Using the KEGG Database Resource

UNIT 1.12

KEGG (Kyoto Encyclopedia of Genes and Genomes) is a bioinformatics resource for
understanding biological function from a genomic perspective. It is a multispecies,
integrated resource consisting of genomic, chemical, and network information with
cross-references to numerous outside databases and containing a complete set of building
blocks (genes and molecules) and wiring diagrams (biological pathways) to represent
cellular functions (Kanehisa et al., 2004).
In this unit, protocols are described for using the five major KEGG resources: PATHWAY,
GENES, SSDB, EXPRESSION, and LIGAND. The KEGG PATHWAY database (see
Basic Protocols 1 to 4) consists of a user-friendly tool for analyzing the network of
protein and small-molecule interactions that occur in the cells of various organisms.
KEGG GENES (see Basic Protocols 5 and 6) provides access to the collection of gene
data organized so as to be accessible via text searches, from the PATHWAY database, or
via cross-species orthology searches. The KEGG Sequence Similiarity Database (SSDB;
see Basic Protocols 7 to 9) consists of a precomputed database of all-versus-all SmithWaterman similarity scores among all genes in KEGG GENES, enabling relationships
between homologs to be easily visualized on the pathway and genome maps or viewed as
clusters of orthologous genes. The KEGG EXPRESSION database (see Basic Protocols
10 to 14) contains both data and tools for analyzing gene expression data. User-defined
data such as microarray experiments may also be uploaded for analysis using the tools
available in KEGG EXPRESSION. Finally, KEGG LIGAND (see Basic Protocols 16
to 19) is a database of small molecules, their structures, and information relating to the
enzymes that act on them. All KEGG databases are heavily cross-referenced, providing
a truly integrated view of biological processes.

THE KEGG PATHWAY DATABASE: GETTING STARTED
This protocol provides an introduction to the KEGG Pathway database. The KEGG
Pathway Database is a collection of manually drawn reference diagrams, or maps, each
corresponding to a known biological network of functional significance. Each map is a
union among multiple species, but species-specific pathways can be viewed by colorizing
the genes of a given species.
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The items on the pathway map are represented by various symbols (Fig. 1.12.1). Most of
the nodes of a pathway map are rectangles that represent gene products, usually proteins.
Small circles represent chemical compounds and other molecules. Large ovals represent
links to other pathway maps, and a cluster of rectangles represents a protein complex.
There are also a number of interaction types—or edges—on the pathway map, including
(de)phosphorylation, ubiquitination, and glycosylation, among others. Thus the KEGG
pathway maps provide a comprehensive view of the biological network.

Necessary Resources
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Computer with Internet access
Software
Web browser
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Figure 1.12.1

Symbols on the KEGG pathway map and their descriptions.

1. Open the KEGG GenomeNet Web page at http://www.genome.jp/ and click on the
KEGG2 link located in the navigation bar at the top of the page.
2. This brings up the KEGG Table of Contents (Fig. 1.12.2) which is the entry point to
all of the KEGG databases.
3. Click on KEGG PATHWAY” in the “Database column of the table near the top of
the page.
4. This brings up a list of KEGG’s numerous pathways organized in a hierarchical
manner (Fig. 1.12.3). Each level of the hierarchy corresponds to an increasingly
specific view of the biological network. For example:
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a. Click the “1. Metabolism” link to display the KEGG metabolic pathway data from
a bird’s-eye view. This makes it easy to see the overall picture of how the pathways
interact with one another in a network (Fig. 1.12.4).
b. Return to the previous page and click on the “1.1 Carbohydrate Metabolism” link
for an example of a second-level pathway (Fig. 1.12.5). The various components
of carbohydrate metabolism are displayed.
c. Return to the previous page and click on the “Glycolysis/Gluconeogenesis” link
to view the most detailed level of a pathway (Fig. 1.12.6). At the top, a pull-down
menu of organisms can be used to colorize the parts of the pathway that are known
to exist for any given species. Select a different organism to display the genes
involved for that organism as colored nodes. The “Current selection” button will
display the list of organisms available in the pull-down menu, and the Select button
to its right can be used to edit this list.
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Figure 1.12.2 The KEGG Table of Contents, via which all of KEGG’s numerous resources can
be easily accessed. To view the Pathways, click on the KEGG PATHWAY link in the Database
column of the table, as indicated.

d. Looking at this map more closely, one can see the sequences of reactions involved
in this pathway. For example, one can see that the circled enzyme 5.4.2.1, which
is phosphoglyceric acid mutase, catalyzes the reversible reaction of 3-PGA to
2-PGA.
5. Click on the node of the enzyme 5.4.2.1 (shown circled in Fig. 1.12.6) to see the
information for this enzyme entry (not shown). Scroll down to the Genes section of
this page and click on entry HSA:5223 to view the detailed information page, called
the GENES Entry, available for this gene as shown in Figure 1.12.7. The details of
the available information in the GENES Entry will be covered later in Basic Protocol
5 and 6.
Alternatively, one can obtain the GENES entry page directly from the pathway map shown
in Figure 1.12.6 by selecting the organism to be “Homo sapiens” in the drop down menu
at the top of the page, clicking Go and then clicking on enzyme 5.4.2.1 on the resulting
pathway map page.
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Figure 1.12.3 The main KEGG Pathway Database page from which dozens of pathway maps
can be referenced. Each level in the hierarchy of maps provides different views of the pathways,
providing a comprehensive and user-friendly resource for studying the molecular interaction networks of cells and organisms.
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KEGG PATHWAY: KEGG MARKUP LANGUAGE (KGML)
The KEGG Markup Language, or KGML, has been developed so that graph objects in
KEGG may be easily transferred, reconstructed, and displayed in a system-independent
manner. All metabolic pathways and some regulatory pathways such as signal transduction are now available in KGML.
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Figure 1.12.4

Reference pathway map for all metabolic pathways in general.

Files
XML file in KGML format (optional)
1. Access the KGML Web page at http://www.genome.jp/kegg/xml/ to obtain pathway
information in KGML format. Links to all metabolic pathways can be downloaded
in XML format, as well as in HTML format and as an image file. For this example,
click on “KEGG reference metabolic pathways.”
Alternatively, it is possible to access the KGML Web page by first accessing the KEGG
Table of Contents from the GenomeNet home page as described in Basic Protocol 1, and
then clicking the XML link on the toolbar need the top of the page.
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Figure 1.12.5

Carbohydrate metabolism map.

2. Select a pathway to download. For this example, scroll down to the “Metabolism
of Cofactors and Vitamins” section and select the “graphics” link of map00770,
Pantothenate and CoA biosynthesis.
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3. This will display the pathway in the KGML Pathway viewer, as displayed in Figure
1.12.8. This is a user-friendly Java applet viewer. Individual nodes may be doubleclicked to view the corresponding DBGET entry, whether it be a compound, enzyme,
reaction, or gene.

1.12.6
Supplement 11

Current Protocols in Bioinformatics

Figure 1.12.6 Glycolysis/gluconeogenesis pathway map at the most detailed level. Different views based on organism
may be selected via the pull-down menu at the top. The circled node indicates the location of phosphoglyceric acid
mutase.

KEGG PATHWAY: COLORING EC NUMBERS
The KEGG Pathways provides a comparative genomics analysis tool whereby genes from
multiple pathways may be visualized simultaneously. This protocol describes how genes
in the pathway maps can be colorized so that it is possible to graphically view both the
location in the pathway map and the correspondence of the given genes among several
organisms. For example, given several genes whose function has been hypothetically
determined, one may easily examine the pathways for organisms containing the genes.

BASIC
PROTOCOL 3

Necessary Resources
Hardware
Computer with Internet access
Software

Using Biological
Databases

Web browser

1.12.7
Current Protocols in Bioinformatics

Supplement 11

Figure 1.12.7

The GENES Entry page showing detailed information for the selected gene.

1. Access the KEGG Table of Contents as described in Basic Protocol 1. Click on the
“Color objects in KEGG pathways” link under “Search & Compute” in the KEGG
PATHWAY Database row. This will bring up a search window (Fig. 1.12.9).
Note that the “Search objects in KEGG pathways” also provides similar functionality.

2. Assuming that one has a list of EC numbers of enzymes collected while studying
Anabaena, and that one wishes to compare these to those in the Synechocystis pathway, carry out the following example search. Select the Synechocystis sp. PCC6803
pathway from the pull-down menu under “Search against” and copy-and-paste the
list of EC numbers into the large text field.
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Note that it is also possible to upload a file of EC numbers using the upload field located
below the large text field (labeled “Alternatively, enter the file name containing the
data:”).
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Figure 1.12.8 KGML Viewer. Individual nodes may be double-clicked to view its corresponding DBGET entry, whether
it be a compound, enzyme, reaction, or gene. This viewer gives the user a quick and convenient overview of all the
relationships available in KEGG, which can be stored or transferred in a machine-independent manner.

