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The Mammalian Protein—-Protein Interaction
Database and Its Viewing System That Is Linked
to the Main FANTOM2 Viewer

Harukazu Suzuki,'*¢ Rintaro Saito,'> Mutsumi Kanamori,' Chikatoshi Kai,'
Christian Schonbach,* Takeshi Nagashima,* Junko Hosaka,*
and Yoshihide Hayashizaki'-*>

"Laboratory for Genome Exploration Research Group, RIKEN Genomic Sciences Center (GSC), RIKEN Yokohama Institute,
Suehiro-cho, Tsurumi-ku, Yokohama, Kanagawa, 230-0045, Japan; 2Genome Science Laboratory, RIKEN, Hirosawa, Wako,
Saitama 351-0198, Japan; 3|ST-CREST, Saitama 351-0198, Japan; *Biomedical Knowledge Discovery Team, Bioinformatics
Group, RIKEN Genomic Sciences Center (GSC), Yokohama 230-0045, Japan

Here, we describe the development of a mammalian protein—-protein interaction (PPI) database and of a PPI
Viewer application to display protein interaction networks (http://fantom2l.gsc.riken.go.jp/PPI/). In the
database, we stored the mammalian PPIs identified through our PPl assays (internal PPIs), as well as those we
extracted and processed (external PPIs) from publicly available data sources, the DIP and BIND databases and
MEDLINE abstracts by using FACTS, a new functional inference and curation system. We integrated the internal
and external PPIs into the PPl database, which is linked to the main FANTOM2 viewer. In addition, we
incorporated into the PPl Viewer information regarding the luciferase reporter activity of internal PPls and the
data confidence of external PPls; these data enable visualization and evaluation of the reliability of each
interaction. Using the described system, we successfully identified several interactions of biological significance.
Therefore, the PPl Viewer is a useful tool for exploring FANTOM2 clone-related protein interactions and their
potential effects on signaling and cellular communication.

[The protein—protein interaction data that have been derived from our experiments and are newly described in
this paper have been submitted to the BIND database.]

Recent large-scale genome- and cDNA-sequencing projects
have provided information on complete sets of genes in nu-
merous organisms in which more than half of identified
genes have been uncharacterized (Goffeau et al. 1996; The C.
elegans Sequencing Consortium 1998; Adams et al. 2000;
Kawai et al. 2001; Lander et al. 2001; Venter et al. 2001; Oka-
zaki et al. 2002; Waterston et al. 2002). One of the most ef-
fective approaches to elucidating the function of the products
of these unknown genes is large-scale analysis of protein-
protein interactions (PPI), because most proteins act in com-
plexes to regulate the biological processes of organisms from
development to disease (Oliver 2000; Pawson and Nash 2000).
To this end, high-throughput genome-wide screening of PPIs
has been carried out for Saccharomyces cerevisiae, Caenorhabdi-
tis elegans, and higher organisms such as Mus musculus (Uetz
et al. 2000; Walhout et al. 2000b; Ito et al. 2001; SuzuKki et al.
2001). The experimentally produced PPIs are stored in several
publicly available PPI databases. The major part of PPIs in
many PPI databases is now yeast PPIs, because comprehensive
PPI data sets are available. However, it is important to design
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PPI databases that focus on other organisms, such as mam-
mals, because large-scale analysis soon will produce a huge
number of PPIs.

Many of the PPI data were derived through the yeast
two-hybrid method, and the usefulness of the analysis ap-
peared to be limited by the high number of false-positive in-
teractions (Legrain et al. 2001). Because the affinity of each
interaction is not appropriately captured in yeast two-hybrid
systems, false-positive interactions complicate the identifica-
tion of biologically relevant interactions. In addition, incor-
rect conclusions regarding biological importance may be de-
rived from these erroneous interactions. von Mering et al.
(2002) recently estimated that as many as 50% of interactions
obtained from yeast two-hybrid screens are false-positives. Ac-
tually, yeast two-hybrid-derived PPI data from two indepen-
dent research groups showed very little overlap (Uetz et al.
2000; Ito et al. 2001), although this finding may reflect the
high false-negative rate of these data sets. In designing the PPI
database, we therefore emphasized the evaluation of each in-
teraction so that reliability can be considered for constructing
the protein network. Current public PPI databases have not
addressed this problem very well.

