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http://arxiv.org/abs/1307.7005

Nicolas Le Novère, Babraham Institute
n.lenovere@gmail.com



TGAC, 17 October 2013

 

Why using mathematical models?

Describe

1917



TGAC, 17 October 2013

 

Why using mathematical models?

Describe Explain

1917 1952



TGAC, 17 October 2013

 

Why using mathematical models?

Describe Explain Predict

1917 1952 2000
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What is a mathematical model?

Wikipedia (October 14th 2013): “A mathematical model is a description of 
a system using mathematical concepts and language.”
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What is a mathematical model?

Wikipedia (October 14th 2013): “A mathematical model is a description of 
a system using mathematical concepts and language.”
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What is a mathematical model?

Wikipedia (October 14th 2013): “A mathematical model is a description of 
a system using mathematical concepts and language.”

 
variables relationships constraints

[x]

Vmax

Kd

EC
50

length

t
1/2

If
then

[x]>0

Energy conservation

Boundary conditions
(v < upper limit)

Objective functions
(maximise ATP)

Initial conditions

The context or what 
we want to ignore
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Many levels of “modelling”

1 ERK + 1 ATP →  1 ERK-P + 1 ADP

ERK 1
ERK-P 0
ATP 1
ADP 0

ERK 0
ERK-P 1
ATP 0
ADP 1

P
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Tyson et al (1991) PNAS 88(1):7328-32 

The models I am talking about

biochemical model mathematical model

computational modelsimulation



BioModels Database growth (published models branch) since its creation

Computational models on the rise

http://www.ebi.ac.uk/biomodels/

20 relationships 
per model

200 relationships 
per model



Knowledge-based model creation





?
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arbitrary rules

discrete events

c
n

McG Mn

PP'

Systems Biology Markup Language

Hucka et al. The Systems Biology Markup Language (SBML): A Medium for Representation 
and Exchange of Biochemical Network Models. Bioinformatics (2003), 19: 524-531.
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variables

relationships

Systems Biology Markup Language
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A very simple 
SBML file

Systems 
Biology 
Markup 
Language

A → B
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 8 compartments

 5 063 metabolites

 2 194 proteins

 7 440 reactions

A not so  simple 
SBML file (Recon2)
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SBML Level 3 
is modular

 Core package – public specification

 Flux balance constraint – public specification

 Model composition – public specification

 Qualitative models – public specification

 Graph Layout – public specification

 Graph rendering – specification finalised

 Complex species – specification finalised 

 Groups - specification finalised

 Distributions and ranges - specification under 
discussion

 Spatial diffusion – specification under discussion

 Enhanced metadata – specification under discussion

 Arrays and sets – specification proposed

 Dynamic structures - discussed
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Aims of the Path2Models project

 To re-use existing pathway data to generate biochemically based models

 To provide a starting point to model as many biochemical pathways as possible 
in as many species as possible

 To provide models in a standard format readable by most systems biology 
software

_x = f(X)

Pathways
In proprietary 

formats

Pathways
In SBML

Models
In SBML

Graphical representation in SBGN
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What is SBGN?

 An unambiguous way  of graphically describing and interpreting 
biochemical and cellular events: “biological circuit diagrams”

 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 four years by a diverse community, including biologists, 
modellers, computer scientists etc.

Le Novère et al. The Systems Biology Graphical Notation. 
Nat Biotechnol (2009), 27: 735-741
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Graph trinity: three languages in one notation

Process Descriptions Entity Relationships Activity Flows
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Four types of networks in systems biology

Process descriptions

Interaction networks

Influence diagrams
(activity flows)

Entity relationships
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Path2models focus

Activity flows

Process descriptions
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Influence diagrams (activity-flows)

ERK

MEK

RAF

  Signalling pathways, 
gene regulatory networks

  Nodes represent activities

  Directional

  Sequential

  Non-mechanistic

  Logical modelling
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http://www.genome.jp/kegg/pathway.html
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http://stke.sciencemag.org/cm/
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Process Descriptions

