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Abstract
Motivation: Protein-protein interactions provide vital
information concerning the function of proteins, complexes and
networks. Currently there is no widely accepted repository of
this interaction information. Our aim is to provide a single
database with the necessary architecture to fully store, query and
analyse interaction data.
Results: An object oriented database has been created which
provides scientists with a resource for examining existing
protein-protein interactions and inferring possible interactions
from the data stored. It also provides a basis for examining
networks of interacting proteins, via analysis of the data stored.
The database contains over a thousand interactions.
Contact: k.eilbeck@stud.man.ac.uk
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Introduction
Protein-protein interactions are intrinsic to every cellular
process. They form the basis of phenomena such as DNA
replication and transcription, metabolism, signal
transduction, and cell cycle control. Understanding the
role of a protein within a cell relies on discovering the
biological context in which it performs its tasks, so
knowing the interactions it makes is vital. Genome
sequencing projects have identified many novel proteins,
with unknown function, giving impetus to create a
resource that makes available for analysis as much
information as possible on protein-protein interactions.
Proteins do not act in isolation, but form complexes,
networks, and often protein machines (Alberts, 1992) in
order to efficiently carry out cellular processes. The
ultimate goal of studying protein interactions is to
produce protein linkage maps for entire species. The first
linkage map of an entire genome was created using the
Yeast 2 Hybrid method on Bacteriophage T7 (Bartels et
al, 1996). Twenty-two interactions were discovered
between the 53 expressed proteins. Linkage maps of
larger, more complex genomes can be expected in the
future, as rapid experimental procedures such as the Yeast
2 hybrid method are generating vast amounts of
interaction data. The information is published, but not
stored electronically in a manner suitable for the
complexity of the data, as there is no ideal repository.
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Systematic cataloguing of protein-protein interactions
was proposed by Lander (1996), as one of ten vital post
genome sequencing strategies.
It is now apparent that the purpose of some proteins is to
become a scaffold that holds other proteins in the correct
orientation. This has been demonstrated by Cohen et al,
1998, with the discovery of IKAP, a protein which is
responsible for the assembly and regulation of kinase
complexes. Such proteins are likely to have many
interactions, and may reveal a great deal of information
about the processes in which they are involved. Proteinprotein interactions are also increasingly important to
drug discovery, as highlighted recently with the creation
of a non-peptidyl mimic of G-CSF (Tian et al, 1998). The
activation of the JAK family of protein kinases is
triggered by homodimerization of the G-CSF receptors
after the binding of G-CSF. The drug mimics the proteinprotein interaction, but can be administered orally unlike
the original hormone.
Information relating to protein interactions is currently
spread through many databases and is not structured in a
readily analyzable form. Existing systems have not
developed at a satisfactory rate to keep up with the
massive influx of interaction data. For example sequence
databases such as SWISS-PROT have interaction
information hidden in the free text annotation associated
with function. This format does not provide a suitable
context for analysis and querying.
Other databases have taken a more structured approach to
storing interaction information. For example, the Yeast
Protein Database (Hodges et al, 1998) has catalogued
every expressed protein in Saccharomyces cerevisiae. For
each protein it has the capability to list the interactions,
associations and multi-protein complexes it makes. This
database can be queried via properties of the protein, but
details about the interactions can only be retrieved
through the specific proteins involved. The MIPS
database (Mewes et al, 1998) is similar to YPD in the
information that it contains, but it stores binary protein
interactions in a set of tables that can only be queried by
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scrolling through to find the gene name of interest. This
site also stores a list of 230 multi-protein complexes
found in yeast. A prototype database Cyspid (Panzer et al,
1997) exists for the storage of cytoskeletal protein
interaction data. Cyspid explicitly represents biological
relationships between the interacting proteins in a
relational database. The database is navigated via an
HTML interface. There are also databases such as Ecocyc
(Karp, 1997) which have stored the known metabolic
pathway information including enzymes and reactions.
This type of database indirectly stores protein protein
interactions. However, none of the existing databases
have sought to directly answer protein protein interaction
questions. They have behaved as repositories for
interactions whilst delivering another function. There is
an obvious lack of a purpose-built database for protein
interactions for both retrieval and analysis of data.
Object oriented database technology provides a means to
fully accommodate and query the data associated with
protein interactions. Real life biological entities and the
relationships they make with each other are inherently
complex, as characterized by Barry (1996).The data lacks
unique identification and has numerous many to many
relationships. For example; a protein may contain many
motifs and a motif may occur in many proteins. The
modeling facilities, including inheritance and explicit
relationships, allow intuitive representations of biological
concepts.
Biological data has many of the characteristics for which
object oriented databases were initially proposed. Object
databases describe data using a collection of classes.
Classes define the attributes, relationships and operations
of the objects that are their instances. Classes can be
arranged in inheritance hierarchies, whereby the
properties of a parent class are inherited by its children.
The direct support for relationship constructs in the data
model, the provision of inheritance, and the close
association of programs with data means that applications
associated with rich information models and complex
analytical processing are well suited for use with such
databases.
Although classifying object oriented databases is not an
exact science, it is probably fair to say that there are now
two principal categories of object database. Object
relational databases (Stonebraker, 1996) are extensions to
the relational model to include object types and collection
types as attributes of tuples. Certain of the features of
object relational databases are likely to make them more
suitable than their relational predecessors for handling a
range of common biological types (e.g. sequences). The
other principal category of object database builds on the
ODMG industry standard (Cattell, 1997). ODMG
compliant systems are not descended from the relational
model, and can be seen as providing leaner and more