Recently, the FANTOM2 (the second Functional Anno-
tation Meeting of Mouse ¢cDNA) consortium reported the
functional annotation of 60,770 full-length cDNAs from the
RIKEN mouse encyclopedia project (Okazaki et al. 2002). Ex-
pert curators manually confirmed the computational annota-
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tion of the FANTOM2 clones to provide the appropriate gene
name, gene symbol, coding sequence information, and rel-
evant gene ontology (GO) terms. This information can be
very useful in analysis of experimental PPI data, because we
are systematically analyzing PPIs by using the FANTOM2
cDNAs (Suzuki et al. 2001). However, our experimental data
are not comprehensive at present. In organisms with tens of
thousands of genes, it is difficult to establish comprehensive
PPI data sets, because the total number of experimental ex-
aminations is estimated to be far larger than that for budding
yeast. Further, we may have lost information because of false-

negative PPIs generated by the high-throughput assay system.
To compensate for the incompleteness of our PPI data sets, it
was necessary to analyze the experimental PPI data together
with publicly available information on mammalian PPIs.

Here, we describe the development of a mammalian PPI
database and a PPI Viewer, a graphical tool that is linked to
the main FANTOM?2 viewer. We integrated publicly available
PPI information with information we obtained from our PPI
assays into the PPI database and also included data regarding
the luciferase reporter activity or confidence of each interac-
tion.
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Figure 1 RIKEN PPl database. (A) Overview of the data-
base. The number of interactions obtained from each data
source is shown near the arrows. The interactions from DIP
and BIND public database are updated regularly, and the
interactions from the internal experiments and FACTS are
also updated in a timely fashion. (B) The table structure of
the PPI database. Each box represents a table and contains
the table name at the top, followed by the column names.
The arrows and equation labels indicate corresponding col-
umn names between two tables. Using this correspondence,
exactly one entry in the table at the end of the arrow can be
identified by using a corresponding value in the column of
the table at the beginning of the arrow. A specific entry in
the FANTOM2 database can be retrieved by using the clone
ID as a key. The various tables are:

eppi_primers: Contains primer IDs as well as primer se-
quences and clone IDs. A protein sequence can be esti-
mated by using this table and the RIKEN cDNA database.

eppi_function: Includes the functional annotation for each
RIKEN clone.

sinteraction: Comprises a list of interactions identified
through our assays (internal PPIs).

eext_interaction: Stores a list of interactions extracted from
publicly available data sources (external PPIs).

eext_protein: Includes protein information of the external
PPIs. Each protein is identified by its NCBI accession num-
ber.

eppi_source: Stores information regarding the origin of the
interactions, i.e., RIKEN_PPI assay, DIP, BIND, or literature.

shomology: Contains the results of homology searches and
the alignment of two sequences.
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RESULTS

Data Source for Mammalian Protein—-Protein
Interactions (PPIs)

We reported the development of a novel assay system for
systematic analysis of PPIs by the mammalian two-hybrid
method (Suzuki et al. 2001). We found 442 interactions
among approximately 6000 cDNAs, which were derived from
mouse full-length cDNA-enriched libraries. To provide the in-
teraction data set for the FANTOM2 meeting, we developed
the PPI database and viewer, a graphical tool for displaying
the PPI data (Fig. 1). In addition to the interactions identified
through our assays (internal PPIs), we extracted 1044 and 102
mammalian PPIs (external PPIs), respectively, from the DIP
and BIND databases (Bader et al. 2001; Xenarios et al. 2002),
two publicly available data sources (Fig.1A). In addition, we
used the FACTS (Functional Association/Annotation of cDNA
Clones from Text/Sequence Sources; http://facts.gsc.riken.go.
jp) system (Nagashima et al. 2003) to extract PPIs related to
the FANTOM2 clones from MEDLINE abstracts of the litera-
ture; although the extraction is still in progress, this effort
yielded another 424 independent external PPIs. We deposited
all these variously obtained interactions in the PPI database.