P1

P2

CDK Cyc

Wee1

MPF MPFi

 Biochemistry, Metabolic networks

 Nodes represent populations of 
reactants and reactions

 Directional

 Sequential

 Mechanistic

 Subjected to combinatorial explosion

 Process modelling (ODE, SSA)
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http://www.genome.jp/kegg/pathway.html
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http://www.reactome.org
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Three parallel workflows

 Signalling 
Pathways

+  
Logical models

of individual signalling pathways
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Three parallel workflows

 Metabolic 
Networks

 
 Chemical kinetics models 

of individual metabolic pathways

 Signalling 
Pathways

+  
Logical models

of individual signalling pathways
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Three parallel workflows

+
 Metabolic 
Networks

 Metabolic 
Networks

 

 
 Chemical kinetics models 

of individual metabolic pathways

Flux Balance Analysis
of whole genome reconstructions

 Signalling 
Pathways

+  
Logical models

of individual signalling pathways
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Signalling pathways: Logical 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. 

A B

C

and

1 1 1

1 0 1 1 0 0

1 1 0
A B C

Influence diagram state diagram

Qual
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From KEGG metabolic pathways to full kinetic models

KGML
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From KEGG metabolic pathways to full kinetic models

KGML

Core
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From KEGG metabolic pathways to full kinetic models

KGML
Which type?
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Systems Biology Ontology vocabularies

Courtot et al. Controlled vocabularies and semantics in Systems Biology. 
Mol Syst Biol (2011), 7: 543

 Entities, that is existing objects, whether functional or material, such as 
“macromolecule”, or “channel”.

 Roles of reaction participants, including  terms like “substrate”, “catalyst” 
etc.

 Parameter used in quantitative models.  This vocabulary includes terms 
like  “Michaelis constant”, “forward unimolecular rate constant”etc. A term 
may contain a precise mathematical expression stored as a MathML 
lambda function. The variables refer to other parameters.

 Mathematical expressions. Examples of terms are “mass action kinetics”, 
“Henri-Michaelis-Menten equation”  etc. A term may contain a precise 
mathematical expression stored as a MathML lambda function. The 
variables refer to the other vocabularies.

 Modelling framework to precise how to interpret the rate-law. E.g. 
“continuous modelling”, “discrete modelling” etc.

 Event type, such as “catalysis” or “addition of a chemical group”.



\http://www.ebi.ac.uk/sbo/



TGAC, 17 October 2013

 

<listOfCompartments>
  <compartment id=”C” sboTerm=”SBO:0000289”>
</listOfCompartments>
<listOfSpecies>
  <species id=”A” sboTerm=”SBO:0000247” />
  <species id=”B” sboTerm=”SBO:0000247” /
  <species id=”C” sboTerm=”SBO:0000014” />
</listOfSpecies>
<listOfReactions>      
  <reaction sboTerm=”SBO:0000172”>
    <listOfReactants>
      <speciesReference species=”A” sboTerm=”SBO:0000015”/>
    </listOfReactants>
    <listOfProducts>
      <speciesReference species=”B” sboTerm=”SBO:0000011”/>
    </listOfProducts>
    <listOfModifiers>
      <speciesReference species=”C” sboTerm=”SBO:0000014”/>
    </listOfModifiers>
    <kineticLaw sboTerm=”SBO:0000031”>
      <listOfParameters>
        <parameter id=”U” sboTerm=”SBO:0000008”/>
        <parameter id=”V” sboTerm=”SBO:0000025”/>
      </listOfParameters>
    </kineticLaw>
  </reaction>
</listOfReactions>

