
Quantitative models in Systems 
Biology: Generation, curation 

and exchange



Why computer simulations in Biology

• Complexity of biological systems

– Structural complexity: molecular and cellular levels

– Functional complexity: network of relations

• Limitations of analytical approaches

– Intractable system of equations

– Existence of chaotic behaviours

– Experiments often provides snapshots of processes

• Faster and cheaper computers

Experiment

Analysis of 
results

Model refinement

Design of new 
hypothesis/experiments

• Computing can complement experimental investigations by:

– Storage, retrieval and analysis of data

– Making predictions about 
future experiments

– Virtual experiments, not feasible in reality
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DARPP-32, a signal integrator



Model of DARPP-32 regulation
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Science, 283: 381-387



 Negative loops: “russian dolls”
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The complete model

● D + CDK5  D_CDK5  D75 + CDK5
● D75 + PP2A  D75_PP2A  D + PP2A
● D75 + PP2AP  D75_PP2AP  D + PP2AP
● D137 + CDK5  D137_CDK5  D75-137 + CDK5
● D75-137 + PP2A  D75-137_PP2A  D137 + PP2A
● D75-137 + PP2AP  D75-137_PP2AP  D137 + PP2AP
● D34 + CDK5  D34_CDK5  D34-75 + CDK5
● D34-75 + PP2A  D34-75_PP2A  D34 + PP2A
● D34-75 + PP2AP  D34-75_PP2AP  D34 + PP2AP
● D34-137 + CDK5  D34-137_CDK5  D34-75_137 + CDK5
● D34-75-137 + PP2A  D34-75-137_PP2A  D34-137 + PP2A
● D34-75-137 + PP2AP  D34-75-137_PP2AP  D34-137 + PP2AP

● D + CK1  D_CK1  D137 + CK1
● D137 + PP2C  D137_PP2C  D + PP2C
● D75 + CK1  D75_CK1  D75-137 + CK1
● D75-137 + PP2C  D75-137_PP2C  D75 + PP2C
● D34 + CK1  D34_CK1  D34-137 + CK1
● D34-75 + PP2C  D34-75_PP2C  D75 + PP2C
● D34-75 + CK1  D34-75_CK1  D34-75-137 + CK1
● D34-75-137 + PP2C  D34-75-137_PP2C  D34-75 + PP2C

● D + PKA  D_PKA  D34 + PKA
● D34 + PP2B  D34_PP2B  D + PP2B
● D75 + PKA  D75_PKA  D34-75 + PKA
● D34-75 + PP2B  D34-75_PP2B  D75 + PP2B
● D137 + PKA  D137_PKA  D34-137 + PKA
● D75-137 + PKA  D75-137_PKA  D34-75-137 + PKA

● CK1 + CK1  CK1_CK1  CK1P + CK1
● CK1P + PP2B  CK1P_PP2B  CK1 + PP2B 
● PP2Bi + 2Ca   PP2Bi_Ca2
● PP2Bi_Ca + 2Ca   PP2B

● D75 + PKA  D75_PKA
● D34-75 + PKA  D34-75_PKA
● D34-75-137 + PKA  D34-75-137_PKA

● R2_PKA2 + cAMP  cAMP_R2_PKA2
● cAMP_R2_PKA2 + cAMP  cAMP2_R2_PKA2
● cAMP2_R2_PKA2 + cAMP  cAMP3_R2_PKA2
● cAMP3_R2_PKA2 + cAMP  cAMP4_R2_PKA2
● cAMP4_R2_PKA2  cAMP4_R2_PKA + PKA
● cAMP4_R2_PKA  cAMP4_R2 + PKA
● PKA + PDE  PKA_PDE  PKA + PDEP
● cAMP + PDE  cAMP_PDE  AMP + PDE
● cAMP + PDEP  cAMP_PDEP  AMP + PDEP

64 species, 121 reactions



Ordinary Differential Equation approach

  d[S]/dt = koff[ES]-kon[E][S]
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Choose the right formalism
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Leonor Michaelis, Maud Menten (1913). 
Die Kinetik der Intertinwerkung, Biochem. Z. 49:333-369.

