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Abstract. Protein interaction is an important mechanism for cellular function-
ality. Predicting protein interactions is available in many cases as computa-
tional methods in publicly available resources (for example Scansite). These
predictions can be further combined with other information sources to generate
hypothetical pathways. However, when using computational methods for
building pathways, the process may become time consuming, as it requires
multiple iterations and consolidating data from different sources. We have
tested whether it is possible to generate graphs of protein-protein interaction by
using only domain-motif interaction data and the degree to which it is possible
to automate this process by developing a program that is able to aggregate, un-
der user guidance, query results from different information sources. The data
sources used are Scansite and SwissProt. Visualisation of the graphs is done
with an external program freely available for academic purposes, Osprey. The
graphs obtained by running the software show that although it is possible to
combine publicly available data and theoretical protein-protein interaction pre-
dictions from Scansite, further efforts are needed to increase the biological
plausibility of these collections of data. It is possible, however, to reduce the
dimensionality of the obtained graphs by focusing the searches on a certain tis-
sue of interest.

1   Introduction

In this work, an information fusion approach is applied to build aggregated knowl-
edge about interacting proteins. The analysis of protein interactions is important to
deepen our understanding about cell functioning, by revealing regulatory mecha-
nisms, in which proteins take part. Furthermore, the study of interactions between
proteins can help in understanding the functionality of unknown proteins, i.e. proteins
that have not yet been annotated.

Integrative approaches in protein interaction studies have to deal with the large
amounts of data that can be generated currently. Several techniques are presented and
analysed and then a new method is proposed in the report.
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The main aim of this work was to design and implement an algorithm capable to
automate the construction of protein interaction maps using interaction data available
from Scansite and additionally implementing methods of filtering out surplus infor-
mation by enforcing tissue specificity constraints. Several objectives of this work
have also been defined:

• literature survey of current approaches in building tools for aggregation or
fusion of information;

• defining an information aggregation approach and scenario;
• deciding which technology of data aggregation to use with respect to the

programming environment and with respect to the data acquisition and
storage approach;

• implementation of the algorithm;
• assessment whether the proposed method of aggregating interaction data

available from Scansite to construct protein interaction maps and the rep-
resentation paradigm used are a feasible approach

The results obtained in this work show that it is possible to aggregate publicly
available domain-motif interaction predictions to obtain protein interaction maps. It is
possible to reduce the dimensionality of the data collection obtained by the aggrega-
tion process by retaining only the data concerning a specific tissue. However, de-
scribing protein-protein interactions using only the domain-motif interaction para-
digm is not sufficient to obtain biologically plausible protein interaction maps. Sev-
eral explanations of this finding are explored.

The rest of the report is structured in the following chapters:
• Background, which introduces the important concepts used in the report and in the

study of protein interactions
• Methods, which introduces the chosen representation and algorithms used
• Design and Implementation, which covers the details related to the software con-

struction and introduces parts of the program
• Results and discussion, which lists some of the outcomes of the project and re-

views the limitations and the possible future developments
• References, the list of referred publications

2   Background

In this section, the main concepts used in data integration and protein interaction
research are introduced. Relevant related work in these fields is also briefly reviewed.

2.1   Data Integration

Data generation is an important part of the bioinformatics focuses. As a general trend,
the availability of biological data continues to grow and to become more difficult to
handle and understand by simple manual inspection. Thus, integrative approaches
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that are able to make the wealth of data more understandable and to direct further
research are needed. As a consequence, integration of heterogeneous data in life sci-
ences receives continuous interest. Integrative approaches constantly appear, both as
efforts of integrating separate data sources, as well as essential steps of experimental
techniques. Generally speaking, data integration strives to provide a better picture
about the enclosed body of knowledge of today's data abundance, by offering new
representation paradigms and easier access across domains.

Given the great diversity of data sources, representation paradigms, area of inter-
est, storage modality and addressing, a complete classification of data integration
methods is virtually impossible. However, general systematic divisions can be made,
and a description of those follows in sections 2.1.1-2.1.3.

2.1.1   Type of data source
When data sources are of the same type, or concern the same area of research, data
integration refers primarily to summing of the sources, and mainly focuses on format
compatibility, dealing with inconsistencies and redundancies. One of the basic ap-
proaches in bioinformatics concerns building databases to support researches or to
store a knowledge base.

When data sources are of diverse nature, concerning different areas of a biological
phenomenon, the focus of data integration shifts to the systematic understanding and
harmonisation of the data to describe whole systems in biology more generally or
more completely.

In both cases, the usual result is a quality improvement of the processed data. Data
can also originate from different experiments and be integrated into a unique re-
source, as, for example, Scansite (Obenauer et al., 2003), where several peptide li-
brary screenings and phage display experiments were used to derive the scoring algo-
rithms.

2.1.2   Data storage and retrieval -- data acquisition
There are two main approaches concerning data storage and retrieval (Vdovjak and
Houben, 2001): data warehousing and on-demand approaches. In data warehousing,
the data is stored locally, typically in relational databases, which are regularly up-
dated, following the updates in the primary data sources. This is also called the "ea-
ger" approach. In contrast, the on-demand approach is a lightweight solution that
chooses to retrieve the information from the primary sources (typically databases
available over the Internet) whenever that is needed. This is also called the "lazy"
approach.

This separation is mainly made according to organisational constraints. Davidson
et al. (1997) highlight that various integrative solutions respond to different needs.
Warehousing approaches, on the one hand, are characterised by higher efficiency in
operation (having the data stored locally and accessed in effective ways). Warehous-
ing requires however more efforts and expenses to set up and design databases and to
maintain equipment. It is thus targeted at bigger and more stable projects. A draw-
back would be that backtracking information generally becomes more difficult. On
demand approaches, on the other hand, come with quicker availability, less time spent
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in implementation, greater flexibility in operation and lower prices. Such approaches
preserve the autonomy of the sources, and thus make backtracking easy and eliminate
the constant concern of updating. A drawback is that they are slower in operation, as
the data needs to be retrieved from sources at the moment of query. It is common
practice for successful projects to move from one type of integration to the other, as
their operation requirements change.

2.1.3   Transparency of the sources
Depending on how "visible" the data sources are to the user, the integrative ap-
proaches are classified as integrated systems, that offer unified access to heterogene-
ous sources, and mediation architectures, which allow automatic processing of com-
plex queries.

In the integrative approach, the users are fully aware of which information sources
they use. They can choose or exclude sources using a meta-search front-end. Some
examples of services using the integrative approach and cross-linking between vari-
ous resources are Swiss-Prot1 (Bairoch et al., 2005, Boeckmann et al. 2005), National
Center for Biotechnology Information2, SRS, at European Bioinformatics Institute3

(Etzold and Argos, 1993; Etzold et al., 1996), HUSAR Bioinformatics4 (Ernst et al.,
2003), MyGrid5 (Wroe et al., 2003) etc.

Some of them, like HUSAR, go beyond simple merging of diverse data sources by
introducing concepts such as executing chained steps over an integrative platform
(Devignes and Smaïl, 2004).