3. Within this set, assume that there are a few genes in which one is particularly
interested. In order to specify the color in which the corresponding search hits are to
be displayed, type the text red next to EC number 3.6.1.7, for example.
4. Click the Exec button to see the results (Fig. 1.12.10). At the top of the page is a list
of those objects not found, followed by a textual listing of all of the pathways that
contain the EC numbers and organism specified. Clicking on “Pyruvate metabolism”
brings up the page illustrated in Figure 1.12.11, which shows the genes found only
in the Synechocystis pathway colored green, genes common to both Anabaena and
Synechocystis colored pink, and the specified genes (see step 3) in red. From here,
various items may be inspected to see the GENES entries or other pathways, or
chemical compounds involved with these genes in this network.

KEGG PATHWAY: USING THE KEGG ORTHOLOG TABLES
The Pathway maps illustrate possible reaction paths and interaction networks retrieved
from experimental data in the literature over all organisms. However, gene functions
discovered by wet-lab experiments are organism-specific, and genes whose function has
been proven experimentally in the strict sense are extremely few compared to those found
by genomic analysis. It is expected that this gap will widen in the future. Homology-based

BASIC
PROTOCOL 4

Using Biological
Databases

1.12.9
Current Protocols in Bioinformatics

Supplement 11

Figure 1.12.9

Pathway coloring form.

hypotheses of gene function are imperfect. There are orthologous genes with the same
function but with low sequence similarity, and genes with high sequence similarity in
the same paralog group with significantly different functions. KEGG provides ortholog
tables to represent information in both a genomic context and a pathway-based context,
providing the user with a tool to visualize the context in which a gene function is
expressed. Thus, this protocol can be used to easily investigate all functionally related
genes, as well as the corresponding pathways in which they occur, in a single table.
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1. Access KEGG Table of Contents, then bring up the list of pathways, as described in Basic Protocol 1. Access the KEGG Ortholog Tables by clicking the
Ortholog link for a given pathway. Alternatively, click on the Ortholog Table link
above the organism pull-down menu at the top of any pathway map (see Basic
Protocol 1). For example, by clicking the Ortholog Table link at the top of the
Glycolysis/Gluceneogenesis reference pathway page shown in Figure 1.12.6 (at
http://www.genome.jp/kegg/pathway/map/map00010.html) one is taken to the Ortholog Table shown in Figure 1.12.12.
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Figure 1.12.10

Textual listing of EC coloring results.

In the Ortholog Table, rows correspond to organisms and columns correspond to ortholog
sets. Column names beginning with the letter E are KO (KEGG Orthology) identifiers.
In this example, these identifiers correspond to the EC numbers on the pathway map.
Each cell is color-coded to illustrate its genomic context. Genes that are next to one
another on the genome, such as operon structures, have a high probability of being
functionally located such that they are transcriptionally regulated simultaneously. Thus,
they are colored similarly.

2. There are many analyses that can be done with the Ortholog Table. For example,
under the Organism column, each entry has links to “P | G | T” corresponding to
Pathway, Genome, and Title. “P” links to the pathway map, “G” to the genome map,
and “T” to a list of gene functions. Clicking “P” will invoke a pathway map with the
boxes of the proteins colored according to the colors of those genes appearing in the
ortholog table. Therefore, it is possible to confirm those genes located consecutively
on the genome as those appearing consecutively on the pathway. Clicking on “G”
will invoke the genome map (introduced later in Basic Protocol 6), which will have
red lines indicating the genes that are in the Ortholog Table in the overall view and
red boxes around names of those genes in the detailed view. The listing of genes
provides a convenient interface for analyzing the genes selected. Next, take a look
at the genes aligned down the columns of the ortholog table. Click on the column
name (i.e., the KO name, the designation beginning with “E” under the number at
the head of each column) to display a list of all of the genes in the column, as shown
in Figure 1.12.13 for KO E2.7.2.3.
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Figure 1.12.11 The resulting pathway colored with the values speciﬁed. Note the genes in green
which are only found in Synechocystis, the ones in pink which are common to both Anabaena and
Synechocystis, and the ones in red whose color was speciﬁed. For the color version of this ﬁgure
go to http://www.currentprotocols.com.

From here, various operations can be performed, such as multiple alignments from the
amino acid sequences in FASTA format, dendrograms of relationships between genes
based on the SSDB clustering results, and searching common motifs in the selected genes,
which are the same operations available for the SSDB search results.See the section on
SSDB (Basic Protocols 7 to 9) for details on these procedures.

3. Because the ortholog tables are manually generated and updated, the default tables
contain only those organisms that are entered in the GENES database. For tables
containing entries for organisms not listed, go back to the ortholog table page (shown
in Fig. 1.12.12) and click on the Select button under the ortholog table title to open
a new window that allows organism selection.. Here, specific organisms may be
selected with All Species, Eukaryotes, Bacteria, or Archaea. Moreover, a userdefined list of organisms may be created and appended.
Note that the latter function cannot be performed if cookies are disabled in the browser.

4. As an example, click the Select button above the table and select Bacteria instead of
“All organisms.” Note that a user-defined list of organisms may also be entered in
the text box on the bottom half of this dialog box. Next, click Select to update the
ortholog table (Fig. 1.12.14).
Using the KEGG
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Figure 1.12.12 Ortholog Table for Glycolysis/Gluconeogenesis. The numbers above each column correspond to the
numbers in the pathway, illustrating the relationship of these orthologs in the pathway map. Each cell is color-coded to
illustrate its genomic context. For the color version of this ﬁgure go to http://www.currentprotocols.com.

In this way, it is possible to see patterns among various organisms. For example, for the
organisms at the top of this list, it is apparent that the enzymes of E4.1.2.13 class II,
E1.2.1.12, and E2.7.2.3 have a larger number of shaded cells than the others, indicating
that this path of reactions is shared in common and may be considered a closely related
ortholog group. The cells are shaded in different colors to distinguish between different
ortholog groups.

THE KEGG GENES DATABASE: GETTING STARTED
The KEGG GENES database is an annotated collection of more than 930,000 genes
in 304 organisms, derived from GenBank as well as the literature. Additional statistical information on the composition of the KEGG suite of databases can be found at
http://www.genome.jp/kegg/kegg1.html. An introduction to the various features of the
KEGG GENES database is given in this protocol, along with instructions for performing
a simple search for a specific gene.
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Figure 1.12.13 KO list for E2.7.2.3 where various operations can be performed for analyzing the
relationships between these genes.

1. Before delving into the protocol, it is first necessary to define the fields available in
a KEGG GENES Entry. Using Figure 1.12.7 as an example, the discussion in this
protocol refers to:
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a. GENE ID at the top of the figure (i.e., 5223) as the accession number listed in the
Entry field.
b. The KEGG ID is the GENE ID preceded by the three-letter organism code (e.g.,
hsa:5223). The other fields are as follows:
c. The taxon name of H. sapiens is hyperlinked to its DBGET entry as if a text-based
search was performed for this genome. This search result contains links to such
information as the publications from which it was defined and its GenBank entry.
d. The Gene name line lists the general gene names by which this entry is known.
e. The Definition line describes this entry in human-readable terms.
f. The KO line contains a hyperlink to the KO (KEGG Ortholog) entry to which this
gene belongs. It also contains links to its corresponding “OC search” and “OC
viewer,” which provide useful ortholog information for the given entry. These
tools are described in detail in Basic Protocol 4.
g. The Pathway line lists pathway maps in which this gene is involved.
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Figure 1.12.14 Ortholog table after selecting various organisms. Note how there seems to be a clustering of similarly
functioning genes according to the coloring in the middle of the table. For the color version of this ﬁgure go to
http://www.currentprotocols.com.

h. The Class line lists the hierarchical classification of this gene as listed in the Gene
Catalog. It can be seen that this gene is involved in the Glycolysis/Gluconeogenesis
pathway when the Gene Catalog button is clicked.
i. The SSDB line contains links to search results for paralogs, orthologs, motifs, and
gene clusters as calculated and stored in the KEGG SSDB database. This database
and its protocols are described in detail under Basic Protocols 7 to 9.
j. The Motif line lists known motifs that have been documented in this entry’s
sequence. Each link will display the corresponding motif database entry.
k. The Other DBs line provides links to outside databases that contain relevant
information corresponding to this entry.
l. The LinkDB line provides links to PDB and a summarized listing of all other
popular databases around the world, related to this gene. Some of the databases
currently referenced include GenBank, EMBL, GDB, and OMIM, among others.
For select organisms, links are also available to the GenomeNet Community
Databases (BSORF and CYORF).
m.The Position line indicates the location of this gene on the genome, and the
Genome Map link will display a view containing the position on the chromosome
map where this gene is located, with the gene name emphasized. The Genome
Map tool is described in Alternate Protocol 5.
n. The AA seq and NT seq lines contain links to the FASTA format amino acid and
nucleotide sequences corresponding to this gene. These are useful for performing
sequence analysis in that they can simply be cut-and-pasted.
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2. Access the KEGG GENES database from the KEGG GENES Database link on
the KEGG Table of Contents (accessed as in Basic Protocol 1), or via the URL
http://www.genome.jp/kegg/genes.html. The KEGG Genes database page is shown
in Figure 1.12.15.
KEGG GENES is actually a composite database where each organism is one database
and each gene within a database is one entry. The KEGG nomenclature is defined such
that either a database (organism) name,e.g., Homo sapiens, or the corresponding
three-letter code, e.g., hsa, can be searched. An entry (gene) name can be searched by its
accession number from its corresponding genome project database, such as b0002, or by
its common gene name, such as thrA. However, note that, while accession numbers and
primary gene names are unique, general gene names may result in a number of matching
entries.

