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Statistical physics and chemical reaction
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Law of Mass Action
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Evolution of a reactant

Velocity multiplied by stoichiometry

negative if consumption, positive if production

Example of a unimolecular reaction 
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Reversible reaction

                  is equivalent to   
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y ! 2x; v2 = k2 ¢ [y]
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Reversible reaction
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Example of an enzymatic reaction

E + S
k1­
k2
ES

k3! E + P
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E + S
k1­
k2
ES

k3! E + P

d[S]=dt = ¡k1[E][S] +k2[ES]
d[P ]=dt = +k3[ES]
d[E]=dt = ¡k1[E][S] +k2[ES] +k3[ES]
d[ES]=dt = +k1[E][S] ¡k2[ES] ¡k3[ES]

Example of an enzymatic reaction
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E + S
k1­
k2
ES

k3! E + P

t

[x]

Not feasible in general

                   Numerical integration

d[S]=dt = ¡k1[E][S] +k2[ES]
d[P ]=dt = +k3[ES]
d[E]=dt = ¡k1[E][S] +k2[ES] +k3[ES]
d[ES]=dt = +k1[E][S] ¡k2[ES] ¡k3[ES]

Example of an enzymatic reaction
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Choose the right formalism

E+S ES
kcatkds

kas

kap

kdp
EP E+P

kcat'

d[P]       
         = kdp[EP] - kap[E][P]
 dt  



iGEM2009, 02 July 2009, Cambridge

Choose the right formalism

E+S ES
kcatkds

kas

kap

kdp
EP E+P  catalysis irreversible

E+S ES
kcatkds

kas

kap

kdp
EP E+P

kcat'

d[P]       
         = kdp[EP] - kap[E][P]
 dt  



iGEM2009, 02 July 2009, Cambridge

Choose the right formalism

E+S ES
kcatkds

kas

kap

kdp
EP E+P  catalysis irreversible

ES
kcatksa

ksd
E+S E+P product is consumed 

before rebinding

E+S ES
kcatkds

kas

kap

kdp
EP E+P

kcat'

d[P]       
         = kdp[EP] - kap[E][P]
 dt  



iGEM2009, 02 July 2009, Cambridge

Choose the right formalism
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Enzyme kinetics

Victor Henri (1903) Lois Générales de l'Action 
des Diastases. Paris, Hermann.

Leonor Michaelis, Maud Menten (1913). Die 
Kinetik der Invertinwirkung, Biochem. Z. 49:333-
369

George Edward Briggs and John Burdon 
Sanderson Haldane (1925) A note on the 
kinetics of enzyme action, Biochem. J., 19: 338-
339
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Briggs-Haldane on Henri-Michaelis-Menten

[E]=[E
0
]-[ES]

E + S
k1­
k¡1

ES
k2! E + P
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Briggs-Haldane on Henri-Michaelis-Menten
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Generalisation of modulation

y x
d[x]

dt
= v(= k ¢ [y])
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Generalisation: activators
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Generalisation: inhibitors
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Generalisation: activators and inhibitors
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absolute Vs relative activators
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absolute Vs relative activators
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Ultrasensitivity

d[x]

dt
= v ¢ [a]

Ka+ [a]

d[x]/dt

log[a]

v

50%v

Ka



iGEM2009, 02 July 2009, Cambridge

Origins of cooperativity: Bohr

Bohr C (1903) Theoretische behandlung der quantitativen verhältnisse 
bei der sauerstoff aufnahme des hämoglobins Zentralbl Physiol 17: 682

PO
2

%hbO
2
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Origins of cooperativity: Hill

Hill AV (1910) The possible effects 
of the aggregation of the molecules 
of hæmoglobin on its dissociation 
curves. J Physiol 40: iv-vii.
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Origins of cooperativity: Hill
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Homeostasis

How can-we maintain 
a stable level with a 
dynamic system?

xØ Ø
k
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k
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How can-we maintain 
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Encoding models
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What can we encode in SBML?

c

n

containers (compartments)
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What can we encode in SBML?

c

n

mRNAcgene mRNAn

proteinprotein'

entity pools (species)
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What can we encode in SBML?

