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Abstract

The massively parallel hybridization technologies by DNA chips and microarrays make it pos-
sible to monitor expression patterns of the whole set of genes in a genome under various condi-
tions. The vast amount of data generated by such technologies necessitates the development of
a new database management system that integrates expression data with other molecular biology
databases and various analysis tools. We report here an extension of our KEGG (Kyoto Encyclo-
pedia of Genes and Genomes) and DBGET/LinkDB systems for analyzing gene expression data in
conjunction with pathway information and genomic information. It is now possible to make use of
expression data for the reconstruction of pathways from the complete genome sequences.

1 Introduction

The emerging technology of DNA chips and microarrays makes it possible to simultaneously analyze
the expression of a number of genes, such as the whole set of genes in the completely sequenced
genome [1, 2, 3, 4]. To effectively analyze the new type of data derived from the expression profiles
we should integrate them with the functional data such as pathways and assemblies, as well as with
the traditional molecular biology data such as nucleotide and amino acid sequences. It is also a high
priority task to integrate them with the statistical analysis and visualization tools [5, 6].

We have been developing the KEGG (Kyoto Encyclopedia of Genes and Genomes) system [7, 8] for
computer representation and utilization of functional data, which are related to networks of interacting
molecules such as metabolic pathways, various regulatory pathways, and molecular assemblies. In ad-
dition, we maintain the DBGET/LinkDB system [9] which was originally developed for an integrated
retrieval of a number of molecular biology databases. It is also the backbone database management
system for KEGG. One of the main features of KEGG is a collection of pathway maps, which computer-
izes the network information of molecular interactions such as for metabolism and signal transduction.
Another feature of KEGG is a collection of genome maps for completely sequenced organisms, as well
as for the fruit fly, mouse, and human. Furthermore, KEGG provides many analysis tools, such as for
searching similar sequences in the pathway maps, identifying gene clusters that are conserved in two
genomes, and reconstructing pathways from a whole set of genes by a genome-wide homology search.
Because KEGG and DBGET /LinkDB are tightly coupled, once the expression data is incorporated
in the DBGET /LinkDB system it can be applied to various computational analysis tools in KEGG.

In this paper, we report an integration of gene expression data into the DBGET/LinkDB and
KEGG systems and show how we can make use of the integrated system for analysis of expression
data. The integration includes a visualization of genome-scale gene expression data not only by the



standard array view but also by the genome map and pathway map views. The analysis includes a
metabolic pathway reconstruction by differential gene expression patterns obtained by comparison of
the reference state and the perturbed state (e.g. the wild-type and a disruptant, or the control and
an environmental shift).

2 System Design

2.1 KEGG/EXPRESSION Database

We created a new database for KEGG, called EXPRESSION for expression data, and integrated it in
the DBGET /LinkDB system. The information stored in each entry is currently as follows:

e Information about the array experiment:

— ID of an expression profile

— Authors and references

Name of the organism

— Conditions of the experiment including the time-course information if any

Information on the related experiments

Information on the array including spot coordinates and probes
e Information about each spot:

— ID of the spot

Name of the gene associated with the spot

— Information on the data normalization method

— Foreground and background intensities for the spot from channel 1
— Foreground and background intensities for the spot from channel 2

— Ratio of the intensity of the channel 1 to the intensity of the channel 2

In the DBGET/LinkDB system, the EXPRESSION database is organized as a flat-file database
which is a collection of entries containing just the text information mentioned above. Each entry starts
with a line for the ENTRY field and ends with a line of triple slashes (///). The original information
is stored and managed in a relational database and the flat-file version for DBGET are automatically
generated from the relational database.

In addition to the numerical and text information of each experiment, we provide a graphical view
of the array data by a Java applet (Fig. 1). This particular view is created by taking the ratios of
the two channels, namely Cy5- and Cy3-labeled spots, which are useful for identifying clusters of co-
expressed genes that are also clustered in the pathways or in the chromosomal locations by mapping to
the KEGG/PATHWAY and KEGG/GENOME databases, respectively (Fig. 2). We are also working
on another Java applet which handles the time-course information stored in the condition field, where
we can see and analyze the changes of the expression levels for individual genes through a series of
hybridization experiments.

2.2 Integration of KEGG/EXPRESSION into DBGET /LinkDB

Fig. 2 summarizes how the KEGG/EXPRESSION database is integrated in the DBGET /LinkDB sys-
tem. The databases available from the KEGG project include PATHWAY for diagrams of metabolic
and regulatory pathways, GENES for sequence and other information of genes for all the completely



[0 == Netscape: Expression data=—"=E1 8| |O sce B
Expression data EEEEEEEEEENEEENEEE EEEEEEEE
ANEEEEEEEEEEEEEEEEEEEEEEEEEN
HER | | | | HEEEEEEEEEEEEE EEE
[ | | | | | | AEEEEEEEEEEE EEEE
1234567 HE HEEEEN | |
HE HEER
X HE HEER | |
HE | |
HE | |
HE | |
| |
| | u
| | | |
| |
u | |
HE | |
HE u
HE | |
HEE HEE
HEN HEN
HEN HEE
HEN HEN
HER | 1 1 |
mmm H T
Genomel Pathway EEE ] HEE
HEER HE EEEEEEEEEEEEEE
ENEEEEEEEEEEEEEEEEEEEE EEEEE
List | @ geen () red () yellow [Java Applet Window |7

