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Background

* Integration of life science databases
» Reconstruction of biological systems
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Growth of sequence and 3D structure databases
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Originally developed in 1980 as part of
the pre-GenBank project (Los Alamos
Sequence Library)

GenBank awarded to Los Alamos in
September 1982

Package rewritten at NIH in 1983 for
integration of sequence and 3D
structure databases

Relational database named “Cell”
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Compiled from:

1980-1983 Los Alamos sequence analysis system

1983-1986 IDEAS system at the National Institutes of Health
1986-1992 IDEAS system at Kyoto University
1992- DBGET system in GenomeNet database service

More details at: http://www.genome.jp/en/db_growth.html




DBGET

Integrated Database Retrieval System
for the Web of Molecular Biology Data

Link-based integration
Identifier database:entry

Relation database1:entry1 — database2:entry2
DBGET Database Links
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15 databases in September 1994 32 databases in September 2004
Category bget bfind blink brite #DB
1. KEGG databases in DBGET yes yes yes yes 20
2. Other DBGET databases yes yes yes no 19
3. Searchable databases on the web no yes yes no 17
4. Link-only databases on the web no no yes no 94
5. PubMed database yes no yes no 1
151 databases in June 2009
GenomeNet
http://www.genome.jp/
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—— Original Services
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GenomeNet Database Resources KAAS
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A ) KCaM
e Other Services
BLAST / FASTA
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annctascn catsbase

GenomeNet Bioinformatics Tools

0 chemical sructure

20 STUChe search

AP « Chomical STuctre search

ome dautase
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Originally supported by Japanese Human Genome Project
GenomeNet e-mail service launched in September 1992
GenomeNet web service launched in July 1994
Developed by Kanehisa Laboratories

Operated by Kyoto University Bioinformatics Center
Release history at: http://www.genome.jp/en/release.html




KEGG 1dentifiers

KGML

KEGG

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

KEGG: Kyoto ia of Genes and

A grand challenge in the post-genomic era is a complete computer
representation of the cell, the orgamism, and the blosphere, which will
ensbie prediction of of celiular
processes and organism behaviors from genomic and molecular
Information. Towards this end we have been developing & bloinformatics
resource named KEGG as part of the research projects of the Kanehisa

Organisms viewed as databases
Identifier organism:gene
Relation organism1:gene1 — organism2:gene2

» Collect only completely sequenced
genomes for computer representation
of cell/organism functions

retrieval

Keca Fre i e et of o vy o T e Organize higher-level biological and
jrriirog M e it o e GG web servics i chemical knowledge to complement
A T e with the existing databases
o sl S S A » Depend on internal team members to
Gotal mas e oot B e . e develop high-quality databases (accept
KEGGLIGAND  Chamc compoch, i, s, o ecions feedbacks, but no submissions)
¥ Orasaismspeciic ntrypoints ) » Develop associated research programs
s e - that utilize the new databases and
KEQOOMN Chamial vtins bsad drg Wermaton asucs demonstrate their utility
KEGG GLYCAN Glycome infOrmacics resource
KRS AT Koamratys bot i P Rl pnsic + Supported by multiple research grants to
xass KEGG automatsc ammataton server Minoru Kanehisa
» Project initiated in May 1995
OB — « First release in December 1995
What is Database?
NCBI KEGG
Database Information Computer representation
infrastructure of biological systems
Content Comprehensive Building blocks and
repositories wiring-diagrams
Integration Linking Reconstruction
Implementation  Entrez KEGG
Main use Individual data Pathway mapping and

Brite mapping




Overview of KEGG

* From building blocks to biological systems
* Integration of genomics and chemistry

Goal

An ultimate goal of bioinformatics is a complete computer
representation of the cell and the organism, which will
enable computational prediction of higher-level complexity,
such as

* molecular interaction networks involving various
cellular processes and

* phenotypes (morphological, physiological, and
behavioral aspects) of entire organisms

from genomic information.

Kanehisa, M. and Bork, P.; Bioinformatics in the post-sequence era. Nat. Genet. 33, 305-310 (2003).




Building Blocks of Life
Genomic and Chemical Spaces

Genomic Space

DNA (Gene) Genome Replication
RNA Transcriptome Transcription
Protein Proteome Translation

C DNA «—— RNA — Protein

Chemical Space

Metabolite ~ Metabolome |(Endogenous) | = iﬁ’;’h . Biosynthesis
Glycan Glycome i F:gT .- Biodegradation
Lipid Lipidome [ L Transport

Compound  Chemical genome ‘ !

(Exogenous) jﬁé

Genomic and Chemical Spaces

Genomic Space

+ Contains genetic building blocks of life, i.e., DNA, RNA, and
proteins

* Represents all possible sequences

» Uncovered by genomics, transcriptomics, and proteomics

Chemical Space

» Contains chemical building blocks of life, e.g., small molecules,
glycans, and lipids

» Represents all possible chemical structures

* Uncovered by metabolomics, glycomics, lipidomics, etc. for
endogenous molecules

* Uncovered by chemical genomics for exogenous molecules




Integration of Genomic and Chemical Spaces

Genomic space Chemical space
Repertoire of genes and proteins Repertoire of endogenous molecules
(genomics, proteomics, etc.) (metabolomics, glycomics, etc.)

Glycosyltransferase genes ¢—>  Glycan structures

Other enzyme gene groups <> Lipids, secondary metabolites, etc.

Repertoire of genes in the biosphere Repertoire of exogenous molecules
(metagenomics) (chemical genomics)

Genetic factors of diseases <—>  Environmental factors of diseases

Drug targets<—> Drug leads
Human << Vector <<> Pathogen

Human gut <—> Microbial community

Integration of Genomic and Chemical Spaces
Medical and Pharmaceutical Implications

Diseases viewed as perturbed states of molecular systems
Drugs viewed as perturbants to molecular systems

Single-gene Multifactorial

disorders disorders ® Genomic space ®Chemical space

Genetic factors Environmental factors
° Drug targets Drug leads

=

.—b‘ »

Drug Drug target Perturbants  Perturbed system




Integration of Genomic and Chemical Spaces
Bioinformatics Approaches to the Systems Space

Biosphere

Cell & Organism

Molecular network

A

’ Systems Space ‘

* From building blocks to biological systems
» From biological systems to the environment

Molecule | Genome Transcriptome Proteome
Metagenome -
9 Genomic Space
Chemical Space Metabolome
Glycome

Chemical genome

Kanehisa, M. et al.; From genomics to chemical genomics: new developments in KEGG. Nucl. Acids Res.

34, D354-D357 (2006).

KEGG: Computer representation of biological systems

Disease genes,

Basic principles linking
biological world and natural world

Imaging probes,

Drug targets, etc.