 G. E. Briggs and J. B. S. Haldane (1925) 
A note on the kinetics of enzyme action, Biochem. J., 19, 339-339.
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Effect of CDK5 activity

• Takahashi S, Ohshima T, Cho A, Sreenath T, Iadarola MJ, 
Pant HC, Kim Y, Nairn AC, Brady RO, Greengard P, Kulkarni 
AB. Increased activity of cyclin-dependent kinase 5 leads 
to attenuation of cocaine-mediated dopamine signaling. 
Proc Natl Acad Sci USA. 2005 [Epub ahead of print] 



We need to reuse those mathematical models 

• Non-specialists need to use models relevant for their research with simulation 
software without messing with their structure.

• Modeling literates need to reuse existing models rather than rewrite them 
from scratch. 

• Various software used during the modelling process, such as graphical 
designers, simulation engines and plotters or renderers, should be able to 
communicate.

➔ Systems Biology Markup Language (SBML): A community maintained open 
XML standard to encode quantitative models of biological systems. 

➔ MIME type application/sbml+xml
(RFC 3823 of the Internet Engineering Task Force)
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What can we encode in SBML?
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<?xml version="1.0" encoding="UTF-8"?>
<sbml level="2" version="1" xmlns="http://www.sbml.org/sbml/level2">
  

</sbml>
 

A → B



<?xml version="1.0" encoding="UTF-8"?>
<sbml level="2" version="1" xmlns="http://www.sbml.org/sbml/level2">
  <model>
    <listOfCompartments>
      <compartment id=”cell” />
    </listOfCompartments>
    

  </model>
</sbml>
 

A → B



<?xml version="1.0" encoding="UTF-8"?>
<sbml level="2" version="1" xmlns="http://www.sbml.org/sbml/level2">
  <model>
    <listOfCompartments>
      <compartment id=”cell” />
    </listOfCompartments>
    <listOfSpecies>
      <species id=”A” compartment=”cell” initialConcentration=”1”/>
      <species id=”B” compartment=”cell” initialConcentration=”0”/>
    </listOfSpecies>
    

  </model>
</sbml>
 

A → B



<?xml version="1.0" encoding="UTF-8"?>
<sbml level="2" version="1" xmlns="http://www.sbml.org/sbml/level2">
  <model>
    <listOfCompartments>
      <compartment id=”cell” />
    </listOfCompartments>
    <listOfSpecies>
      <species id=”A” compartment=”cell” initialConcentration=”1”/>
      <species id=”B” compartment=”cell” initialConcentration=”0”/>
    </listOfSpecies>
    <listOfParameters>
      <parameter id=”kon” value=”1”/>
    </listOfParameters>
   

  </model>
</sbml>
 

A → B



<?xml version="1.0" encoding="UTF-8"?>
<sbml level="2" version="1" xmlns="http://www.sbml.org/sbml/level2">
  <model>
    <listOfCompartments>
      <compartment id=”cell” />
    </listOfCompartments>
    <listOfSpecies>
      <species id=”A” compartment=”cell” initialConcentration=”1”/>
      <species id=”B” compartment=”cell” initialConcentration=”0”/>
    </listOfSpecies>
    <listOfParameters>
      <parameter id=”kon” value=”1”/>
    </listOfParameters>
    <listOfReactions>
      <reaction>
        

      </reaction>
    </listOfReactions>
  </model>
</sbml>
 

A → B



<?xml version="1.0" encoding="UTF-8"?>
<sbml level="2" version="1" xmlns="http://www.sbml.org/sbml/level2">
  <model>
    <listOfCompartments>
      <compartment id=”cell” />
    </listOfCompartments>
    <listOfSpecies>
      <species id=”A” compartment=”cell” initialConcentration=”1”/>
      <species id=”B” compartment=”cell” initialConcentration=”0”/>
    </listOfSpecies>
    <listOfParameters>
      <parameter id=”kon” value=”1”/>
    </listOfParameters>
    <listOfReactions>
      <reaction>
        <listOfReactants>
          <speciesReference species=”A” />
        </listOfReactants>
        