focused support for object modelling in databases. We
anticipate that there will be considerable use of systems
from both of these categories with biological data.
INTERACT makes use of an ODMG compliant database.
A number of other projects that use object oriented
databases are described in the literature. An object
oriented database for protein structure data is described in
Gray (1990), where the emphasis is on supporting ad-hoc
queries using a declarative query language. More recently
an object oriented database for transcription factor
interactions, namely protein-DNA interactions has been
described (Ghosh, 1999). This database can be manually
interrogated using a query language or via a ‘canned
query’ interface with pre-defined queries.
This paper describes a protein-protein interaction database
that stores both experimental data on interactions and
derived results from bioinformatics analysis. As well as
proposing a software infrastructure for managing,
querying and presenting interaction data, it provides an
example of the use of the emerging Object Database
Management Group (ODMG) (Cattell et al, 1997)
standard for object databases in a biological application.
Design
A user requirements analysis was carried out that
consisted of both a questionnaire and interviews with
scientists directly involved in protein–protein interaction
experimentation (academic and industrial). The scientists
were asked how they would expect to begin a query with
the database, and most commonly they chose to use the
name, accession or sequence of a protein of interest, while
others wanted to start with the gene. They were then
asked what questions they would like to query the
database with. A comprehensive list was returned, a
sample of which is given in Figure 1. The information
ascertained was used to identify a set of use-cases, which
are textual descriptions of discrete user goals for the
system. These use-cases played an important role in the
design of the schema of the database, by indicating some
of the information that would be needed in addition to the
basic interaction data.
The Unified Modeling Language (UML) (Fowler, M. &
Scott, K, 1997) was used throughout the design process,
to model the database and provide structure to
communication with domain experts. A Class Diagram
(Figure 2) for the database was developed to describe the
information required to support the use-cases. The model
is based on the assumption that an Interaction consists of
two interacting Proteins. An Interaction may be described
by many Experiments, which indicates the method and
conditions the interaction was discovered under.
It became immediately apparent from the response of the
scientific community that supplementary data needed to