In the mediation architectures, various sources of information appear transparent to
the user, who will use a form of query language, addressing them as to a unique re-
source. Several mediation architectures that have been released are: K2/Kleisli (Da-
vidson et al., 1997; Chung and Wong, 1999), TINet, P/FDM, DiscoveryLink,
TAMBIS (Goble et al., 2001), Xmap and Xcollect project (Devignes et al., 2002), and
BioMoby6 which integrates bioinformatics resources as web services and allows users
to define their own workflows (Wilkinson and Links, 2002; Wilkinson et al., 2005).

Other examples of mediation architectures:
• systems that focus on representing the knowledge to make it accessible for min-

ing and visualisation; these represent relationships between biological entities as
(complex) networks along with implementing certain metrics and claim to pro-
duce testable hypotheses (Gopalacharyulu et al., 2005);

• pipeline approaches, that act on experimental data sources (cDNA sequencing
projects), and search public web-based databases extensively in order to system-
atically identify and characterise novel genes; these are automatic annotation
tools (del Val et al., 2004); for example, ProtSweep, one of the workflows, uses
the sequence to identify a protein.

                                                          
1 http://us.expasy.org/sprot
2 http://www.ncbi.nlm.nih.gov
3 http://srs.ebi.ac.uk
4 http://genome.dkfz-heidelberg.de/
5 http://www.mygrid.org.uk
6 http://biomoby.open-bio.org
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These systems usually have to deal with multiple answers (sometimes contradictory,
complementary or in different qualities of precision) coming from different resources.
One of the approaches in dealing with multiple answers relies on sorting the results
according to user-defined criteria and integrating these according to consistency,
discrepancy, or precision (Devignes and Smaïl, 2004).

2.2   Protein-Protein Interactions and Protein Networks

A particular case of data integration refers to aggregating data describing protein
interactions with other molecules. Proteins are known to be versatile molecules, un-
dergoing structure modifications throughout their life, able to perform a wide variety
of actions and playing a central role in the biology of living organisms. Most of their
functionality relies on their ability to interact with other molecules.

In systems biology, the study of protein interactions with other molecules (nucleic
acids, proteins, various other messenger components) is of prime interest in under-
standing and describing the functionality of the organisms.

The main focus of this report is towards protein-protein interactions (PPI). Cur-
rently, there is a wealth of available data describing PPI (Tucker et al., 2001, Droit et
al., 2005, Steffen et al., 2002). This, combined with other data sources (systematic
localisation of proteins, mutant screens, and functional tests) can give a network of
interactions between proteins. These can be refined in potential signalling pathways
and interactive complexes, or used in functional annotations of proteins (Tucker et al.,
2001). Tucker et al. (2001) describe a roadmap in PPI studies: from simple pairs of
interaction, to protein interaction maps, protein networks organisation, towards regu-
latory networks and cellular modelling.

2.2.1   Protein-protein interactions (PPI)
There are currently various models trying to describe the interactions between pro-
teins. Some of them refer to binding and forming protein complexes, in which case
the focus is on docking study and descriptions, or on experimental techniques able to
detect protein complexes. Other models concentrate on the temporal aspects to deter-
mine a possible interaction, and thus focus on assessing the expression patterns, both
by theoretic approaches and experimentally. Some of the models focus on modular
signalling domains, and study the interaction through the domain-motif binding para-
digm (Obenauer et al., 2003). A possible development of gathering data about binary
PPI is functional annotation (identifying proteins with known function as interaction
partners for an unknown protein) and experiment guidance (by performing only cer-
tain confirming experiments and on only certain proteins, thus directing the search),
as highlighted by Tucker et al. (2001).
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Experimental techniques for generating PPI. Droit et al. (2005) mention a multi-
tude of experimental techniques, roughly classified as molecular biology-based meth-
ods, mass spectrometry methods and protein microarray techniques. Molecular biol-
ogy-based methods are categorised into traditional methods and high throughput
methods (Uetz et al. 2000; Ito et al. 2001; Gavin et al. 2002; Ho et al. 2002). Exam-
ples of traditional methods are affinity chromatography, immunoprecipitation, and
gel-filtration (Phizicky and Fields, 1995).

The most used and known method is the yeast two-hybrid system (Y2H) (Fields
and Song, 1989; Ito et al. 2000). Y2H is established as a standard technique in mo-
lecular biology. Some advantages with using Y2H are independence of endogenous
protein expression, high sensitivity, and making the method applicable to weak inter-
actions. Y2H screens have however some disadvantages, like high rate of false posi-
tives (Uetz 2002). Further limitations concern their ability to only describe binary
relations, and that the technique is not applicable to kinetics studies.

Other "classic" methods mentioned by Droit et al. (2005) are immunoprecipitation
assays, ubiquitine-based split-protein sensor (Johnson and Warshavsky 1994), Fluo-
rescence Resonance Energy Transfer (FRET) (Truong and Ikura 2001), Biolumines-
cence Resonance Energy Transfer (BRET), and a variant of FRET (Xu et al. 1999;
Angers et al. 2000).

Mass Spectrometry-based methods are a second type of experimental method for
determining protein-protein interactions. Large scale projects were conducted using
mass spectrometry methods, showing that mass spectrometry can generate large
amounts of protein-protein interaction data (Gavin et al. 2002; Ho et al. 2002).

Protein microarrays have also recently emerged as a high throughput, automated
method for generating protein-protein interaction data (Droit et al., 2005).

Bioinformatics methods for generating PPI data. The bioinformatics methods
complement experimental methods. They use well-known techniques of the field (like
data mining, annotation by sequence similarity, phylogenetic profiling, gene neigh-
bour7 and domain name fusion analyses) to generate protein-protein interaction data.
Bioinformatic methods also focus on creating protein-protein interaction databases,
literature-based interaction repositories and computational methods.

Bioinformatic repositories for PPI data. PPI databases constitute usually a more
elaborate step in gathering and processing information. Droit et al. (2005) mention
the following repositories of experimentally determined interactions: BIND (Bader et
al. 2003), DIP (Xenarios et al. 2002), GRID (Breitkreutz et al. 2003), SGD (Christie
et al. 2004), HPRD (Peri et al. 2004).

Literature based methods for generating PPI data. Droit et al. (2005) and Tucker
et al. (2001) describe literature-based methods to generate PPI data. These use text-

                                                          
7 If two genes are found to be neighbours in several different genomes, a functional linkage

may be inferred between the proteins they encode. The method is most robust for microbial
genomes but works to some extent even for human genes where open-like clusters are ob-
served.
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mining tools to transform journal-reported interactions into database entries. There is
a wealth of methods using literature mining in various settings and with different
reported efficiencies. Also, new such methods emerge constantly. One literature
mining approach worth mentioning is PreBIND (Donaldson et al. 2003, cited by
Droit et al. (2005)), which uses PubMed abstracts to extract interaction data. The
resulting interactions are then manually reviewed and used to feed records in BIND,
or have been used, for example, in the literature compilation study in yeast
(Schwikowsky et al. 2000).

