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Networks
A network is a set of entities connected by some kind of links

The study of networks has emerged in diverse disciplines as a
means of analyzing complex systems relational data

Source: http://www.123rf.com

http://www.123rf.com


Networks
Communication networks: Flight networks

Source: http://content.united.com/ual/asset/UAL_NA_Map.pdf

http://content.united.com/ual/asset/UAL_NA_Map.pdf


Networks
Social networks: Facebook

Source: generated with http://friend-wheel.com

http://friend-wheel.com


Networks
Technological networks: Internet

Source: Internet Mapping Project, http://www.lumeta.com

http://www.lumeta.com


Networks
Information networks: WWW

Source: http://library.thinkquest.org/04oct/00451/internet.htm

http://library.thinkquest.org/04oct/00451/internet.htm


Networks
Biological networks: Phylogenetic trees and networks

Source: D. Huson, D. Bryant. Mol. Biol. Evol. 23 (2006), 254–267



Networks
Biological networks: Neuronal networks

Source: Kim et al. BMC Neuroscience 13(Suppl 1):P110 (2012)



Networks
Biological networks: Protein-Protein Interaction (PPI)
networks

Source: B. Schwikowski, P. Uetz, S. Fields. Nat. Biotech. 18 (2000), 1257–1261



Systems biology

• Biomolecular interaction networks are an integral part of
Systems Biology

• Goal of Systems Biology: To understand
• Organization of biological systems in terms of the
interactions of cellular components

• Dynamics of these interactions



Biological networks
• Intra-cellular networks

• PPI networks
• Metabolic networks
• Gene regulatory networks
• Cell signaling networks
• Gene expression networks

• Other biological networks
• Neuronal synaptic connection networks
• Protein structure networks
• Brain functional networks
• Ecological food webs
• Phylogenetic networks
• Disease–gene association networks



PPI networks
Proteins are involved in most biological processes in the living
cell

Usually, to be functionally active, proteins assembly into
protein complexes

Multienzyme complex: A is
converted to E through four
sequentially acting enzymes
E1–E4 assembled in a complex
so that intermediate products
do not diffuse

Source: B. Junker, F. Schreiber, Analysis of
biological networks. Wiley (2008)



PPI networks

• Proteome: set of proteins produced by a cell

• Interactome: set of all interactions between them

Protein-protein interactions
(PPI) usually refer to physical
interaction, i.e., binding



PPI networks
PPI detected through high throughput screening methods,

• Yeast 2-Hybrid System

• Affinity Capture of Protein Complexes

• Synthetic lethality: When mutating 2 genes is lethal,
corresponding proteins must be functionally related



PPI networks

PPI networks of yeast obtained from different datasets

Source: http://interactome.dfci.harvard.edu/S_cerevisiae/

http://interactome.dfci.harvard.edu/S_cerevisiae/


PPI networks

PPI predicted through computational methods
• Protein docking

• Simultaneous gene expression

• Comparing with other organisms

• Link prediction algorithms in complex networks
(L. Lü, T. Zhou. Physica A 390 (2011), 1150-1170)



PPI networks
Available on-line for a few organisms in different databases:

• DIP http://dip.doe-mbi.ucla.edu
• BioGRID http://thebiogrid.org
• HPRD (Human Protein Reference Database)
http://www.hprd.org

http://dip.doe-mbi.ucla.edu
http://thebiogrid.org
http://www.hprd.org


PPI networks
Issues with completeness:

• HPRD contains a PPI network of 41,000 interactions
between 8,500 proteins. A human cell has 20,000–25,000
proteins, and 250,000 predicted interactions

Issues with bias:
• Identified interactions are not random, but opportunistic:
highly expressed proteins, essential proteins,. . .

Issues with accuracy:
• The PPI network of yeast published by Ito et al in 2001
had a 80% of false positives



PPI networks
Issues with accuracy:

• “About 80,000 interactions between yeast proteins are
currently available [. . . ] only 2,400 are supported by more
than one method.” (C. von Mering et al. Nature 417 (2002),
399–403)

LC data: T. Reguly et al. J. Biol. 5(4):11 (2006); HC data: N. Batada et al. PLoS Biol. 4, e317 (2006)
Source: L. Hakes et al. Nature Biotech. 26 (2008), 69–72.



PPI networks
Usual static representation as
undirected graphs:

• Nodes: proteins
• Edges: (binary) interactions

Multiple interactions are modeled
by hyperedges, or inserted in the
binary network as stars or cliques

Open problem: Suitable models
of:

• transient interactions
• spatial heterogeneity



PPI networks
Modeling uncertainty through Markov relational networks

Source: A. Jaimovich, PhD Thesis, Hebrew University (2010)



PPI networks: Challenges
• Studying topological properties

• Finding central proteins (hubs,. . . )

• Finding functional modules (motifs,. . . )

• Obtaining robust biological conclusions

• Modelling their topology and growth as a complex
network

Sources: R. Guimerà, M. Sales-Pardo, Mol. Sys. Biol. 2:42 (2006)
V. Colliza et al. Nat. Phys. 2 (2006), 110–115



PPI networks: Challenges

• Network alignment

• Prediction of interactions

• Prediction of protein function and structure

• Finding conserved functional modules across species

Alignment produced with Cystoscape http://www.cytoscape.org
Source: R. Sharan et al. PNAS 102 (2004), 1974–1979

http://www.cytoscape.org


Metabolic networks

Metabolism: the
chemical system that
generates the essential
components for life

Metabolic network: the
set of chemical reactions
of metabolism and the
regulatory interactions
that guide them

