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What is a “pathway”

Wikipedia (October 16th 2017): “In biochemistry, a metabolic 
pathway is a linked series of chemical reactions occurring within a 
cell.”

Different types: Signalling pathways, metabolic networks, gene 
regulatory networks ...

Many “pathway” databases:

Biocarta, Bio/MetaCyc, Ingenuity IPA, KEGG Pathway, Panther 
pathways, Reactome, STKE, Wikipathways etc.

Detailed representation of reality based on observation

      OR
 Abstract representation of reality based on needs
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Biochemical pathways are old … 

Nicholson (1970) Michal (1984)Gortner (1949)

“Hand drawing” on paper 
→ no software-based browsing, processing and analysis
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Biochemical pathways are old … or not so much

● 1990s: high-throughput data generation → Large amount of knowledge
            increase in computing power → automatic reconstruction, browsing  

                                                                  and analysis

● Databases: EcoCyc (1994), KEGG (1995), Reactome (2000) 

● Formats: BioPAX (2000), SBML (2000), PSI-MI (2002)

Nicholson (1970) Michal (1984)Gortner (1949)
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http://vmh.uni.lu UNDERSTAND
Metabolic networks
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UNDERSTAND
Signalling pathwaysOda et al. Mol Syst Biol. 2005
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Davidson's map

R.I.P.
September 2015

UNDERSTAND
Gene regulatory networksDavidson et al. Science 2002
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Liu et al. Nat Rev Drug Discov 2009
CURE



part III Systems Biology, 17 October 2017

 
Breast cancer
CURE

Liu et al. Nat Rev Drug Discov 2009
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Abou-Sleiman et al. 
Nat Rev Neurosci 2006

Parkinson’s disease
CURE
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Parkinson’s disease
CURE

Abou-Sleiman et al. 
Nat Rev Neurosci 2006
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Team Nanjing, iGEM 2013

Synthetic Biology
BUILD
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Richard Feynman
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Richard Feynman

“If you cannot draw it, 
you do not understand it”

Nicolas Le Novère, 2017
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Layered approach for
designing pathways

List of participants

Interactions between participants

Influences of participants onto others

Quantitative relationships

Useful insights at each level
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The four views of systems biology

Le Novère. Nat Rev Genet 2015 
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a-actinin NMDAR

F-actin

PSD95

 

NMDARPSD95

SPAR
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 PP1

 CaMKII-p CaMKII
PP1

CaMKII
CaMKII-p

a-actinin NMDAR

F-actin

PSD95

 

NMDARPSD95

SPAR
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The four views are orthogonal projections 
of the underlying biological phenomena
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   Statistical modelling

   Functional genomics

Interaction networks
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What can we get from interaction networks

● Characteristics: degree of nodes (k) [kin, kout for directed networks], shortest 
and mean path lengths (l), clustering coefficient (C) 

● Type of network

● Subgraphs, modules, motifs, motifs clusters …

Barabasi et al (2004) Nat Rev Genet
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Undirected, directed, signed

A B

A B

A B
+

Undirected

“A interacts with B”

directed

“A influences B”

Signed

A influences positively  B
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Values of X are somewhat 
related to values of Y

Tools: 

LASSO
WGCNA (R)
GENIE3 (R)
TIGRESS (MatLab)

Network inference: Correlation
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Warning: Correlation does not tell nature of relation 

The four datasets have the same Pearson correlation
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Correlations coefficients might be misleading

R=-0.999 R=-0.677

R=0.000

Different correlation, 
same biological meaning Undetected correlation
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Correlations coefficients might be misleading

R=-0.999 R=-0.677

R=0.000Closer 
correlation

Closer biological meaning
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E.g. mutual information: 
knowledge of the value of Y reduces 
the uncertainty on the values of X

Tools:

ARACNE
CLR 
(both in R package minet)

Network inference:  Information Theory
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Which network most probably 
generates this dataset?