      </reaction>
    </listOfReactions>
  </model>
</sbml>
 

A → B



<?xml version="1.0" encoding="UTF-8"?>
<sbml level="2" version="1" xmlns="http://www.sbml.org/sbml/level2">
  <model>
    <listOfCompartments>
      <compartment id=”cell” />
    </listOfCompartments>
    <listOfSpecies>
      <species id=”A” compartment=”cell” initialConcentration=”1”/>
      <species id=”B” compartment=”cell” initialConcentration=”0”/>
    </listOfSpecies>
    <listOfParameters>
      <parameter id=”kon” value=”1”/>
    </listOfParameters>
    <listOfReactions>
      <reaction>
        <listOfReactants>
          <speciesReference species=”A” />
        </listOfReactants>
        <listOfProducts>
          <speciesReference species=”B” />
        </listOfProducts>
        

      </reaction>
    </listOfReactions>
  </model>
</sbml>
 

A → B



<?xml version="1.0" encoding="UTF-8"?>
<sbml level="2" version="1" xmlns="http://www.sbml.org/sbml/level2">
  <model>
    <listOfCompartments>
      <compartment id=”cell” />
    </listOfCompartments>
    <listOfSpecies>
      <species id=”A” compartment=”cell” initialConcentration=”1”/>
      <species id=”B” compartment=”cell” initialConcentration=”0”/>
    </listOfSpecies>
    <listOfParameters>
      <parameter id=”kon” value=”1”/>
    </listOfParameters>
    <listOfReactions>
      <reaction>
        <listOfReactants>
          <speciesReference species=”A” />
        </listOfReactants>
        <listOfProducts>
          <speciesReference species=”B” />
        </listOfProducts>
        <kineticLaw>
          <math xmlns=”http://www.w3.org/1998/Math/MathML”>
            <apply>
              <times />
              <ci>kon</ci>
              <ci>A</ci>
              <ci>cell</ci>
            </apply>
          </math>
        </kineticLaw>
      </reaction>
    </listOfReactions>
  </model>
</sbml>
 

A → B



A more realistic example

<species 
    id=”A” 
    name=”a-tubulin”
    compartment=”cell”
    initialAmount=”1000”
    substanceUnits=”item”
    hasOnlySubstanceUnits=”true”
    boundaryCondition=”true”
    constant=”false”
    charge=”0”>
  <notes>
    <body xmlns=”http://www.w3.org/1999/xhtml”>
      <p>One of the components of microtubule</p>
    </body>
  </notes>
  <annotation>
    <rdf:RDF 
        xmlns:dc="http://purl.org/dc/elements/1.1/" 
        xmlns:dcterms="http://purl.org/dc/terms/" 
        xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns#">
      <rdf:Description rdf:about="#PX">
        <dc:relation>
          <rdf:Bag>
            <rdf:li rdf:resource="http://www.uniprot.org/#P68370"/>
            <rdf:li rdf:resource=”http://www.geneontology.org/#0045298”/>
          </rdf:Bag>
        </dc:relation>
      </rdf:Description>
    </rdf:RDF>
  </annotation>
</species>



SBML Levels

• Level 1 (March 2001)

– Predefined kinetics functions

– One type of reactive substance

– ISO646 encoding

• Level 2 (June 2003)

– Function definitions

– Modifier species

– Events

– All math in MathML

– Unicode encoding

• Level 3 (?)

– Modular SBML (“packages”)

– Graph layout

– Multi-component species

– Model composition

– Arrays of elements

Hucka et al (2003)
Bioinformatics 19: 524-531

Hucka et al (2004)
IEE Systems Biology 1: 41-53



Is SBML sufficient?No, it isn't!



What can we do?

• Bench biologists need to find models relevant for their research.

• Modellers need to reuse existing models, or portions of models, rather than 
rewrite them from scratch. Model composition on a large scale will be possible 
only if we have such a model “shopping cart”.

• But ...

– No true database of models, only repositories, sometimes with side information.

– Poor quality control on the models available online (JWS excepted).

– No annotation of models: reactants are A,B,C, reactions 1, 2, 3 etc.

– Lack of standards on production, curation and annotation of models.

•  ⇒ Biomodels.net: collaboration between Caltech, EMBL-EBI, SBI, JWS etc. etc.

– MIRIAM: 
Minimum Information Requested In the Annotation of Models

– Controlled vocabularies: 

● Parameters: Kd, Ka, Kp, IC50 ARE DIFFERENT!

● “Michaelis-Menten”, “Mass Action Law” etc.