3. To search for E.coli genes involved in citrate synthase, enter eco and citrate
synthase as the query terms at the “Search KEGG organism” bullet point, then
click Go. This will return a results page showing genes b0333 and b0720. Note that
this query will be considered as a Boolean search for citrate AND synthase.
Other types of searches such as citrate or synthase only, a gene name (e.g.,
gltA), or an EC number (e.g., 4.1.3.7) may be performed.
4. On the page that now appears, click “b0720” to see the KEGG GENES Entry for
this gene.

Using the KEGG
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Figure 1.12.15

Searching the KEGG GENES database by organism.
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KEGG GENES: USING THE GENOME MAP
Biological meaning can often be derived from the physical location of genes on the
genome. Examples of this can be found in the operons of prokaryotes and in the synteny
of eukaryotes. KEGG provides the Genome map browser, where genetic information can
be obtained from physical positions on the genome.
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Necessary Resources
Hardware
Computer with Internet access
Software
Web browser
1. From the KEGG Table of Contents page (accessed as in Basic Protocol 1), enter
bsu in the text box next to “Enter KEGG organism code” in the Specialized KEGG
section. Click Go. This searches for the organism Bacillus subtilis. The displayed
organism list shows two Genome headings, Genome Map and Genome Info, at the
upper right. Genome Info links to the KEGG GENOME Database entry containing
all of the information regarding the selected genome, such as the data sources, literary
references, and sequence sources. Click on Genome Map to display the Genome map
browser for Bacillus subtilis, as shown in Figure 1.12.16.
2. There are two views of the Genome map, a global view shown in Figure 1.12.16
and a local, more detailed view as shown in Figure 1.12.17. The global view can be
used to find genes everywhere in the genome by entering a gene accession number.
As the mouse is moved over the gray bar representing the chromosome in the global

Figure 1.12.16 Global view of genome map for Bacillus subtilis. By clicking on a greenhighlighted box in the global view (which follows the mouse as it is moved over the map), a
detailed view of the map will be displayed, as in Figure 1.12.17.
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Figure 1.12.17 Detailed view of genome map of Bacillus subtilis. If a KEGG gene has been
searched for in the global view, the corresponding gene ID will be boxed in red in this view.

map (Fig. 1.12.16), a green box follows the mouse to indicate which portion of the
whole map can be examined in detail. Click on a green-highlighted box in the global
view to display a detailed view of the genome map, as in Figure 1.12.17. In the case
that a gene has been searched for in the global view, the gene name in the detailed
view will be highlighted to emphasize its location. In the detailed view, the arrows
indicate the genes in the forward and backward strands, and the corresponding gene
names are linked to their KEGG GENES entries. Each gene is colored according to
its KO classification. The arrows at the top and bottom of the screen allow the user to
traverse the genome map in the corresponding direction The down and right arrows
move the viewing window right by 30,000 and 150,000 base pairs respectively;
the up and left arrows move the viewing window to the left by the corresponding
amounts.
Thus, the genome map provides a comprehensive, yet clearly visualized, illustration of
the genes under study and their positions on the genome. Combined with the other tools
in KEGG, such as the ortholog and paralog clusters described in Basic Protocol 9, the
understanding of related genes and their functions can be analyzed with a click of the
mouse.
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THE KEGG SSDB DATABASE: GETTING STARTED
The KEGG SSDB (Sequence Similarity Database) database is based on the concept of
whole-genome comparison as opposed to sequence comparison. This contrasts with the
older and less structured strategy of collecting as many sequences from as many species
as possible. Using the complete genome sequences (with a few exceptions, such as human
and mouse), KEGG SSDB performs amino acid–level sequence comparisons between
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all of the protein-coding genes in one genome against all of the genes in another genome.
This is done for all pairs in all known genomes. Not only does this produce sequence
similarity scores for all pairs of genes in all known genomes, but this also simplifies the
analysis of orthologs and paralogs.

Necessary Resources
Hardware
Computer with Internet access
Software
Web browser
Searching orthologs and paralogs with KEGG SSDB
1. Access the KEGG SSDB functionality via the URL http://www.genome.jp/
KEGG/genes.html.
2. Scroll down to the “Search orthologs:” field (under Precomputed Sequence Similarities) and enter the gene name. The format of this field is the three-letter species
code, followed by a colon, followed by gene name (e.g., for this example, enter
hsa:5921). Select “forward best” from the neighboring pull-down menu, then
click Go. The results of a search will produce a screen similar to that shown in
Figure 1.12.18.
To further refine the search, the species to search against may be specified by selecting
or deselecting the species listed under “Search against” on the page illustrated in Figure
1.12.18. If no species to search against are selected, by default, all species will be searched
against. Other search parameters include Threshold, which is the threshold for the SmithWaterman score. SSDB is limited to all genes whose similarity scores are at least 100, so a
threshold of 100 will retrieve all homology information. The “Select operation”pull-down
menu provides a variety of options for performing ortholog and paralog searches of the
query gene (described further in the on-line link).
The top half of the results page displays the query information, including the gene and
species, its corresponding KEGG ID and its GENES definition. The GFIT link will open a
new window to the results of the Gene Function Identification Tool (GFIT) system, which
lists the results with gene annotation information (Bono et al., 1998), and the similar
genes returned by SSDB are listed below all this header information.
In the search results list, along with each gene’s KEGG ID and GENES definition, the
length of the common amino acid sequence (len), the Smith-Waterman score (SW-score),
the bit score (bits), the percent of amino acid identity between the homologous portions
(identity), and the amino acid length of the homologous portions (overall) are listed.
Finally, the arrows (or lack thereof) in the right-most column, “best(all),” illustrate the
similarity type of the hit in relation to the query. These are described in Table 1.12.1.

3. It is possible to run the search by modifying the “Show,” “Sort by,” “Search against,”
and “Threshold” parameters and clicking the Exec button. The “Sort by” option,
which appears after the initial search, allows one to sort the results by SmithWaterman score, by species, or by a combination of the two.
4. Use the “Select operation” pull-down menu to integrate information from the search
results. To use this facility, check one or more of the listed genes, select the desired
operation, and click Select. Note that some operations may take longer with more selected genes. For illustration purposes, the following examples have been performed
on the top eight resulting genes.
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Figure 1.12.18

Search results for gene hsa:5921 using the “best” hits option.

Table 1.12.1 Description of the Arrows Listed Under the “best(all)”
Column of the SSDB Search Results Page

Arrow

Definition

<->

The two genes are best-best hits

->

The listed gene is the best hit to the query gene

<-

The query gene is the best hit to the listed gene

No arrow

This gene scored higher than the threshold.

a. Draw alignment

Using the KEGG
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A multiple sequence alignment of all checked genes will be displayed. The query
sequence is displayed in green, the aligned subsequences are displayed in red, and
the unaligned subsequences are displayed in blue. The GENES Entry for any of the
listed genes may be viewed simply by clicking on the corresponding gene name.
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Figure 1.12.19 Common motifs of selected sequences from SSDB query. These are the motifs as stored in the
GENES database for all amino acid sequences encoded by all genes in all species.

b. Search common motifs
The common motif sequences contained within the amino acid sequences encoded
by the selected genes will be displayed, as in Figure 1.12.19. These are the motifs as
stored in the GENES database for all amino acid sequences encoded by all genes in
all species. This tool is the same as that available in SSDB, described in Alternate
Protocol 6. The blue lines correspond to motifs from the Pfam database and the green
lines correspond to those in the PROSITE database. Red lines correspond to those
motifs common to all amino acid sequences encoded by the selected genes.
Note how the motifs found tend to correspond with the multiple sequence alignment,
as described in the previous section. For example, the sequences of mtu:Rv1067c,
mtc:MT1096.1 and mbo:Mb1096c all align very well, as is also reflected in the motifs
that are common to all three. On the other hand, spo:SPBC646.12c did not align well
with most of these other sequences selected in this example, and, correspondingly,
the motifs found in this sequence also partially align with the query as well as the
sequences of mmu:218397 and sce:YKL092c, which all contain the RasGAP motif.
Thus, based on the motifs found, the sequence alignments in this example may actually
be grouped into two sets, depending on whether or not they contain certain motifs.

c. List definitions
A listing of the selected genes and their definitions in the GENES database will be
displayed. The individual GENES Entry, containing the amino acid sequence and
other information, may be viewed by clicking on the corresponding gene’s name.
Further operations may be performed via a pull-down menu at the top of the page.
Using Biological
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KEGG SSDB: SEARCHING SEQUENCE MOTIFS
This protocol briefly illustrates the functionality of KEGG that searches for common
motifs among a group of sequences. There are actually three ways in which sequence
motifs can be searched in the KEGG SSDB database. The main form for performing these
searches is on the bottom half of the page at the URL http://www.genome.jp/kegg/ssdb/,
as in Figure 1.12.20. Each search type is described in this section.