Tools: BANJO (Java), catnet (R)

Network inference: Bayesian inference

A1

A2

A3
A1

B1B2B3
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Equations describing 
time courses best

Tools:

Inferelator

Network inference: ODEs
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As always: use several approaches

Marbach et al. Nat Meth 2012
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http://www.ebi.ac.uk/IntAct
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http://string-db.org/
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The Systems Biology Graphical Notation

Le Novère et al. Nat Biotechnol (2009)



part III Systems Biology, 17 October 2017

 

Unambiguous consensual visual notation 

 An unambiguous way  of graphically describing and interpreting 
biochemical and cellular events

 Limited amount of symbols
Re-use existing symbols
                                             Smooth learning curve

 Can represent logical or mechanistic models, biochemical pathways, at 
different levels of granularity

 Detailed technical specification, precise data-models, standard API and 
growing  software support

 Developed over ten years by a diverse community, including biologists, 
modellers, computer scientists etc.
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SBGN-ML
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 http://sbgn.org/
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The Systems Biology Markup Language

Hucka et al. Bioinformatics  (2003)
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What can we encode in SBML (core)?

c
n

McG Mn

PP'

(almost) any math
relationshipsdiscrete events
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variables

relationships

Structure of SBML (core)
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SBML Level 3
is modular

 Core package – public specification

 Flux balance constraint – public specification

 Qualitative models – public specification

 Model composition – public specification

 Graph Layout – public specification

 Complex species – public specification

 Groups  – public specification

 Graph rendering – specification finalised

 Spatial diffusion – specification finalised

 Distributions and ranges - specification under discussion

 Enhanced metadata – specification proposed

 Arrays and sets – specification proposed

 Dynamic structures - discussed

Process Descriptions

Activity Flows

Entity Relationships
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SBML supporting tools

 LibSBML: free, open-source programming library to help 
you read, write, manipulate, translate, and validate SBML 
files. Written in C++, with bindings for: c#, Python, Java, 
Perl, Ruby, MatLab, Octave 

 JSBML: free, open-source, pure Java library for reading, 
writing, and manipulating SBML files (validation done via 
libSBML)

 SBML converters: Converter from and to SBML, including 
Octave, XPP, BioPAX, dot, SVG, MDL

 Software guide: >250 software, including modelling and 
simulation environment, databases, model processing
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  Logical modelling

  Signalling pathways,  gene regulatory networks

Activity Flows
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Undirected, directed, signed

A B

A B

A B
+

Undirected

“A interacts with B”

directed

“A influences B”

Signed

A influences positively  B
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Undirected, directed, signed

A B

A B

A B

A signed interaction network 
is equivalent to an activity flow
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http://www.genome.jp/kegg/pathway.html
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http://stke.sciencemag.org/cm/
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http://cgap.nci.nih.gov/Pathways/BioCarta.org
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Davidson's map
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SBGN Activity Flows L1 reference card
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Lloret i Villas et al. 
CPT: Pharm. Syst. Pharmacol. 
(2016)
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TIMTOWTDI
(There Is More Than One Way To Do It)
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*YOU* choose how to represent it
SBGN makes sure it will be unambiguously interpreted 

*YOU* choose how to represent it
SBGN makes sure it will be unambiguously interpreted 
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Logic models

 Variables can take a discrete number of values, at least 2

 Transitions of output are expressed as logical combinations of input values

 Simulations can be:
synchronous: all the nodes are updated at once
asynchronous: nodes are updated one after the other

 One can add delays, inputs etc. 

Influence diagram state diagram

Qual
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Logic model 
with SBML Qual

G0 G1

G1

AND

NOT
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GINsim
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CytoCopter
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   Process modelling

 Biochemistry, Metabolic networks

 Generally within “closed world”

 Subjected to combinatorial explosion

Process Descriptions
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Open world

Closed world

Anything not explicitly stated is unknown

Failure to observe does not imply non-existence

New pieces of knowledge do not affect prior pieces

Anything not explicitly stated does not exist

Failure to observe implies non-existence

New pieces of knowledge might change the meaning of prior pieces 
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http://www.genome.jp/kegg/pathway.html
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http://www.reactome.org
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A biochemical reaction is a process

S1

S2
E

P
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A biochemical reaction is a process

 → Reconstruction of state variable evolution 
      from process descriptions:

● Processes can be combined in ODEs (for deterministic simulations); 
transformed in propensities (for stochastic simulations)

● Systems can be reconfigured quickly by adding or removing a process

S1

S2

E

P
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ATP is consumed by processes 1 and 3, and produced by processes 7 and 10

1 2 3 4
5

6

78910
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SBGN Process Diagram L1 reference card
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Entity Pool Nodes



part III Systems Biology, 17 October 2017

 

Process Nodes
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Connecting arcs
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Lloret i Villaset al. 
CPT: Pharm. Syst. Pharmacol. 
(2016)
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Multicellular
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Variable granularity
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 PathVisio
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 CellDesigner
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 Vanted
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A

A very simple
Process with SBML

B

http://sbml.org
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 8 compartments

