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(1)-The phenomenology

ƒ(x)dx∫
Inputoutput

Snapshot of the system          ⇒        Abstraction

Classical approaches
in theoretical biology
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(2)-The reductionism

Classical approaches
in theoretical biology
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Systems Biology

Reconstruction of dynamic systems from the 
properties of their elementary building blocks

Made possible by large-scale data production 
& improvements of computing power and technics

Cybernetics properties are conserved across systems
(control theory: feedback, feedforward, robustness...)
Relationships between building blocks are more 
important than their elementary properties.
The theoretical treatment is already available.

A New Era:
Pre-molecular Biology was descriptive
Molecular Biology made Biology explicative
Systems Biology makes Biology predictive
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Different approaches

Grand Probability function: P(X,t)

deterministic approach: (X,t)=f(X',t-1)

stochastic approach: P(X,t)/(X',t-1)
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G R L D

A simple oscillating system
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G R L D

A simple oscillating system

Lotka, A.J. 1925. Elements of physical biology.  
                            Williams and Wilkins, Baltimore, M.D.

Volterra, V. 1926. "Fluctuations in the Abundance of a Species 
               Considered Mathematically," Nature 118, 558-560.

Predator-Prey model:
G = Grass
R = Rabbit (Snowshoe Hare)
L = Lynx
D = Death
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ODE approach

G+R 2R

R+L 2L

L D

k1

k2

k3

d[R]/dt = k1[G][R]-k2[R][L]

d[L]/dt = k2[R][L] - k3[L]
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ODE approach

G+R 2R

R+L 2L

L D

k1

k2

k3

d[R]/dt = k1[G][R]-k2[R][L]

d[L]/dt = k2[R][L] - k3[L]

• Euler

           d[L]/dt ~ ([L]
t+Dt

 – [L]
t 
) / ∆t = f([L],t)

         [L]
t+Dt

 = [L]
t
 + f([L],t) x ∆t 

• 4th order Runge-kutta

           [L]
t+Dt
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t
 + ∆t  x (F

1
+2F
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3
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4
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Beyond Mass Action Law

S P

E

S ES P
=

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

kcat

Leonor Michaelis, Maud Menten (1913). 
Die Kinetik der Intertinwerkung, Biochem. Z. 49:333-369.
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Beyond Mass Action Law

S P

E

S ES P
=

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

kcat

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

• Allosteric regulations (J Monod, J Wyman, JP Changeux 1965, 
                                DE Koshland, G Nemethy, D Filmer 1966)

• Metabolic Control Analysis (H Kacser, JA Burns 1973)
• Biochemical Systems Theory (M Savageau 1969)
• Stoichiometric Network Analysis (R Heinrich, 

                                           SM Rapoport, TA Rapoport 1997 )
• Logical representations (R Thomas 1973)
• Petri Net (VN Reddy, ML Mavrovouniotis, MN Liebman)
• etc. 
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Limitation of deterministic approaches

Continuous, deterministic models can’t cope with:
1. Protein complexes with many states

2. Sensitivity to a very small number of molecules

3. Spatial heterogeneity
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On small numbers
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10-17 litres

Substrate

Product

10-16 litres

10-15 litres

Number of calcium ions in a dendritic spine = 3-5
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  Stochastic master equation (McQuarrie 1964)
 ~ grand probability function. Generally intractable

stochastic approach

  Gillespie method (Gillespie 1976)
 Reaction-based stochastic algorithm. No representation

   of individual particles. Fast! 

  StochSim (Morton-Firth et al. 1998) and other Monte-Carlo
    methods 

 Molecule-based stochastic algorithm. individual particles are
   represented. Slow ...
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StochSim algorithm
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StochSim algorithm
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Kinetic constant to probability

d[R]/dt = k1[G][R]

d[L]/dt = -k3[L]

        k1 n(n+n
0
)∆t

P1 = 
                2VN

A

        k3 n(n+n
0
)∆t

P3 = 
                 n

0

n: # molecules in the system
n

0
: # pseudomolecules in the system

V: volume of the system
N

A
: Avogadro constant
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pathological situations
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Parameter search

Very often, parameters are unknown or uncertain. If sets of input and 
output are known, one can launch an exploration of a whole range of 
parameter values by an iterative process. Many algorithms are available:

• evolutionary algorithms (e.g. Genetic Algorithms)
• stochastic algorithms (e.g. Simulated Annealing)
• gradient-descent methods (based on derivatives)
• direct search methods (e.g. amoeba algorithm)
• etc.

One possibly need thousands of iterations, that is a demanding 
computation, even for limited models. However, since the iterations 
are represent independent simulations, distributed or parallel 
computing are possible.
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Bacterial chemotaxis
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Bacterial chemotaxis
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E-Cell System 3 (Kouichi Takahashi)
shared mem, hyper-threading
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VCell E-Cell MCell
StochSim

Jarnac
Gepasi

Whole-cell

All these programs speak SBML
(Systems Biology Markup Language)

deterministic stochastic

SBW

NEOSIM

BioSPICE

GRID, RPC

The collaborative approach

GENESIS

Gene expression?

Cell remodeling?

KEGG

DB interface

MesoRD
SmartCell

Reactome
CellDesigner
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IETF mime-type: application/sbml+xml
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Cellular Neurobiology today
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Cellular Neurobiology today
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In Computational Systems  Biology 
the bottleneck is often the data, 

not the tool