Computational methods for generating PPI data. While the bioinformatics meth-
ods use a mix of experimentally derived and theoretically predicted data to study
functional associations between proteins, the methods that focus only on theoretical
predictions are named computational methods. These computational methods for
predicting functional associations (including direct binding) are generally based on
the assumption that interacting proteins have to be regulated similarly and must be
maintained in the genome together. Hence, as shown in Droit et al. (2005), computa-
tional methods have been using diverse approaches related to this assumption. Mar-
cotte et al. (1999) used domain fusion analysis, based on the assumption that genes
regulated together have a tendency to be fused into a single gene. Pellegrini et al.
(1999) and Huynen and Bork (1998) used phylogeny conservation, based on the as-
sumption that co-regulated genes tend to be either present or absent together.
Dandekar et al. (1998), used conserved gene pairs, based on the assumption that co-
regulation requires genes to be close neighbours. Computational statistical learning
theory was used by Bock and Gough (2001) for expanding the range of predictions to
whole proteomes. Aloy and Russel (2002) used three dimensional interaction model-
ling.

Finally, integrative approaches, like STRING (von Mering et al. 2003) and POINT
(Tien et al. 2004) use combinations of various computational methods to predict pro-
tein-protein interactions.

2.2.2   Protein interaction maps (PIM)
When combined, the binary PPI relationships are able to generate protein interaction
maps, which are sets of interacting proteins, represented as networks or circuits
(Tucker et al., 2001). Nodes represent molecules, while the edges represent the inter-
actions. Several large-scale projects using the Y2H method (Pandey and Mann, 2000;
Bartel et al. 1996; Walhout et al. 2000; Flores et al. 1999; Ito et al., 2000), showed the
way to the generation of large collections of protein-protein interactions in the form
of protein interaction maps. A recent large scale Y2H analysis effort by Uetz et al.
2000 on S. cerevisiae was combined with other S. cerevisiae interaction data from the
Yeast Proteome Database (YPD) and Munich Information Center for Protein Se-
quences (MIPS) repositories to generate a global yeast PIM (Schwikowsky et al.,
2000). There are also commercial PIMs available (Pronet / Myriad, PathCalling /
Curagen).

Visualisation tools for PIMs come to help in the effort of understanding the multi-
tude of relations in such large collections of interactions. Examples of such tools are:
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Cytoscape8, Osprey9 (Breitkreutz et al. 2003b), Biolayout10 (Enright and Ozounis
2001), as cited in Droit et al. (2005).

Such PIM modelling tools typically allow the user to concentrate on certain re-
gions of interest in the networks. This is done by allowing rearrangement of the lay-
out, or selective viewing, like eliminating portions of the network. Other facilities
include offering links to the relevant literature and offering contextual information
about the relation between two connected proteins. For example, in Osprey, one can
see characteristics of the selected links or nodes. Some viewers also allow performing
extended searches using the protein's identifier, accession number, or using keywords
(Suzuky et al. 2003).

2.2.3   Protein network organisation and regulatory networks
It is clear that PIMs contain a wealth of information, which is difficult to handle un-
less unlikely or insignificant relationships are filtered out. The next step, which usu-
ally includes integrating and improving the quality of information, generates organ-
ised protein networks. These are simply protein interaction maps that have been un-
dergoing filtration and removal of the relationships considered meaningless, redun-
dant, or uninteresting.

There is a multitude of approaches used for the purpose of generating protein net-
works, but there are no fixed standards yet. As an example, one filtering method, used
in Steffen et al. (2002), is based on the assumption that interacting proteins have to
share the same pattern of expression. Microarray expression data are used to rank
paths generated by Y2H experiments and to gather the paths into a PIM. Known paths
are used as a model for the program output, to fine tune the program's parameters,
along with statistical tests to assess the reliability of the results (comparison of real
data with randomised data generates far less meaningful pathways in the randomised
sets at certain settings). To improve the utility of the representation, ranking data is
used as a metric to calculate the lengths of the edges.

Large PIMs can also include functional category assignment or classification. An-
other possible approach towards simplification and generalisation is to depict con-
nections between functional classes of proteins instead of individual representatives
of those classes. These are called "regulatory networks" as they focus on understand-
ing and explaining the functionality (Schwikowsky et al., 2000, as cited by Tucker et
al., 2001). Different paradigms in graphical representation of PIMs can thus help
generating regulatory networks. Nevertheless, there are still features missing from
these representations, like the kinetics involved or the strength of interactions, or the
ability to differentiate between individual interactions and complexes of proteins
(Tucker et al., 2001).

                                                          
8 http://www.cytoscape.org/
9 http://biodata.mshri.on.ca/osprey/servlet/Index
10 http://www.ebi.ac.uk/research/cgg/services/layout
or http://cgg.ebi.ac.uk/old/cgg/services/layout
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2.2.4   Cell modelling and automatic generation of pathways
This section describes the final target of all efforts described in 2.2.1-2.2.3, to deepen
our understanding of the processes that take place in living cells. It is expected that
the usage of other sources of information can reveal regulatory connections and gen-
erate regulatory networks and pathways. Such additional sources of information were
proposed  by Tucker et al., (2001), who used DNA microarrays, mass spectrometry,
expression profiles in deletion mutants. Other additional sources were proposed by
Steffen et al. (2002), who used more complex datasets, homology modelling for dif-
ferential weighting of molecules towards the kinases, genetic interaction data biased
towards co-regulated proteins, data from protein kinase chips and signalling motif
identification.

2.3 Scansite: detecting domains and motifs in interacting proteins

Scansite 2.0 (Obenauer et al. 2003) represents an interesting paradigm for the char-
acterisation of protein-protein interactions. The main concept of the approach is that
eukaryotic proteins are often built with a modular architecture, combining domains
that fold and function independently into larger polypeptides. These domains often
occur in multiple unrelated proteins, where they fulfil similar targeting functions. The
Scansite authors consider that identifying such a domain in a protein can help in in-
cluding it on a cell-signalling pathway and thus help to indicate the protein's function.
Domains bind to the corresponding ligands by forming direct interactions with small
amino acid sequences, which are called motifs.

2.3.1 Detecting domains
Obenauer et al. (2003) mention several approaches to predict putative modular bind-
ing domains, like sequence comparison methods (Pfam, by Bateman et al. 2002) and
Hidden Markov Models (SMAR, by Letunic et al., 2002). They also indicate that
modular binding domains are fairly straightforward to predict, and give as an example
the abundance of these motifs in public repositories like Pfam (Bateman et al. 2002).

2.3.2 Detecting bound motifs
Detecting motifs proves to be more difficult than detecting domains. Motifs are typi-
cally short amino acid sequences (under 10 amino acids) and cannot reliably be sub-
jected to techniques like sequence alignment of Hidden Markov Models. Obenauer et
al. (2003) use the data from oriented peptide library experiments designed to be rec-
ognised and bound by a certain domain, and thereafter isolate and sequence the pep-
tides that were bound. The information gathered in this way is then used to create
position specific scoring matrices of different amino acids in the bound motif. A
scoring matrix indicates quantitatively the preference for each amino acid type at each
position within a certain recognised motif.
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2.3.3 Functionality of Scansite
Having solved the detection / prediction of both domains and motifs, Obenauer et al.
(2003) put together the Scansite set of tools, currently at version 2.0. It consists of a
set of two groups of programs, that can either search within a database of sequences
and discover all proteins that can be predicted to bind to a specific motif or set of
motifs (program group named Database Search), or detect on a given sequence / pro-
tein all the occurrences of the chosen motifs (program group named Motif Scan).
Both sets of programs can be accessed over the Internet, as searching engines. There
are currently 63 motifs with corresponding domains available in Scansite.