Metabolic networks are
dissected into metabolic
pathways

Source: http://www.genome.jp/kegg/pathway.html

http://www.genome.jp/kegg/pathway.html


Metabolic networks

Source: Roche Applied Science Biochemical Pathways chart http://web.expasy.org/pathways/

http://web.expasy.org/pathways/


Metabolic networks
Metabolic pathway: a subsystem
of a metabolic network dealing
with some specific process:

• a network of chemical
reactions, linked to each
other, catalyzed by enzymes
where substrates are
transformed into products

• the network kinetics is
represented by the rate
equation associated with
each reaction

Human glycolysis pathway (Source: KEGG)



Metabolic networks
Constructed:

• Partially experimentally
• Partially from genome sequencing and annotation

Source: K. Y. Lee et al. Microbial Cell Factories 9:94 (2010)



Metabolic pathways
Available on-line for many organisms in different databases:

• KEGG (Kyoto Encyclopedia of Genes and Genomes)
(http://www.genome.jp/kegg/pathway.html)

• BioModels (http://www.ebi.ac.uk/biomodels-main)
• MetaCyc (Encyclopedia of Metabolic Pathways)
(http://metacyc.org)

• . . .

No database of complete metabolic networks of complex
organisms, only for specific organisms

• Human http://humanmetabolism.org
• Arabidopsis
http://www.metnetdb.org/MetNet_db.htm

• Yeast http://www.comp-sys-bio.org/yeastnet/
• . . .

http://www.genome.jp/kegg/pathway.html
http://www.ebi.ac.uk/biomodels-main
http://metacyc.org
http://humanmetabolism.org
http://www.metnetdb.org/MetNet_db.htm
http://www.comp-sys-bio.org/yeastnet/


KEGG

• At present it contains
around 95,000 pathways

• Pathways are represented
by maps with additional
information

• Models are coded in
KGML (KEGG Markup
Language)

http://www.genome.jp/kegg/pathway.html

http://www.genome.jp/kegg/pathway.html


KEGG

• Information on
metabolites, enzymes and
reactions (by clicking on
them)

• Uniform view of the same
pathway in different
organisms

Glycolysis: Homo sapiens



Metabolic networks
Simple, static representation as directed graphs

Metabolite graphs

• Nodes: metabolites
• Arcs: Existence of a
reaction

Reaction graphs

• Nodes: reactions
• Arcs: A product of the
source is a substrate of
the end

Allow the study of their topology as complex networks



Metabolic pathways
Static representation of metabolic pathways as hypergraphs

• Nodes: metabolites
• Hyperarcs: reactions
• Hyperarcs’ labels: enzymes

Stoichiometric matrix

Source: P. Carbonell et al. BMC Sys. Biol. 6:10 (2012)



Metabolic pathways as Petri nets

Petri nets allow a natural
representation of metabolic pathways
and their dynamics.

Roughly, enriched bipartite graph
version of hypergraph

There is a clear correspondence
between Petri net concepts and
metabolic pathways concepts



Metabolic pathways as Petri nets
A Petri net is a directed, bipartite graph

• Arcs connecting places (metabolites) and transitions
(reactions)

• Arcs weighted in N+ (multiplicities) and places weighted
in N (tokens)



Metabolic pathways as Petri nets
A transition may fire when each of its input places contain at
least as many tokens as the weight of the corresponding input
arc

The firing of a transition changes the inputs and output
places’s weights by moving tokens according to the arcs’
weights



Metabolic pathways as Petri nets
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Metabolic pathways as Petri nets
Many useful extensions:

• Inhibitor input arcs (with them, Petri nets ≡ Turing
machines)

• Functional Petri nets have arc weights defined as
functions of input tokens

• Continuous Petri nets may have real-valued numbers of
tokens (marks: concentrations)

• Timed Petri nets assign deterministic time frames to
transitions

• Stochastic Petri nets assign delays to transitions with a
probability distribution depending on transition rates



Metabolic pathways as Petri nets
Correspondence between metabolic pathways and Petri nets

Stoichiometric matrix Incidence matrix



Metabolic pathways as Petri nets

Some decisions:
• What to do with enzymes? (they would create self-loops)

• Labels of transitions

• Break loops by adding new places enzyme-substrate in
loops



Metabolic pathways as Petri nets

Some decisions:
• What to do with external (source or sink) metabolites?

• Allow “infinite” tokens in them

• Allow rules that do not “consume ” or do not “produce”
tokens

• Allow self-loops for external metabolites: arcs back to
transition from sinks and from transitions to sources



Metabolic pathways as Petri nets

Some decisions:
• Omit or maintain ubiquitous molecules (water, ADP,
ATP, etc.)?

• Represent reversible reactions as two reactions

• Use colors to model spatial information on substances

Survey: P. Baldan et al, Nat. Comput. 9 (2010), 955–989



Metabolic pathways as Petri nets
MPath2PN: translates metabolic pathways (in KEGG format)
into Petri nets in PNML (Petri Net Markup Language)
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Metabolic pathways as Petri nets
MPath2PN: translates metabolic pathways (in KEGG format)
into Petri nets in PNML (Petri Net Markup Language)



Metabolic pathways as Petri nets
MPath2PN: translates metabolic pathways (in KEGG format)
into Petri nets in PNML (Petri Net Markup Language)

Available at http://www.dsi.unive.it/~biolab

http://www.dsi.unive.it/~biolab


Metabolic pathways as Petri nets
Modelling metabolic pathways as Petri nets allows to use Petri
nets tools and techniques to

• Study the pathway characteristics and behavior

• Simulate the pathway on an initial configuration

• Compare metabolic pathways taking into account
structural and behavioral aspects

P-systems are related to Petri nets (P. Frisco, 2006) and they
are better at modelling metabolic pathways, but they lack
these techniques for the first and third problems
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