AN

T T Drug leads, etc.
Pad

Screening

A t t A
/Systems analysis, modeling & simulation\
i ===

PATHWAY / BRITE
Systems information

GENES / KO > LIGAND
Genomic informat ). Chemical information

) P2
K /Virtual cells and organisms\ J

SIS

Screening

Genomic space
(Genome, Transcriptome, Proteome)

Chemical space
(Metabolome, Glycome, Chemical genome)

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




KEGG Databases

Database

Objects

Data size

KEGG PATHWAY

Pathway maps

330 (95,271)

KEGG BRITE Functional hierarchies and ontologies 61 (21,684)
KEGG MODULE Pathway modules and complexes 692
KEGG DISEASE Diseases 104
KEGG ORTHOLOGY KEGG Orthology (KO) groups 12,178
KEGG GENES Genes in high-quality genomes 4,553,978
KEGG DGENES Genes in draft genomes 151,662
KEGG EGENES Genes as EST contigs 2,919,245
KEGG GENOME Organisms 1,008 + 67
KEGG SSDB Sequence similarities and best hit relations -
KEGG COMPOUND  Metabolites and other small molecules 15,477
KEGG DRUG Drugs 8,912
KEGG GLYCAN Glycans 10,969
KEGG ENZYME Enzyme nomenclature 5,061
KEGG REACTION Biochemical reactions 7,915
KEGG RPAIR Reactant pair chemical transformations 11,356
KEGG DPAIR Drug pair chemical transformations 496

As of June 12, 2009

KEGG Object Identifiers

Prefix + 5-digit number

Prefix Content Database Example
K Ortholog group KEGG ORTHOLOGY K04527 for insulin receptor
C Chemical compound KEGG COMPOUND  C00031 for D-glucose
D Drug KEGG DRUG D01441 for Gleevec
G Glycan KEGG GLYCAN G00109 for GM2
R Reaction KEGG REACTION R00259 for EC 2.3.1.1
RP Reactant pair KEGG RPAIR RP04458 for C00025_C00624
map/ko/ec/rn/(org) Pathway map KEGG PATHWAY hsa04930 for type Il diabetes
br/jp/ko/(org) Brite hierarchy KEGG BRITE ko01003 for glycosyltransferases
M Pathway module KEGG MODULE MO00008 for Entner-Doudoroff pathway
H Human disease KEGG DISEASE HO00004 for Chronic myeloid leukemia

Other identifiers

Identifier ~ Content Database Example
org KEGG organism code KEGG GENOME hsa for Homo sapiens
» Three letter code
» Prefix d for draft genome
» Prefix e for EST contig
org:gene  Gene entry KEGG GENES hsa:3643 for human insulin receptor
db:entry Database entry Any database gn:hsa for Homo sapiens

up:P06213 for UniProt insulin receptor

&

Go ) (Cear

Try these examples by entering them in the search box of the KEGG top page.




KEGG PATHWAY map for type Il diabetes mellitus
Klee

Type I diabetes metlitus - Home saplens (human)

[ Pathway mens | Pattway entry |
Heomo sagens (human)

B () Ginis)

Homo sapiens (human): 3643
i )

TYPE [ DIABETES MELLITUS

o8 H.sapiens 3 s | 3

insulin receptor (ECs2.7.10.1)

[PATH: 53304520 Adbereas jusctioe

T Iesulin sigealing patiway
930 Type I diabetes mellitus
030 _Deatatorubropallidoluysi

strophy (SRPLA)
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COMPOUND: C00031
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The KEGG Orthology (KO) System

KO (K number) entry for insulin receptor

K{OG ORTHOLOGY: K04527

04527 X0

K04527

In_-ﬂusu- insulin receptor (£C:2.7.10.1)

[PATH:X004910
Human Diseases; Neurodegenerative Diseases
Dentatorubropallidoluysian atrophy (DRPLA) [PATEIKO!

Class Cellular i Cell iom3 Junction
[PATH:X004520) /
Cellular Processes; Endocrine Sys msulin signaling pathway
1

S Neumdegeneratlve Diseases

KEGG Orthology (ko00001)

Metabolism

Genetic Information Processing
Environmental Information Processing
Cellular Processes

[PATH1K004930]

Protein Families; Xetabolism; Protein kinases
¥rotein Pamilies; Cellular Processes and Signal
channels [DR:k004000)

Protein Pamilies; Cellular Processes and Siypaling; C@
antigens (BR:ko04090)

SAITE by
|on-r DB [GO: 0005005
|#5A1 3643 (INSR)
PTR: 455649 (INSR)
MMUs 16337 (Insr)
RNO: 24954 (Insr)
C¥A: 484990 (INSK)
DTA: 408017 (INSR)
MDO: 100027215(LOC100027215)
GGA: 420133(INSR)
DRE: 245693(insra) 245700(insrb)
SPUI 579152(IR)
KVE: KEMVE_v1g85808(KEMVEDRAFT_v1g83808)

LinkDB AN DBs )

8%:x001001 )

Human Diseases; Metabolic Disorders —Type 1lieus

Receptors and

KO identifiers (K numbers) represent manually defined
ortholog groups corresponding to the KEGG pathway
nodes and the BRITE hierarchy nodes (bottom leaves)

ic Disorders

Protein Kinases (ko01001)

Serine/threonine protein kinases: AGC group

N

InsR family

Histidine protein kinases

Regeptors and Channels (ko04000)

Nuclear Receptors
lon Channels
Other Channels

10



Reference DB
K PATHWAY / BRITE Genome, Pathway, Brite,
Module, Disease, KO
ORTHOLOGY Genes DB Ligand DB
Gene annotation Chemical annotation

Color Coding and Icons

KEGG Web Service
KEGG Oracle Database

K[cc (internal database)

"[ "
cc cc Java / Cocoa Applications

GENES @ LIGAND ﬁ p

DISEASE, DRUG, GLYCAN,
COMPOUND, REACTION, PLANT

KegSketch KegDraw
(internal only)

.3 ¢b &

GenomeNet, DBGET, KegHier KegArray

BLAST / FASTA, MOTIF, ALIGN
SIMCOMP / SUBCOMP, KCaM

Web Page Organization

TOp page (KEGG) This search box accepts both This search box accepts

keywords and KEGG identifiers  keywords only

PATHWAY / BRITE ORTHOLOGY GENES LIGAND

T oe Xeo ~Xfee Koo

Table of Contents (KEGG2) ¥

These icons will bring
back to the KEGG2 page.

Cotagary Bty Puiet ateane tate Sesin & Compute DOGET Seareh DISEASE‘ DRUG’
T GLYCAN, COMPOUND,
S e REACTION, PLANT

. NEGG LIGAND

This icon will
bring back to the
KEGG top page.

I DBGET
> > BLAST / FASTA
Z SIMCOMP / SUBCOMP
KCaM

ceees (Gt owe_curean _cowome  macrion Py | orgasems

& KEGG for specific organiams

KEGG Orpaniame - the iat of curmansty seaies

e %2 This icon will bring back to
¥ KEGG for selected resasrch areas the GenomeNet top page.

vt  Crommmm o) (Cowr
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KEGG GENES
and ortholog annotation

KEGG Organisms

Animals (48 + 4 + 4)
Plants (10 + 1 + 63)
Fungi (32 + 5)
Protists (22 + 1)

Bacteria (835
Prokaryotes (897) 4E Archaea EGZ))

As of June 12, 2009

Eukaryotes (101 + 11 + 67)

998 organisms in GENES - High-quality genomes with manual (koala) annotation
11 organisms in DGENES - Draft genomes with automatic (kaas) annotation
67 organisms in EGENES - EST contigs with automatic (kaas) annotation

Total number of genes/proteins in GENES 4,553,978
Total number of proteins in UniProt 8,385,695 (468,851 in SwissProt)

Fraction of UniProt covered by GENES about 90% (in terms of protein families)

KEGG GENES already covers most of the known protein universe

12



Orthologs and Paralogs

Common
« Sequence similarity between two genes (or proteins) ancestor
may imply ortholog or paralog relationship. Q
« Orthologs are genes in different species evolved
from a common ancestral gene by speciation and
tend to have the same function. @ @
Human Mouse

» Paralogs are generated by gene duplication within a
species and often represent diversified functions in a
broader functional category.

Common
ancestor

« Identification of ortholog relationships is the basis for
genome annotation (assigning gene functions), and
it requires distinction from paralog relationships.