Basic Structure of the PPl Database

The RIKEN PPI database is a relational database that runs on a
Sybase platform, and is based on a table structure that effi-
ciently accommodates both internal and external PPIs (Fig.
1B). Lists of internal and external PPIs are stored in the inter-
action and ext_interaction tables, respectively. Detailed infor-
mation regarding the proteins is stored in separate tables—
ppi_primers and ppi_function for proteins in internal PPIs
and ext_protein for proteins in external PPIs. For obtaining
deduced protein sequences from the FANTOM?2 database, the
ppi_primers table also includes the clone ID and information
about the primers that were used for construction of the assay
samples. The homology table enables the integration of iden-
tical proteins from the internal and external protein sets,
when pairs of proteins (within threshold values of homology
and ungapped identity) are stored as identical proteins (see
Methods). This table also contains a descriptive result of the
alignment of two proteins—information that indicates how
homologous the pairs are.

Characteristics of the PPl Viewer
The PPI Viewer (http://fantom21.gsc.riken.go.jp/PPI/) con-
sists of two parts, the Interaction List and the Interaction Net-

work, and displays information from the PPI database (Fig. 2).
Users can scan all the deposited internal and external PPIs
with the Interaction List, which contains brief summaries re-
garding the interactions (Fig. 2A). IDs in the internal Interac-
tion List are linked to the FANTOM2 main viewer (Fig. 2A
inset), enabling users to obtain further information on the
clone (see also Fig. 2 legend). IDs and PPI source in the exter-
nal Interaction List are also linked to the NCBI clone viewer
and the MEDLINE abstracts, respectively (data not shown).

Information about PPIs beyond the target protein is
shown in the Interaction Network to visually characterize the
protein network (Fig. 2B). Proteins of interest can be searched
by either IDs or keywords (see Table 1 and Fig. 2 legend).
When users input the ID of the target protein, the protein
interaction network is shown as nodes (proteins) and edges
(interactions). The Interaction Network also can be displayed
with the annotations for the proteins in the nodes (see Table
1). Each node is linked to the clone viewers as well as the
Interaction List and each edge to the interaction information,
and these linked tools can be accessed by clicking the appro-
priate node or edge. In addition, because the link between the
FANTOM2 viewer and the PPI Viewer is live in both direc-
tions, users can access the PPI Viewer from the main
FANTOM2 viewer.

In the Interaction Network, the thickness of the edge
correlates with the luciferase reporter activity of each internal
PPI (red edges in Fig. 2B). It has been shown that the average
correlation coefficient of gene expression profiles that corre-
spond to interacting pairs is significantly higher than those
that correspond to random pairs (Grigoriev 2001). The aver-
age correlation coefficients for interactions whose luciferase
reporter activity are 1, 2, and 3 are 0.002, 0.03, and 0.18 re-
spectively, clearly showing that interactions with higher re-
porter activity are more likely to be coexpressed. We also dis-
played the confidence of each external PPI using the thickness
of the edge (default value 2); redundant interactions from
independent reports in each external data source were as-
signed confidence values of 3. Including information regard-
ing luciferase activity and confidence facilitates visualization
and evaluation of the reliability of each interaction in the PPI
Viewer. In addition, the color (red, blue, or green) of the edges
can be selected to indicate the respective data sources. When
a redundant interaction is derived from at least two data
sources, the edge is shown as a white line (see Fig. 2B for
example). This approach is useful because PPIs revealed by at
least two different methods have greater reliability (von Me-
ring et al. 2002). In addition, for optimal visualization of the