c

n

mRNAcgene mRNAn

proteinprotein'

arbitratry rules
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What can we encode in SBML?

c

n

mRNAcgene mRNAn

proteinprotein'

discrete events
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<?xml version="1.0" encoding="UTF­8"?>
<sbml level="2" version="1" xmlns="http://www.sbml.org/sbml/level2">
  <model>

  </model>
</sbml>
 

A → B

http://www.sbml.org/sbml/level2
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<?xml version="1.0" encoding="UTF­8"?>
<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

http://www.sbml.org/sbml/level2
http://www.w3.org/1998/Math/MathML
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A more realistic example ...
<species 
    id=”A” 
    name=”­tubulin”
    compartment=”cell”
    initialAmount=”1000”
    substanceUnits=”item”
    hasOnlySubstanceUnits=”true”
    boundaryCondition=”true”
    constant=”false”
    charge=”0”
    metaid=”PX”
    sboTerm=”SBO:0000245” >
  <notes>
    <body xmlns=”http://www.w3.org/1999/xhtml”>
      <p>One of the components of a microtubule</p>
    </body>
  </notes>
  <annotation>
    <rdf:RDF 
        xmlns:bqbiol="http://biomodels.net/biology­qualifiers/" 
        xmlns:bqmodel="http://biomodels.net/model­qualifiers/"
        xmlns:rdf="http://www.w3.org/1999/02/22­rdf­syntax­ns#">
      <rdf:Description rdf:about="#PX">
        <bqbiol:is>
          <rdf:Bag>
            <rdf:li rdf:resource="urn:miriam:uniprot:P68370"/>
            <rdf:li rdf:resource=”urn:miriam:obo.go:GO%3A0045298”/>
          </rdf:Bag>
        </bqbiol:is>
      </rdf:Description>
    </rdf:RDF>
  </annotation>
</species>

http://www.w3.org/1999/xhtml
http://biomodels.net/model-qualifiers/
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And SBML is richer than that

Function definition mathematical function that may be used throughout the rest of a model. 

Unit definition new unit of measurement, or redefinition of an existing SBML default unit. 

Compartment Type type of container 

Species type type of entity that can participate in reactions. 

Compartment well-stirred container of finite size where species may be located.

Species pool of entities of the same species type located in a specific compartment. 

Parameter named quantity, whether constant or variable, global to the model 

Initial Assignment mathematical expression to determine the initial conditions of a model. 

Rule mathematical expression added to the set of equations constructed based 
on the reactions 

Constraint means of detecting out-of-bounds conditions during a dynamical simulation

Reaction statement describing some transformation, transport or binding process 
that can change the amount of one or more species

Event statement describing an instantaneous change in a set of variables 
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SBML is not limited to biochemistry!

Rate Rules can describe the temporal evolution of any 
quantitative parameter, e.g. transmembrane voltage;

Events can describe any discontinuous change, e.g. 
neurotransmitter release or repolarisation;

A species is an entity participating to a reaction, not always a 
chemical entity:

It can be a molecule

It can be a cell

It can be an organ

It can be an organism

Systems Biology is scale-free!  
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Neuron differentiation

    <listOfCompartments>
      <compartment id=”brain” />
    </listOfCompartments>
    <listOfSpecies>
      <species id=”glia” compartment=”brain” initialConcentration=”1”/>
      <species id=”neuroblast” compartment=”brain” initialConcentration=”1”/>
      <species id=”neuron” compartment=”brain” initialConcentration=”0”/>
    </listOfSpecies>
    <listOfParameters>
      <parameter id=”K” value=”1”/>
    </listOfParameters>
    <listOfReactions>
      <reaction>
        <listOfReactants>
          <speciesReference species=”neuroblast” />
        </listOfReactants>
        <listOfProducts>
          <speciesReference species=”neuron” />
        </listOfProducts>
       <listOfModifiers>
          <modifierSpeciesReference species=”glia” />
        </listOfModifiers>
        <kineticLaw>
          <math xmlns=”http://www.w3.org/1998/Math/MathML”>
            <apply>
              [...]
            </apply>
          </math>
        </kineticLaw>
      </reaction>
    </listOfReactions>