Orthologs: B-C, B1—-C1 é

Co-orthologs: B2—(C2,C3) Human Mouse Human Mousi
Inparalogs: C2—-C3
Outparalogs: B1-B2, B1-(C2,C3), B2—C1

Computational Identification of Orthologs

Between tWO SDeCieS Genome | Genome 2
Bi-directional best hit (BBH) Al
(Reciprocal best hit) O< >0 — =

Among multiple species

A
1. COG c
Triangle of BBH relationships among three species D

B

2. KEGG OC Superposition of

p-Quasi cligue among multiple species ABC and ABD

p-Quasi clique is an almost
complete subgraph, where
the degree of completeness

Clique is represented by p.
(completely connected subgraph)




Genome annotation in KEGG:
KO (K number) assignment

KEGG GENES

* Gene information for completely sequenced KEGG GENES in Oracle
genomes Genomes 997
» Computationally generated from RefSeq and Genes 4,553,977
other public resources Genes with KO 1,504,505
« Manual annotation with KOALA and GFIT tools KO assignment 33%
* Automatic annotation by KAAS for draft genomes As of June 12, 2009

KEGG ORTHOLOGY (KO)
* Manually defined ortholog groups that correspond to

KEGG pathway nodes and BRITE hierarchy nodes Bidirectional best hit
« ldentified by K numbers Genioine 1 Genome 2
KEGG SSDB +:
» Sequence similarity scores and best hit relations :h-hh_ﬂ}—
» Computationally generated from GENES by pairwise ——ar |
genome comparisons using SSEARCH — [ —

KEGG OC
* Ortholog clusters
» Computationally generated from SSDB by a quasi-clique finding algorithm

GFIT: Gene Function Identification Tool

No. 7428 / 40158

Mo. (o) |KEGGID: . [ 100 —
(1-40135) o o og:
B0 oona sone reszanog o K06224 nacgenes (KON [S7-QIMTES, DANRE SHH_OWNRE) AR Epeavey

Over-dent. [ Para- .
DBMIt(Length) :-H’,rm‘—m;"tu-.[ x | om Current Annotation

A mmu:20423(437) 434| 68.0 1929 &

[ {SP.5HM_MOUSE] Shh sonc hedgenog ; K06224
5| wosaae
| s adgercs

S ot — ~— e e e St et
A 939:305615(425) 424| omo|1021| (204) K06224 MM (SP:SHN_CHICK] SI; sonic hedgehog homeleg

L
A mo:20495(437) as4| 6681002 a4y 7| KO06224 MM (5P:5HM_RAT) 8 Color coding Of BBH red for
288 | LOC716553; sim) 0,
A mec:716553(462) a2 ese|rm0| sz 7| ocaae pm i the alignment with 80% or
[ ‘=m0zl more overlap; yellow otherwise
A hsa:eALN462) 462| ea7/1mm0 (232 s| KO6224 WM 0n ¢ Pedgerog
| redgenog
| SHM, LOCK0S850; 500kt hedgehod homolog
~ o 721 | ‘
12 608860(461) 461 644 1878 B | L3 xD6224 >j>< (D,', > ),',‘96}?‘ e N i i
100016531 | LOC100016531; simiar to potassium channel Ky beta
A moo: 100016531(477) 477| 627 1870 .4 7 NO6224 WM 22 unk; k06224
A xla YOBOAI(446) 43| 6351024 (iomy)|  7| {52:5HM_XENLA] LOCIB04?; morphogan
o i 6| 0 SH1, LOCTA1D71; sonic hadgerag homoioy
s 7ax371(389) ain| saafsen| ol of oo po ; o
A xtr;100036603(396) | 345/ 1e3( (30) 3 [{59:A0IM37_XENTR) So; Gesert hedgencg Pomolon
T o | [ (55-Q5UVI)_STARU) h; hadgehag ; K06224
ASu:d73331(4103) 410) 480 1224 (1100)) 17; KOG224 M hedgehop
= . | o {SPAAVIS6_DROME] hh; hedgehog (EC:3.4.22.);
dme:Dmel_CGA63IN471) 412] 464 1182 (1079)] Z: KDE224 MM X06224
3 5 | | " {SP.Q29AA9_DROPS) GA18321 gene product from
A 0p0:Dpse_GALBI21(472) 408 466 1167 (Ao“l: 3| KO6224 MM Eranscriopt GATBYI-RA ; KOSI4
? | | 3 SHH; sonic hedgehog homolog (Orosophla) ; KD6224
& ’
i f 5. ATRY14_NEMVE] NEVVEDRAFT_vigi41466;
Ve NEMVE_v1g241466(401) Se0} 8507300} (87 ”1 oS¢ predcted protein, K06224 hedgency
A cef/TOSC12.10(1169) 193) 06| 29 @ 14| [5P:Q21535_CAEEL] qua-1; QuUAhog (hedgehog

reatec)

* GFIT table is a summary of best hit relations for individual genes in a genome generated from the
KEGG SSDB database. It has been used to manually assign K numbers (KO identifiers).
» KOALA processes this table and automatically assigns K numbers when considered safe to do so.
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KOALA: KEGG Orthology And Links Annotation

Genome 1 Genome 2 Genome 3
Map 1
» Map-based
Map 2 » annotation
: v
: v Genome-based
annotation v

Annotation of K numbers
and links through K
numbers (EC numbers,
GO terms, etc.)

prosentin 1 (EC3.423.)
preseniin 2 (Azheimer dig
preseniin 2 (Aizheimer dig

preseniin 1 (EC3423-)
2

o T
][.u- Pea [ A nea:seseass) oas22 [ k04522 'rsmz F,‘_ﬁ,“‘“;m 18811
[:w A pUr4S7790(442) Woas22 [ sz fpsenz e [16M45
1“« e [> A mecissa770(654) hoasz2 | poasz2 !Psuz FA:‘:,““;?S“ 10464
EAn fmmul> A mmu:19165(648) Joas22 o522 gnz E&E’:“;&A 17031
EAn o [» A mo:81751(448) pas22 ous22 %su: ﬁmﬁg\m 16204
e s[> A cta-es03s2017) Joaszz KoA322 :bwz E,f:;‘g?:” st

Eack fota [> A bta:282010(449) kouszz | fous2 e (230800206 rgass
LA s |5 & sscTa01i0(048) poss2z | Ixunl ol ety -4 1nssa.
LA oo |> A mdo:100026452(426)  K0As22 {mm psoq  [fo000208 hisin
[EAek jons |1 A osa:100076209(455)  uoaszz [(>) e ae {14136
Eaei fogn || A ope:37488cesy) D422 04522 PSENZ h&:";?"‘“ 10574
Eaek futa [ A xt0:3077130449) hossaz | foousa2 prea m‘:"}’%’“ ey

GFIT link KOALA’s Current OC links
suggestion assignment

preseniin
preseniin 1 (EC3.4.23-)

Public version of KEGG annotation tools

K[GG ORTHOLOGY: K04522

atiele)
[Entey ko522 [
Name |psixz, ps2
Definition|oresenilin 2 (EC:3.4.23.-]
Class ng; Stgnal Notch

CPATH: ko05010)
Protein Families; Metobolism;

GRIKtierrchy

signoling pothwoy [PATH:ko®4339)
Humon Disecses; Neurcdegenerctive Disecses; Alzheimer's diseose

Peptidoses [BR:ko01002)

Genes. HSA: S664(PSEN2)
57790CPSEN2)

58926(psen)
78066

% Homo saplens (human): 5664

Entry [5664 o5 . scpiens

SSDB query for orthologs and paralogs

Conserved gene cluster search
(useful for bacterial genomes)

Meip )

Gene nome [PSENZ

Definitionforesenilin 2 (Alzhelner djsease 4)