Figure 2 Screen display of the PPl Viewer. The viewer consists of the Interaction List (A) and the Interaction Network (B). The Interaction List
displays all the deposited PPIs sorted according to the proteins’ IDs. For internal PPIs, the list can be sorted according to bait (BIND) or prey (ACT)
proteins. The listed data include the interaction pairs and their annotations, supplemented with information of the primer sequences for con-
struction of the assay samples and the luciferase activity (LUC) of the interaction (internal PPIs) or the data source linked to the MEDLINE abstracts
(external PPIs). Clone IDs in the list are linked to the main FANTOM2 viewer (right lower inset). Some clone IDs are linked to the RIKEN
3’-end-sequence database with homology information because we have used several RIKEN clones that correspond to mouse known genes and
therefore have not been fully sequenced. Accession IDs (Gl number) in the external interaction list are linked to the NCBI clone viewer. These links
enable users to obtain detailed information on the clone. The Interaction Network (B) comprises three sections labeled Search, Assay Type List, and
Interaction Link. In the Search section, users can search for a clone to display according to any part of letters or numbers in its clone ID, accession
ID, or Gl number. Users also can search for proteins by KEYWORD. For example, entering “death” as a keyword yields clone 201032302
(programmed cell death 6). LUC, CONFIDENCE, and LEVEL are parameters with which users can display interactions having the desired luciferase
activity, confidence and within the desired number of interaction steps from the target protein, respectively. In the Assay Type List section,
interactions from selected data sources can be color-coded (red, green, or blue). In the Interaction Link section, the protein interaction network
for the target protein (shown as a red node) is displayed as edges and nodes. The luciferase activity (LUC) and confidence of an interaction are
reflected by the thickness of its edge. For internal PPIs, an arrow indicates the direction of bait protein to prey protein in the mammalian two-hybrid
assay. Self-interactions are shown as double boxes, and integrated genes are shown as a single node with an asterisk. The interaction network is
labeled with IDs (default) or with both IDs and annotations (by clicking the View and Hide buttons). The APPLET SIZE and length of edges
(pulldowns to the right of the Hide button) can be changed. Brief instructions are listed in Table 1.
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Table 1. Brief Instructions for Using the Controls in the PPI Viewer

Section Control Usage
Interaction List Submit Select the appropriate SORT KEY and its corresponding DATA
(see Fig. 2A) TYPE, then click the Submit button.
Go Top Return to the top of the menu.
Interaction Network ID 1. Select a clone ID, accession ID, or Gl number from the upper
(see Fig. 2B) pulldown.
Search 2. Enter any part of the letters or numbers of the ID in the entry

box left to the Search button, and click the Search button.
3. Select the gene of interest from the lower pulldown.
KEYWORD 1. Enter a word that may be included in the annotation of the
proteins, and click the Search button.
2. Select the gene of interest from the lower pulldown.
LUC Choose a luciferase activity (LUC) to display the internal
experimental PPIs (RIKEN_PPI) having that activity.

CONFIDENCE Choose a confidence to display the external public PPIs (DIP, BIND, and LITERATURE)
having that confidence.
LEVEL Choose a level, to display proteins within the indicated number of interaction steps from
the target protein.
Reload Click the Reload button to update the interactions display after changing any
parameters.
Go Top Return to the top of the menu.
Assay Type List 1. If necessary, change the data source and display colors by
clicking the appropriate radio buttons.
2. Click the Reload button after making any changes.
Interaction Link APPLET SIZE Choose the desired applet size from the pulldown.
View Click to display each protein labeled with its annotation and ID
number.
Hide Click to display each protein labeled only with its ID number.
100-300 Choose the length of edge from the pulldown.
Fix Check the Fix checkbox to lock the display.

PPI network of a target gene, the network that is displayed can
be adjusted with regard to the luciferase activity (LUC), con-
fidence of each interaction, and the number of interaction
steps from the target protein.

Analysis of the Protein Interaction Network
With the PPI Viewer

The PPI Viewer can be very useful for identifying interactions
of significant biological interest in the network of interac-
tions. Using the PPI Viewer, we have found a novel interac-
tion partner (clone A930002B18) of TRAF2, a key adaptor
molecule involved in tumor necrosis factor (TNF)-induced sig-
naling pathway (Wajant and Scheurich 2001). We have veri-
fied the interaction experimentally and designated the part-
ner as T2BP (TRAF2 binding protein; Kanamori et al. 2002). In
addition, clone E430001102 is a good example for significant
integration of the internal and external interactions (Fig. 3A):
The product of this gene interacts with the mouse homolog of
the yeast Sec31 protein with a luciferase reporter activity of 3
and has been reported to be a Sec23-interacting protein (Tani
etal. 1999). In yeast, Sec23 and Sec31 are both components of
COPII vesicles, which are involved in the transport of proteins
between the endoplasmic reticulum (ER) and the Golgi appa-
ratus. Binding of a low-molecular-weight GTP-binding pro-
tein, Sarlp, to the ER membrane sequentially recruits Sec23/
24p and Sec13/31p complexes, resulting in budding of the
vesicles (Wieland and Harter 1999; Antonny and Schekman
2001). The product of E430001102 is a mammalian protein
that has no homolog in yeast. Our results suggest that
E430001102 is involved in facilitating the sequential entry of
Sec23/24p and Sec13/31p into the ER membrane by physi-
cally bridging between Sec23p and Sec31p. Actually, it has

1538 Genome Research
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been reported that overexpression of the Sec23-interacting
protein caused disorganization of the ER-Golgi intermediate
compartment and Golgi apparatus (Tani et al. 1999).