As search results can be quite large, Scansite offers the functionality to restrict
searches to a certain organism class or species. Other search restricting criteria in-
clude proteins' molecular weight, isoelectric point range, number of possible phos-
phorylated sites, as well as sequence composition. Further restrictions of the searches
can be imposed by specifying a keyword that is then matched against portions of the
proteins' entry or annotation in databases.

2.3.4 Stringency levels in Scansite's Motif Scans
The Scansite authors implement a scoring and threshold system for scanning query
proteins with the Motif Scan programs. This is done to decide which scores are likely
to suggest real interactions. There are three stringency settings defined, labelled
"high", "medium" and "low". To determine the scores, motif matrices of interest were
applied to the vertebrate subset of SWISS-PROT domains. The stringency settings
correspond to the following thresholds:

stringency score falls in the top

high 0.2% of all scores
medium 1% of all scores

low 5% of all scores

The values were chosen according to the authors' findings that they increase the
reliability of prediction of true positive "hits" while minimising the number of pre-
dicted false negative interactions.

2.3.5  Scoring results in Scansite's Database Searches
Scoring in the Database Search programs will always return the same score at a cer-
tain site for a given protein. However, the relevance of the score depends on the pro-
tein database subset selected for the search. The Scansite authors give the following
example: "a search among human proteins will yield sites whose percentiles are rela-
tive to all human proteins included in the search; the same site can thus have a differ-
ent percentile for different database searches" (Obenauer et al., 2003, p 3636).
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3   Methods

3.1   Representation paradigm

The program presented in this work relies on the following paradigm: proteins can
interact with one another through binding domains (designated in short as domains)
that can recognise and bind to binding motifs (designated in short as motifs). A cer-
tain protein can, at the same time act as the binding protein and be bound by another
protein, and thus "characterised" by both motifs and domains. The set of interacting
proteins connected by interactions can be called a Protein Interaction Map (see sec-
tion 2.2.2).

The representation is done by assigning each protein in the Protein Interaction Map
to a node and by displaying the interactions as edges. As proteins are connected
through motifs, each edge is associated with a collection of motifs (one or more,
depending on the findings).

3.2   Overview of the method

Obenauer et al. (2003) claim that "predicted domain-motif interactions from Scansite
can be sequentially combined, allowing segments of biological pathways to be con-
structed in silico" (p 3636). However, until now, this has not been done in an auto-
mated fashion, but rather required manual work, involving limitations in terms of
time consuming searches and further processing of matching results. This is due to
the fact that all information retrieval must be done by inputting textual information in
search forms in web pages, and the answers are provided as web pages from which
the user must extract the part of interest and usually start another search in a different
context. Furthermore, generating consolidated reports from the results is not directly
(or at all) supported.

These observations generated the question "is it possible to automate such a proc-
ess?" We defined the following minimal requirements for an automated system:
• the system should complement Scansite's capabilities of sending requests to

Scansite’s databases in the form of web page requests
• the system should output the results in a user-friendly way.

The second question was directed to reducing the dimensionality of the results, as
Scansite does not provide a method to limit the searches to a certain tissue, only to
certain species and organism classes (it is also true that the tissue restriction would
logically apply only to organisms that have tissue differentiation). The question was
"is it possible to restrict the searches to a certain tissue?” As the tissue information is
not included in Scansite's reports, this revealed the need for additional sources of
information.
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3.3   Algorithm

3.3.1   General considerations
Generating a Protein Information Map from the type of data provided by Scansite can
be implemented as a repetitive process of enumerating the possible interactions be-
tween the proteins in the data set. In our case, the first step is to start from a protein,
and try to find out what motifs can be found in it. The second step is to find what
other proteins can bind to those motifs. The proteins found in this step are added to
the list of proteins of interest, the ones constituting the Protein Interaction Map, and
this constitutes the third step in our method. When this process is completed, it can be
repeatedly applied on another protein in the Protein Interaction Map that has not been
processed by the algorithm.

When generating a Protein Interaction Map, new proteins are added to the Protein
Interaction Map on the basis of their possible interaction with proteins already in the
Protein Interaction Map. This takes place by enumerating the possible protein-protein
interactions of a given protein at a time. We named this process "the expansion" of
the node that represents the protein.

Deciding the expansion order of the nodes has been left to the user's choice under
the consideration that the user ought to have the needed knowledge to "guide" the
Protein Interaction Map expansion to the interesting areas.

3.3.2   Generating interaction information / expanding a node
As a first step, a protein has to be scanned for motifs, to determine whether it contains
certain motifs, or not. The results vary according to the settings used in the search.
This step is accomplished by running a Motif Scan on the chosen protein. The user
can choose to use one or many motifs and the stringency level. As a result, the list of
binding motifs is generated.

When scanning a protein for motifs, it is common to find a motif represented many
times. Each motif is present at a different site. This occurs more often when the strin-
gency is low. However, for the binding probability, the multitude of motifs of the
same type on a protein is not considered important. If a motif is present, this creates
the possibility to bind to it, and more than one motif should not make a difference to
the possibility of binding. It could be argued that many motifs could increase the
probability of binding, but this information is not taken into consideration when ex-
panding a node. This is discussed in the chapter 5.3 “Further developments”. For the
representation paradigm however, the assumption that one present motif has the same
effect as many motifs of the same type allows us to characterise the edges (the links
between proteins) by their motifs and not by their binding sites.
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This little more abstract characterisation allows us to have a comprehensible repre-
sentation in the presumably possible case that two proteins can connect to one another
by several types of motifs. In this case, the edge can be associated with a list of mo-
tifs, which is by far more manageable and easier to understand than a list of sites.

Figure 1 shows a schematic representation of how motifs can appear on a protein.
Several sites can contain the same motif.

Fig 1. Sites containing various motifs on a protein chain

In this case, a motif list would look like this:

Motif 1 {Site 1, Site 3, Site 5}

Motif 2 {Site 2}

Motif 3 {Site 4}

The second step is to find out which proteins will bind a certain motif. For each
motif in the list obtained for our expanded node / protein, we must search the proteins
able to bind to that motif. For this, we use the Scansite's Database Search interface.
Here, the user can specify the database from which proteins are to be searched, and to
optionally restrict the search to an organism class, species, molecular weight range,
isoelectric point range, and a number of supposed phosphorylated sites. The keyword
search can limit the results to matches from within the "Protein name"11 field in the
UniProtKB/TrEMBL entry and there is an option to limit the search to proteins con-
taining a certain amino acid sequence. Thus, for each motif, a list of proteins can  be
obtained.

The third step is to retain from this list only the proteins that are related to a certain
tissue of interest. Determining information about the tissue a protein corresponds to is
not a straightforward process. The detailed explanation of how this step is accom-
plished may be found in the section 3.3.3. At the end of this process, we have a list of
possibly connecting proteins for each motif. The list is restricted to a certain tissue of
interest.

                                                          
11 The “Protein Name” is a textual description of the protein



14

The fourth step is to check, for each protein in each list, whether the newly found
proteins are not already present in the network. If this is the case, the existing link is
updated with the new motif.