Orthology [X0: KP4522 presenilin 2/[EC:3.4.23 /f

Pathway PATH: hsad433 Notch fignaling pol
PATH: hso5010 Alzhefmer's dise

Class Environmental Inforghtion Procesfing; Signal Transducti tch
signaling pathwoy ZPATM:hso04336)
Human Diseases; NAurodegans: ve Disscses; Alzhel; 's disease

[PATH: hoo@5010)

)
E TR T, | r—

sPu:
Linkos | AsoBs)

if [Pfom: Presenilin WAL Herpes 73 CAdicomol tron Peptidose.A228
Oxidored.q5.N

Read-only version
of KOALA

| et )
Other DB iﬂu?&m G

1: 156105679
NCBI-GenelD: 5664
T 9509

MPRD: 02860
Easemal: EXSGR00ORL4350L
UniProt: BLAP2L P43810
LinkoR A% D08s)

Position |1a31-qé2

Enter query sequence:

BLAST Search

Read-only version
of GFIT

DB search against
UniProt, etc. may
be done on the fly

FASTA xeca2

(comoute) (Crear)

(M seq 445 00 an seq)
ML TPMASDSEF EVCDERTSLUSAE SPTPRSCQRG
ORYVCSGVPGRPPGLEEEL TLKYGAKHVIMLFVF
YTPFTEOTPSVGQRLLNSVLNTL IMISVIVYMT L
FLFTYIYLGEVLKTYNVASDYPTLLL TVANGGAY
LVFIKYLPEWSARVILGALSVYDLVAVLCPKGEL
TVGUAKLDPS SQGAL QL PYDPEME EDSYDSF GRS
KLGLGOFT TGSCONNTTLACEVA
TFGLIFYF STONLVRPFMDTLASHOE YT

$quence 413 5hso: 5664 PSEN2; presenilin 2 (Alzheimer disease 4) ; -
K4522 presenilin 2 [£€:3.4.23.-] (A) m
"

DRYVCSGVPGRPPGLEEEL TLCYGAKHVIMLFVPVTLOMIVVVATIKSVRFYTERNGQLT
YTPFTEDTPSVGQRLINSVLNTLIMESVIVVMT IFLVWLYKYRCYKF THOWL IMSSLMLL «
FLETYIYLGEVLKTYNVAVDYPTLLLTVANF GAVGWVC THAKGPLVLOOAYL IMISALWA *

Select program and database:
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KAAS: KEGG Automatic Annotation Server
http://www.genome.jp/kegg/kaas/

Pairwise genome comparison

Set of BLAST search
aa seq )

in both directions

Query genome

Annotated genomes in KEGG

Bidirectional best hit

BLAST result screening by bi-directional best hit rate (BHR) Genome | Genome 2

BHR=R;xR, >095

K number assignment by a heuristic scoring

k=N

Sxo =S, —1og,(mn) - Ing( E LGPt (1= P)Xik

|

it

Moriya, Y., Itoh, M., Okuda, S., Yoshizawa, A.C., and Kanehisa, M.; KAAS: an automatic genome annotation
and pathway reconstruction server. Nucl. Acids Res. 35, W182-W185 (2007).

Genome Map Tools

Ktcc Synechocystis sp. PCC6803

Genome info Pathway maps Gene catalogs @ Organism st
Organism w0
Name Synechecystis, SYNYD, 1148

Full name Symechacysus sp. Synechocystis sp. PCC6803: sll1452

Genome page:

* Summary information

» Organism-specific pathway maps
» Organism-specific brite hierarchies
* Genome map browser

Melp )

Definition  Symechocysts
ntry  lsus2 3 Syrechocystiv ~a
Annotation  manu ]
Gene name nreC
Taxonomy  TAX: 1148 Definition/nitrate transport protein; Nt
Uinasge  Bactaria; Cyanoni[Orthology [K0: KRIB) sulfonste/nitrote/towime E7amsiort 57| wem 990081
seotein
Outa'source  Aeffeq Patheay 10 ABC tronsporters
Original OB Kz ons, )|Class

L Information Processing; Mesteone Tred
5
Chvomosome Circutar

Sequence  RS: NC_000P11 |t
Sso8 Ortbolog)  Paral
Length 3573470 Seood Jeeed)

Mot i f Pfom: ABC_tren MELISA] NI
PROSTTE: ABC_TRANSPORTIR_1 ABC_TRANSPORTER 2
Motit

[Other D83 |Cross
SSDB Gene Cluster vyt

o s
NCRI-GI: 163000K

e gradidilie WCBI-GenelD

5411
Ouftnivions m uniProt: P74SE
. o Linkon Ax 00
7 .
o ] T 1 e | ]
oo @i on | complement(1 l 10082463 Garmorms map)
Threshole. 100 §8) (G

KEGG Genome map - Synechocystis sp. PCC6803

te s 114000005

“-tin
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KEGG PATHWAY and BRITE:
Reference knowledge base

Data objects for computer representation
of molecular systems

Element
gene, protein, small molecule, etc.

Pair (binary relation)
protein-protein interaction, drug-target relationship, etc.

Graph (wiring diagram)
pathway, complex, etc.

Simple list (membership)
pathway, complex, etc.

Hierarchical list
hierarchical classification, ontology, etc.
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Knowledge Representation of Systemic Functions

Graph (pathway map)
KEGG PATHWAY

PR o -
) (] =] |
U =) \ o |
\ 1)
ey “-"LTEI =R 4
[ | =23
| o8 neslwe |

Simple list (membership)

Hierarchical list (ontology)
KEGG BRITE

vvyvy

¥ G Protein-Coupled Receptors
» Rhodopsin family: amine receptors
» Rhodopsin family: peptide receptors
» Rhodopsin family: other receptors
» Secretin family
» Metabotropic glutamate family

v Other families
v Frizzled / Smoothened family

K02235

KEGG MODULE

KEGG DISEASE

K02329
K02354
K02375
K02376
K02378

List of molecules that
constitute a pathway,
a complex, etc.

List of disease genes,
environmental factors,
markers, drugs, etc.

K02534
K02645
K02842
K04690
K06226

K02432 FzDl; frizzled 1
F2ZD2;
FZD3;
FZD4;
; frizzled 5

; frizzled 6

; frizzled 7

; frizzled 8

; frizzled 9
FZD10; frizzled 10
FZDN;
SMO; smoothened
> ocular albinism proteins
» 1

frizzled 2
frizzled 3
frizzled 4

frizzled, inverte

(VIR)

Data source: textbooks, review articles, other publications, specialists’ websites

KEGG PATHWAY Database
Collection of KEGG pathway maps

Global Map
Metabolism Map (1)
Metabolism
Carbohydrate Metabolism (16)
Energy Metabolism (8)
Lipid Metabolism (16)
Nucleotide Metabolism (2)
Amino Acid Metabolism (16)
Metabolism of Other Amino Acids (9)
Glycan Biosynthesis and Metabolism (15)

Biosynthesis of Polyketides and Nonribosomal Peptides (9)

Metabolism of Cofactors and Vitamins (12)
Biosynthesis of Secondary Metabolites (27)

Xenobiotics Biodegradation and Metabolism (26)

Overview (9)
Genetic Information Processing
Transcription (2)
Translation (2)
Folding, Sorting and Degradation (8)
Replication and Repair (6)
Environmental Information Processing
Membrane Transport (2)
Signal Transduction (14)
Signaling Molecules and Interaction (4)

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

Cellular Processes
Cell Motility (3)
Cell Growth and Death (4)
Cell Communication (5)
Circulatory System (2)
Endocrine System (7)
Immune System (9)
Nervous System (2)
Sensory System (2)
Development (2)
Behavior (3)
Human Diseases
Cancers (15)
Immune Disorders (6)
Neurodegenerative Diseases (4)
Metabolic Disorders (3)
Infectious Diseases (4)
Drug Development
Chronology: Antibiotics (8)
Chronology: Antineoplastics (5)
Chronology: Nervous System Agents (9)
Chronology: Other Drugs (12)
Target Based Structure Classification (12)
Skeleton Based Structure Classification (8)

http://www.genome.jp/kegg-bin/get_htext?br08901.keg
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KEGG BRITE Database

Collection of BRITE functional hierarchies

Genes and Proteins Compounds and Reactions
Network hierarchy (4) Compounds (5)
Protein families: metabolism (7) Reactions (3)
Protein families: genetic information processing (9) Compound interactions (6)
Protein families: environmental information processing (5) Drugs and Diseases
Protein families: cellular processes (7) Drugs (15)

Diseases (5)
Cells and Organisms
2 @ Organisms (4)

I[“ Glycosyltransferases

* Terminal astension
+ Otners.