 

http://www.w3.org/1998/Math/MathML
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Hodgkin-Huxley

<rateRule metaid="metaid_0000048" variable="V">
  <notes><p xmlns="http://www.w3.org/1999/xhtml">dV/dt = (I ­ (i_Na + i_K + i_L))/Cm</p></notes>
  <math xmlns="http://www.w3.org/1998/Math/MathML">
    <apply>
      <divide/>
      <apply>
        <minus/>
        <ci> I </ci>
        <apply>
          <plus/><ci> i_Na </ci><ci> i_K </ci><ci> i_L </ci>
        </apply>
      </apply>
      <ci> Cm </ci>
    </apply>
  </math>
</rateRule> 
<assignmentRule metaid="metaid_0000042" variable="i_Na">
  <notes><p xmlns="http://www.w3.org/1999/xhtml">i_Na = g_Na * m^3.0 * h * (V ­ E_Na)</p></notes>
  <math xmlns="http://www.w3.org/1998/Math/MathML">
    <apply>
      <times/>
      <ci> g_Na </ci>
      <apply>
        <power/><ci> m </ci><cn> 3.0 </cn>
      </apply>
      <ci> h </ci>
      <apply>
        <minus/><ci> V </ci><ci> E_Na </ci>
      </apply>
    </apply>
  </math>
</assignmentRule>

assignment rule:

x = f (y,z)

rate rule:

dx/dt = f (x,y,z)
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An example of piecewise assignment

calcium flux depends on glutamate concentration

<listOfRules>
    <assignmentRule variable="calcium_influx">
        <math xmlns="http://www.w3.org/1998/Math/MathML">
            <apply>
                <piece>
                    <cn>15</cn>

                 <apply>
                        <gt/>
                        <ci>glutamate</ci>
                        <cn>1</cn>

                 </apply>
                </piece>
                <otherwise>
                    <cn>0</cn>
                </otherwise>
            </apply>
        </math>
    </assignmentRule>
</listOfRules>

if glutamate > 1

then calcium_influx = 15

else  calcium_influx = 0
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BioModels Database, a curated resource 
of annotated published models

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



iGEM2009, 02 July 2009, Cambridge



iGEM2009, 02 July 2009, Cambridge



iGEM2009, 02 July 2009, Cambridge

MAPK cascade

EGFR

ras

raf (MAPKKK)

MEK (MAPKK)

ERK (MAPK)

GRN1
GRN2

ERK (MAPK)
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Mitogen Activated Protein kinase:

mitosis, differentiation, cell survival, apoptosis

         CANCER

Integration of many signalling pathways

Activation of many regulatory networks 

Model systems in computational biology

MAPK cascade
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Early history of MAPK models

Vayttaden, Ajay, Bhalla (2004) A spectrum of models of signalling 
pathways. Chembiochem 5: 1365-1374. 
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Huang and Ferrell

Huang and Ferrell (1996) Ultrasensitivity in the mitogen-activated 
protein kinase cascade. Proc Natl Acad Sci USA 93: 10078-10083. 
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Kholodenko

Kholodenko (2000) Negative feedback and ultrasensitivity can bring 
about oscillations in the mitogen-activated protein kinase cascades. 
Eur J Biochem 267: 1583-1588.
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E+S ES
kcatkds

kas

kap

kdp
EP E+P  catalysis irreversible

ES
kcatksa

ksd
E+S E+P product is consumed 

before rebinding

d[P]            [E] kcat
         = 
 dt                      Km 
                   1 +
                           [S]

S P

E

steady-state

E+S ES
kcatkds

kas

kap

kdp
EP E+P

kcat'

d[P]       
         = kdp[EP] - kap[E][P]
 dt  

Huang and FerrellHuang and Ferrell

Kholodenko
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We will use COPASI, developed by: 
Virginia Bioinformatics Institute
European Medial Laboratory

http://www.copasi.org/

Download:
http://www.copasi.org/tiki-index.php?page=DownloadNonCommercial

documentation:
http://www.copasi.org/tiki-index.php?page=DocumentationNew

http://www.copasi.org/
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