Another example of the utility of our PPI database and
viewer is clone 2310079102—single-stranded DNA-binding
protein 2 (SSBP2)—which is involved in 14 interactions, some
of which seem to be false-positives. By displaying interactions
with a luciferase reporter activity of 3 only, we found that this
protein interacts with four proteins containing LIM domains,
three of which are LIM homeodomain transcription factors;
the remaining one is LIM domain only (LMO) protein LMO4
(Fig. 3B). The SSBP2 gene recently was reported to be dis-
rupted by an inversion-coupled translocation in acute my-
elogenous leukemia cell line ML3, and SSBP2 is suggested to
possess tumor-suppressor activity through gene dosage or
other epigenetic mechanisms (Castro et al. 2002). In addition
to the evidence that deregulated expression of the LMO fam-
ily proteins LMO1, LMO2, and LMO4 are associated with on-
cogenesis, several reports suggest that other LIM domain pro-
teins are also involved in leukemogenesis (Wu et al. 1996;
Rabbitts 1998; Visvader et al. 2001; Kawamata et al. 2002).
These results suggest that interaction of the LIM proteins with
SSBP2 plays an important role in the molecular mechanism of
tumor-suppressor activity of SSBP2.

DISCUSSION

In this report, we describe the development of a mammalian
protein-protein interaction database and a PPI Viewer, which
is linked to the main FANTOM?2 viewer. Although the data-
base and viewer were originally developed for internal, experi-
mentally identified PPIs, we have incorporated PPIs extracted
from the DIP and BIND public databases and the literature
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Figure 3 Analysis of interaction networks with the PPI Viewer. (A) Protein interactions involved in the formation of COPII vesicles. The compo-
nents of COPII vesicles, Sec23 and Sec31, are connected by two interactions derived from internal (red edge) and external (blue edge) PPIs. (B)
Interaction of LIM domain proteins with single-stranded-DNA-binding protein 2 (SSBP2, clone ID 2310079102). Our PPl assay identified 14
interaction partners of this clone; but setting the luciferase reporter activity parameter to 3 reduced the number of displayed proteins to only 4.

(external PPIs). Connection between internal and external
PPIs is not so frequently observed in the PPI Viewer at present
because our experimental data are not comprehensive and
because the annotation of the external PPIs derived from
FACTS is still in progress. Nonetheless, the integrated infor-
mation is useful for understanding mammalian protein net-
works in the face of limited data, as shown in Figure 3A for
example, and will be more useful with increase in both the
internal and external PPIs stored in the PPI database.
Because it can incorporate interactions from various re-
sources into a single window, our PPI Viewer provides a pow-
erful way of performing “interolog” analysis (Walhout et al.
2000a, 2000b). Interologs are homologous pairs of interacting
proteins in different species and may be useful for biological
analysis in two ways. First, interologs may decrease the num-
ber of false-negative interactions when the reference species is
evolutionarily close to the target species, because in such
cases, the interologs in the target species are likely to interact
(Matthews et al. 2001). For example, a number of mammalian
interologs among several transcription factors complemented
interactions that have not been detected in our assay (blue
and green edges in Fig. 2B). Second, information regarding
interologs can be used to assess the confidence and biological
significance of observed interactions (Walhout et al. 2000a,b).

The greater the evolutionary distance of the reference species,
the more significant the interactions. Of the 442 internal PPIs,
we have found 36 interologs when we used PPIs in the DIP
database. Users having reference species information can con-
duct interolog analyses with the PPI Viewer.

