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Life depends on the interaction of proteins. The availability of
the complete human genome sequence has highlighted the
need for a tool to analyse protein interactions and several
databases have been compiled for this purpose. These
databases document, categorize, and analyze interacting
proteins and the cellular functions of the interactions.
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Abbreviation
DIP Database of Interacting Proteins

Introduction
Virtually every cellular process is regulated by protein–pro-
tein interactions, ranging from the interactions of allosteric
protomers that control metabolic fluxes to the phosphoryla-
tion of enzymes that control signal transduction cascades [1•]
and the workings of complex molecular machines, such as
the proteasome that mediates proteolysis. These regulatory
processes have long been studied and many are well
known — but many more remain uncharacterized. Recently,
however, the availability of complete genome sequences and
DNA microarray data has changed the way biologists study
these processes, broadening the focus from a single gene or
protein to the whole genome or multiple genomes.

Fully sequenced genomes lead to additional insights into
the functional properties of the encoded proteins. These
functional insights emerge as networks of interacting 
proteins. Understanding interactions between encoded
proteins of a given genome is a critical step in functional
genomic analysis [2•] . 

To document and describe protein interactions, several
databases of interacting proteins have been compiled.
Interaction databases record the growing body of observa-
tions of protein–protein interactions in cells. Recently,
several articles were published describing the large-scale
screening of protein interactions using two-hybrid assays
[3•,4•,5,6] (see the article by Pelletier and Sidhu in this
issue pp 340–347), and it seems likely that a second wave
of publications on protein interactions will appear as mass
spectrometry becomes more widely applied in proteomics.

To date, however, the number of interactions reported
from recent large-scale experiments is small compared

with the number of interactions available from the thou-
sands of small-scale experiments described over years in
published articles. To gather details of these interactions
into databases, several approaches have been developed to
extract the information from titles and abstracts of articles
indexed in the MEDLINE database. These approaches
using statistical or semantic analysis have identified known
interactions [7,8•,9] or identified articles describing protein
interactions [10•]. Although these methods can quickly
scan the millions of articles in MEDLINE, their fidelity is
still far less than that achieved by a human curator who
examines each article. Thus the manner in which protein
interaction data should be curated into an interaction 
database remains a pivotal problem. Automated approach-
es may introduce more errors than true interactions, as has
been demonstrated for automatic protein annotation [11].
We feel at present that a human curated database is prob-
ably the best choice, but the drawback of this approach is
its slow growth. In the following, we describe the available
databases of protein interactions.

How to encode the various types of protein
interactions
Protein interaction databases ideally should accommodate
the full range of protein functions and interactions
observed in biology. Protein interactions fall into three
functional categories: metabolic and signaling (genetic)
pathways; morphogenic pathways in which groups of 
proteins participate in the same cellular function during a
developmental process; and structural complexes and 
molecular machines in which numerous macromolecules
are brought together. The inherent complexity of interaction
data leads to the design of various data structures to store
interaction information [12]. Examples include the 
protein-based interaction partners described in the
Database of Interacting Proteins (DIP) [13•] and the inclu-
sion of non-protein partners (e.g. RNA, DNA and small
molecules) as described in the Biomolecular Interaction
Network Database (BIND) [14•]. 

Experimental methods and protein interactions
Experimental methods available to detect protein 
interactions vary in their level of resolution (Figure 1a).
These observations can be classified into four categories.
The first comprises an ‘atomic observation’ in which the
protein interaction is detected using, for example, X-ray
crystallography. These experiments can yield specific
information on the atoms or residues involved in the inter-
action. Second, is a ‘direct interaction observation’ where
protein interaction between two partners can be detected
as in a BIAcore measurement or a two-hybrid experiment.
At a third level of observation, multiprotein complexes can
be detected using methods such as immunoprecipitation
or mass-spectral analysis. This type of experiment does not
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unveil the chemical detail of the interactions or even
reveal which proteins are in direct contact but gives infor-
mation as to which proteins are found in a complex at a
given time. The fourth category comprises measurements
at the cellular level, where an ‘activity bioassay’ is used to
observe an interaction; for example, proliferation assays of
cells stimulated by a receptor–ligand interaction. Here
again, the exact nature of the interaction is not known but
the biological readout allows inference of the potential
function of a given interaction. Some experimental meth-
ods span more than one level of observation (Figure 1b). In
terms of experimental data available in the literature, the
complex interaction category is the most commonly 
represented, followed by the cellular interaction, the direct
interaction, and finally the atomic observation category.

Need for confidence levels
Proteins interact with one another with a wide-range of
affinities and timescales. As of the year 2000, relatively few
interactions have been characterized in terms of energetics
and even fewer in terms of kinetics. Many physiological

interactions are transient and weak. Consequently, detec-
tion of interaction is often at the margin of observation, and
non-physiological interactions result in noise. Hence, it is
desirable to assign a confidence level to each observation.

