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Regulatory Networks
Regulatory networks are organized into linear or branched signal
transduction cascades.
Any individual regulatory action requires
1. stimulus
2. transmission of a signal to a target
3. response
4. ‘reset’ mechanism to restore the resting state
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Network Control
Control may be exerted at protein level (fast process, subsecond timescale)
and through gene expression (slow process, minutes timescale).
Regulatory networks:
1. tend to be unidirectional: a transcription activator may stimulate the
expression of a metabolic enzyme, but the opposite
2. have a logical component: two interactions combine to activate a target,
activation may require both stimuli (logical ‘and’) or either stimulus may
suffice (logical ‘or’);
3. produce dynamic patterns: signals may produce combinations of effects
with specified time courses.

Arthur Lesk, Introduction to Bioinformatics, Oxford

Network Motifs
Network analysis is important for detecting network motifs, which
are recurrent and statistically significant sub-graphs or patterns.

http://compbio.pbworks.com/

Motif Matching
A match of a motif G’ in the target graph G = (V, E) is a subgraph
G’’ = (V’’, E’’) which is isomorphic to motif G’
Two graphs G’ and G” are isomorphic if there is a bijective
mapping between the edge and vertex identities
i.e. G‘ is transformed to G’’ by changing the vertex and edge
identities

Problem Complexity
The complexity of graph isomorphism is in the ’grey area’ of complexity:

• It belongs to NP class of problems (problems where solution is easy to
verify once found)

• if the correspondence is known, the graph isomorphism belongs to P
class of problems (problems that can be solved efficiently)

• if the correspondence is not known, the graph isomorphism is NP-

complete (problems that are believed to be hard to solve but easy to
verify)

• Subgraph isomorphism, checking if a subgraph G’’ that is isomorphic
to given graph G’ exists in a larger graph G, is known to be NPcomplete

• No hope for really fast algorithms for finding motifs.

Statistical Significance
A motif is a statistically overrepresented pattern of local interactions
in the network

• Overrepresentation = occurring more frequently than expected by
chance

• The motif has emerged several times therefore it has been
conserved in the evolution of the network

• The rationale is that overrepresentation may denote possible
conservation of the function

Significance tests
The statistical significance can be tested calculating the z-score of
the presence of the motif on a set of randomly generated graphs
obtained with

• Generation of random networks with the Erdos-Renyi algorithm
• Random shuffling of the edges

Z-score
The 𝑧-score represents the distance of a number 𝑥 from the mean value
(𝜇) of a distribution in terms of standard deviations (𝜎)

𝑥-𝜇
𝑧=
𝜎
Assuming a normal distribution of the data the probability 𝑝(𝑡>𝑥) can be
calculated as a function of the 𝑧-score

𝜎
z = 1.37
p = 0.085

𝜇

𝑥

Empirical probability
If the distribution of data can not be fitted to any known distribution, the
empirical probability is estimated based on the fraction of the events.
Given a sorted list of measures

𝑀 = { 𝑡1, 𝑡2, ……. 𝑡𝑖, …… 𝑡𝑁 }
being ti the lowest measure with 𝑡𝑖 > 𝑥 the empirical probability 𝑓(𝑡>𝑥)
can be calculates as

𝑁- 𝑖 +1
𝑓(𝑡>𝑥) =
𝑁

with N ➝ ∞

𝑓(𝑡>𝑥) ➝ 𝑝(𝑡>𝑥)

Detection of Motifs
Networkx allow to select a subgraph of a the whole graph and verify if two
graphs are isomorphic
>>> g = nx.Graph()
>>> g.add_edges_from([(1,2),(1,3)])
>>> mot = nx.Graph()
>>> mot.add_edges_from([(“A”,”B”)])
>>> g1 = g.subgraph([1,2])
>>> nx.is_isomorphic(g1,mot)

Exercise
Given the Feed Forward Loop (FFL) and 3-Cycle write the code to detect
the motif in the graph G with 6 nodes and 8 edges.
Calculate occurrences on random networks and the z-score.
What is the difference when the FFL is matched on G’?

G
Feed Forward Loop

G’
3-Cycle

RegulonDB
Database of Escherichia coli K-12 Transcriptional Regulatory Network

http://regulondb.ccg.unam.mx/

Regulation Data
The regulation data includes information about the transcription factors
(TF) that activate or repress the expression of the genes with associated
supporting evidences.

# Release: 10.9 Date: 06/29/2021
# ___________________________________________________________________________
#
# Columns:
# (1) Transcription Factor (TF) ID
# (2) Transcription Factor (TF) Name
# (3) Gene ID regulated by the TF (regulated gene)
# (4) Gene regulated by the TF (regulated gene)
# (5) Regulatory effect of the TF on the regulated gene (+ activator, - repressor, +- dual, ? unknown)
# (6) Evidence that supports the existence of the regulatory interaction
# (7) Evidence Type [Weak, Strong, Confirmed] For details see: http://regulondb.ccg.unam.mx/
evidenceclassification
#
ECK125286586
AccB
ECK120000269
accB
[] null
ECK125286586
AccB
ECK120000270
accC
[] null
ECK120015994
AcrR
ECK120001646
acrA
[] null

http://regulondb.ccg.unam.mx/menu/download/datasets/files/network_tf_gene.txt

Nodes ad Edges
With networkx we can assign attributes to nodes and edges

>>> G=nx.DiGraph()
>>> G.add_node(1, color=‘blue’)
>>> G.add_node(2, color=‘red’)
>>> G.add_edge(1, 2, sign=‘+’)
>>> G.node[1]
>>> G[1][2]

Matches Node and Edges
Matches can be performed based on node and edges attributes

>>> import networkx.algorithms.isomorphism as iso
>>> em=iso.categorical_edge_match(‘sign’,’+’)
>>> nm=iso.categorical_node_match(‘color’,‘red’)
>>> nx.is_isomorphic(G1,G2,edge_match=em, node_match=nm)

Exercise
Write a program to analyze the RegulonDB network considering only data
with strong supporting information.
• Find the TF that regulates more genes (activation and suppression)
• Find the gene that is regulated by more TFs
• Find the Double-Positive Feedback loop and Multi-Input module

Double-Positive Feedback loop

Multi-Input module

Metabolic Pathway
Metabolic pathway is a linked series of chemical reactions occurring within a cell.

http://biochemical-pathways.com/

KEGG Database
It is the Kyoto Encyclopedia of Genes and Genomes. It collects many
databases the most important one is KEGG Pathway which contains
maps divided in 7 groups

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

Pathway Map
It is a representation of a set of reactions in which the reactants, products, and
intermediates of an enzymatic reaction, known as metabolites, are modified by
a sequence of reactions catalyzed by enzymes.

KEGG Data
Given a pathway KEGG provide several information about the genes,
the metabolites and the enzymes involved in the series of reactions

KGML Format
The KEGG Markup Language (KGML) is an exchange format of the KEGG
pathway maps.
The KGML files for metabolic pathway maps contain two types of graph
object patterns:
• boxes (enzymes) are linked by "relations"
• circles (chemical compounds) are linked by “reactions”.
The information are provided in xml format. Enzymes are always indicated
with Enzyme Commission number (EC number).
The EC number is composed by four numbers separated by periods.
Those numbers represent a progressively finer classification of the
enzyme.

Network Modules
A module is a set of genes/proteins performing a distinct biological function are
characterized by coherent behavior with respect to certain biological property.