SBML and SBO
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<listOfCompartments>
  <compartment id=”C” sboTerm=”SBO:0000289”>
</listOfCompartments>
<listOfSpecies>
  <species id=”A” sboTerm=”SBO:0000247” />
  <species id=”B” sboTerm=”SBO:0000247” /
  <species id=”C” sboTerm=”SBO:0000014” />
</listOfSpecies>
<listOfReactions>      
  <reaction sboTerm=”SBO:0000172”>
    <listOfReactants>
      <speciesReference species=”A” sboTerm=”SBO:0000015”/>
    </listOfReactants>
    <listOfProducts>
      <speciesReference species=”B” sboTerm=”SBO:0000011”/>
    </listOfProducts>
    <listOfModifiers>
      <speciesReference species=”C” sboTerm=”SBO:0000014”/>
    </listOfModifiers>
    <kineticLaw sboTerm=”SBO:0000031”>
      <listOfParameters>
        <parameter id=”U” sboTerm=”SBO:0000008”/>
        <parameter id=”V” sboTerm=”SBO:0000025”/>
      </listOfParameters>
    </kineticLaw>
  </reaction>
</listOfReactions>

catalysis

substrate

product

Briggs-Haldane equation

Km
kcat

functional compartment

simple chemical
simple chemical
enzyme

catalyst

SBML and SBO
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Conversion between modeling frameworks

v1=
k

−1
V 

U
⋅[ A]⋅[C ]

v2=k
−1
⋅[D]

v3=V⋅[D]

discrete simulator

continuous simulator

<listOfCompartments>
  <compartment id=”C” sboTerm=”SBO:0000289”>
</listOfCompartments>
<listOfSpecies>
  <species id=”A” sboTerm=”SBO:0000247” />
  <species id=”B” sboTerm=”SBO:0000247” /
  <species id=”C” sboTerm=”SBO:0000014” />
</listOfSpecies>
<listOfReactions>      
  <reaction sboTerm=”SBO:0000172”>
    <listOfReactants>
      <speciesReference species=”A” sboTerm=”SBO:0000015”/>
    </listOfReactants>
    <listOfProducts>
      <speciesReference species=”B” sboTerm=”SBO:0000011”/>
    </listOfProducts>
    <listOfModifiers>
      <speciesReference species=”C” sboTerm=”SBO:0000014”/>
    </listOfModifiers>
    <kineticLaw sboTerm=”SBO:0000031”>
      <listOfParameters>
        <parameter id=”U” sboTerm=”SBO:0000008”/>
        <parameter id=”V” sboTerm=”SBO:0000025”/>
      </listOfParameters>
    </kineticLaw>
  </reaction>
</listOfReactions>

º =
C ¢ V ¢ [A]
(U + [A])
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<listOfCompartments>
  <compartment id=”C” sboTerm=”SBO:0000289”>
</listOfCompartments>
<listOfSpecies>
  <species id=”A” sboTerm=”SBO:0000247” />
  <species id=”B” sboTerm=”SBO:0000247” /
  <species id=”C” sboTerm=”SBO:0000014” />
</listOfSpecies>
<listOfReactions>      
  <reaction sboTerm=”SBO:0000172”>
    <listOfReactants>
      <speciesReference species=”A” sboTerm=”SBO:0000015”/>
    </listOfReactants>
    <listOfProducts>
      <speciesReference species=”B” sboTerm=”SBO:0000011”/>
    </listOfProducts>
    <listOfModifiers>
      <speciesReference species=”C” sboTerm=”SBO:0000014”/>
    </listOfModifiers>
    <kineticLaw sboTerm=”SBO:0000031”>
      <listOfParameters>
        <parameter id=”U” sboTerm=”SBO:0000008”/>
        <parameter id=”V” sboTerm=”SBO:0000025”/>
      </listOfParameters>
    </kineticLaw>
  </reaction>
</listOfReactions>

SBML to SBGN conversion using SBO

http://www.sbgn.org/
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SBML to SBGN conversion using SBO

A

C

B
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From KEGG metabolic pathways to full kinetic models

KGML

KEGG
API

Missing reactants and modifiers

Which type?
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From KEGG metabolic pathways to full kinetic models
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KEGG
API

Missing reactants and modifiers
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Supercurated pathway =
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From KEGG metabolic pathways to full kinetic models

KGML

KEGG
API

Missing reactants and modifiers

Which type?

Which one?

Ab initio kinetics

Supercurated pathway =
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From KEGG metabolic pathways to full kinetic models

KGML

KEGG
API

Missing reactants and modifiers

Which type?

Which one?