* Undlasaifiod

KegHier browser o

ITe | Kroe3 | Kres |
* 16, 2008

http://www.genome.jp/kegg/brite.html http://www.genome.jp/kegg-bin/get_htext?br08902.keg

Interaction/relation data linking BRITE hierarchies

Protein families Compound interactions
Enzymes < » Enzyme ligands
Transporters < > Transporter substrates
Receptors and channels | 1y lonchannel ligands

lon channels «— | | v GPCR ligands
G protein-coupled receptors “//v Nuclear receptor ligands

1TM signaling receW

Nuclear receptors Cytochrome P450 substrates

Cytochrome P450

Drugs
Network hierarchy | t+» Therapeutic category of drugs
/ ATC classification
KO system Crude drugs
Target information /
Organisms
Plants
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Pathway mapping and BRITE mapping

Linking genomes to biological systems and the environment

KO assignment

Gene KO
10000  K04456
10003 K01301
10004  K01301

10005  K01068 |:>
10007  K02564

10008  K04897
10020  K00885
10020 K01791
10021 K04957

Gtarose
Oty ees

KEGG pathway mapping

Fracm s ol

o <{

o e st ~
o{ Appres )

Yoz avo. %] s
)| T oA

o
° ﬂk;g:M B} ]—e0
Obwose I Prveww

Tnpaid st o e
w0+

M loatinl trfue wa

1

I
¥
/y

10023  K03069
10026  K05290
10038  K00774

Disease pathway

BRITE hierarchy mapping

10039 K00774
10050  K08193
10051  K06675
10052 K07616
10056  KO1890 :>
10057  K05668

10058  K05661
10059 K01528

Genes to K numbers

v ABC Transporters, Eukaryotic Type
* ABCA (ABC1) sublamity
» ABCS (MDR/TAP) subtamily

* ABCC (CTTR/MRP) subfomily
» axcch o 13 sabgrowe
s

* ABCO (ALD) subfamity

* ABCG (White) subfamily

* ABC Transporters, Prokaryotic Type
* Major Facilitator Superfamity (MFS)

(proteins)

v axc

Other subfamities

—

* 1 Agents affecting nervous system and sensory organs

(drugs)

* 2 Agents affecting individual organs.

> 334% others

K numbers to C/D/G/R numbers

Convention of map number prefix

ko/ec/m

Each box is manually

associated with KO identifier
(K number), EC number, and
reaction identifier (R number)

ko00010

Blue boxes represent selection

of K numbers, EC numbers, or
R numbers

Green boxes correspond to gene
identifiers in an organism that are
computationally converted from K
numbers
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Global metabolism map - Reference pathway

G .. i gETm T e .
[ I
e ==
G ] }
S —m
Global metabolism map - Homo sapiens
G .. o eTmET e prn—
G |
- - (Ens
)
G %
o ==»
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Global metabolism map - Escherichia coli

Pathway Entry

Text-based representation of KEGG pathway maps

... W)

Pathway MODULE

Tighter functional units in KEGG pathway maps

parkose chosghots patheay 18 8 6rucess oF gluceta suroorer thok produces WAOM c3
recuting equivalents end pestoses os essenticl ports of nucleot Thare ore two
¢ifferent chotes in tre gothway. One is {rreversidle oxidotive Soote 1 sich
glucose-67 (s converted to ribulose-SP by oxidotive decorbaxylotion, and NADPH is
generated [MO:MN00E]. The othes s reversible non-oxidative shase (n which
proschorylated sugors are § .r«mm-u to genecate xylulose-37, ribulose-39, ond
ribose-5P [MO:MNGO7). Prosshoribesyl pyrephosshate (PRIP) formed from ribote-50
po: ) (s on extiveted compound Uied ih the blosyrthests 3o hiseidion end
purine/pyrimidine nucleotides, This anu-q mp 0130 shows the Entnes-Doudoroff

patheay whese 6-P-gluconate {5 dehydrated ond then cleaved into pyruvate ond
ol yceral denyde-32 [MO:M024).

Class. Metozoliss; (sebohydacte Metobslise
SR ey

Pothway Pentose prosghote 2othwey

0123 -
RE20%6 (OIS -» (D462

DSOS (4442 -> (0118 + CROOI2

00663 " a1phe-5-Clucaee &phosphate
C01172 Beta-D-Glucose E-ghosphate
0123 D-Glucono-1.5:Laceore 6-phosshate
325 &-Phosobo-0-gleconcte
B2 2-Ouhdro-3-ducny--shoigho-2-glucenate
coot 18 Mlmulml
covezz

ALOB)

KEGG-NCBI Collaboration
KEGG NCBI

GENES
PATHWAY
COMPOUND
DRUG

RefSeq (Gene)
BioSystems
PubChem
PubChem
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KEGG LIGAND
and chemical bioinformatics

Bioinformatics for Small Molecules

Chemical structure similarity
» Comparison of bit-represented vectors (fingerprints)
» Comparison of graph objects

Chemical building blocks
» Conserved substructures as building blocks of compounds/drugs
» Variable substructures as building blocks of reactivity/efficacy

Network modules
* Genomic module, e.g. operon
* Chemical module, e.g. overall reaction

Predictive methods
» Interaction prediction, e.g. toxicity
» Reaction prediction, e.g. metabolic fate

Examples
» Plant/fungi/bacterial genomes and secondary metabolites via
biosynthetic pathways
« Bacterial genomes and environmental compounds via biodegradation
pathways

23



Chemical structure prediction
Linking genomes to small molecules

KO assignment Enzyme repertoire Chemical repertoire
Gone KO Glycosyltransferases |:> Glycans
10003 K01301
10004  K01301
10005  K01068 Polyketides /
10007 K02564 PK/NRP synthases :> nonribosomal peptides

10008  K04897
10020  K00885
10020  K01791
10021 K04957
10023  K03069
10026  K05290
10038  K00774
10039  K00774
10050  K08193
10051  K06675
10052  K07616
10056  K01890

Fatty acid Polyunsaturated
desaturases/elongases :> fyatty acids
Knowledge on
............ biosynthetic pathways

I

10057  K05668
10058  K05661 Enzyme-catalyzed Human-made

10059  K01528 . . . .
o chemical transformations chemical transformations

Genes to K numbers for Genome :> Biosynthetic :> Natural :> Drugs

specific enzyme groups pathways products

Biodegradation Environmental
Genome <:I <:I
pathways compounds

Linking genomes to chemical structures

Glycans

* Hashimoto, K., Goto, S., Kawano, S., Aoki-Kinoshita, K.F., Ueda, N., Hamajima, M., Kawasaki, T.,
and Kanehisa, M.; KEGG as a glycome informatics resource. Glycobiology 16, 63R-70R (2006).