Necessary Resources
Hardware
Computer with Internet access
Software
Web browser
Search motifs in a given sequence
This search method takes a gene name and displays all motifs found in its corresponding
protein.
1. Go to http://www.genome.jp/kegg/ssdb/, scroll down to the Motif Search section, and
enter hsa:5921 in the “Search motifs in a given sequence” text box. Click the Go
button. The result is a textual list and graphical representation of the motifs in the
given sequence, as displayed in Figure 1.12.21.
The upper half of this page is the textual results list, where the motif id begins with pf for a
result from Pfam, tigrfams for a result from TIGR protein families, and ps for a result
from PROSITE. The locations of the beginning and ending positions of the motifs are
given in the From and To fields, respectively. Also listed are the definition, E-value, and
significance scores of the resulting motifs. The corresponding graphical representation
of this list is given on the lower part of the page, where the blue lines correspond to
the motifs from Pfam, the cyan lines to TIGR, and the green lines to PROSITE. Detailed
information for each motif can be viewed by clicking on the motif ID.

Using the KEGG
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Figure 1.12.20 Form for searching motifs in SSDB. Three methods are available: search motifs
within a given sequence (indicated by a KEGG ID), search common motifs in given sequences
(indicated by multiple KEGG IDs), and search sequences with given motifs (given by MOTIF
identiﬁers).
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Figure 1.12.21 The results page for a search of motifs in the gene hsa:5921. The motif labeling system and other
columns are discussed in Basic Protocol 8.

2. Click on the “Search GENES with the same motifs” button to produce a Sequence
Search Result window (Fig. 1.12.24), which displays the list of motifs found for the
search.
3. Alternatively, click the “View sequence” button, back on the Motif Search Results
page (Fig. 1.12.21), to display a window where the actual motif sequences can be
viewed in correspondence with the original amino acid sequence (Fig. 1.12.22).

Search common motifs in given sequences
This will find motifs shared by two or more named genes.
4. This option provides searches for the given motifs in a given set of sequences. Enter
a list of KEGG IDs in the given text field. In this example enter the example KEGG
IDS of eco:b0002 eco:b3940 eco:b4024 in the text box.
5. From among the check boxes below the text box, select the motif libraries within
which to search, or leave unchanged to search all libraries.
6. Click the Go button. A matrix as in Figure 1.12.23 will be displayed for the multiple
KEGG IDs given as input. This matrix indicates which genes contain which motifs
with an asterisk (*).

Search sequences with given motifs
This will look up sequences that contain one or more named motifs. From the SSDB
home page (http://www.genome.jp/kegg/ssdb/), type in the IDs of one or more motifs in
the “Search sequence with given motif” text box. A radio button selection allows one to
search against all species or a single one using its three letter abbreviation.
7. The genes that contain any of a given set of multiple motif sequences will be displayed
with this operation. For this search method, either all species or one particular
species may be specified with the “Search against” radio buttons, as on the bottom
of Figure 1.12.20. When specifying a species, the text field takes the three-letter
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The motifs found in the given sequence.

Figure 1.12.23 Result of searching for common motifs from among a group of genes in KEGG
SSDB. This matrix indicates the actual motif sequences in correspondence with the original amino
acid sequences.
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Figure 1.12.24 Search results for sequences with given motifs. The Motifs section lists the query
motifs’ IDs and their descriptions. The Search Result section lists the number of genes whose
sequences contain one of the given motifs, and includes a listing of the resulting KEGG IDs along
with their descriptions.

code for the organism as defined by KEGG. As an example, enter pf:aakinase
ps:ASPARTOKINASE tigrfams:asp kin monofn as a query and select “All
species.” Click the Go button.
8. The result is shown in Figure 1.12.24. The Motifs section lists the matching query
motifs’ IDs and their descriptions. The Search Result section lists the number of
genes whose sequences contain one of the given motifs, along with a listing of the
resulting KEGG IDs and their descriptions.
9. A “Select operation” pull-down menu is located above the “Search Result” section,
where various operations may be performed on the genes that are checked in the
list. These operations are “View motifs,” “List definitions,” and “Search common
motifs.” The “View motifs” operation will display the sequences of the selected
genes and the motifs within them. Note that selecting more genes will take more time
in order to process the request. This is the same view as the graphical result of the
“Search motifs in a given sequence” search method. The “List definitions” operation
will list the KEGG IDs and corresponding definitions of the selected genes. This list
provides links to the detailed sequence information for the listed genes. Finally, the
“Search common motifs” operation is the same as the “Search common motifs in
given sequences” search method.
10. On the original results page (Fig. 1.12.24), detailed information for a motif may be
viewed by clicking on its ID.
Using Biological
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KEGG SSDB: ORTHOLOG AND PARALOG CLUSTERS
A recent addition to KEGG is an automatic procedure based on a graph analytical method
to computationally generate ortholog clusters (OCs) and paralog clusters (PCs) from
the entire SSDB graph network, currently containing 200 million edges. The resulting
ortholog clusters may be examined by clicking on the “OC search” link in the GENES
Entry page. This section describes how to take advantage of this cluster information.

Necessary Resources
Hardware
Computer with Internet access
Software
Web browser
1. Go to the GENES home page http://www.genome.jp/kegg/genes.html (this page is
illustrated in Fig. 1.12.15). Scroll down to the Search KEGG OC (Ortholog Cluster)
text entry box (near the bottom of the page) and enter hsa:5921. Click Go to
display a page that links to a list of all ortholog clusters of this gene. Click on the
link labeled “list” to display the results in tabular form (Fig. 1.12.25). This table
provides links to GENES entries, to OC and PC matrix displays, and to outside data
regarding each gene in the same OC as hsa:5921. An EPS graphics file of this OC
may also be downloaded from this page.
From this list, one can see that this gene, which is a GTPase activating protein, clusters
extremely well with other similar genes in C.elegans and D.melanogaster.

Using the KEGG
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Figure 1.12.25 List of orthologs in KEGG for the selected gene, hsa:5921. This table provides
links to GENES entries, to OC and PC matrices, and to outside data regarding each gene in the
same OC as hsa:5921. An EPS graphics ﬁle of this OC may also be downloaded here.
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Figure 1.12.26 Whole view of the ortholog genes to hsa:5921. The ortholog viewer provides a
visual of the similarity between a selected gene and its orthologs as deﬁned by KEGG. For the
color version of this ﬁgure go to http://www.currentprotocols.com.

2. Click on the Display button to display two windows consisting of a graphical wholeview matrix of the ortholog clusters listed. This view may also be obtained by
clicking on “OC viewer” in the gene’s GENES Entry page. For example, click on
the OC link for hsa:5921 in the left-most column of the table illustrated in Figure
1.12.25. The close-up view will be displayed. Next, click on the “Whole view” link
at the top of this view to display a detailed view of where the close-up can be found.
Figure 1.12.26 shows an overview of the entire ortholog cluster, and Figure 1.12.27
is a close-up of the region containing the selected gene.
3. The ortholog viewer provides a visual depiction of the similarity between the selected
gene and its orthologs as defined by KEGG. The selected gene is highlighted in red,
and the coloring scheme is given in the legend at the bottom-left of either viewer.
The more similar genes are red while the less similar genes are blue. Thus, it is easy
to visualize the similarity relationships between hundreds of genes. From this figure,
one can further see that this gene corresponds well with a Ras GTPase activating
protein in D. melanogaster, confirming the similarity in function across these species.
Entire sub-triangular regions represent highly similar clusters of genes.
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Figure 1.12.27 Close-up view of genes in a KEGG Ortholog Cluster, corresponding to the
boxed portion of the whole view in Figure 1.12.26. For the color version of this ﬁgure go to
http://www.currentprotocols.com.

BASIC
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KEGG SSDB: GENE SEARCH CLUSTER
SSDB also contains the positional correlations of genes on the chromosome. The GFIT
table is a preprocessed table for each organism, containing the information about topscoring genes (best-best hits or best hits) in other organisms together with the information
about the order of genes on the chromosome. The gene cluster search involves a search
against these GFIT tables (Bono et al., 1998). This is performed using the Gene Cluster
Search tool available in the middle of the SSDB search page. This tool reconstructs a
complete functional unit from a set of genes.

Necessary Resources
Hardware
Computer with Internet access
Software
Web browser
1. Go to the SSDB home page http://www.genome.jp/kegg/ssdb/, scroll down to
the Gene Cluster Search section, and enter a KEGG ID (for this example,
bsu:BG10898) in the “Search conseved gene clusters” field.
Using the KEGG
Database Resource

2. Modify the search criteria as desired. Select the radio button for “Table view.”
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Figure 1.12.28 Table view of Gene Cluster Search results for bsu:BG10898. The query gene is
highlighted in the red cell. For the color version of this ﬁgure go to http://www.currentprotocols.com.