 5 063 metabolites

 2 194 proteins

 7 440 reactions

A not so simple 
SBML file (Recon2)

MODEL1109130000MODEL1109130000
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BioModels Database – http://www.ebi.ac.uk/biomodels

>140 000 models, >10 millions mathematical relations

Deposition advised by >300 journals, database > 600 citations

1.5 million page requests per year

Submission in SBML and CellML; Export in SBML, CellML, XPP, SciLab, BioPAX, 
Octave, PDF, VCML, SBGN

Systems biology

Mathematical models

curated
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   Rule-based modelling

 Molecular Biology

 “Open world”

 Independent rules: no explosion

Entity Relationships
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Molecular Interaction Maps
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Extended Contact Maps
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SBGN Entity Relationships L1 reference card

pre:label
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SBGN Entity Relationships L1 reference card

continuants,
things that exists (or not)

pre:label
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SBGN Entity Relationships L1 reference card

occurrents,
events that may happen (or not)

pre:label
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A

B
T

P

Entity Relationships can be viewed as rules 
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A

B

If A exists, the assignment of the value P to the 
state variable T of B is increased

 

Entity Relationships can be viewed as rules 

P

T
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A

B

If A exists, the assignment of the value P to the 
state variable T of B is increased

 

Entity Relationships can be viewed as rules 

(A stimulates the phosphorylation of B on the threonine)

P

T
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A

B

If A exists, the assignment of the value P to the 
state variable T of B is increased 

C
S

P

Entity Relationships can be viewed as rules 

If P is assigned to the state variable T of B, the 
assignment of the value P to the state variable S of 
B is decreased 

T

P
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Multistate and combinatorial explosion

EGFR

Y654

Y721

Y845

Y891

Y920

Y992

Y1045

Y1068

Y1086

Y1101

Y1148

Y1173

Process Descriptions: 
“once a state variable value,  
  always a state variable value”

212 = 4096 states 
(i.e. EPN glyphs) for EGFR
and 4096 complexes between 
EGFR and targets

P

target1

P

target2

P

target3

P

target4

P

target5

P

target6

P

target7

P

target8

P

target9

P

target10

P

target11

P

target12
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Rule-based modelling

 Kappa http://www.kappalanguage.org/

Kappa: A(Site1~u),B(Site1) -> A(Site1~u!1),B(Site1!1)

English: "Unphosphorylated Site1 of A binds to Site1 of B"

 BioNetGen http://bionetgen.org/

EGF(R) + EGFR(L) <-> EGF(R!1).EGFR(L!1) kp1, km1

English: “unbound EGF receptor site binds to unbound receptor ligand site”
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???0???
p

base

p
base

 x p
rel(0,0)

p
base

 x p
rel(0,1)

???1???

0??0???

1??0???

0??1???

1??1???

Flags '?' do not affect the reaction

4 species are necessary and not 128

2 reactions are necessary and not 64

Multi-state nature of CaMKII and rule-based modelling

5 binary state variables

Open/Closed
T286 P/nonP
T306 P/nonP
CaM on low affinity
CaM on high affinity

260 states = 1 billions of billions

12 monomers
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Simulation with StochSim 
time

dimer
coil

open

T286P

single
oligomer

population
of multimers
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Regulation of synaptic plasticity by calcium

Stefan et al. PloS ONE (2012)
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Biological Pathway Exchange format

http://biopax.org/

Demir et al (2010)
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BioPAX is a data format and an ontology

● RDF/OWL-based language to represent biological pathways at the 
molecular and cellular level

● Covers molecular and genetic interactions, metabolic network, signalling 
pathways, gene regulatory networks

● Interactions: Control (Catalysis, Modulation, TemplateReactionRegulation), 
Conversion (BiochemicalReaction, ComplexAssembly, Degradation, 
Transport, TransportWithBiochemicalReaction), GeneticInteraction, 
MolecularInteraction, TemplateReaction 

● Physical entities: Complex, DNA, DNARegion, Protein, RNA, RNARegion, 
SmallMolecule

● Utility classes: BioSource, ChemicalStructure, ControlledVocabulary, 
DeltaG, EntityFeature, EntityReference, Evidence, ExperimentalForm, 
kPrime, PathwayStep, Provenance, Score, SequenceLocation, 
Stoichiometry, Xref  
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Resource Description Framework - RDF

● Language of the semantic web; allow distributed semantic queries

● Semantic entirely embedded in the language (does not require external 
schemas and specifications)

● Series of statements

Subject  Predicate       Object

  EGFR                         located_in     plasma membrane

 P00533         OBO_REL:0000008    GO:0005886

(UniProt)           (OBO Relation ontology) (Gene Ontology)
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“XML”                Vs                  RDF

A
B

C

D

E

A

B C

D E

R1 R2

R3 R3

Relationships 
defined in another
document

Relationships 
defined in the pathway
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Web Ontology Language - OWL

● BioPAX contains classes, relations and properties, constraints, objects, 
values. 