« Kawano, S., Hashimoto, K., Miyama, T., Goto, S., and Kanehisa, M.; Prediction of glycan structures
from gene expression data based on glycosyltransferase reactions. Bioinformatics 21, 3976-3982
(2005).

« Hashimoto, K., Tokimatsu, T., Kawano, S., Yoshizawa, A.C., Okuda, S., Goto, S., and Kanehisa, M.;
Comprehensive analysis of glycosyltransferases in eukaryotic genomes for structural and functional
characterization of glycans. Carbohydrate Res. 344, 881-887 (2009).

Polyketides & nonribosomal peptides

* Minowa, Y., Araki, M., and Kanehisa, M.; Comprehensive analysis of distinctive polyketide and
nonribosomal peptide structural motifs encoded in microbial genomes. J. Mol. Biol. 368, 1500-1517
(2007).

Polyunsaturated fatty acids

* Hashimoto, K., Yoshizawa, A.C., Okuda, S., Kuma, K., Goto, S., and Kanehisa, M.; The repertoire
of desaturases and elongases reveals fatty acid variations in 56 eukaryotic genomes. J. Lipid Res.
49, 183-191 (2008).

Environmental compounds

+ Oh, M., Yamada, T., Hattori, M., Goto, S., and Kanehisa, M.; Systematic analysis of enzyme-
catalyzed reaction patterns and prediction of microbial biodegradation pathways. J. Chem. Info.
Model. 47, 1702-1712 (2007).
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N-Glycan Precursor Structure

ALGY
2.4.1.-
Manat 2Manat 2A|;G112
ALG9 SManat 2&(312
241- ALes \ -
Mana1 2Manat” 2 4 4 - 6
DPM1 sMangp1 4GIcNAcp1 4GIcNAC at PP-Dol
24183 / ALG1 ALG13 ALGT7
e ALG2
Gleat 2Glcat 3Glcat 3Manat 2Manat 2Mana”y 4 1 130 24.1.142 ALGT4 27815
4.1 2.4.1.141
ALG10  ALG8  ALG6 ALG11  ALG11
2.4.1.- 241~  24.1- 2.4.1.- 2.4.1.-
ALG5
2.41.117
K03864
R06261
Mana1 2Manat ggggéz)
K03846 SMana 'é%ggfé
R06259 03845 \
Manat 2Manat
K;)Of;% SMang GlcNAcH——4GlcNAG « PP-Dol
R01009 / K03842 K07432 K01001
o a0lcu1——Glou1——Man——aMane1——oana/ KO3 ROSOT2  KOT441  Ro5969
K03850  K03849  K03848  KO03844  K03844
R06264 R06263 R06262  R06128  R06127
K00729
R01005
Truncated glycan structures in parasitic protists
and algae predicted from genomic information
A. N-glycan Precursor B. GPl-anchor Core
Q@u2—@ub Hsa, Sce, Ddi Q2—@u2—@u6—@ud—GleN—PI
Hsa, Ath, Sce, Ddi >..m
@ 2—@u3 (34— 34— PP-Dol Ath, Tbr @2—@u6—@ ud—GIeN—PI
02 —03—0u 3 — 02— 0 2—0 13/ (GleNAC2Man9Gle3) Ehi, Tan @06—@ 14 —GleN—P]
@2—@ub Cme Pl
tps >.m Hsa: H Tbr: 7 ;
) @3 I sa: Homo sapiens br: Trypanosoma brucei
Diatoms 02— B—MBI—=PPDol L\ rabidopsis thaliana Ehi: Entamoeba histolytica

03 —@3—@u2—@u2—@ 3 (GIeNAC2Man9Gle2) Cme: Cyanidioschyzon merolae I'ps: Thalassiosira pseudonana

Olu: Ostreococcus lucimarinus

N Ota: Ostreococcus tauri @ Glucose
@u2—@ub Sce: Saccharomyces cerevisiae @ Mannose
a6 i ) 7 ) ideum :
‘ X0 Ddi /J‘n tyostelium .fmu..u um W N-acetylglucosamine
Olu, Ota, Tbr @ 2—@u3 34—l p4——PP-Dol lan: Theileria annulata
Green algae @ —@3 .
Trypanosgoma 02— @ 2—@u (GleNAc2Man9)
@ub
Ehi >[H—.l'v4+l’l‘-[)nl
Entamoeba O2—Q@2—@u3 (GIeNAc2Mans)

Hashimoto, K., Tokimatsu, T., Kawano, S., Yoshizawa, A.C., Okuda, S., Goto, S., and Kanehisa, M.;
Comprehensive analysis of glycosyltransferases in eukaryotic genomes for structural and functional
characterization of glycans. Carbohydrate Res. 344, 881-887 (2009).
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Chemical structure comparison based on atom typing

3-Hydroxypropanoate

3-Oxopropanoate

Common (i) I

Common (ii)

Hattori, M., Okuno, Y., Goto, S., and Kanehisa, M.; Development of a chemical structure comparison method
for integrated analysis of chemical and genomic information in the metabolic pathways. J. Am. Chem. Soc.
125, 11853-11865 (2003).

Carbon 23 types

KEGG atom types

Nitrogen 16 types

Oxygen 18 types

Alkane Cla [R-CH3 Amine Nla [R-NH2 Hydroxy Ola [R-OH
Clb [R-CH2-R Nib [R-NH-R Olb [N-OH
Clc [R-CH(-R)-R Nlc [R-N(-R)2 Olc [P-OH
Cld [R-C(-R)2-R Ni1d [R-N(-R)3+ Old [S-OH
Cyclic alkane | Clx | ring-CH2-ring Cyclic amine Nix |ring-NH-ring Ether 02a [R-O-R
Cly [ring-CH(-R)-ring Nly [ring-N(-R)-ring 02b [P-O-R
Clz |ring-CH(-R)2-ring Imine N2a |R=N-H O2c [P-O-P
Alkene C2a [R=CH2 N2b [R=N-R 02x [ ring-O-ring
C2b |R=CH-R Cyclic imine N2x [ ring-N=ring Oxo 0O3a [N=O
C2¢c [R=C(-R)2 N2y [ ring-N(-R)+=ring O3b_[P=0
Cyclic alkene [C2x [ring-CH=ring Cyan N3a |R=N 03¢ [S=0
C2y [ring-C(-R)=ring Aromatic ring | N4x | ring-NH-ring Aldehyde O4a [R-CH=0
ring-C(=R)-ring N4y |ring-N(-R)-ring Ketone 0O5a [R-C(=0)-R
Alkyne C3a |R=CH N5x_|ring-N=ring O5x_| ring-C(=0)-ring
C3b [R=C-R NS5y [ ring-N(-R)+=ring || Carboxylic acid [ O6a | R-C(=0)-OH
Aldehyde C4a [R-CH=0 Undefined N NO Ester O7a |R-C(=0)-O-R
Ketone C5a | R-C(=0)-R 0O7x_ [ ring-C(=0)-O-ring
Cyclic ketone | C5x | ring-C(=O)-ring Undefined O 00
Carboxylic acid [ C6a [R-C(=0)-OH
Carboxylic ester] C7a_|R-C(=0)-O-R Sulfur 7 types Phosphorus 2 types
C7x | ring-C(=0)-O-ring
Aromatic ring | C8x_| ring-CH=ring Thiol Sla [R-SH [Attatched to other elements[ Pla_[P-R
C8y | ring C(R)=ring Thioether S2a_[R-S-R [ Attatched to oxygen [Pib_[P-0
Undefined C__[CO _ Six ring-S-ring
Disulfide Sgi };Z_S_;‘_ Ting Other elements 2 types
Sulfate S4a_[R-SO3 [Halogens [X  [F.CLBrI
Undefined S S0 [ Others [z
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Reactant pairs extracted from enzymatic reactions

