CXOM7 CXoM8 Final
o] o] o]
CX0094
o]
cxﬁu}om
= O
CX0097
I o]
CX0121
O
CX0143 Cx0144
o] O
CX0161
o]
CX0002 CX0003 SX0144
o O 0
CXO005 Cxo203
o] o]
CX0187
I o]
| CX0210
o]
o RPOU0IS i
s B b, 2
#PO3I208 e
o<ty RPOO4TE \ LM,
e o722
0.7297
CHOO00 CxXDo0 7T X006 7
Q Q000 ormT Q.T200
(c)
H
H

HO.
SO = T -
H 070 H 0

umbelliferon

Fig. 2 (continued)

CX0084
0]

CX0043 CX0194
O O

CX0212
O

CX0213
O

T. Tokimatsu et al.

CX0195 CX0196
- o
Cxo214
e

" oo

e o)
H (o]

scopoletin

04138
RPLIGD L]
RPOIIAS
RP11931 CX000] D00}
RPL1940 0718 08322
RPL1227
RPL1588
RPLI921
0.7429
-
|
H o
-
< &' isofraxidin
HO )
/7 OH \
-
L. |
o oS0
H
fraxidin

I

Besk



KEGG and GenomeNet Resources for Predicting Protein Function 283

the tree, respectively. In the case of secondary metabolite biosynthesis pathway pre-
diction, “query” and “final” mean “end product” and ‘“‘starting substrate” of the
synthetic pathway, respectively. Figure 2b shows one of the predicted paths from
query (fraxidin) to final (umbelliferon) compounds in the prediction pathway tree.
The identification numbers (which we refer to as the RP numbers) between two
chemical structures indicate the links to the template reaction pairs for predict-
ing the transformation. Figure 2c shows the total predicted pathway network from
umbelliferon to fraxidin and 7-hydroxycoumarin related components of crude drug
Saposhinicovia root. Black and gray arrows are the paths predicted by PathPred.
Three Saposhinicovia components, fraxidin, isofraxidin, and scopoletin [14], are
located on or linked to the predicted pathway. According to the components of
Saposhinicovia root, the predicted path indicated by the black arrows pathway is
highly likely to exist (black arrows pathway is same as Fig. 2b).

As PathPred is knowledge-based prediction system, the quality of the knowledge-
base is crucial for the prediction accuracy. We are continuously updating the
KEGG RPAIR, REACTION and PATHWAY databases. We also categorized the
plant secondary metabolite biosynthesis pathway into subclasses, such as phenyl-
propanoids, polyketides, terpenoids and alkaloids, to use only the frequent RDM
patterns depending on the compound subclasses and to improve the efficiency in
terms of specificity and computational time.

E-zyme for Prediction of Enzymatic Reactions

Enzyme Commission (EC) number [15, 16] is a hierarchical classification sys-
tem for enzyme reactions established by International Union of Biochemistry and
Molecular Biology (IUBMB). This EC number system is widely accepted as the
standard classification system in the field of biochemical and enzymatic studies.
The EC numbers also play key roles in linking the enzyme genes or proteins
to reactions and in the computational representations of enzymatic reactions in
metabolic pathways. E-zyme (http://www.genome.jp/tools/e-zyme/) [12, 17] is the
GenomeNet bioinformatics tool for prediction of enzyme reactions, i.e., to automat-
ically assign the EC numbers up to the sub-sub classes for a given enzyme reaction.
The prediction process is based on the relationships between the EC numbers and
the corresponding RDM patterns (See section “Color Objects in KEGG Pathways
and BRITE Hierarchies”).

<
<

Fig. 2 Prediction result of biosynthetic pathway from umbelliferon (7-Hydroxycoumarin) to
fraxidin (8-Hydroxy-6,7-dimethoxycoumarin) by PathPred. (a) Predicted pathway tree consist
compounds (node) and reactions (edge). (b) One of successfully predicted pathway from umbellif-
eron to fraxidin. (¢) Possible predicted pathway from umbelliferon to fraxidin by PathPred (black
and gray arrows) and Saposinicovia coumarin components (in boxes). Brack arrowed pathway is
same pathway as shown in figure (b)
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Prediction of EC classes by E-zyme consists of the following steps. First, the
chemical structures of a substrate and a product are compared by the SIMCOMP
chemical structure alignment program [10, 11], and outputs the changes occurred
during the reaction in a form of the RDM patterns. Consequently, the possible EC
numbers are suggested based on the pre-computed correlations between the RDM
patterns and the EC numbers. Users can input query compounds in the MDL mol
format, or KEGG COMPOUND identifier (C number).

Figure 3 shows an example screenshot of the output by E-zyme. It includes the
chemical alignment of the two compound structures (i.e., a substrate and a product

E-zyme result

Pair 1 [KCF] ['Ed?t'al-iwnen_'m_t_]

Co0077 Co0327

N1a-N1b:*-C5a:C1b-C1b

EC number assignments

EC  Weighted Observed Reactions having the same RDM

number  score freq.