Figure 1: Graphical Java applet windows for handling array data stored in the EXPRESSION
database: the overall view for the entire array (left) and an expanded view of the selected part
(right).

sequenced organisms and some partially sequenced organisms, and GENOME for graphical manipu-
lation of chromosomal information in the completely sequenced organisms as well as in the mouse and
human. Because each spot of an array corresponds to a gene, there are direct links from the EXPRES-
SION database to the GENES database. The standard databases such as GenBank, SWISS-PROT,
and LIGAND/ENZYME can be retrieved via the GENES database or directly using the LinkDB
search.

Another type of integration is the linkage of the expression pattern with the pathway maps and
genome maps (see below). Once the links are established, pathway maps and genome maps are colored
according to the colors in the expression patterns. They can then be linked to the other databases for
further analysis, e.g. by collecting regulatory signal sequence information for the genes with a similar
expression pattern.

2.3 Mapping from KEGG/EXPRESSION to KEGG/PATHWAY

The KEGG/PATHWAY database is a collection of pathway diagrams that represent static networks
of metabolism and regulation. An object in the diagram is a gene product such as an enzyme or a
chemical compound such as a metabolic substrate. According to the constraint given, such as a set
of genes in the genome or a compound found in the key word search, either the background color or
the foreground color of the corresponding object(s) can be changed by the coloring tool that we have
developed [7, 8].

Each gene product in the pathway diagram has the corresponding gene name that is linked to an
entry in the GENES database. Because each spot in EXPRESSION is also associated with the gene
name, it can be linked to the corresponding object in the pathway diagram if available. By converting
the intensity ratio of the spot to the corresponding color and using the tool for coloring the objects
in the pathway diagram, we can create a color-coded pathway diagram reflecting the patterns in the
expression array (Fig. 2).
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Figure 2: Integration of the KEGG/EXPRESSION database in the DBGET /LinkDB system, together
with the GENES, GENOME, and PATHWAY databases in KEGG. All the databases are available
via the Internet at the URL http://www.genome.ad.jp/kegg/.
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Figure 3: A genome browser view showing the expression data of Saccharomyces cerevisiae for the
entire chromosomes (left) and for a selected portion in the expanded window (right). This browser is
implemented as a Java applet.

By considering the time course information, we can color-code the pathway map for each time
point in turn. Even though there is in general no relationship between enzymatic reaction kinetics
and dynamic changes of enzyme gene expression levels, a dynamic behavior of the pathway may
be observed in terms of the appearance and disappearance of the objects (genes). Such a dynamic
behavior can be visualized by GIF animation.

Another way of visualizing the dynamic changes of the expression levels is to calculate the ratio
of the expression levels between two time points and then to encode the values to different colors; for
example red when the expression level increases, green when the level decreases, and yellow when no
change is observed above a given threshold.

2.4 Mapping from KEGG/EXPRESSION to KEGG/GENOME

Fig. 3 shows a genome map browser that is integrated with the EXPRESSION database. This vi-
sualization provides facilities to analyze the relationship between the expression patterns and the
chromosomal positions of genes.

This view is especially useful for the analysis of bacterial genomes, where operon structures are
prevalent. A set of co-regulated genes in the expression pattern will appear as a set of positionally
coupled genes in the genome. For eukaryotic genomes the genome map browser can be applied to the
analysis of regulatory signal sites, for example by color-coding common sequence patterns upstream
of the genes that are co-expressed according to the expression profiling. Furthermore, it may be
worth exploring gene distribution profiles in each chromosome, for example analyzing the relationship
between the expression patterns of house-keeping genes and the centromere/telomere structure, or
even the chromatin structure.



3 Results

3.1 Data set

Here we report the result of our analysis on the publicly available microarray data for Saccharomyces
cerevisiae, which is the same data set as the one used in the cluster analysis by Eisen et al. [4] The
data include various experimental observations, such as a metabolic shift with genetic reprogramming,
referred to as the diauxic shift from fermentation to respiration [1], and the developmental program
of sporulation, consisting of meiosis and spore morphogenesis [2]. We obtained the data from their
web site (http://rana.stanford.edu/clustering/).

3.2 Pathway Reconstruction using KEGG/EXPRESSION

One way of attempting to reconstruct a pathway is to just map the expression pattern onto the KEGG
pathway diagrams as explained in section 2.3. However, this is obviously limited by the amount of data
that already exists in the KEGG reference pathway diagrams. Therefore, it is necessary to develop
methods for identifying new pathways by making use of the expression data. A general strategy is to
first cluster genes from an experiment or several experiments and then to search possible functional
connections of genes in the same cluster. This is based on the assumption that there is a tendency of
co-regulated genes to have functional correlations in the pathway. If there is already a cluster in the
pathway that is formed by partial members of a gene cluster in the expression pattern, then additional
members may also belong to the same cluster in the pathway. Thus, this procedure would assist to
assign functions to hypothetical genes and also possibly to extend the knowledge of pathways.