3. Click the Exec button. The “Table view” option will display a window containing a
table as in Figure 1.12.28. Note that the query gene is highlighted in red and that the
genes from the same organism will correspond to those that appear next to this gene
in the KEGG Ortholog Table (see Fig. 1.12.14).
4. Click on the Graphics link at the bottom of the page illustrated in Figure 1.12.28
to see the corresponding Graphics View of this table. This view uses the coloring
scheme employed by KEGG Orthology and illustrates the direction and relative
position on the chromosome of other organisms where similar genes may be found
in relation to the query gene. Figure 1.12.29 illustrates this view.
The Graphics View can also be immediately retrieved by selecting the Graphics View
option in the original query.

5. Modify the table or graphic views by modifying the options for the Smith-Waterman
similarity calculation at the top of the results page (i.e., the radio buttons SW-score
and KEGG-species; see Fig. 1.12.28 and Fig. 1.12.29) and clicking the Go button.
The Gene Cluster search results are originally sorted according to the SW-score, where
the most similar ortholog genes are listed first. The KEGG-species option will list the
species according to the ordering the KEGG Table of Contents.
Note that the Ortholog Table of Figure 1.12.14 corresponds to the pathway map for
Glycolysis. It is thus possible to compare these Gene Cluster results to the pathway map
by coloring it with the genes in Bacillus subtilis in this pathway (by selecting this organism
in the pull-down menu at the top of the pathway).
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Graphics view of the Gene Cluster results corresponding to Figure 1.12.28.

THE KEGG EXPRESSION DATABASE: GETTING STARTED
KEGG EXPRESSION is a database system for integrated analysis of gene expression
profile data. It can be used together with KEGG pathway data and genome sequence data.
It currently contains microarray gene expression profiles for Synechocystis PCC6803,
Bacillus subtilis, and Escherichia coli, obtained by the Japanese research community.
It may also be used to analyze expression data from an individual investigator’s own
laboratory.
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Readers should be aware that KegArray, which is installed on a local computer, is an
alternative program for analyzing microarray data. This is available for download at the
KEGG EXPRESSION home page (http://www.genome.jp/kegg/expression/). In addition
to the functionality provided by KEGG EXPRESSION, KegArray contains other tools,
most notably those for handling systematic bias (Dudoit et al., 2000). Because of overlapping functionality with KEGG EXPRESSION, KegArray is not described further here.

Necessary Resources
Hardware
Computer with Internet access
Software
Web browser, or KegArray application for Windows XP or Mac OS X,
downloadable from http://www.genome.jp/download/
Files
Text file of microarray expression data, available from the KEGG EXPRESSION
Web site at http://www.genome.jp/kegg/expression/ (optional)

Figure 1.12.30

Expression entry ex0000260 for Bacillus subtilis (Ogura et al., 2001).
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1. Go to the KEGG EXPRESSION page via the EXPRESSION link on the main
KEGG Table of Contents (accessed as in Basic Protocol 1) or go directly to the
URL http://www.genome.jp/kegg/expression/. Click on “List of experimental data
available” to view the list of all currently available expression datasets.
2. Click on “Ogura et al. (2001)” under the “Bacillus subtilis” heading. Three sets of
expression data will be displayed.
3. Click on “ex0000260” to display the window shown in Figure 1.12.30. Each entry
contains a description of the data, a link to the expression data, and a launcher for
the Java-based applet for data analysis.
As displayed in the figure, the ENTRY and ACCESSION numbers are KEGG database
IDs. These are followed by a brief description of the experiment under DEFINITION.
CONTROL and TARGET describe the control and target biomaterials hybridized on
the microarray. CONTACT is the name of the experimenter. If this experiment has been
published, information regarding its publication will be listed under REFERENCE, including the author(s), title, journal name, and PMID. The FTP field provides the link to
the actual data download site address. DATA is the filename for the data within KEGG.
DATE is either the date of the experiment or the date on which these data were entered into the database. ORGANISM is the name of the organism corresponding to this
data.

BASIC
PROTOCOL 12

KEGG EXPRESSION: USING THE JAVA APPLETS TO DISPLAY
EXPRESSION DATA
The EXPRESSION entry page provides two Java applets for data analysis. The Array
image applet reconstructs a symmetrical microarray image based on the control expression data and gene spot information. The Scatter plot applet plots the control expression
data on the x axis and target expression data on the y axis. The Scatter plot applet allows
one to plot all genes, or a subset based on categories.

Necessary Resources
Hardware
Computer with Internet access
Software
Web browser
1. Continuing from step 3 of Basic Protocol 11, at the bottom of the page illustrated in
Figure 1.12.30 is a form for executing a Java applet for data analysis. Two parameters
are available: “Intensity threshold,” the minimum expression value which will be
allowed for analysis, and “Ratio threshold,” the minimum value for the ratio between
control and target. Only expression values that fall within the range specified by the
ratio threshold for control/target or target/control will be allowed in the analysis. To
aid in the selection of the appropriate intensity threshold, the “Examine distribution”
link will display a histogram of intensity values for both the control and experimental
data.
2. Check the applets (“Array image” and/or “Scatter plot”) to run. Both can be viewed
simultaneously. Click the Exec button. This will launch new windows for the selected
applets.
Using the KEGG
Database Resource
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Figure 1.12.31 Whole array image. For the color version of this ﬁgure go to http://www.
currentprotocols.com.

3. View the array image applet (Fig. 1.12.31):
a. The initial array image represents the whole array. The black color represents data
where both the control and target expression values are below the threshold value.
Green spots represent data where the ratio of the control value to the target value
is at least the value of the ratio threshold. Red spots indicate that the ratio of the
target value to the control value is at least the value of the ratio threshold. Yellow
spots represent data where neither the control-to-target nor the target-to-control
ratio values exceed the ratio threshold. In a typical experiment, the green spots are
where the target expression values are down-regulated, the red is where they are
up-regulated, yellow is where there is no significant change, and black is where
there are either no significant data to analyze or no valid experimental data to be
retrieved.
b. Click the mouse on a spot in the whole-array image to see a close-up view of that
area of the image displayed in a new window. In the close-up view, the location
and name of the gene/ORF at that spot will be displayed when the mouse is placed
over it. Clicking on a spot will display the GENES Entry corresponding to the
gene at that spot.
Using Biological
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Specific genes may be searched for on the whole image view by entering the KEGG ID
in the text field at the top and clicking the Search button. The corresponding close-up
view will be updated to zoom in on the location on the array where the query gene is
found. It will also have the query spot outlined in blue.

c. There are three buttons at the top of the whole image view, below which are Red,
Green, Yellow, and Black check boxes. Click on the GENOME button to display
the Genome Map (see Basic Protocol 6), where the locations of the genes on the
array may be viewed on the genome. The colors on the genome map correspond
to the colors on the microarray, and those not colored are drawn in white.
d. The PATHWAY button will display all available pathways where the genes on
the microarray may be found. Click on one of these pathways and the pathway
map will display the corresponding genes colored according to the color on the
microarray.
e. Finally, click the List button to generate a list of the genes whose colors are
checked.
4. View the scatter plot applet (Fig. 1.12.32). The scatter plot shows the intensity
values of each probe under experimental and control conditions of all genes in the
microarray dataset. Click on the scatter plot image to display a new window with
a close-up view of that area of the scatter plot. Individual spot information can
be displayed moving over the spot, and the corresponding GENES Entry can be
displayed by clicking on the spot.
The scatter plot plots the log values of the control data on the x axis and the log values
of the target data on the y axis. The further away a spot is from the diagonal, the larger
the difference in expression of the gene at that spot. The coloring of the scatter plot is the
same as that for the array image.
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Figure 1.12.32 Scatter plot of all genes, with the logged values of the control data on the x axis
and the logged values of the target data on the y axis. For the color version of this ﬁgure go to
http://www.currentprotocols.com.
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KEGG EXPRESSION: CLASSIFYING EXPRESSION DATA SETS BY KEGG
NETWORK CATEGORY

BASIC
PROTOCOL 13

This protocol describes how the expression data can be analyzed based on genes in a
particular KEGG network category When a scatter plot is executed on the main page
with the “Classified-based on KEGG” option specified, the scatter plot whole view will
be displayed plotted with only those genes in a particular KEGG network category, such
as Carbohydrate Metabolism. In this way, it is easy to analyze the expression pattern of
genes based on a category. Different categories may be selected using the Class pull-down
menu at the top. A particular gene may be queried using the Search text field.