Ab initio kinetics

 =
Chemical kinetics model

Supercurated pathway =
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Metabolic reactions: Common modular rate-law

● Common rate law
● Direct binding rate law 
● Simultaneous binding rate law 
● Force dependent rate law 
● Power Law

Liebermeister, Uhlendorf, Klipp (2010) Modular rate laws for enzymatic reactions: 
thermodynamics, elasticities and implementation. Bioinformatics 26: 1528-1534
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Unparametrised Vs. known kinetics 

myo
inositol

O2

myoinositol
oxygenase

glucuronate

H2O

2

PH2O

1IP3

Inositol
monophosphatase

To estimate

Model BMID000000038685 "Inositol phosphate metabolism"
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From KEGG metabolic pathways to full kinetic models

KGML

KEGG
API

Missing reactants and modifiers

Which type?

Which one?

Ab initio kinetics

 =
Chemical kinetics model

Supercurated pathway =
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Reactant 1

Reactant 2

Reactant 3

Reactant m

 ...

Reaction 1

Reaction 2

Reaction 3

Reaction 4
....

Reaction n

Flux 1

Flux 2

Flux 3

Flux n

Flux 4

...

-1

-1

2

0

 ...

-1

-1

1

0

 ...

-1

1

0

0

 ...

-2

0

0

0

 ...

1

0

0

0

 ... ...

 ...

 ...

 ...

 ...

S v

Whole genome reconstructions:

Flux balance analysis models

X =

d[x1]/dt

...

x

d[x2]/dt

d[x3]/dt

d[xm]/dt

.
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Network and stoichiometric matrix
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Workflow to build a Path2Models 
whole genome reconstruction

Fbc

Core
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0

More reactions than reactants = undetermined (more variables than equations)

Steady-states:
Concentrations do not vary

Inputs = outputs

Reactant 1

Reactant 2

Reactant 3

Reactant m

 ...

Flux 1

Flux 2

Flux 3

Flux n

Flux 4

...

-1

-1

2

0

 ...

-1

-1

1

0

 ...

-1

1

0

0

 ...

-2

0

0

0

 ...

1

0

0

0

 ... ...

 ...

 ...

 ...

 ...

S v

Reaction 2

Reaction 3

Reaction 4
....

Reaction n

Reaction 1

X =
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More reactions than reactants = undetermined (more variables than equations)

Choose an objective function
(maximise biomass 

or ATP production)

Reactant 1

Reactant 2

Reactant 3

Reactant m

 ...

Flux 1

Flux 2

Flux 3

Flux n

Flux 4

...

-1

-1

2

0

 ...

-1

-1

1

0

 ...

-1

1

0

0

 ...

-2

0

0

0

 ...

1

0

0

0

 ... ...

 ...

 ...

 ...

 ...

S v

Reaction 2

Reaction 3

Reaction 4
....

Reaction n

Reaction 1

X = 0
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Application of FBA
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Perturbations

Non-lethal mutation lethal mutation
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http://itol.embl.de/external.cgi?tree=1308801712097513714825090&restore_saved=1&cT=6976



TGAC, 17 October 2013

 

Gene Ontology Coverage
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26th BioModels Database release

 October 2013 – 5th release of Path2Models data 

 112 898 common modular rate law models of 
metabolic networks

 27 306 qualitative models of signalling pathways 

 2 630 whole genome flux balance analysis models

 12 280 007 mathematical relations

 432 154 677 cross references

 http://www.ebi.ac.uk/biomodels-main/path2models



http://www.ebi.ac.uk/biomodels-main/BMID000000101146
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What can I do with Path2Models??

iBioSim
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Workflow

_x = f(X)

 
Signalling
Pathways
(30333)

SBML 
core

+p

-p

SBML 
qual

 
Metabolic Networks

116 000

1515 species

SBGN PD

SBGN AF

_x = f(X)

Logical
Models
(27306)

Modular
Rate-law
(112898)

_x = f(X)

SBML fbc
(1846)

Whole genome
reconstructions

SBML core

http://www.ebi.ac.uk/
biomodels-main/path2models
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