The fifth step is to check for every new protein, whether its interaction with the
starting protein is not characterised by multiple motifs. This is revealed by the protein
being found on lists generated by different motifs. In such a case, the new protein is
to be registered only once, but with multiple motifs. This is actually done simultane-
ously  with step four, by traversing the lists and, for each entry, checking if that entry
(and respectively the link described by it) is already present in the list of links for the
Protein Interaction Map. In such a case, the link description is updated with the new
motif (multiple motifs can characterise the interaction between the proteins). Other-
wise, a new link is created and the protein is added as a new unexpanded node of the
network. At the end of these steps the node that started the expansion process is added
to the list of expanded nodes and a number of new links and new nodes are registered
in the Protein Interaction Map.

From this place, the user chooses a new node to expand, or interrupts the process
of generating the Protein Interaction Map.

3.3.3 Getting the tissue information
The simplest and most direct way to get tissue information was found to be using the
UniProtKB/TrEMBL entry. The format of these records is standardised in what con-
cerns the general form, while the content formulation can vary quite a bit. Several
places in a UniProtKB/TrEMBL entry can give information about the tissue:
• the DE lines hold a description of the protein; this field is not standardised, which

results in varying formulation, probably decided by the annotator.
• the RC line holds some standardised fields (the "STRAIN" annotation and the

"TISSUE" annotation) in a fixed order (STRAIN would always appear before
TISSUE) but contains as well some non-standardised elements, as STRAIN or
TISSUE can miss either one or both, and their formulation is not standard. For
example, TISSUE can be formulated either with an organ name (like "Aorta" or
"Testis") which designates the dominant tissue of the organ, with an enumeration
(like "Eye and skin"), or with a generic description (like "whole body" or "em-
bryo"). Furthermore, the data in the TISSUE line comes from research published
about that tissue, and there is no guarantee against false negatives in annotation
(if a UniProtKB/TrEMBL entry has not listed a tissue, we cannot be sure the
protein is not expressed in that tissue at all).

• the CC line holds various comments, where the comment "TISSUE
SPECIFICITY" may be found. This is a highly irregularly formulated note, usu-
ally containing a detailed description in natural language which is difficult to use
for automatic text extraction purposes (an example, "Widely expressed. Low lev-
els found in liver with slightly higher levels present in thymus and testis" gives a
snapshot of the type of information).

Given the information available in a UniProtKB/TrEMBL entry, it is clear that the
tissue identification is partially unreliable. The easiest source to use is the RC line,
which lists standardised names of tissues. It favours, however, false negatives. Using
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other fields (like DE or CC) is difficult to implement (text extraction tools and auto-
matic classification could be used) or requires user decision. Other supplemental
information sources could be used (like the high quality Human Protein Atlas12,
Uhlén and Polen, 2005), but they are not complete and thus yield many false nega-
tives.

As the limited time for implementation would not allow for intricate solutions, and
what was really wanted was a proof of concept, the final decision was to use simple
text matching against the TISSUE note in the RC field for filtering purposes and then
extend the program to more nuanced behaviours in future development steps.

3.3.4   Additional comments on connections between proteins
As a protein can be scanned for several motifs, a set of other proteins able to bind to
those motifs can be generated. These are then nodes in the Protein Interaction Map
that connect to the protein of interest and an edge is to be drawn from each new found
protein for a certain motif towards the starting protein. The edges are directional, in
the sense that they express which protein binds to which partner. Building the net-
work starts from the bound protein towards the binding proteins, even though the
arrows, the directions of edges, point inversely. The protein displaying the motifs,
that is the bound protein, is hence considered the destination of the edge and the
binding protein is considered source of the edge.

There can be three types of connections or edges: unary, in which a protein con-
nects to itself (source identical with destination), binary unidirectional, in which a
protein is able to bind to another one, which is the general case, and binary bi-
directional, in which each protein can bind the other one (source and destination in-
terchangeable).

For each binding motif, a list of proteins able to bind to it can be generated. When
a protein displays many different motifs, the equal number of lists of proteins able to
bind the respective motifs can be generated. It might be the case that some of the
entries in the separate lists (for different motifs) repeat. In this case we have found
that a protein (that one that is to be found on many lists) can bind to the destination
protein through more than one motif. Thus, the edge is characterised by more than
one motif.

3.3.5   External representation of a Protein Interaction Map
A Protein Interaction Map is represented by generating a text file in the Osprey
(Breitkreutz et al., 2003) format, variation 3. There is the option, as a further devel-
opment choice, to use the variation 4. The Osprey file formats are documented in
Osprey Operator’s Manual, sections 3.1.2.3 and 3.1.2.413.

In such a file, a link is represented as a line with values separated by tab characters.
The starting and destination nodes of the link are the first two values, followed by the
information characterising the link that can be stored in the next three positions of the
line, under the headings of: "Experimental System", "Source" and "PubMed ID",

                                                          
12 Human Protein Atlas, http://www.hpr.se
13 http://biodata.mshri.on.ca/osprey/Documents/Osprey_1.2.0.pdf
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respectively. In these fields, information about the motifs characterising the interac-
tion could be stored, but this is still in course of being implemented.

It should be noted that the Osprey visualisation tool and environment is not di-
rectly targeted at representing Protein Interaction Maps, but rather at representing
gene networks and that the software has many more capabilities than we exploit.

An excerpt from an OCF Osprey file, custom file variation 3, shows as an example
of how a Protein Interaction Map is represented in a text file.

The first row contains the "root" node, which is provided for convenience, to make
easier for the user the task of finding the starting node of the Protein Interaction Map.
For each connection, the source nodes are listed in the column "GeneA" and the des-
tination nodes are listed in the column "GeneB". The first five proteins connecting to
the starting node are shown. The following two columns, "Experimental System", and
"Source" can be used to store information that characterises the connection, as Osprey
displays this information when a connection is selected. An example is provided in
figures 2 and 3. The last column, "PubMed ID" is to be left blank, as it is required by
the Osprey viewer to store the information needed to connect to literature references.

GeneA GeneB  Experimental System Source PubMed ID

P31749 root link characteristics search

Q86UW6 P31749 params.

O15040 P31749 motif one stringency=low

species-human

Q9P241 P31749

O94916 P31749

Q8TEU7 P31749

Fig 2. Tab-separated text file describing a Protein Interaction Map, according to the format
required by the Osprey viewer; the third row, the connection between O15040 and P31749
depicts an example of usage of the contextual information

Fig 3. The corresponding apearance of the Osprey file showing the edge information displayed
for the example edge between O15040 and P31749
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4   Design and Implementation

4.1   Design overview

This chapter describes the software that was developed in this project. People inter-
ested in obtaining the software can find the archive containing the source code and
the auxiliary files in the “Files” area at the address:

http://groups.yahoo.com/group/p_i_e_s  .

The result of the software is a Protein Interaction Map (PIM). A PIM is repre-
sented as a set of three lists: one that holds the expanded nodes in the PIM, one that
holds the non-expanded nodes in the PIM, and one that holds the links describing the
interactions between the proteins of the PIM. For simplicity reasons, we call the PIM
a network. All lists are implemented through the class java.util.Vector, an implemen-
tation of the java.util.List interface.