We developed a clustering framework for expression profiles. It is based on the distance between
two genes, which is defined by computing the correlation of the expression patterns of two genes. We
currently provide three clustering methods: single linkage, complete linkage and UPGMA (unweighted
pair-group method with arithmetic means) [4]. The analysis of the Saccharomyces cerevisiae expression
data [4] identified sets of co-regulated gene clusters; the most highly correlated ones were the clusters
for ribosomal proteins and proteins in glycolysis.

Fig. 4 shows the result of mapping clustered genes coding for proteins in glycolysis onto the KEGG
pathway diagram. The main pathway from D-glucose to ethanol was highly correlated. It is interesting
to note that the enzymes responsible for this major pathway exhibited similar expression patterns over
various environmental conditions as according to the data set we analyzed.

The pathway reconstruction by computation has mainly relied on the sequence similarity and on the
possible functional coupling according to the conserved operon structures among prokaryotes [10, 11].
The gene expression data provides additional information for the pathway reconstruction, which will be
most useful in eukaryotes where the simple correlation of positional coupling and functional coupling is
not generally observed. Furthermore, the information of chemical compounds and chemical reactions
can also be used, at least for the reconstruction of metabolic pathways. KEGG provides a pathway
computation tool by using the reaction data stored in the LIGAND database [12]. For example, from
a set of co-regulated enzyme genes all possible networks of chemical compounds can be computed
from the corresponding list of substrate-product relations, which may lead to the discovery of a new
pathway.

3.3 Expression Profile and Subcellular Locations

Organisms often have duplicate genes which apparently exhibit the same function. Aminoacyl-tRNA
synthetase (ARS) coding genes in Saccharomyces cerevisiae contain such duplicate genes, one for
cytoplasm and another for mitochondrion. We found that the expression patterns of the genes and
the subcellular locations of the gene products are correlated in some cases.
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Figure 4: The enzymes whose genes share similar expression patterns are marked with bold lines in
glycolysis for Saccharomyces cerevisiae. The enzymes whose genes are identified in the genome are
colored in gray.
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Figure 5: Expression patterns of aminoacyl-tRNA synthetase (ARS) genes in the diauxic shift. Cy-
toplasmic ARSs are represented by solid lines and mitochondrial ARSs are represented by dashed
lines.

Fig. 5 shows the expression patterns of ARSs in the diauxic shift analysis of Saccharomyces cere-
visiae [1]. It clearly shows the difference of the expression patterns between cytoplasmic ARSs and
mitochondrial ARSs. While the expression level of cytoplasmic ARSs decreases as the concentration
of glucose in the media decreases and the metabolism shifts to respiration, the expression level of
mitochondrial ARSs are relatively stable.

When mapping the expression patterns to metabolic pathway diagrams the information on the
subcellular locations is useful, because the objects in the current KEGG metabolic pathway map are
categorized by functions or EC numbers only. As this ARS example showed, the distinction may not
be detected if we use just the relationship between EC numbers and gene names.

4 Discussion

The publicly available expression data were stored in the KEGG/EXPRESSION database and used
for the pathway reconstruction. Most of the currently available data are limited to eukaryotes— yeast,
mouse and human. Therefore the analysis is focused on uncovering functional relationships among
genes scattered on the genome rather than among those clustered in the chromosome.

We have initiated an experimental project to perform expression profile analysis of bacterial species,
especially Synechocystis PCC6803 [13]. Among the many prokaryotes that have been sequenced the
operon structure is least abundant in Synechocystis, which makes it difficult to assign gene functions
because positional correlations cannot be utilized. Therefore it is expected that the direct measurement
of co-expression is most useful in Synechocystis, identifying partners in the ABC transport system and
the two-component signal transduction system, for example. The database we reported in this paper
will be used to organize and analyze the data from the various research laboratories involved in the
Synechocystis expression analysis.

Current difficulties in pathway reconstruction from expression data are summarized as follows.



The first one stems from the use of EC numbers for mapping genes to metabolic pathway diagrams
as described in section 3.3. In addition to the information on the subcellular location, which has been
useful in unicellular organisms and organisms with relatively small number of genes, the information
on the tissue specificity should also be considered for organisms with a large number of genes, such as
the mouse and human.

Second, since the KEGG/PATHWAY database consists of about 100 diagrams, it is not easy to
check all the diagrams to see any interesting coloring according to the expression patterns. A method
for automatic extraction of interesting correlations should be developed by quantifying the importance
of the clusters found in the pathways.

Third, in case where the relative expression levels are considered between two time points (section
2.3), it is necessary to distinguish between highly expressed genes and lowly expressed genes. A high
ratio may simply be due to the small variations of very low expression levels. In such a case we should
combine the intensity information.
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