Necessary Resources
Hardware
Computer with Internet access
Software
Web browser
1. Starting from the view in Figure 1.12.30, check the “Scatter plot” option, select the
“Classified—based on KEGG” option in the pull-down menu to the right of this, and
click the Exec button. A page resembling Figure 1.12.32 will appear. Enter a KEGG
ID (e.g., bsu:BG10898) in the displayed KEGG ID text entry box and click the
neighboring Exec button. This displays a new Result field with a pull-down menu

Figure 1.12.33

Depiction of 26 up-regulated genes in Carbohydrate Metabolism scatter plot.
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containing all the categories in which the queried gene may be found and the number
of such genes found in parentheses. In addition, the close-up view and whole view
will have the queried gene highlighted in purple.
2. An “html” link is located at the top left of the whole scatter plot view. Click on this to
display a new window with all the scatter plots displayed by category. This window
can thus be used to save or print in a convenient manner.
3. There are also two links near the top of the scatter plot view called Up and Down.
The Up link will display a window of all genes that are up-regulated in relation to
the control, listed in order of decreasing up-regulation. Correspondingly, the Down
link will display a window of all genes that are down-regulated compared to the
control. Click Up as an example, and a listing resembling that in Figure 1.12.33
will be displayed. In this example, it can be seen that there are a total of 26 genes
that were up-regulated in Carbohydrate Metabolism. More or fewer genes may be
displayed by modifying the value (20 in the example) and clicking the Exec button.
In the list, the logX column lists the logged value of the control, the logY values are
the logged target values, and Y-X is the value when logX is subtracted from logY.
The list is sorted by this decreasing log-ratio value. Clicking on any of the ORF
links will display the GENES Entry corresponding to the ORF. Finally, the check
boxes next to each ORF can be used to select genes to examine using the tools under
“Select operation.” Thus genes may be easily examined in the genome or pathway
maps and sequences may be retrieved.
BASIC
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KEGG EXPRESSION: CLUSTER ANALYSIS
Multiple arrays are often analyzed simultaneously, as in time-series experiments, systematic knockout studies, and overexpression studies. In such analyses, clustering is one
of the most popular tools. With clustering, it is possible to see which groups of genes
tend to regulate together in a time series, for example, or even to see which genes tend
to regulate oppositely. The KEGG clustering tool is described in the protocol below.

Necessary Resources
Hardware
Computer with Internet access
Software
Web browser
1. From the KEGG EXPRESSION homepage http://www.genome.jp/kegg/expression/,
click on the link to “List of experimantal data available.” Click on the “Cluster
analysis” link next to the “Bacillus subtilis” section under the list of all experimental
data. This will display a listing resembling that in Figure 1.12.34.

Using the KEGG
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The “prefix” indicates the code for this species. The “clustering type” is the type of
hierarchical clustering to perform; currently single (minimum distance) and complete
(maximum distance) linkage clusterings are available. The “distance definition” is the
definition of distance between two expression profiles. “1.0-correlation” is calculated
as 1 minus the Pearson correlation coefficient. In this case, the smaller the correlation
coefficient (i.e., the less similar the expression profiles), the larger the distance, in order to
obtain true coexpression clusters. “1.0+correlation” is 1 plus the correlation coefficient.
The larger the coefficient, the larger the distance, in order to obtain clusters of opposing
coexpression. The “threshold” is the same as for the array image and scatter plot, where
only values that exceed this threshold value are used in the cluster analysis. Those arrays
that are checked will be used to cluster based on the distance definition setting.
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Figure 1.12.34

Cluster analysis options for Bacillus subtilis.

2. Execute the cluster analysis with the default settings, using single-linkage clustering,
defining distance as 1.0-correlation, and setting the threshold at 30000. Click the
EXEC button at the top to see the cluster diagram as illustrated in Figure 1.12.35.
The genes are aligned vertically, with the genes with the smallest distances connected
more closely. Distance is measured in the horizontal direction.
3. Place the mouse cursor over any of the nodes (the black dots) of the diagram. The
distance value calculated at that point will be displayed both as a balloon on the
mouse cursor as well as in the upper-right area of the window.
4. Place the mouse cursor above any of the gene names to color the name in red and
display it in the upper-right area.
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Figure 1.12.35 Dendrogram for cluster analysis of selected microarray data. The genes are
aligned vertically, with the genes with the smallest distances connected more closely. Distance is
measured in the horizontal direction.

5. Click on a name to display its GENES Entry. Also, just as in the other applets
described earlier, a gene may be searched by entering its KEGG ID in the text field
at the bottom of the window and clicking Search. Note that the ID as displayed in
the window, beginning with “bsu,” for example, should be entered. The query gene
will be displayed in blue, and the window will scroll such that it will be displayed in
the center.
6. Finally, click the View HTML button at the bottom to produce an HTML view of
the displayed dendrogram (including coloring). In this way, it is convenient to print
and save the clustering to disk.
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7. At the top of the window, a toolbar contains various radio buttons for manipulating
the diagram. The Extract radio button will display the subtree below a selected node
in a new window. The Collapse button will combine a subtree into one node; the
Expand button will redisplay a collapsed subtree; the Swap button will exchange the
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two subtrees under a node with one another; the List button will display the genes
in a subtree in a list with links to other database resources corresponding to the
selected genes; the GENOME option will display the genome map with the genes in
the selected subtree highlighted; and PATHWAY will display all pathways on which
the genes in the selected subtree exist.
8. Click on one of these resulting pathways to display the pathway map with the selected
genes highlighted. Furthermore, the WHOLE VIEW button at the top left will open
a new dendrogram window, such that multiple views of the same dendrogram may
be examined at once. Finally, the BACK button performs the “undo” function such
that the last action taken may be undone.

KEGG EXPRESSION: UPLOADING PERSONAL DATA FOR ANALYSIS
This protocol covers a very useful feature of KEGG EXPRESSION where the user’s own
microarray data may be analyzed and compared with KEGG’s pathway, genomic, and
ortholog information.

BASIC
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Necessary Resources
Hardware
Computer with Internet access
Software
Web browser
Files
Expression data in format specified by KEGG (see http://www.genome.jp/
kegg-bin/Expression Upload/help for format details)

Figure 1.12.36 Uploaded data page where microarray data analysis may be performed on the
user’s own data. Using KEGG to analyze such array data, it is very straightforward to analyze
resulting clusters on KEGG’s pathways and compare clusterings with KO.
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1. Access the KEGG EXPRESSION Web page as described in Basic Protocol 11. Click
on “Upload and analyze personal data.” This will bring up a page for entering the
name of a file on the user’s local computer to analyze.
A “help” link to the right of the data entry field (pointing to http://www.genome.jp/keggbin/Expression Upload/help) explains the file format.

2. Type the filename or navigate to the file by using the Browse button. If the first line
of the text file does not contain a line specifying the organism, select the organism
from the pull-down menu under the text field.
3. Click the Exec button. This will bring up a page similar to Figure 1.12.36. From here,
the same data analyses may be performed as explained in Basic Protocols 12 to 14 for
existing data. By using KEGG to analyze such array data, it is very straightforward to
analyze resulting clusters on KEGG’s pathways and to compare clusterings with KO.
BASIC
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KEGG LIGAND: THE COMPOUND DATABASE
KEGG LIGAND consists of four databases: COMPOUND, GLYCAN, REACTION, and
ENZYME (Goto et al., 2002). COMPOUND is a database of chemical structures of most
known metabolic compounds and some pharmaceutical and environmental compounds;
GLYCAN is a database of carbohydrate structures; REACTION is a database of reaction
formulas for enzymic reactions; and ENZYME is a database of enzyme nomenclatures.
Both the COMPOUND and GLYCAN databases store their structures in a text-based
format called KEGG Chemical Function, or KCF. This format for representing molecular
structures is defined in Hattori et al. (2003).
All chemical structures in the KEGG COMPOUND database are manually entered,
computationally verified and continuously updated. It contains over 12,800 entries, each
identified by the prefix “C.” The COMPOUND database is searched via DBGET, which is
a text-based keyword search of the annotation information of the compounds in LIGAND
and is similar to the DBGET family of GENES and MOTIFS.
KEGG LIGAND also provides a tool for generating possible pathways between two
compounds. All of the LIGAND databases, as well as this tool, will be described in this
protocol.

Necessary Resources
Hardware
Computer with Internet access
Software
Web browser
Files
Compound structures in MOL file format (optional)
1. Access the KEGG Table of Contents as described in Basic Protocol 1 (or go directly
to http://www.genome.jp/kegg/kegg2.html; page is illustrated in Figure 1.12.2). Click
the LIGAND link on the toolbar at the top of the page to bring up the KEGG
LIGAND Database search page (Fig. 1.12.37).
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2. The search page may be used to make simple queries by Entry (compound ID prefixed
by “C”), compound name, formula, or a range for molecular weight. Any of these
queries may be individually executed by clicking on the corresponding Go button.
All of these queries are case-insensitive. For the Formula search, for example, either
c6h7no or (C6H7NO may be input. To search for multiple entries at once, keywords
may be entered separated from one another by a space (e.g., C00010 C00022).
Currently, it is not possible to search using multiple fields at once, e.g., combined with
the Boolean operators AND or OR.
Compound structures in MOL files may be employed as queries by using either the
SIMCOMP or SUBCOMP tools under the Computational Tools section of Ligand.
SIMCOMP attempts to find the maximal matching compounds to the query, whereas
SUBCOMP attempts to find compounds that contain the query compound entirely.