A Protein Interaction Map is here represented by a Network object (Network.java
class). All the rest of the software is built to support the generation of the PIM, that is,
it consists of helper classes, with various degrees of specialisation, organised in a
number of packages, according generally to their specialisation.

The Network class is a member of the sandbox package, the main package devel-
oped in the project. An overview of the package sandbox, with the most important
classes and relationships is presented in figure 4.

Fig. 4. An overview of the package sandbox, with the most important classes and relationships:
note the central place of the Network class
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Some of the support operations implemented in the other packages are listed below:
• interfacing with users
• communication over the Internet to retrieve web pages
• reading and writing local files
• text processing, text extraction from retrieved resources

4.2   Overview of the software organisation

The application developed in this project consists of an entry class (main class)
named Interface.java and a number of packages:
• package engines, which contains classes used generally to build the queries for

the external databases, handling their results, as well as configuring the connec-
tion over the Internet; the scenarios (see section 4.4) are implemented by classes
in this package.

• package html, which contains classes used generally for parsing web pages and
extraction of information.

• package protein, which contains classes used generally to handle and store
information related to proteins: representation of protein entries, filtering lists of
proteins according to some criteria, saving and reading temporary files that rep-
resent lists of proteins (used mainly for debugging purposes).

• package sandbox, which contains the classes used to build the Protein Interac-
tion Map, that is the class representing the PIM (Network.java), the classes rep-
resenting the other objects associated in a Network (Nodes, Links, LinkingMo-
tifs, Sites) as well as some helper classes used to interface easier the package
with the rest of the software (like Glue.java).

• package uts, which contains helper classes, that is the ones who perform vari-
ous minor operations (presenting menus to users, reading from keyboard, clear-
ing the screen), as well as the class that handles the actual communication over
the internet (PageRequester).

Most of the important classes have as a general feature, a main method, which can
be used to call the class separately, usually for testing purposes.

As a final note, an important component of the software is the GNU wget web
page retriever and its configuration files. This complements in certain cases the class
that is capable to request documents over the Internet, when requesting web pages
requires a more complicated communication protocol than the basic request-response
dialogue with the web server.

4.3   Interfacing with the user and program usage

The program is a command-line application. To run the program, the users have to
start a console, direct it to the program location and start the program through the
Interface class, which is the standard entry point. No command line parameters are
required, as the program is intended to be used interactively.
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The Interface class provides a menu for choosing various actions, like:
• configuring the connection to the Internet, the proxy configuration
• executing simple searches / queries on the Scansite and SwissProt
• executing a complete scenario of building a PIM
• getting explanations on the software usage, help system
• quitting the program

Not all the actions are implemented completely, the less covered area being the
help system.

4.4 Scenarios

Running the software is done starting from what data is available provided by the
user. In a first usage scenario, the user is assumed to know the name of the protein
and to perform a Motif Scan on it and start building a Protein Interaction Map from
that point. The scenario starts with interrogating the name of the protein in Uni-
ProtKB/TrEMBL repository to get an accurate accession number. As for textual
names several hits can be returned, there is a choice to filter the results using a spe-
cies, and a tissue of choice, as well as performing a manual selection on the filtered
lists. The goal is to find an Accession Number. Using a name as a starting point for
finding the protein identification is considered to be a stable option, as opposed to the
Protein ID, which can change over successive updates in the UniProtKB/TrEMBL
databases. After finding the protein’s Accession Number, this is fed in a Motif Scan
query, where the user can choose which motifs to scan for, specify what database the
Accession number comes from and, finally, set a stringency level. The result is a list
of motifs identified for the chosen protein. This process is actually similar to ex-
panding a node, that is, to expand the starting protein node. The building of the Pro-
tein Interaction Map continues under the user’s control, who is supposed to choose
which node to continue the expansion of the Protein Interaction Map with. Because of
the command line interface, there are two possible options for helping the user in
orienting which nodes to be expanded. First, the user can list all unexpanded nodes of
the Protein Interaction Map and choose which one to expand further. Secondly, the
user might generate an Osprey file and inspect the image in order to decide which
node to expand further. None of these solutions is optimal. For the first case, the
listing showing the unexpanded nodes in a Protein Interaction Map can become quite
large and thus be difficult to examine. Using an Osprey file requires on the other hand
additional steps in operation and, Osprey being an external program, switching be-
tween applications. This limitation could be overcome if the application would be a
graphical one.

In a second usage scenario, the user might have a description of the characteristics
of a protein (like molecular weight, isoelectric point, type of motif it is supposed to
bind, the organism class and species it comes from) and might want to find out which
proteins correspond to the given description. This is done by a Database Search in
Scansite. Then, each of these proteins can be scanned for motifs of choice (which is
done by a Motif Scan in Scansite), and then a PIM can be built repeating the two
operations on the rest of the proteins, in a similar fashion as in the first scenario.
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4.5 Implementation details

4.5.1 Class Network
Implemented in the file Network.java, part of the sandbox package.

It is the class that represents the Protein Interaction Map. The class is an aggrega-
tion of three lists (implemented as java.util.Vectors) keeping count of the members of
the Protein Interaction Map: expanded Nodes, unexpanded Nodes and Links between
Nodes. The classes describing a Node (Node.java) and a Link (Link.java) are detailed
in further sections.

The Network class mainly implements methods for keeping track of Nodes and
Links in a Protein Interaction Map, for expanding a Node, for generating an Osprey
file, for saving the Network status to a file, for loading a Network from a file and for
providing an interface to the user to direct the expansion of the Protein Interaction
Map.

4.5.1.1 The build() function
It runs an infinite loop and lets the user decide where to drive the program execution:
list the unexpanded nodes in the Network, expand a Node, show the location (paths to
the root of the Network) of a Node, show statistics about the Network (number of
Nodes, number of Links), generate an Osprey file, write or read the Network descrip-
tion to and from a file, or quit working with a Network. Each of these actions is im-
plemented as a separate function which gets called, executes and returns the control
back to the build() function.

4.5.1.2 The expandNode() function
It is the place where a Node is expanded to extend the Network. It is highly proce-
dural, and can be described by this pseudo-code:

1. is node expanded?

if yes, announce the node is already expanded and
return

if no {

2. mark the node as expanded and put it on the
expanded Nodes List

3. does the Node have a linking motifs list (has
it been Motif Scanned)?

if not, scan Node for Motifs

4. is the node the root, the first node in the
network?

if yes, generate a mock node root and a link to
it for later easier identification in agglomer-
ated graphs
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5. for each motif in the motif list of the node,
Database Search Motif and get a list of proteins
{

6. filter the list of proteins versus species

7. filter the list of proteins versus tissue

8. for each protein left in the list make a
temporary link with the associated "source"
node (the "destination" being the node we are
expanding){

9. check whether this link is already in the
network (known relation); only source and
destination nodes are checked;

if yes, add the current Motif to the already
existing Link

if not, the link is completely new{

10. add link to the network

11. and add the source node of the link to
the unexpanded Nodes list of the network

}

}// end for each protein in the list

}// end for each Motif in the node's list

//end expansion

4.5.1.3 The whereAmI() function
It prints paths that connect a given Node to the root of the Protein Interaction Map.
The function is recursive and does backtracking for visited nodes, so as not to get into
infinite loops. It takes as parameters a Node and a Vector containing already visited
Nodes, Nodes that are already on the description of the path to the root of the Protein
Interaction Map.
The operation of the function is described by the following pseudo-code:

1. is the current node in the visited Nodes list?

if yes, it's a cycle and we don't need to further
follow this path

if not {

2. add the node to the visited path

3. check whether the search has hit the root

if yes, print the path we found

if not {

4. enumerate all the links that leave the node
(where Node is source)

5. for each link{
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6. get the destination node

7. apply the whereAmI() function to the des-
tination Node with the visited Nodes list

}// end for each Link

} // end if Node not root

} // end Node not visited already

8. do some error checking for the current Node{

9. does node exist in the Network?{

10. if not print error

11. if yes, check if it has connections to other
nodes in the Network{

12. if not, it's a stray node, print error, no
path to root

} // end node existing but stray (11 and 12)

} // end 9., node existing in Network?