Confidence in the validity of a reported interaction is
enhanced by observations of the same interaction by other
methods. For example, if an interaction is measured with
two distinct experiments, one using the two-hybrid assay
and another using immunoprecipitation, the joint observa-
tion increases our confidence in this particular interaction.
The higher confidence level is indicated in the DIP by a
thicker line between two proteins (see Figure 2). Some
methods of observation are more prone to false results,
however, and so in the DIP the method of detection is
given as an essential field for evaluation by the user.

Another approach to validating a given interaction is the
use of subcellular colocalization. If an interaction occurs
between two proteins that are known to be both localized
to the same subcellular compartment, the likelihood of
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Methods to detect protein interactions. (a) Different levels of
observation of an interaction. A hypothetical complex is shown where a
protein ligand (dark gray circle) interacts with a receptor (light gray
ellipse). The atomic level is represented by a thick dotted box, the
direct level of observation by a solid box, the complex level by the
dashed box and the cellular level by the thin dotted box. The nucleus
and its associated cell cycle are depicted together with a hypothetical

signaling cascade. (b) Categorization of protein interaction detection
methods depending on their levels of observation. The three main
assay categories — activity, biophysical and biological — are
represented and their particular range of observation is indicated (filled
boxes). (c) Examples of different methods and their associated level of
observation (filled boxes). ELISA, enzyme-linked immunosorbent assay;
FRET, fluorescense resonance energy transfer.
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physiological interaction is increased. This type of valida-
tion might be useful in increasing confidence levels in
protein interactions detected by error-prone methods [15•].

Another approach used in the case of the two-hybrid assay
evaluates the interacting protein fragments, as described
by Rain et al. [16]. In this approach, fragments of proteins
are used in the yeast two-hybrid screening process; the 
relative signal given by each protein fragment can be 
correlated with its propensity to interact with another 
protein fragment. There are two advantages to this
method: a minimally interacting region can be determined
and fragments that bind to a higher fraction of proteins
than expected at random can be removed or down-weight-
ed as being promiscuous [17]. This approach relies on the
ability of the protein fragment to refold in the same 
conformation as in the context of the full-length protein

[18]. The database curator or the user can employ such
considerations to ultimately filter interaction data.

Where can we find protein interaction
information?
Several biological databases are dedicated to protein inter-
actions; we summarize some of these interaction databases
below and in Table 1.

DIP
The DIP is a database that documents experimentally
determined protein–protein interactions. It provides a com-
prehensive and integrated tool for browsing and extracting
information about protein interactions. It contains pairwise
interactions between proteins [13•,19]. The basic structure
on which the data are stored has been extended to add addi-
tional information on the position of an interaction in a

Figure 2
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Reconstruction of the yeast ATP synthase protein network (enclosed
within the circle). Shown below are two different interaction pathways:
one through the inhibitor of mitochondrial ATP synthase (IATP) and an
alternative interaction through two proteins of unknown function (YKN0
and YCN3). Line thickness represents the number of experiments
describing a given interaction. Lines are color-coded according to the
experiment: native-gel electrophoresis (black), cross-linking (blue).

Three classes of two-hybrid experiment are represented depending on
the group that generated the data (green, Uetz et al. [4]; yellow,
Newman et al. [5]; magenta, Fromont-Racine et al. [6]). Each protein is
labeled using the first letters of its SwissProt accession code (e.g.
YNC3_YEAST). The different functional groups are color-coded as
indicated in the key. Data came from the DIP database 
(http://dip.doe-mbi.ucla.edu).
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pathway and on specific post-translational modifications.
The DIP allows the visual representation and navigation of
protein-interaction networks. The quality of a given interac-
tion can be assessed visually by the thickness of the lines
between two proteins and the selection of a specific method
can be applied to show the results from only a given method
(Figure 2). The DIP allows the integration of a diverse body
of information onto a protein-interaction network, such as
the predominance of certain domains or the different 
subcellular compartments in which a protein can be found.
The data files are available for non-commercial users who
are interested in studying protein interactions. So far, 
roughly 9700 interactions among 5700 proteins are available. 

BIND
The BIND database possesses a data structure that can
store a variety of interactions between molecular 
compounds and includes protein–protein, protein–RNA,
protein–DNA and protein–small-molecule interactions. It
presents protein interactions from the molecular level to
the pathway level. The structure of the database has been
published [20] and the first data released [14•]. At present
5800 protein interactions are present; its inherent structure
allows a wide variety of information to be included. 