● Classes are arranged in a specialisation hierarchy. E.g. a “protein” is a 
“physical entity”

● Classes may have properties of specific types. The types are linked to other 
classes by relations. E.g. “reaction X” has participant “protein P”. An attribute 
is a property that has a simple type.

● Constraints define allowable values and connexions. E.g. 
“MOLECULAR_WT” must be a positive real number

● Objects are instances of classes.
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A catalysis in BioPAX

enzyme
(MKKK-P)
enzyme

(MKKK-P)

substrate
(MKK)

substrate
(MKK)

product
(MKK-P)
product
(MKK-P)
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<!­­ The catalytic reaction ­­>

<bp:BiochemicalReaction rdf:about="conversion_J2">
  <bp:left rdf:resource="LEFT_0_conversion_J2_MKK" />
  <bp:right rdf:resource="RIGHT_0_conversion_J2_MKK_P" />
</bp:BiochemicalReaction>

<bp:Control rdf:about="control_J2_MKKK_P_0">
 <bp:controlled rdf:resource="conversion_J2" />
 <bp:controlType rdf:datatype="http://www.w3.org/2001/XMLSchema#string">
   ACTIVATION</bp:controlType>
 <bp:controller rdf:resource="PEP0_control_J2MKKK_P" />
</bp:Control>

A catalysis in BioPAX (L3)

http://www.w3.org/2001/XMLSchema#string
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<!­­ The participants ­­>

<bp:PhysicalEntity rdf:about="RIGHT_0_conversion_J2_MKK_P">
  <bp:displayName rdf:datatype="http://www.w3.org/2001/XMLSchema#string">
  MKK_P</bp:displayName>
  <bp:memberPhysicalEntity rdf:resource="MKK_P" />
</bp:PhysicalEntity>

<bp:PhysicalEntity rdf:about="LEFT_0_conversion_J2_MKK">
  <bp:displayName rdf:datatype="http://www.w3.org/2001/XMLSchema#string">
  MKK</bp:displayName>
  <bp:memberPhysicalEntity rdf:resource="MKK" />
</bp:PhysicalEntity>

<bp:PhysicalEntity rdf:about="PEP0_control_J2MKKK_P">
  <bp:displayName rdf:datatype="http://www.w3.org/2001/XMLSchema#string">
  MKKK_P</bp:displayName>
  <bp:memberPhysicalEntity rdf:resource="MKKK_P" />
</bp:PhysicalEntity>

A catalysis in BioPAX (L3)

http://www.w3.org/2001/XMLSchema#string
http://www.w3.org/2001/XMLSchema#string
http://www.w3.org/2001/XMLSchema#string
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<!­­ Proteins ­­>

<bp:Protein rdf:about="MKKK_P">
 <bp:displayName rdf:datatype="http://www.w3.org/2001/XMLSchema#string">
   Mos­P</bp:displayName>
</bp:Protein>

<bp:Protein rdf:about="MKK">
 <bp:displayName rdf:datatype="http://www.w3.org/2001/XMLSchema#string">
   Mek1</bp:displayName>
</bp:Protein>

<bp:Protein rdf:about="MKK_P">
 <bp:displayName rdf:datatype="http://www.w3.org/2001/XMLSchema#string">
   Mek1­P</bp:displayName>
</bp:Protein>

A catalysis in BioPAX (L3)

http://www.w3.org/2001/XMLSchema#string
http://www.w3.org/2001/XMLSchema#string
http://www.w3.org/2001/XMLSchema#string
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RDF graph (Protégé, http://protege.stanford.edu/)
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The four views are orthogonal projections 
of the underlying biological phenomena
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Interaction 
networks

PSI-MI

Process 
Descriptions

SBML Core SBGN Process 
Description

Metabolism

Entity 
relationships

SBML Multi SBGN Entity 
Relationships

Signalling

Activity Flows SBML Qual SBGN Activity 
Flows

Signalling
Gene networks
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Practical, Friday

Lu Li
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