} // end final error checking

4.5.1.4 The writeToFile() function
It generates the Osprey file. The function should be more complex, and should save
as well data about which of the Nodes is expanded as well as elements that character-
ise Nodes and Links. The current implementation is rather simple:

for each link in the Links list{

generate a string of the form: <source node> + <tab
character> + <destination node>

}

4.5.2 Class Link
It is implemented in the file Link.java, part of the sandbox package. It is an aggrega-
tion of two Node objects (a source and a destination Node) and a list of Motifs that
characterise the Link implemented as a java.util.Vector. The class is used mainly to
describe the relationship between two nodes. Another design option would have been
to store information about the neighbours in the Node class, but that proved to be a
complicated approach, given the possible complexity of a Link description.
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4.5.3 Class Node
It is implemented in the file Node.java, part of the sandbox package. It is an aggrega-
tion of a Protein object that characterises the Node, a list of found expressed Motifs
implemented as a java.util.Vector, an array holding the parameters used in the Motif-
Scan search, an array holding the parameters used in the Database Search and a Boo-
lean qualifier that signals if the Node is expanded. The search parameters are saved to
leave the possibility in the future to increase the automation of the Network genera-
tion, by passing down these parameters to the newly generated nodes.

The functionality implemented in a Node object is:
• it can return a list with the Links leaving the Node;
• it can report the identification data of the Protein stored in the Node;
• it can return its status, if it's an expanded Node or not;
• it can check if it is on a list of Nodes;
• it can check whether it is equal to another Node (by checking if the contained

Protein has the same Accession Number as the other Node's Protein).

4.5.4 Class Protein
It is implemented in the file Protein.java, part of the protein package.

The class acts mainly as a holder for protein descriptions provided by Scansite's
Database Search and MotifScan output lists and by the SwissProt entries (from which,
by minor text processing, it extracts the information and constructs the object) and as
a tool for finding the main accession number of a protein.

This second functionality appeared and increased in complexity during the devel-
opment process to cope with the differences in identifying a protein between Scansite
and SwissProt. It is implemented in the function getSwProtAccNumber() which can
get from the SwissProt repository a primary accession number, given a secondary
accession number or a protein ID. As the SwissProt servers' response can vary over a
set of different web pages, several cases are taken into consideration.

4.5.5 Class Interface
It is implemented in the file Interface.java. It is an infinite loop that presents the user
the possibility to start sections of the program.

5   Results and Discussion

In this report we investigated the feasibility of using a domain-motif representation to
generate Protein Interaction Maps by using domain-motif interaction data publicly
available from Scansite, (Obenauer et al. 2003).

After reviewing the literature, to our best knowledge, an approach to generate
Protein Interaction Maps starting primarily from domain-motif interaction data has
not yet been reported. Instead, domain-motif interaction data have only been used to
fine-tune existing protein-protein interaction sets.
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Secondly, we investigated the possibility to reduce the dimensionality and increase
the biological plausibility of the results by limiting the collection of data to a tissue-
specific set of proteins. Such tissue specificity information is not readily available
with the domain-motif interaction data, and had to be integrated in the system from
publicly available protein annotation sources (Uniprot/Swissprot, Bairoch et al.
2005).

Thirdly, we investigated the feasibility of automating the procedure of the data
collection.

The assumption was that the presented approach of using domain-motif interaction
data together with focusing the data collection on a certain tissue would be a possible
way to generate Protein Interaction Maps. An ideal form of a Protein Interaction Map
is presented in figure 5.

Fig. 5. An ideal example of a Protein Interaction Map; node 1 is the starting node, root being
an identification pointer

5.1 Results

Running the software generates sets of pairs of possibly interacting proteins,
showing that it is possible to use publicly available domain-motif interaction data to
build such data sets. Furthermore, choosing to retain only the protein entries that are
reported to have a connection with a certain tissue of choice, that is, applying the
tissue specificity filter, reduces the number of total proteins in the data set. This be-
haviour of the presented software comes to complement and enhance the other speci-
ficity filters already available with the public resources, for example the organism
class, the organism species, the molecular weight and the isoelectric point reported
for a protein entry.

However, the data sets obtained after performing some experimental runs proved
to rapidly increase in size and to display a very low level of organisation, that is, a
large ratio of the connections number compared to the number of the proteins in the
interaction map.
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The automation of the data collection procedure is at the moment only partial, in
the sense that the user's intervention and knowledge are required to decide which
nodes in the Protein Interaction Map are to be expanded and which search criteria and
parameters must be used. However, obtaining the tissue information is greatly simpli-
fied and takes place transparently to the user, in an automated way.

Without using the software, obtaining the annotation information for a protein us-
ing its "Protein ID", a common identifier in the reports provided by Scansite, can
require performing several additional steps of following the links provided by the
reports and requesting additional web pages. In the worst case, the user may need to
require three additional web pages to get access to the annotation of a protein.

The reason for this is that the "Protein ID" identifier can change in the consecutive
revisions of the UniProtKB/TrEMBL repository and hence there might be differences
between the identifiers used by Scansite and the ones used by the Uni-
ProtKB/TrEMBL. An example of a situation when additional steps are needed to have
access to the annotation of a protein is provided in figures 6 to 9, featuring the protein
with the ID RIM1_HUMAN.

Fig. 6. Typical Database Search report provided by Scansite; following the link provided for
obtaining the annotation for protein RIM1_HUMAN results in an error
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Fig. 7. Error message provided by UniProtKB/TrEMBL when using a protein ID that has
changed: the user is pointed to another page and has to follow a link in order to get there

Fig. 8. The next step in tracing a renamed protein, the message showing the newly assigned
name, in this case RIMS1_HUMAN; the accession number, an unchangeable identifier is
provided as well
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Fig. 9. The third step, getting access to the annotation of the protein through its accession
number

The software presented in this report is capable to shortcut all these steps and
automatically get the web page containing the annotation for a protein with a changed
identifier.

Following, the results obtained in a real run are successively shown in figures 10 to
13, which are obtained by expanding four nodes in an Interaction Map.