– Biomodels database, a database of “Systems Biology Models” 



Model annotation

model

compartment Gene Ontology

species

rule

reaction

event

Submitter, Creators, publication, Gene Ontology, 
KEGG pathway, OMIM, Reactome, Taxonomy

ChEBI, Ensembl, Gene Ontology, InterPro, KEGG 
compound, OMIM, Taxonomy, UniProt

BIND, EC code, Gene Ontology, IntAct, KEGG 
pathway, KEGG Reaction, Reactome

BIND, EC code, Gene Ontology, IntAct, KEGG 
pathway, KEGG Reaction, Reactome

BIND, EC code, Gene Ontology, IntAct, KEGG 
pathway, KEGG Reaction, Reactome



Structure of Biomodels

Annotation Search
RetrieveSemantic

curation
SBML SBML

You curators annotators You



Search strategy

GO Oracle database
PubMed webservices

Xpath: //sbml:*[contains(@id,'TEXT')]     
       | //sbml:*[contains(@name,'TEXT')]   
       | //xhtml:*[contains(text(),'TEXT')]

      //dc:relation//ref:li[contains(@rdf:resource,'URI') 
                             and contains(@rdf:resource,'ID')]

























Bottleneck: Few models are directly usable

• syntactically wrong (incorrect SBML)

– typos in the elements and attributes

– invalid default: e.g. “constant” parameter fixed by a rule

• semantically wrong (correct SBML but make no sense)

– wrong species: misunderstanding of “constant” and “boundaryCondition”

– wrong initialconditions: everything zeroed, would not start

– wrong reaction: the rate law produces concentrations rather than amounts

• bad correspondance with the article

– wrong units: built-in are not redefined, resulting in M instead of µM

– wrong compartments: only one compartment represents nucleus+cytoplasm

– wrong formalism: Michaelis-Menten instead of elementary reactions

– everything is fine but does not produce the same results than in paper ... 



1st release: April 1? 2005

• 21 models

• 383 species (0 – 86)

• 689 reactions (0 – 300)

• 1047 annotations

• Cell Cycle: 6

• MAPK cascade: 5

• Circadian clock: 2

                                         [20]

                                         [607]

                                         [539]

                                       

                                         [1]

                                         [4]

                                         [6]

• JWS online: 33 models

• CellML repository: 306 models

• DOQCS: 195 “pathways”



Let's move forward

Annotation Search
RetrieveSemantic

curation
SBML SBML

You curators annotators You

CellML CellML

MatLab

Mathematica

XPP

GENESIS

GENESISMatLab

graph math



An international collaboration

SBML developement BioModel.net

• EBI
– Nicolas Le Novère
– Marco Donizelli
– Alexander Broicher

• SBML team
– Michael Hucka
– Andrew Finney
– Bruce Shapiro
– Maria Schilstra
– Sarah Keating

• Keck Graduate Institute
– Herbert Sauro
– Harish Dharuri

• Systems Biology Institute
– Hiroaki Kitano
– Akira Funahashi

• Stellenbosh University
– Jacky Snoep

•

• Michael Hucka 
• Andrew Finney 
• Herbert Sauro 
• Hamid Bolouri
• Ben Bornstein
• Nicolas Le Novère
• Pedro Mendes
• Martin Ginkel
• Kouichi Takahashi
• Takeshi Sakurada
• Jim Schaff
• John Wagner
• Jorg Stelling
• Poul Nielsen
• Hiroaki Kitano
• Bruce Shapiro
• Eric Mjolness
•

• Victoria Gor
• Jonathan Webb
• Igor Goryanin
• Jorg Weimar
• Stefan Hoops 
• Akira Funahashi
• Sven Sahle
• Ralf Gauges
• Hugh Spencer
• Wayne Rindone
• Fabien Campagne
• Maria Schilstra
• Vijay Saraswat
• Ed Frank
• Ben Kovitz
• Jeremy Zucker
• ...
• ...

• External contributors

– Upinder Bhalla
– Rainer Machné
– Marc Poolman
– Tomas Radivoyevitch
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  <member name=”Mélanie Courtot” role=”developer”/>

  <member name=”Marco Donizelli” role=”developer”>

  <member name=”Éric Fernandez” role=”post-doc”/>
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