MIPS
The Munich Information Center for Protein Sequences
(MIPS) has long provided protein sequence information
for yeast and other model organisms [21]. This database
also contains compiled protein interaction data for yeast,
which is available for download. So far, roughly 2400
unique protein interactions are deposited in the database.

Multiple experimental techniques for a given interaction
are also available [22].

PROTEOME
The PROTEOME database contains information regard-
ing many biological aspects of proteins, including cellular
function, localization and protein interactions. Although it
is not strictly an interaction database, a wide variety of
information is combined in this impressive resource with a
strong emphasis on protein function [23••]. Interactions
between proteins and methods used to define an interac-
tion are obtainable for each protein, but no visualization
tools are available. Proteins from organisms such as yeast,
worms and humans are currently available in this database.

PRONET
PRONET is a non-academic project funded by
Doubletwist and Myriad . This database contains 
compiled information about protein interactions and will
add data produced by in-house screening.

CURAGEN
Yeast has been the preferred genetic system for many 
biologists. A comprehensive study of protein interactions
among yeast proteins has been produced by the laboratory
of S Field and the Curagen company [4•]. Data are 
available at the Curagen website for academic users.
Visualization tools are available for the protein network.

PIM
Recently the pathogenic bacterium Helicobacter pylori has
been studied using the genome-wide two-hybrid

Table 1

Protein interaction databases available on the World Wide Web.

Database name Acronyms URL Reference Content Number of Academic Commercial
interactions version version

Database of Interacting DIP dip.doe-mbi.ucla.edu [13•] Catalog of protein–protein 9700 Yes Yes
Proteins interactions

Biomolecular Interaction BIND www.bind.ca [14•] Molecular interaction 5800 Yes No
Network Database complexes and pathways

Munich Information MIPS www.mips.biochem.mpg.de [21] List of protein interactions 2400 Yes No
Center for Protein with description of the
Sequences methods involved

Proteome PROTEOME www.proteome.com [23•• ] Integration of protein NP Yes Yes
information, function,
localization and interactions

Protein interaction on PRONET pronet.doubletwist.com Protein interaction and NP Yes Yes
the Web signaling database

Hybrigenics PIM www.hybrigenics.fr [16] Protein interactions for 1400* Yes Yes
Helicobacter pylori

Curagen CURAGEN www.curagen.com [4•] Protein interactions from 1500† Yes Yes
two-hybrid screen using 
full-length yeast proteins

The last two columns indicate whether an academic or commercial user can access the data. NP; not published; *published at the time of [14];
†published at the time of [4•].



assay [16]. Roughly 1400 interactions have been described
in the first article, and are available on the web for acade-
mic users. One feature of this database is that it includes all
the different protein fragments that were observed during
the screening, and assigns a likelihood score.

Conclusions
In contrast to the protein sequence databases for which a
simple structure can be defined, the diverse nature of 
protein interactions has hindered representation. It is
therefore not surprising that interaction databases
appeared only in recent years. Although biologists have
revealed many protein interactions, few have been inte-
grated in a database structure. Interaction databases fulfill
various needs: first, the interaction database provides a
centralized data repository allowing users to validate 
protein interactions by comparing results with previous
experiments. For example, in the case of the two-hybrid
assay, many experiments have been performed but not 
systematically collected and analyzed. In retrospect some
interactions might have been considered as false positives
or noise, even though they had been reproduced several
times by other laboratories. Second, the collection and
organization of known protein interactions allows naviga-
tion of the protein-interaction network and the discovery
of new pathways and modes of regulation. Third, general
properties of networks can be studied, as already described
for biochemical networks [24].

One computationally difficult problem is the integration of
data produced in various laboratories into interaction data-
bases. One way would be to provide each data-producing
laboratory with a software tool that integrates their new data
with previously deposited information. In order to be suc-
cessful this tool should be easy to use and should be able to
encompass different types of data. For example, many lab-
oratories have generated data on mass-spectra of peptides
derived from different immunoprecipitation experiments.
These data could be compared to known protein complex-
es with the software tool [25]. In a sense this type of
resource sharing is analogous to the controversial Napster
sharing, in which each user (experimentor) is connected to
the Internet and distributes his/her music (interactions). 

The publication of the draft human genome with only
30,000–40,000 genes emphasizes the importance of 
interaction databases [26,27]. The complexity and richness
of human biology can be achieved by the combinatorial
possibilities offered by protein interactions. Hence, 
interaction databases are a necessary tool for the biology of
the 21st century.

Update
Since submission of this review another large dataset of
protein interactions has been deposited [28]. The overlap
between the different studies is limited [28,29]. It is
becoming clear that scientists need to control all such stud-
ies with a common set of identical interactions. Without

this control, the reported differences and limited overlap
may arise from detailed differences in screening 
procedures and screen efficiencies.
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