Fig. 10. First step of expanding a Protein Interaction Map, node P31749 expanded
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The generation of the PIM starts from the protein with the accession number
P31749. This is obtained by searching in the UniProtKB/Swiss-Prot repository all the
proteins with the name "AKT1 HUMAN" that have in their annotation the tissue
"muscle". There is only one protein conforming these criteria, it is the one with acces-
sion number P31749.

In a first step, the protein is scanned for the "14-3-3" motif, with the stringency set
to "low". There are three possible sites where the motif can be found. The proteins
able to bind this motif are retrieved, with the search being limited by the following
constraints:

• molecular weight between 100 and 200 KDa
• organism class: mammalian
• species: human
• unspecified isoelectric point
• unspecified number of phosphorylated sites
• tissue: muscle

The resulting interaction map is shown in figure 10. At this point, the network
contains 56 proteins.

In a second step, a similar procedure is applied to the protein having the accession
number Q13574. This is scanned for the motifs: "Abl SH2", "Crk SH2" and "Fgr
SH2", with the stringency set to "low". The proteins able to bind to these motif are
retrieved, using the same settings and restrictions as in the first step.

The resulting interaction map is shown in figure 11. At this point, the network
contains 121 proteins.

Fig. 11. The second step of expanding a Protein Interaction Map, node Q13574 expanded
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In a third step, a similar procedure is applied to the protein having the accession
number Q9BX66. This is scanned for the motifs: "Grb2 SH3" and "Itk SH2" with the
stringency set to "low". The proteins able to bind to these motif are retrieved, using
the same settings and restrictions as in the first and second step.

The resulting interaction map is shown in figure 12. At this point, the network
contains 149 proteins.

Fig 12. The third step of expanding a Protein Interaction Map, node Q9BX66 expanded

In a fourth step, a similar procedure is applied to the protein having the accession
number P56192. This is scanned for the motif: "Shc PTB" with the stringency set to
"low". The proteins able to bind to this motif are retrieved, using the same settings
and restrictions as in the first, second and third step. At this point, the network con-
tains 195 proteins.

Fig 13. The fourth step of expanding a Protein Interaction Map, node P26640 expanded



30

5.2 Discussion

The wealth of the connections between the proteins that populate the generated
Protein Interaction Maps and the large number of proteins included, even after using
restrictions of limiting the search to a certain tissue, show that the representation
paradigm is probably not powerful enough to generate comprehensible results as of
yet.

For example, one possible weakness is that when dealing with an interaction path
where all proteins are connected through similar or identical motifs, reconstructing
the real path is difficult to achieve correctly. This is because the representation para-
digm provides no way to order interactions that are characterised by identical motifs
and to eliminate the presumptive interactions that have no biological relevance. Fig-
ure 14 shows what happens when reconstructing such a path.

Fig 14. Reconstructing an interaction path described by identical motifs

Thus, the chosen representation paradigm of describing chains of protein interac-
tions by the domain-motif interaction, while being straightforward, intuitive and be-
ing supported by the large availability of public data, has some drawbacks that make
it not yet ready for completely building Protein Interaction Maps. These drawbacks
mainly come from the inherent simplicity of the representation paradigm.

In the following, the possible drawbacks of the presented approach are summa-
rised.

Firstly, the intervention of the user is required to a large degree. The user has to
use domain-specific knowledge in choosing which parameters to use in searching
possible connections between the proteins and has to decide on the levels of strin-
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gency to be used. This might lead to variable results and might require further inter-
pretation of data.

 Secondly, there is no qualitative measure of the presumptive interactions de-
scribed by the domain-motif interaction data. Using such a measure could help in
eliminating possibly insignificant connections.

Thirdly, the representation paradigm uses the implicit assumption that a protein is
able to interact with any other protein, and does not take into account that the proteins
might be located in different cellular compartments. Another implicit assumption is
that proteins can be treated as linear chains of amino acids. The tertiary and quater-
nary structure of proteins are not taken into account and the surface accessibility of
the motifs is not taken into consideration.

5.3 Further developments

Further efforts are needed to improve the performance of the software, both in in-
creasing the relevance of the results and in enhancing the general operation. There are
two main areas in which efforts should be made.

5.3.1 Improving the representation paradigm
As noted in the Discussion section, the representation paradigm has certain weak-

nesses. We expect that the improvement which would bring the most impact would be
to order the sequence in which proteins can interact, especially in cases where the
same motifs are driving the interaction on several different levels of interaction (see
figure 14). Some types of information that might be added in future work to increase
the plausibility of the interaction maps are:

• the cell location of the protein for ordering the elements in the interaction
chain and thus removing some connections that might not be biologically
relevant or meaningful,

• the accessibility of motifs at the surface of the protein; motifs in the core re-
gion should not be used as binding opportunities, thus eliminating some im-
probable links,

• using further annotation resources to increase the quality of filtering, for ex-
ample text mining the highly non-standardised "Tissue specificity" field in the
protein entry in SwissProt, under user control, or adding the possibility to ac-
cess the information provided by other public resources, one example being
the high quality Human Protein Atlas (Uhlén and Polen, 2005), but many
other resources exist.

Another possible continuation of this work would be to develop a weighting and
ranking algorithm for protein-protein interactions to take into consideration that:

• if many motifs of the same type are present for binding on a protein, this
might increase the probability of binding,

• if an interaction between two proteins is possible through many different mo-
tifs, this might increase the probability of binding.
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5.3.2 Improving the usability and the quality of the software
It is well known that achieving software quality is a time and resource consuming
activity. More efforts are required to improve the quality of the presented program.
For example, some of the implemented features need to be extended and require fur-
ther testing.

Adding a graphical interface and the possibility to inspect the generated Protein
Interaction Maps within the software without the use of external programs could also
greatly improve the usability of the software by simplifying the process of choosing
subsequent nodes to expand.

5.4   Conclusion

In this report, we have investigated the possibility of generating Protein Interaction
Maps by primarily using publicly available domain-motif interaction data. A repre-
sentation model of the interactions in a Protein Interaction Map has been proposed. It
consists of representing the interaction between two proteins by the motif or motifs
characterising it. In order to increase the biological plausibility of the generated data
sets, using tissue specificity as a method of reducing the dimensionality has been
tested. A program that partially automates the process of gathering the data is pre-
sented.

The results obtained by running the software show that it is possible to generate
collections of presumably interacting proteins by using the domain-motif interaction
data. Several limitations exist, the main one being that the intervention of the user in
guiding the addition of new interactions to the data set is needed. The obtained data
sets are large and further efforts must be done to improve their biological plausibility.
Some possible approaches to achieve this have been presented.

As a conclusion, our approach of using primarily domain-motif interaction data for
building Protein Interaction Maps has elements of novelty compared to the references
in the literature, but at the same time it is difficult to assess its utility and meaningful-
ness.

During the running and testing of the software, obtaining the annotation data of a
protein starting from its "Protein ID" identifier has been recognised as a frequent
operation, that sometimes requires the user to perform additional searching steps,
when the protein identifier has changed. Consequently, a method to automate this
procedure in a transparent way for the user has been developed. While our focus was
on obtaining information regarding the tissue specificity of a protein, the procedure
can be easily adapted for obtaining any other information contained in the annotation
data. This section of the software can easily be reused for obtaining and processing
protein annotation data from UniProtKB/TrEMBL in other, broader, contexts.
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