3. As an example, search for all compounds by name that contain the benzoic acid
fragment. Select Name from the pull-down menu under the “Search COMPOUND”
heading, and type benzoic acid in the text box. Click the Go button to execute
the query. The results of this query will resemble Figure 1.12.38. This page lists
the number of records retrieved in total, and a page-by-page listing of the results in

Figure 1.12.37

KEGG LIGAND Database search window.
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Figure 1.12.38

Compound data search results page.

groups of 20. Each result entry gives the Entry ID, which is clickable, the known
names for the entry, its formula, and a graphical representation of the entry (under
Structure).
4. To look at one of the entries in more detail, for this example, C00180, click on its
ID. This will give the summary page shown in Figure 1.12.39. This page lists all
information, such as reactions and enzymes, related to the selected compound, which
are all linked to the corresponding REACTION, ENZYME, and other databases.
By clicking on any of the available links, further details may be examined. The
structure can be saved to disk as a MOL file by clicking on the “Mol file” button
in the row labeled Structure. Another query using the selected structure can also be
executed with the neighboring SIMCOMP button, which searches for compounds
that maximally match the query (Hattori et al., 2003).
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The entries in the row labeled Reaction are hyperlinked to a list of all of the reactions
related to this compound. The entries in the row labeled Pathway link directly the KEGG
metabolic PATHWAY maps (see Basic Protocols 1 to 4). Similarly, links are available in
the Enzyme row for the enzymes related to this structure and in the Other DBs row to
entries in other databases in which this structure may be found.
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Figure 1.12.39

Entry C00180 from the KEGG COMPOUND database.

KEGG LIGAND: THE GLYCAN DATABASE
The KEGG GLYCAN database is the newest addition to the KEGG suite of databases.
It contains carbohydrate sugar chains, or glycans, whose entry IDs are prefixed by
the letter “G.” Currently there are over 11,000 entries, most of which originated from
the now-defunct CarbBank database. Pathway diagrams on the metabolism of complex
carbohydrates and complex lipids are now linked to these glycan entries. Just as for
chemical compounds, glycans are represented in KCF format, but instead of atom names,
monosaccharides are used as the base unit representing nodes.

BASIC
PROTOCOL 17

Readers should be aware that KegDraw, installable onto a local computer, is an alternative
program for performing structural queries on KEGG GLYCAN. This program is available
for download at http://www.genome.jp/download/ and contains the latest functionality to
search for similar glycan structures.

Necessary Resources
Hardware
Computer with Internet access
Software
Web browser, or KegDraw application for Windows XP or Mac OS X,
downloadable from http://www.genome.jp/download/
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Files
Glycan structure in KCF file format (optional). A sample dataset for an N-linked
glycan in KCF format is provided as glycan.txt on the Current Protocols
Web site (http://www.currentprotocols.com). For more information on the KCF
file format for glycans, go to the KCaM (KEGG Carbohydrate Matcher) main
page at http://www.genome.jp/ligand/kcam/kcam/faq.html, click on the Docs
option, then click on the link to “KCF format for glycans.”
1. Access the KEGG LIGAND Database page as described in Basic Protocol 16 or go
directly to http://www.genome.jp/kegg/ligand.html).
The GLYCAN database may be accessed under the “Search GLYCAN” heading, shown
in Figure 1.12.37. From here, the database can be searched, for example, by glycan ID,
composition, and class name, by selecting from the pull-down menu and entering the
search text in the text box.

2. To perform a search for similar glycan structures, scroll down the KEGG LIGAND
database page to the “Search similar glycan structures” heading. Click on the KCaM
link to view the KEGG Glycan search page.
From here a glycan strucure in KCF format can be uploaded or entered as a query.

3. Click on the link to the KCaM Main Server (in the highlighted box on the right-hand
side) to go to the KCaM Glycan Structure Search page (Fig. 1.12.40).
4. A query can be performed on either the latest KEGG GLYCAN database or on the
original CarbBank database. The source database can be selected via the pull-down
menu labeled “Database.” There are currently six types of search options available,
based on two main algorithms: Approximate and Exact match. Both of these algorithms implement dynamic programming techniques based on the Smith-Waterman
dynamic programming algorithm for sequence alignment (Aoki et al., 2003, 2004).
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Figure 1.12.40

The KCaM Glycan Structure Search page.
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Figure 1.12.41

The Java-based applet for editing GLYCAN structures.

Thus, they both provide “global” and “local” options. Furthermore, the Exact matching algorithm provides the option to search linkages based on monosaccharide names
only or based on the entire set of monosaccharide names, anomeric groups, and
hydroxyl groups to which the linkage is attached on the monosaccharides. The Approximate matching algorithm aligns monosaccharides with one another and weights
similarity of linkages based on preset parameters.
5. The structure editor for GLYCAN is a Java applet, with many features similar to
ISIS/Draw. Click on the “Click here to specify. . . ” box to bring up the editor as
shown in Figure 1.12.41.
The buttons on the left provide tools to edit, erase, and add nodes on the main canvas. There
are also templates of branches available below these set of tools. Structures entered on
this canvas may be saved to disk in KCF format by clicking the Get Data button below the
canvas. The contents of this canvas can then be copied-and-pasted into a KCF-formatted
text file.

6. In this example, the structure for an N-linked glycan (see Necessary Resources) is
uploaded into the structure editor. Go to the Current Protocols Sample Data Web site
at the URL in Necessary Resources, find the file glycan.txt in the section of the
Web site reserved for this unit, and copy and paste the contents of the glycan.txt
file into the bottom-left text area in the structure edit window. Click on Put Data, and
the structure appears in the window, as shown in Figure 1.12.42.
Alternatively a KCF format file can be uploaded into the file into the field above the
canvas by using Choose and clicking Upload.
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Figure 1.12.42 Glycan Search with query structure ready to go. The user may now select the
Database and Search type to perform, then click Go to execute the query.

Figure 1.12.43
text for details.

Glycan structure search results with numerous analysis options available. See
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7. Click on the Enter button to send the structure back to the GLYCAN Web page. The
structure is now ready to be used as a query (Fig. 1.12.42) as described in substeps
a and b, below.
a. Choose KEGG Glycan for the database and “approximate match (global)” as the
“Search type” to perform, then click Go (located at the lower right-hand corner of
the inset window) to execute the query. The results will be displayed in a Glycan
Search Result page, similar to that shown in Figure 1.12.43.
b. Note how most of the classes returned using this Approximate matching search
are N-Glycans. A search using Exact match will return only N-Glycan structures
because of the restriction of no gaps.

Figure 1.12.44
are available.

Glycan ID G00286. Various links to databases both within and outside of KEGG
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The glycan results page provides a plethora of options. First, another structural query may
be performed on this resulting data set or on the original KEGG GLYCAN or CarbBank
databases by clicking on the image of the structure of interest. In this case, the second
structure with which to query will be displayed in a new KEGG Glycan Search page.
Second, different resulting pages may be viewed by either directly specifying the page
to view or by traversing the pages using the Top, Previous, Next, and Bottom buttons.
Finally, the details of each entry may be further examined by clicking on any glycan ID. The
similarity score may be clicked to visually see the alignment that resulted in the given score.

8. To view the data on a specific glycan entry, click on that entry number. For example,
to view the data for the third resulting glycan ID, G00286, click on the “G00286”
glycan entry to display the view shown in Figure 1.12.44, which shows all related
information.
This page lists all related information for this N-glycan, including PubMed IDs and
any other information on compound and pathway; this information is also linked. This
structure is the basic core-fucosylated N-glycan core structure. In addition to the various
links to other database entries, the glycan entry page also provides the user with the
option to use this structure, possibly edited, as the query for another search. This can be
done by clicking the KCaM button under the Structure heading.
BASIC
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KEGG LIGAND: THE REACTION DATABASE
The KEGG REACTION database contains reaction formulas for enzymic reactions, currently totaling 6127 entries. Each entry is identified by the prefix “R,” representing a
unique reaction corresponding to sets of reactants and products represented by compounds or glycans from the COMPOUND and GLYCAN databases, respectively. This
is in contrast to EC numbers, which may correspond to multiple reaction formulas.

Necessary Resources
Hardware
Computer with Internet access
Software
Web browser
1. Go to the main KEGG LIGAND database page at http://www.genome.jp/kegg/
ligand.html. The REACTION database can be searched in several ways under
the “Search REACTION” heading: reaction ID, name, reactant entry, pathway, or
enzyme.
2. Under “Search REACTION,” select Name from the drop-down menu and enter
benzoate in the text box. Click Go. The Reaction data search result page shown
in Figure 1.12.45 will be displayed, which shows all entries in which the reactant
benzoate is involved.
The entry number of the reaction and the reaction itself are displayed, along with the
name of the enzyme involved in catalyis. The graphical representations of the reactions
can be viewed by clicking on the “Show structure” button. One could alternatively first
perform a compound ID search (see Basic Protocol 16) to obtain the compound ID, and
then use this ID to perform a search for its reactions.

Using the KEGG
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3. Click on a reaction ID and its related information will pop up in a new window. That
window provides information on enzymes and details of the individual compounds
involved in the reaction. A link to pathway information is also available, which displays the pathways within which this reaction may be found. Similarly, clicking on the
DBGET link for a reaction on the reaction search results page will provide information related to the name of the reaction as found in the KEGG REACTION database.
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Figure 1.12.45

Results of reaction search for benzoate.