be stored with the experimental data, to enhance the range
of queries and analyses that can be supported. The schema
was refined by adding: Homologue, Motif and PDB
classes. The Homologue class stores relevant
homologue/analogue information relating to the protein of
interest. It is derived from an ungapped BLAST (Altschul
et al, 1990) result of the original protein, using the
SWISS-PROT database, with an expect value of 0.01 and
using the BLOSUM62 matrix. Homologue thus contains
the score and probability as attributes, and has a
relationship with both the original Protein and the
homologue Protein. A Protein has up to 10 Homologues
derived from the 10 top scoring hits of the BLAST report.
The purpose of this class is to provide a built in answer to
the user defined query “Are there any homologues or
analogues to the proteins involved in this interaction”?
What part of the protein is involved in the interaction?
Does it interact with itself?
What proteins interact with proteins of a given motif?
What are the key references of this interaction?
What is the location of the interaction?
What other molecules does it interact with?
What type of interaction is it?
What pathway is it involved in?
How strong is the interaction?
Which residues are key?
Are there any homologues/analogues?
Does a crystal structure exist?
Figure 1. Questions people would ask a Protein-protein
interaction database, if available, as ascertained during the user
requirements analysis.

The class Motif has been designed to store information
from the popular motif database, PROSITE (Bairoch et al,
1997). This class has the following attributes: identifier
and name to store the PROSITE accession number and
name, type for kind of motif information (pattern or
matrix), and pattern for the string to store the actual
motif. The scientist can therefore query the database with
a known PROSITE motif either by name or accession, or
browse the motif information for a given protein, as
suggested by the use-case analysis.
The Protein class has other essential relationships. It has a
collection of Keywords, a collection of PDBs, and a
collection of Genes. The protein is associated with a
collection of genes rather than a single gene to account for
the nature of sequence databases where overlapping
coverage in the sequence databases and therefore
redundancy is common (Altschul et al, 1994). A Protein
also belongs to a GeneFamily, whereby homologous
proteins are grouped together regardless of species. A
Complex class has also been modelled as a collection of
GeneFamilies
involved
and
a
collection
of
GenericInteractions. The GenericInteraction class also

refers to the specific instances of Interaction that it was
derived from.
Another important feature of the design is the way in
which inheritance has been used to model references. All
of the classes that may have a bibliographic reference
inherit from the parent class ReferencedThing, which has
a many to many relationship with Reference. All of the
child classes therefore have that relationship.
ReferencedThing is an abstract class – it is not meaningful
to create ReferencedThing objects directly, so all
instances are direct instances of its children classes.
Implementation
The database has been implemented using the commercial
object database POET 5.1, which follows the Object
Database Management Group (ODMG) standard. The
ODMG standard has been developed jointly by the
principal object database vendors, and is being adopted
incrementally by products. The standard specifies:
1.

An object data model that allows definition of classes
with attributes and relationships, in conjunction with
a range of collection types (sets, lists, bags and
dictionaries) and an inheritance mechanism. The
ODMG model can be seen as a conventional object
model, but one that is shared by several products.

2.

A query language, OQL, that has a syntax and
computational power comparable to that of SQL, but
which acts over the richer ODMG model.

3.

A collection of language bindings, for Java, C++ and
Smalltalk. A language binding allows an existing
object oriented programming language to access
database data (more or less) as if the database
consisted of classes defined in the programming
language. It also allows the programming language to
query the database using OQL.

In the protein-protein interaction database, the UML
schema is mapped to a collection of classes in the ODMG
Java binding. For example the class Protein is declared
as:
public class Protein extends ReferencedThing{
// Attributes
String superfamily;
String organism;
String Swissacc;
String GenBankacc;
String description;
String comments;
String sequence;
// Relationships
SetOfObject homologues;
SetOfObject motifs ;
SetOfObject interactions;
SetOfObject keywords;
Gene dna;

…} .
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Figure 2. Class Diagram in UML of the INTERACT database. Classes are depicted as rectangles with lists of attributes.
Relationships are shown as connecting lines with the cardinality of the relationship given at either end, i.e. two proteins are
involved in an interaction and many interactions may involve the same protein. Part (a) presents the bulk of the classes
involved in the database, whereas (b) describes the relationship between Reference and and the abstract class
ReferencedThing. The classes Protein, Interaction, Complex and GenericInteraction inherit from the class ReferencedThing,
as shown by the arrows.