There seem to be advantages and disadvantages in our
system compared with other PPI databases, such as BIND and
DIP. A unique feature of our database is that it incorporates
information regarding the luciferase reporter activity of our
experimental data and the confidence of the external PPIs.
Furthermore, redundant interactions derived from at least
two data sources are shown as white edges in the PPI Viewer.
This feature enables users to elucidate the reliability of each
interaction. The reliability of interactions has not been ad-
dressed satisfactorily in most public PPI databases, and it is
generally accepted that available PPI information includes
many false-positive interactions that may yield incorrect bio-
logical conclusions (Legrain et al. 2001). In this sense, it may
be more valuable to apply the Interaction Generality measure,
a means for computationally assessing the reliability of PPIs
obtained in biological experiments (Saito et al. 2002), to the
PPI Viewer. Another advantage of our system is that it permits
the display of a large variety of information to find biologi-
cally relevant interactions. Users can efficiently visualize the
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protein network around the protein of interest using several
controls such as LUC, confidence, level, and color choice,
while there are few publicly available PPI databases whose
viewers suitably display such information. We showed a few
example interactions whose biological significance was suc-
cessfully suggested through the use of the PPI Viewer (Fig. 3).
These interactions are essential in uncovering molecular
mechanisms of the biological processes. However, it should be
stressed that prior to further analysis interactions of interest
should be confirmed by other methods, such as coimmuno-
precipitation or in vitro binding assays, because the PPI data
include many false-positive interactions and PPIs revealed by
at least two different methods have greater reliability (von
Mering et al. 2002). Finally, our database may be unique by
focusing on mammalian PPI, which will be more useful both
in future higher functional annotations and the proteomics
studies in mammals. On the other hand, a disadvantage of
our system compared with other databases is that operation of
the viewer may be complicated because of the rich informa-
tion displayed. Further, the search function to find proteins
and/or interactions of interest may be less powerful than the
display function, although part of this disadvantage could
be compensated by a variety of search terms in the main
FANTOM2 viewer linked to the PPI Viewer.

During the FANTOM2 meeting, the annotation of each
gene was based on information regarding homology to
known genes and/or motifs, and information obtained
through use of the PPI database was not included in the an-
notation. Nonetheless, having the PPI database linked to the
FANTOM2 database will be useful for detecting protein inter-
actions of genes of interest, because PPI analysis is one of the
most important approaches for uncovering the functions of
uncharacterized genes. The goal of our PPI database is to con-
struct a mammalian protein database by integrating all avail-
able genome-wide interaction data sets, where reliability of
each interaction should be evaluated as described. We believe
that such a database will be definitely essential both in future
higher functional annotations and the proteomics studies.

METHODS

Data Source of the PPIs

The experimentally examined PPIs obtained from our high-
throughput assay system were deposited in the PPI database.
Of the 442 interactions we obtained, 145 were reported pre-
viously, and the remaining 297 interactions are newly pub-
lished. In addition, mammalian PPIs were extracted from the
publicly available PPI databases, DIP (http://dip.doe-
mbi.ucla.edu) and BIND (http://www.binddb.org/), and from
MEDLINE abstracts by using the FACTS system (Nagashima et
al. 2003). To reduce redundancy, we removed the 145 experi-
mentally produced PPIs that we previously deposited in the
BIND database from those we extracted from BIND. Further,
we removed redundancy of the interactions with identical
PubMed identifiers (PMID) from the publicly available PPIs.
In the case of PPIs extracted by the FACTS system, 424 PPIs
were selected from the originally extracted 696 PPIs. These
extracted PPIs were integrated with our experimentally iden-
tified interactions; we then used the BLAST and FASTA pro-
grams to identify identical proteins. When the E-value was
lower than 1.0 x 1073° and the ungapped identity was more
than 90% between two proteins, they were determined to be
identical and were placed in the same node in the PPI Viewer.
We similarly integrated the redundant proteins among the
external PPIs and stored the homology information in the PPI
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database. The interactions deposited in the database are avail-
able by request.

PPI Viewer

Brief instructions for using each control in the PPI Viewer are
shown in Table 1. When the luciferase reporter activity of an
internal PPI is more than 3-, 5-, and 10-fold greater than the
mean background in the bait- or prey-only samples, the ac-
tivity is defined as 1, 2, and 3, respectively. The confidence of
interactions from the publicly available databases and curated
literature is defined as 2, and that of redundant interactions
from independent reports in each external data set is assigned
to be 3.
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