EC1. Oxidoreductases

A.red + C.ox <=> A.ox + C.red
L 1

EC2. Transferases

EC (Enzyme Commission) number

AB+C < A+BC » EC numbers represent classification of
| enzymatic reactions (and enzymes)
EC3. Hydrolases .
I | * Manually assigned by IUBMB-IUPAC
AB + H,O <=> AH + BOH Biochemical Nomenclature Committee
EC4. Lyases * Published experimental evidence on the

enzyme and the reaction is required
AB <& A+B .
EC5. Isomerases * Four numpers sepgrated b.ylp.erlods,
representing reaction specificity (class,

sub-class, and sub-subclass numbers)

A A and substrate specificity (serial number).
ECS6. Ligases

A+B+ATP ¢ AB+AMP + PP,
. |

Reactant pair transformation patterns (RDM patterns)

R00259 (C00024 + C00025 <=> C00010 + C00624 [EC:2.3.1.1]
Acetyl-CoA + L-Glutamate <=> CoA + N-Acetyl-L-glutamate

RP04458 C00025 C00624
0] 0
0 (0]
HO OH
o~ Ao —— Tl
NHz
L-glutamate 0 N-acetyl-L-glutamate

® Reaction center N1a-- N1b

@ Difference atom  (H) -- C5a

@ Matched atom Cic--Clc RDM pattern

Kotera, M., Okuno, Y., Hattori, M., Goto, S., and Kanehisa, M.; Computational assignment of the EC numbers
for genomic-scale analysis of enzymatic reactions. J. Am. Chem. Soc. 126, 16487-16498 (2004).
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Prediction of xenobiotics degradation pathways

ia

Farx " -

Ty 4]

. Cofactors

Y - f; Predicted pathways for

1,2,3,4-tetrachlorobenzene

RDM patterns for xenobiotics
biodegradation pathways

Carbohydrate
Energy

Lipid
Nucleotide
Amino Acid
Other aa
Glycan
PK/NRP

Sec.metab.
Xenobiotics

RDM patterns
Chemical structure transformation
patterns in known enzymatic reactions

Oh, M., Yamada, T., Hattori, M., Goto, S., and Kanehisa, M.; Systematic analysis of enzyme-catalyzed reaction
patterns and prediction of microbial biodegradation pathways. J. Chem. Info. Model. 47, 1702-1712 (2007).

K[CG COMPOUND: Co4884

Structural Similarity Search

SIMCOMP for
chemical structures
of small molecules

SIMCOMP Search Reawn

K GLYCAN: G20109
¢

KCaM for
glycan
structures
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KEGG DISEASE and DRUG:
An ultimate knowledge base

Disease and Drug Information in KEGG

KEGG DISEASE

KEGG DRUG

URL http://www.genome.jp/kegg/disease/ http://www.genome.jp/kegg/drug/
Content Lists of disease genes and molecular  Chemical structure based collection of
factors all approved drugs in Japan, USA, and
Europe
Pathway KEGG pathway maps for human KEGG DRUG structure maps for drug
diseases: cancers, immune disorders, development
neurodegenerative diseases,
metabolic disorders, and infectious
diseases
BRITE Disease classifications including: Drug classifications including:
hierarchy  pathogens and infectious diseases Therapeutic category of drugs (Japan)

Human diseases
ICD-10 disease classification

USP drug classification (USA)
ATC classification (WHO)

TCM (Traditional Chinese Medicine)
drugs in Japan
Crude drugs
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Colorectal cancer

COLORECTAL CANCER

Chromosmme Unstable (CIN) pathway
Microsatellite Unstable (M ST) pathway
Normal epithelium

=

Dysplastic ACF
|

Early sdenoma

Intermediste adenoma

Late adenoma.

Genetic alterations

Colorectal epithelial cell Oncogenes [eatenin, K-Ras

Tumor suppressors : AFC,DCC, TGFRRIL, Smad2,
Smadd, Bax, pS3
WMLH1, WM SH2, WM SH3, WM SHS

DN, repair genes.

— —w Ant-apoptosis

——% Proliferation

——» Poliferation

Carcinoma

05210 8109106

CASP3
MSI pathway
only
CASPY
5P3 Suppressed apoptosis
— ppressed apop
L p— _ _ . Lossof growih inhibitory
effects of TGFP
3 DNA
|
~ [ToFERD
Genes with coding WS
st & O I
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Bax
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apoptosis
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o w5 ] O ———# Impaired G1 cycle amest
g DNA Reduced apoptosis

Colorectal cancer in the global cancer map
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KEGG DISEASE KEGG DRUG

4 N
) H90004 . Chemical structure
Chronic myeloid leukemia (CML)
Disease gene Cancers DO1441
BCR-ABL (translocation) . Jo a0,
EVI1 (overexpression) 55 DISEASE entries e ™
AMLA1 (translocation) 14 pathway maps ;
p16/INK4A (mutation) 1 global map Generic name
53 (mutation
E{m((m”uta'ﬁon)) Imatinib mesilate (JAN)
Carcinogen Imatinib mesylate (NF)
1,3-Butadiene Trade name
Rubber industry Gleevec (TN)
Marker Glivec (TN)
BCR-ABL (translocation) | |
" g KEGG PATHWAY Effcacy
Imatinib mesylate (Gleevec) Therapeutic categories as
Hydroxyurea BRITE hierarchies
\___Interferon-alpha i Target

Target information as a
context of KEGG pathways

Drug structure map
Chemical modifications
in drug development

KEGG DRUG

Chemical structure based information resource for all approved drugs

/ Chemical structure \

D00109 Number of entries
a_om CAS: 50-78-2 KEGG DRUG: 8,912
] o, oty EEII)E%TEE;;;SSM Crude drugs 263
) o : TCM formulas: 229
— Research community JAPIC: 12,763
Generic names JAPIC-OTC: 12,080
(As of June 12, 2009)
Trade names JAPIC code
Aspirin Bayer (TN) 00051357 Package insert information,

........................ including side effects,
| drug interactions, etc.

JAPIC
Efficacy,
Target information, Approval numiber JAN code (barcode) YJ code
Drug classification,
History of drug 21700AMY00243 | | 4987222735865 | | 1143001X1228
development, | | s | [
Regulatory agency Industry Doctors Patients
KEGG DRUG Pharmacists Consumers
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Herbal Medicine in KEGG

K[cc Traditional Chinese Medicine in Japan

vvyvy

¥ Crude Drugs Kbc
(ai )

¥ Drugs for relieving the exterior

Crud drug: combination of compounds

orua: posses K@kkon (Pueraria root)
Nﬁ )

> Diaphorer.ics pungent in flavor and warm m prope
oretics pungent in a n property
arTa root (JP15); Paceazia oot (1N)
Chrysanthemum flower (JP13)

D06723 Burdock fruit (Jp15) Component |5

D06727 Bupleurum root (JP15); Bupleurum root (TN)
D06745 Cimicifuga rhizome (JP15); Cimicifuga rhizome

Entry !