The mapping from the UML schema to Java classes is
straightforward. Each UML class is represented as a Java
class. Attributes of the UML classes map onto attributes
of the Java class. Relationships in the UML diagram map
onto a pair of attributes, one on each of the related classes,
each of which represents one end of the relationship.
Instances of Protein are created in Java programs, and are
stored in the database for future access by queries and
programs
Loading the data
Currently, protein-protein interaction data is gathered
from three locations:
•
•
•

The interactions tables provided by MIPS.
Scientist submission from a WWW form
Submission from published literature.

Specific interaction information is automatically retrieved
from the MIPS database. The supplementary information
provided at this site, such as experimental method and
references, is also retrieved where available. A suite of
programs has been developed to retrieve the interaction
data, supplement it with value added information from
other sources, and populate the database (Figure 3). For
each binary interaction entry in the MIPS interaction
tables, the program interrogates the external sources. A
BLAST search is performed to find the top ten best hits,
which become instances of the class Homologue. SWISSPROT is searched for much of the subsidiary information
relating to a protein, such as its keywords and accession
numbers, as well as for the links to PROSITE and
MEDLINE. PROSITE is accessed for relevant motif
information, and MEDLINE is searched for references.
The external bioinformatics sources used to provide
supplementary data for the database have been “wrapped”
in Java (Figure 3) to allow the analysis to be performed
cleanly from within a Java program using the
HTTPUrlConnection class. Wrapping the sources in Java
means that the load program benefits from a consistent
view of both the data sources and the database being
populated – both look like Java objects. In addition, the
Java wrappings will make it easier to cope with changes
to the interfaces of sources, and should allow the database
to adapt easily to use CORBA wrapped sources when
these become available.
Querying the database
The INTERACT database has been developed principally
to support the querying and analysis of interaction data.
There are three principal ways in which queries or
analyses can be expressed against the database:
1.

Canned queries. The use cases identified during the
requirements analysis phase have been used to direct
the development of a form-based interface in Java.

The top level window in this interface consists of a
scrolling list of questions. Selecting a question
initiates an additional request to the user for
parameters for the question, subsequent to which the
question is evaluated, and the user is presented with
the results of the query in a form-based browser.
2.

Interactive queries. The Object Query Language
(OQL) can be used to express declarative requests for
information from the database. For example, the
following OQL query finds all of the proteins
interacting with proteins containing the PROSITE
motif PS00188.
SELECT p
FROM p in ProteinExtent, i in p.interactions,
p1 in i.proteins, m in p1.motifs
WHERE m.identifier = "PS00188" AND p != p1

The result of this query is the protein p, where: p is in
the collection of instances of the class protein (this is
known as ProteinExtent); i is one of the interactions
in which p participates; p1 is the other protein
involved in the interaction i; m is one of the motifs in
p1; and the identifier of m is PS00188.
For readers familiar with SQL, the basic structure of
an OQL query should be familiar. The SELECT
clause indicates what appears in the result of the
query, the FROM clause indicates what collections
are used to answer the query, and the WHERE clause
imposes some restrictions on the values of interest.
The principal difference from SQL is that this query
contains no value-based joins – the relationships
between objects are explored by naming relationship
attributes in the FROM clause.
DEFINE yeast AS
SELECT p
FROM p IN ProteinExtent, h in p.homologues,
p1 in h.originalProtein
WHERE p1.organism = "SACCH*" AND h.intScore
> 1000;
SELECT *
FROM p IN yeast
WHERE
p.organism
=
"HOMO*"
AND
p.description =<CI> "*dna*"

This second example is a nested query that finds the
collection of proteins that are human homologues of
the Yeast proteins with a BLAST score of above a
threshold of 1000, and have the word 'DNA' in their
description. It demonstrates the used of the DEFINE
statement to nest the query, and a case insensitive
qualifier used whilst comparing strings.

