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Introduction
In the last fifteen years, the rapid development of high-throughput
technologies and the increased amount of available experimental data
enabled the emergence of systematic informatics algorithms and methods
analyzing complex biological systems. Network science brings interesting
and new aspects to the field of biology by constructing graph models for
many of these systems, like signaling or regulation processes of the cells.
In these graphs the nodes represent biological entities (such as proteins or
genes), while the links are modeling physical interactions or logical
associations between these entities.
The goal of the research work showed in my thesis is to develop
computer programs helping to understand complex biological systems
trough the structural analysis of biological network models.
The real natural systems (like biological, social or even economical
systems) are too successful and robust to have a random structure.
Therefore, one of the key challenges of network science is to analyze and
understand the structure and topology of these networks. In case of the
most of natural networks, the interacting nodes tend to form modules,
dense regions. For example, in the protein interaction network of a cell
such module can be the functional group of proteins responsible for
forming ribosomes, or involved in RNA splicing. It is a hard algorithmic
task to find these modules in large networks containing thousands or ten
thousands of nodes. More than a hundred significantly different methods
have been published to solve this problem (Fortunato, 2010). However,
most of these methods assign the given node into only one given module.
More details of the module structure are revealed by the overlapping
modularization methods, which are capable to assign a given node into
multiple modules. Fuzzy methods are producing even more information by
also determining the strength of module assignment. In my thesis, I
present the computer implementation of the ModuLand fuzzy
modularization algorithms and I show the application of these
bioinformatics tools on practical biological examples.
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Aims of the work
In my research work I formulated the following goals.
1. My basic goal was to develop such an user-friendly modularization
computer tool, which can help to answer practical biological
questions by analyzing the fuzzy module structure of complex
biological network models.
2. My aim was to prove the applicability of the tool by analyzing the
fuzzy module structure of the amino acid network describing the
Escherichia coli Met-tRNS synthetase enzyme.
3. My aim was to prove the applicability of the tool by comparing the
module structure of the Buchnera aphidicola and Escherichia coli
metabolic networks.
4. My aim was to prove the applicability of the tool by analyzing the
yeast protein interaction network, and by comparing the modular
positions of the date and party hubs, which proteins show
interesting expression dynamics behavior.

Methods
During my research work, I used the ModuLand fuzzy
modularization algorithms defined by Dr. István Kovács. We published
these algorithms in a joint publication (Kovács et al., 2010). I also reused
the first Linux implementations of these algorithms we created together
with Robin Palotai, Gábor Szuromi and Balázs Zalányi. My own work
(Szalay-Bekő et al., 2012) was mainly to optimize these algorithms, to
create a user-friendly graphical interface and to apply the program on
numerous biological example.
To implement an easy-to-use bioinformatics tool, I integrated the
ModuLand method into the widely used open source Cytoscape (Shannon
et al., 2003) program, which provides a network visualization and analysis
framework running on Windows, Linux and Mac operating systems. The
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Cytoscape ModuLand plug-in1 was published in the international
Bioinformatics journal (Szalay-Bekő et al., 2012). During the
implementation I used C++ and Java programming languages, I introduced
several optimizations to reduce the run-time of the modularization, and
implemented several measure calculation and visualization features to help
the analysis of biological networks.
The ModuLand Cytoscape plug-in enables the users to visualize
and analyze the module hierarchy of any undirected network. The tool can
determine the central regions of the modules and can calculate different
measures describing the structural position of each node in the network.
For example in a protein interaction network, the user can check the
module centrality measure to understand how central is the given protein
in the cell. A different measure gives the ability to highlight the bridge
proteins connecting different functional modules in the protein interaction
network. The numerous different module structure related measures and
reports can be exported easily from the program (e.g. using Excel file
format).

Results
The plug-in was successfully used for bioinformatics research
projects many times by me, by the members of my research group and also
by independent groups.
I used the plug-in to analyze the protein structure network of the
Met-tRNA synthetase protein of the Escherichia coli bacteria (SzalayBekő et al., 2012). The ModuLand plug-in revealed the interesting
modular positions of the amino acids responsible for transferring the
conformational changes between the catalytic center and the anticodon
binding site of the enzyme. The five major sub-domains of Met-tRNA
synthetase were well reflected by the five modules found by the
ModuLand plug-in. Key amino acids of the most frequently used
communication path either belonged to the module cores of the three
1 The ModuLand plug-in can be downloaded from the following site:
http://www.linkgroup.hu/modules.php
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modules involved in transmission of conformational changes, or were
special inter-modular nodes highlighted by the ModuLand plug-in.
Also with the help of the plug-in, together with my colleagues we
compared the metabolic network of the symbiont Buchnera aphidicola and
free-living Escherichia coli bacteria, and showed the differences of the
module structures caused by the different levels of environmental stability.
We found that the average size of modules and module overlaps are
significantly higher in case of the Buchnera bacteria, while the E. coli
module cores corresponded to significantly less metabolic functions than
those of Buchnera. These results indicated that modules of the metabolic
network of an organism from a variable environment (E. coli) are more
specialized than metabolic network modules of an organism living in a
constant environment (Buchnera). Our results are in agreement with earlier
publications (Parter et al., 2007; Mihalik and Csermely, 2011) where the
authors also found more specialized modules in protein interaction or
metabolic networks describing organisms experiencing more stress.
Using the ModuLand method family we analyzed (Kovács et al.,
2010) the yeast protein interaction network, where we were able to map
main modules to different cell functions. We also analyzed the expression
patterns of the protein interactions of hub proteins, having high number of
connections. Based on the fuzzy module structure, we successfully
separated the date hubs (typically expressing all of their connections
together) from the party hubs (typically varying their connections in the
different expression datasets). In this way we were able to predict
expression dynamic behavior of proteins, analyzing only the statical
module structure of protein interaction network.
Since I developed the ModuLand plug-in and the related
publication in 2012, more than 150 researchers downloaded the program
and used it for several internationally published research projects. For
example, the ModuLand plug-in was used to analyze the system level
effects of oxidative stress on yeast cells (Lehtinen et al., 2013), while an
other study used the plug-in to align protein interaction networks of
different species based on their module structures (Wang and Gao, 2012).
In a third publication (Sharma et al., 2013) the authors used the ModuLand
5

plug-in to analyze the 20 functional modules in the protein interaction
network built around the Sirtuin enzyme family.
Based on these initial verifications of the use of the program, the
ModuLand Cytoscape plug-in (and the other fuzzy modularization
methods) will help to answer several interesting questions in the fields of
biology and pharmacology in the future. Beside the previously mentioned
examples, the plug-in can be used to predict cross-talk regions in signaling
networks, to identify possible drug target proteins, or even to help in the
structured visualization of complex biological systems.
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