D06693 Crude Drug
ria root (JP1S); . .

ria root (TH) Biosynthetic pathways
[DR:DO6507] (CPD:CO0369), Daidzin (CPD:C10216], Daidzein
10208], Puerarin [CPD:C10524), Puerarinxyloside, Methyl

D05431 Peppermint (JP15/NF); Peppermint (TIN)
Drugs for clearing heat Source

iobata (TAX:365:] Plant genomes

Purgative drugs Romark
Drugs for dispeling wind-damp (antirheumatics)
Aromatic drugs for resolving dampness

Therapeutic category: 5100

Drugs for inducing diuresis and excreting (di

Drugs for warming the interior
Drugs for regulating Qi Other Das

Drugs for removing food stagnation (digestants) LinkoB

Drugs for expelling parasites (anthelmintics)

Al D8s ) \

Hemostatic drugs

Drugs for promoting blood circulation and removing blood stasis
Expectorant, antitussive and anti-asthmatic drugs

Drugs for calming the spirit (tranquilizers)

Drugs for calming the liver and extinguishing wind

Drugs for resuscitation

Drugs for supplementing efficiency (tonics)

Astringent drugs

Formula; combination of crude drugs

DRUG: D06698 Kakkonto
)

Emetic drugs
Drugs for external use

YYYYYYYYYYYYVYYVYYVYY

v Formulas
¥ Formulas for relieving the exte Component.
¥ Fo for ving the exterior with pungent warmnes|

Pucraria root [DAR|

D06638 ormula  Drug
Kakkonto extract
Kakkonto

, Ephedra herb [DR:D06791], Jujube
[DR:D06758), Peony root (DR:D06739 D068S0), Glyeyrrhiza [DR:D04365

06698 Kakkonto extract (JP15); Kakkonto D06828), Ginger [DR:DO8744 DO6ESZ), Cinnamon bark [DR:DO6712 DO641)
T Kakkontokasenkyushin'i or Cinnamon quassia [DR:D06898)

D06939  Xeishikaogito -

D06940 Xeishikakakkonto Activity [Cold:

D06941 Keishikakobokukyoninto Coryza

D06944  Keishikajutsubuto Remark Therapeutic category: 5200

D06947 Xeishito

D06953 Xeimakakuhanto Ry

D06954  Xososan [other DBs|PubChem: 41206149

D06987 Shoseiryuto

D07042 Maoto LinkDB All DBs

D07045 Makyoyokukanto
» Formulas for relieving the exterior with pungent coolness
» Formulas for relieving the exterior by supporting the normal
» Purgative formulas
> Formulas for mediation

KEGG pathway mapping

of chemical components

in herbal medicine

Pathway Search Result

. mlpW!ll Flavonoid biosynthesis
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KEGG DRUG structure maps

for the history of drug development

Calcineurin inhibitor
Immunosuppressant

Ciclosporin
Tolypocladium inflatum
1972 Sandoz

Tacrolimus

Streptomyces tsukubaensis
1984 Fujisawa

Chemical modification patterns in drug development
Towards understanding chemical architecture of marketed drugs

Corn e

masecance

3,745 drugs from KEGG DRUG

236 core structures
506 peripheral fragments

255 drug pairs from 28 maps

204 modification patterns

Inactive metabolite

o
D00189(C05484)

DO1533

o

1974 ?
o
1975 %

Reconstructed drug structure map

0
1997
Synthetic hormore
B ——
o]

D04300

Non-virilizing androgenic
steroid Aelecnve high-affinity,

steroid modulator

\1979 , o of the GABA(A) receptor
N.
~
/ o] Anesthetic
DO5041

A synthetic steroid with anabolic
and androgenic activities

Do4g47

Shigemizu, D., Araki, M., Okuda, S., Goto, S., and Kanehisa, M.; Extraction and analysis of chemical
modification patterns in drug development. J. Chem. Info. Model. 49, 1122-1129 (2009).
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Summary

KEGG Services

KEGG top page

KEGG Home
Introduction

Overview

Release notes
Current statistics

KEGG Identifiers

KGML
KEGG API
KEGG FTP

KegTools

Feedback

GenomeNet

Web

FTP

FTP server

DRUG
DISEASE

Web server

Organisms (Human, etc.)

GLYCAN

API server

PLANT

ORTHOLOGY
[ PATHWAY BRITE GENES LIGAND ‘J
KegSketch KegHier KegArray KegDraw
Atlas iKeg
KEGG2 page
KEGG2 ATLAS PATHWAY BRITE Ko GENES SSDB LIGAND DBGET

KEGG2 DISEASE DRUG GLYCAN COMPOUND

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

A new XML version of KEGG pathway maps will be
available in both KGML and BioPAX Level 2 formats.

SOAP
REST

REACTION PLANT Organisms

http://www.genome.jp/kegg/soap/
http://lwww.kegg.jp/entry/keggid
http://www.kegg.jp/pathway/keggid
http://www.kegg.jp/brite/keggid




KEGG Integrated with Other Resources

Namespace for KEGG objects

Release Database

Object identifier

1995 KEGG PATHWAY
KEGG GENES
KEGG ENZYME
KEGG COMPOUND

2000 KEGG GENOME

2001 KEGG REACTION

2002 KEGG ORTHOLOGY

2003 KEGG GLYCAN

2004 KEGG RPAIR

2005 KEGG BRITE
KEGG DRUG

2007 KEGG MODULE
KEGG DISEASE

2009 KEGG DPAIR

map number
locus_tag / GenelD
EC number

C number
organism code
R number

K number

G number

RP number

br number

D number

M number

H number

« KEGG is a computer representation of the
biological systems.

» KEGG objects (database entries) are
highly integrated.

» KEGG objects are linked to/from major life
science databases.

» KEGG objects are part of the Web; they
can be found by Web search engines.

DP number

Biological system

v
<

Google

Life science databases

Web

KEGG for biological interpretation of large-scale datasets

Genes and proteins

Identical K numbers

Genome sequences
Metagenomics data
EST data

Gene expression data
etc.

—>

Pathway mapping

BRITE mapping
Structure mapping

KEGG PATHWAY
Pathway maps
Global maps
Structure maps
KEGG BRITE
Functional hierarchies

Chemical substances

Metabolomics data
Glycomics data
etc.

Large-scale data sets

Binary relations

Identical C/D/G numbers

—>

Structural similarity

KEGG MODULE
Gene/molecule lists

KEGG DISEASE
Gene/molecule lists

Mapping as a set operation  Reference knowledge base

of systemic biological functions

etc.

Protein-protein interactions
Protein-small molecule interactions | +

KEGG PATHWAY Extended
Pathway maps |:|,> interaction
Global maps network
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Changing roles of bioinformatics:
molecules to molecular systems

More divergent datasets

Biopolymers: DNA, RNA, protein, glycan, lipid, polyketide,
nonribosomal peptide, etc.

Small molecules: metabolite, environmental compound, drug, etc.
Molecular systems: pathway, complex, ontology, etc.

More complex data types

Biopolymers: linear sequence, circular sequence, tree structure,
3D structure

Small molecules: chemical structure, 3D structure

Molecular systems: graph, tree, list, etc.

Hierarchy of data

atom - molecule - molecular system

monomer - biopolymer

molecule - molecular interaction - molecular system
cell - cellular interaction - cellular system

Changing roles of bioinformatics:
basic research to practical values

Diseases viewed as perturbed states of molecular systems

Capturing knowledge on molecular systems :> KEGG PATHWAY
both in normal and perturbed states KEGG DISEASE

Capturing knowledge on drugs as |:> KEGG DRUG
perturbants to molecular systems

Capturing knowledge on natural product :> KEGG RPAIR

biosynthetic pathways and human-made KEGG DPAIR
chemical structure transformations
Generating knowledge from genome I:> KEGG ORTHOLOGY

sequencing and other high-throughput data

Knowledge based analysis of human diseases

Drug discovery from the genomes of plants and microorganisms
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