BLAST

SWISS-PROT

Medline

PROSITE

BLAST
Wrapper

SWISS-PROT
Wrapper

Medline
Wrapper

PROSITE
Wrapper

Interaction
Data (MIPS)

Submission
Program
Database
Loading

Database

Interactive
Queries

Canned
Queries/Analyses

User

Database
Access
Figure 3.
An overview of the architecture of the submission system and user access to the database.

Analysis programs.
As the database can be accessed directly from Java using
a much cleaner interface than is generally available for
accessing relational databases from Java, INTERACT
provides a convenient setting for the development of more
complex analysis programs.
As an example of analysis, a clustering program further
analyzes the interactions reported for yeast to obtain
networks of interacting proteins. An adjacency matrix is
created of the interactions, where each axis contains all of
the yeast proteins in the database. A depth first search is
performed over the matrix, where interacting neighbours

of a protein are found sequentially, and then interacting
neighbours are searched for in turn. This method revealed
92 networks, the largest of which contained Actin and has
232 members. An example of a smaller cluster of proteins
involved in exocytosis is displayed graphically in Figure
4. The use of graph theory methods can also be extended
to detect any pathways of interaction between any two
seemingly non interacting proteins.
The database has proven to be a valuable tool for
determining putative interactions in species other than
yeast. An analysis program compares all of the proteins
involved in yeast interactions to other genomes, using

BLAST to determine analogous interacting partners. The
interactions have thus been mirrored in C. elegans, S.
Pombe and human, where cross species analogies can be
drawn. Potentially the most useful comparison is that with
C. elegans as it is also a fully sequenced genome
(C.elegans Sequencing Consortiun, 1998). It has been
shown by Chervitz et al(1998) that comparison of protein
sequences between yeast and the nematode revealed a one
to one mapping of core functional proteins, suggesting

SSO2

yeast to be an excellent model organism for such study.
For interaction data, it can therefore be assumed that if an
anaologue of a yeast interaction is found in C. elegans it
is most likely to be part of a fundamental eukaryotic
process. This resource can be found on the INTERACT
web site:
http://bioinf.man.ac.uk
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Figure 4.
A graphic representation of a network of proteins involved in secretion. The left hand side of the diagram displays proteins
mainly involved in vesicular transport, whereas the right side is involved in targetting and protein transport between the
endoplasmic reticulum and the golgi.
PROSITE and PBB. Every interacting protein undergoes
a BLAST search and the top ten homologues with a
Conclusions
An object oriented database has been built for storing data
expectation of less than 0.01 are retained. They serve to
on protein-protein interactions and multi-protein
add value to the data, whereby analogies can be drawn
complexes. It is an advance over previous methods of
from the information contained. It can be postulated that
interaction storage because of the richness of the data
homologues of the interacting protein may also make
contained in the database and the comprehensive querying
analogous interactions. This is particularly useful for
and analysis facilities provided.
cross species analysis, and as the majority of interactions
currently stored belong to yeast, analogies can be drawn
Each protein involved in an interaction is supplemented
to other eukaryotes.
with information derived from other databases such as

The database allows many experiments to be catalogued
for each interaction. This is important, as a single result is
not always conclusive, and may be confirmed by further
experimentation. A yeast two hybrid result plus an affinity
chromatography result is more believable that the former
alone due to the risk of false positives.
The web-based browser provides biologists with the
opportunity to view data via a structured route through the
database. It allows many of the questions identified in the
user requirements analysis to be answered through
straightforward interactive dialogues. The canned query
interface allows pre-written complex queries to be asked
of the data. These methods make the data held readily
accessible to the scientific community.
The database provides extensive facilities for querying
and analysing the data in the database. OQL queries can
be expressed through an interactive interface, or invoked
from Java applications, which view the database as
consisting of a collection of Java classes. Such analyses
may predict new networks, pathways or complexes.
Currently no other store of protein interactions is so
closely integrated with such comprehensive analysis
facilities.
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