KEGG LIGAND: PATH COMPUTATION
As one function of pathway computation, given a starting and ending chemical compound
structure, it is possible to calculate a path between the starting compound as an initial
substrate and the ending compound as a final product, as long as a sequence of enzymatic
reactions exists between these two compounds. With the option to specify the number
of reactions in any path, many different reaction pathways may be produced. The basic
concept is that, from among all the enzymic reaction data, if one compound that is
generated in a reaction is the same as the initial substrate of a totally different reaction,
even if they are in different pathways, these two reactions may be connected together.

BASIC
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Necessary Resources
Hardware
Computer with Internet access
Software
Web browser
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Figure 1.12.46

The PathComp tool interface.

1. Go directly to http://www.genome.jp/kegg/tool/pathcomp.html or go to the KEGG
Table of Contents as described in Basic Protocol 1 and follow the “Generate possible
reaction paths” link. The path computation page which appears is shown in Figure
1.12.46.
The “Search against” field provides the option to select “Reference pathway (Reaction)”
(default, meaning all available reactions) or a particular organism from which to select
reaction data. The “Enter initial compound” and “Enter final compound” fields allow
the user to enter keywords or accession numbers for the compounds to use as the starting
and ending compounds, respectively.

2. Select “Escherichia coli K-12 MG1655” under “Search against” and enter
pyruvate for initial compound and citrate for final compound. In this example, the query is designed to find paths between pyruvate and citrate in E. coli
K-12. Click the Exec button.The substrate and product fields now become pulldown menus containing matching compound entries. Select “C00022 pyruvate” and
C00158 citrate.”
If the compound IDs are entered directly from the start, this step is not necessary.

3. Enter a threshold for the maximum number of reactions to be allowed in the resulting
paths in the “Cut off length” field, and select EC number hierarchy with level 3 for
relaxation.

Using the KEGG
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The default value is 5; if a value of 10 or larger is entered, the calculations may become
extremely slow; therefore, it is recommended that 5 be set initially. If a satisfactory
pathway is not generated, then this cut-off value can be increased little by little. In fact,
results may be increased in another manner by using relaxation. Relaxation basically
states that, for a particular organism, if it does not contain a particular enzyme, it is
possible to use enzymes performing similar reactions instead. Specifically, the “Select
hierarchy for relaxation” field can be used to select a standard relaxation level, or no
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Figure 1.12.47 Pathway computation results. In each row, information on path length, individual
compound IDs and corresponding enzyme IDs are listed for each path found. In the case that
relaxation was used, # marks will surround the enzyme IDs.

relaxation. If the EC number hierarchy is selected, it has four levels, so if one wishes to
raise the relaxation from the default by one level, one would set the “with level” field to 3,
meaning the program will use the top three levels of the EC number if they are the same.
However, note that in the case where the Standard Dataset is selected in the “Search
against” field, this relaxation option has no meaning. Finally, the “Sort option” radio
buttons allow the results to be sorted by increasing path length or by compound ID. Thus,
those who wish to see their results by path length may select the first option, and those
who wish to see similar pathways clustered together may use the second option.

4. Click the Exec button. The results page (Fig. 1.12.47) lists all paths found. It provides a variety of information in each row, including path length, followed by each
compound ID along with its enzyme ID, consecutively. In the case that relaxation
was used, the enzyme IDs will have pound signs (#) surrounding them.
5. Click on the “Show compound structures” link at the end of any row to display
a graphical view of the selected pathway, as in Figure 1.12.48 which displays the
result for the first listed pathway. This is extremely useful for confirming how the
reaction pathway came about. Also, the link for “Known pathways” near the end of
each row will search the pathway maps for the enzyme IDs appearing in the selected
reaction pathway. This allows the user to examine specifically where in the existing
PATHWAY database the reaction pathways can be found.
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Figure 1.12.48 Graphical representation of a generated compound pathway, useful for visually
conﬁrming each pathway found.

COMMENTARY
Background Information
KEGG first began in 1995 under the Human Genome Program of the Ministry of Education, Science, Sports and Culture of Japan
(Kanehisa, 1997). One objective of KEGG
was to computerize the known knowledge of
molecular and genetic pathways gained from
experimental observations in genetics, biochemistry, and molecular and cellular biology. Currently, KEGG not only has metabolic
pathways but a number of regulatory pathways
available online. In addition, the pathways are
organized such that organism-specific pathway information may also be visualized. Additional objectives were to maintain the gene
catalog of every organism that has been sequenced as well as to map each component in
the catalog onto the KEGG pathways. Yet another objective was to develop new informatics
technologies associated with interactions and
pathways. Not only have all of these objectives
been realized, but KEGG continues to progress
at an impressive rate, with chemical compound
and carbohydrate structure search capabilities,
gene clustering, ortholog and paralog cluster visualizations, and microarray expression
analysis tools all easily available online.
The data in KEGG is not only updated
through publications, but is also provided by
a community of biologists who directly enter their latest discoveries to make them available for the community. BSORF and CYORF
are examples of such databases. This data are
then examined and transferred into KEGG.
CarbBank may be considered a similar metadatabase for KEGG’s GLYCAN database of
LIGAND. Thus, the latest information is available for the research community.
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KEGG GENES database
The KEGG GENES database was started
in June 1995, slightly before TIGR (The In-

stitute for Genomic Research) announced the
completion of the full sequences of citrate
Haemophilus influenzae Rd and Mycoplasma
genitalium using shotgun sequencing. The genetic information contained in the genome is
most fundamental for systematically understanding life. However, in any organism, there
are still many genes whose functions are unknown. The KEGG GENES database initially
collected all information from GenBank related to genes, and independent annotation of
this data continues even today. There are a
number of ways of using the KEGG GENES
database, and the protocols in this unit constitute the most straightforward methods of
querying the text-based database.
Orthologs and paralogs
Orthologs really cannot be defined without considering evolution, but they can conveniently be defined based on the relationships between reciprocal best hits as described
below. Paralogs can be defined as those sequences within the same species whose similarity scores are higher than a specified threshold. Given gene x from genome A, and assuming that one wishes to compare it to all of the
genes in genome B, if it is found that gene y
of genome B has the highest sequence similarity score with gene x, y can be called the
best hit for x. On the other hand, if gene y of
genome B is compared against all of the genes
of genome A, one may not necessarily get gene
x as the best hit of gene y, because there may
be several genes that are just as similar, if not
more. However, if x does turn out to be the best
hit of y, then one may claim that x and y are
orthologs.
Approximation algorithms such as BLAST
and FASTA are asymmetric. They produce
different sequence similarity results for sequences x and y based on the sequence used
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as the query. For this reason KEGG uses the
SSEARCH program, which is an implementation of the rigorous Smith-Waterman dynamic programming algorithm that produces
optimal alignments (Smith et al., 1981a, b).
Because a Smith-Waterman score produced
by the SSEARCH program is not asymmetric, one can use it as the sequence similarity
score for two genes.

Critical Parameters and
Troubleshooting
As all of KEGG’s resources are maintained
manually with advanced computational tools,
the database continues to increase at a steady
pace, but there may be areas which are lacking.
The curators are furiously updating the information as quickly as possible, which is a daunting task, especially considering the amount of
experimental data that continues to be published constantly. However, the manual curation of KEGG data ensures that the data are biologically accurate and more trustworthy than
data generated via computerized techniques
that may not account for the many exceptions
known to occur in biology.
The most immediate change to be expected
will be in the LIGAND database. The COMPOUND and REACTION databases may be
renovated even before this documentation is
published. The Chime plug-in will no longer
be required to perform structure searches of
chemical compounds. Instead, the standard
MOL file format will be used, and the structures will be drawn as images. Detailed documentation of these updates will be made available as soon as possible. In addition, the search
parameters for the GLYCAN database will
also be updated in the near future in order
to make them easier to use. The six options
currently available will be parameterized, and
an “Advanced options” section will be made
available for those who need to fine-tune the
search parameters.
As illustrated in this documentation, the
KEGG data resource provides a comprehensive suite of intricate links that are presented
in such a way that makes it easy for biologists and researchers to understand the workings of biological processes. From genetic to
genomic to proteomic and metabolic information, to expression and chemical compound
and carbohydrate data, the goal is to integrate
all relevant networks both fully within all of
KEGG’s resources, as well as with links to
popular databases outside of KEGG.

Suggestions for Further Analysis
The KEGG Application Programming
Interface (API)
The KEGG Application Programming Interface (API) provides a valuable means for
accessing the KEGG system, enabling users to
search and compute biochemical pathways in
cellular processes and to analyze the universe
of genes in the completely sequenced genomes
over the Internet. Users can access the KEGG
API server using SOAP technology over the
HTTP protocol. The SOAP server also comes
with a Web Services Description Language
(WSDL), which makes it easy to build a client
library for a specific computer language. This
enables users to write their own programs for
many different purposes and to automate the
procedure of accessing the KEGG API server
and retrieving the results. The KEGG API documentation, WSDL file, Java library, and other
information may be obtained by clicking on
the API link at the top of the KEGG Table
of Contents (Fig. 1.12.2) or by accessing the
URL http://www.genome.jp/kegg/soap/. Further details are beyond the scope of this
document, and interested readers are encouraged to access this Web page for the latest
information.
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