RO0059 RO0458 RO0545 RO0665 RO0905 RO0209 RO1077 RO1152 RO1156

35.1 160.2 36 R01424 R01425 R01918 R0O1987 RO2041 R02276 R02474 RO2797 RO2930 Get all
R02973 RO3579 R0O3975 R03977 R04056 R04174 R04486 R04487 RO4666 =
RO5226 RO5835 RO7300 RO7301 RO7419 RO8228 RO8350 RO8351
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of a possible reaction) and the list of the predicted EC numbers. The alignment of
the compounds and assigned RDM patterns are shown in the upper section of the
result page. In the lower section of the result page, EC number prediction results are
displayed.

For further information, we recommend to refer Yamanishi et al. [17] and
documents in E-zyme page (http://www.genome.jp/tools/e-zyme/).

KAAS — KEGG Automatic Annotation Server

In recent years, the number of complete and draft genomes, EST and metagenome
sequences are rapidly increasing. This makes it increasingly important to automati-
cally annotate functional properties and biological roles to genes. We provide KAAS
(http://www.genome.jp/tools/kaas/) [18] for this purpose as a GenomeNet bioin-
formatics tool. KAAS serves functional annotation of genes in genomes (or large
number of genes) by BLAST comparisons against the manually curated KEGG
GENES database. Genes in KEGG DGENES (draft genomes), KEGG EGENES
(EST contigs) and KEGG MGENES (metagenomes) are automatically annotated
by KAAS.

We also provide a web service for the general public users. Overall procedure
of the KAAS annotation is as follows. KAAS accepts three types of query sets,
i.e., complete or draft genome, partial genome, or EST sequences. Query sequence
data should be in multi-FASTA format of amino-acid or nucleotide sequences
with unique ids. The user can choose one or more species from the latest KEGG
GENES entries as the reference data set. We recommend to choose more closely
related species to the species of interest as possible, in order to obtain better
result.

KAAS provides three types of outputs as the results. “KO list” is the flat
list of the correspondence table with query genes and K numbers assigned by
the KAAS program. “BRITE hierarchies” is the hierarchical list of the anno-
tated genes, which is incorporated into the classification of the BRITE database.
“Pathway map” is the list of pathways that include the annotated query genes. The
list is linked to the graphical pathway maps, and the annotated query genes are
highlighted.

For further information, refer to Moriya et al. [18] and the documents in the
KAAS webpage (http://www.genome.jp/tools/kaas/).

KegArray

To predict protein function from omics data, one of the effective ways is the inte-
grated analysis of omics data by using systems information such as pathway network
diagram. KegArray is a standalone desktop application for analyzing both transcrip-
tome data (gene expression profiles) and metabolome data (compound profiles) in
conjunction with the KEGG databases (http://www.genome.jp/download/kegtools.
html). KegArray software is a Java application, and users can download the software
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(for Mac OS X, Microsoft Windows, and Linux) from the download page (http://
www.genome.jp/download/).

Transcriptome data format for KegArray is KEGG EXPRESSION format or tab-
deliminated text similar to the KEGG EXPRESSION format. KEGG EXPRESSION
format is original data format for KEGG EXPRESSION database (http://www.
genome.jp/kegg/expression/). KEGG EXPRESSION database is a repository of
microarray gene expression profile data for Synechosystis, Bacillus subtilis and other
species. KegArray can convert external database IDs (e.g. NCBI GI) to the KEGG
GENES IDs. Only ratio values can be used for metabolome data. Main function of
KegArray is to map the transcriptome and metabolome data to the KEGG resources
including PATHWAY, BRITE and genome maps. Figure 4 shows example screen
shots of pathway mapping and genome mapping by KegArray tools. As shown in
the figure, users can visualize the up- or down-regulated genes on various KEGG
systems information. Users can also visualize increasing or decreasing metabolites
on various KEGG objects.

Detailed usage information for KegArray, refer to the ReadMe file provided in
the KegTools download page (http://www.genome.jp/download/).

Summary

In the post-genomic era, bioinformatics approach is necessary to analyze increas-
ing omics data. Also, high quality database and bioinformatics approach will play
important roles to predict protein function. KEGG is a manually curated integrated
database for computer representation of biological systems. KEGG and GenomeNet
also provide several useful tools to support protein function prediction from omics
data.

In this chapter, we briefly outlined a perspective of the KEGG database and
several tools for predicting protein functions from omics data, with introducing
some recent topics. KEGG EDRUG is the database for crude drugs, essential
oils, other natural products and related plant resources. KEGG EDRUG provides
useful information for protein function related to plant secondary metabolism path-
way. PathPred and E-zyme are tools for predicting enzyme reaction pathway from
metabolites. These tools help users to predict unknown pathway. KAAS is automatic
annotation and pathway prediction server for large set of sequences. KegArray is
desktop application for transcriptome and metabolome analysis. KegArray will help
mapping those data to the KEGG systems information such as KEGG PATHWAY,
KEGG BRITE etc.
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