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Anne GOELZER, Fadia BEKKAL BRIKCI, and Vincent FROMION INRA, Unité Mathématique Informatique et Génome, Jouy-en-Josas, France A challenging problem in systems biology consists in developing tools and methods to apprehend high-dimension dynamic systems in order to understand the global coordination of metabolic pathways in response to environmental changes. The recent module definition proposed by [1] combining both the genetic and metabolic levels allows to break down the metabolic network into subsystems with a simplified behavior in steadystate [START_REF] Bekkal-Brikci | preparation. This work was supported by ANR Dynamocell (NT05-2-44860) and by the BaSysBio european project[END_REF]. We illustrate this definition through the mathematical analysis of the central carbon pathway of Bacillus subtilis. The main players of this regulation structure are identified and we explain the global coordination of this pathway. Contact : anne.goelzer@jouy.inra.fr A first dynamic model combining both the metabolic and genetic levels can be built : Genetic level, 38 ODEs such as

Modular representation of the central carbon pathway

• E i (t) = g E (T F i (t)) -µE i (t)
Metabolic level, 43 ODEs such as

• x(t) = f i (x i-1 , x i )E i (t) -f i+1 (x i , x i+1 )E i+1 (t)
with µ, the growth rate ; E i , the concentration of the enzyme E i ; T F i , the concentration of the i-th transcription factor bound to DNA ; g E , modulation of the enzyme synthesis ; x i , the concentration of the metabolite X i ; f i , the reaction rate of the enzyme E i .

=⇒ High dimensional model (Total : 81 ODEs !) : currently unsolvable.

=⇒ Break down the system into modules to reduce the complexity.

The mathematical analysis of this model allows to determine (i) if the known regulation structure is compatible with anabolism requirements ; (ii) the role of each regulation loop ; (iii) the main players/steps which determine the steady-state behavior.

Mathematical analysis of the dynamic model

Simplification of the dynamic model

Elementary modules are identified according to the definition in [1].

Conditions of existence of the steady-state

for each module and for their interconnection : enzymes should not saturate ; key role of irreversible enzymes ; unicity of the steady-state.

=⇒ determination of key steps/metabolites.

Sensitivity analysis

with respect to small flux perturbations in anabolism requirements :

• on each module : behavior prediction of each module component (metabolites and enzymes concentration, fluxes) ;

• on the interconnection between modules : identification of the sensing signals (metabolite pools) responsible for the general coordination, and the nature of the information carried by these signals.

Systemic interpretation of the regulation structure

Identification of the four key metabolites essential for the modules coordination

• fructose-1,6-biphosphate (FBP) : modulates (i) the glucose uptake, (ii) the flux of the lower part of glycolysis through CggR, (iii) the fluxes repartition between the TCA cycle and the acetate excretion through CcpA ; =⇒ global coordinator of the central carbon pathway ;

• pyruvate (PYR) : reflects the needs in branched-chain and aromatic amino-acids, serine derivatives ;

• oxaloacetate (OAA) : reflects the needs in aspartate derivatives ; • 2-oxoglutarate (AKG) : reflects the needs in glutamate derivatives.

Complementary roles of the genetic and metabolic regulations

Only the integration of both regulation loops levels reveals the control structure behavior.

Genetic regulations :

• CggR : modulates the flux through the lower part of glycolysis according to the state of the FBP pool ;

• CcpA : controls the flux repartition between the TCA cycle and the acetate excretion according to the state of PTS glucose transporter ;

• CcpC : induces the TCA cycle if the citrate pool (toxic) is increasing.

Enzymatic regulations :

• HPr kinase/phosphorylase : the glucose input flux is modulated with respect to the state of the FBP pool ;

• fructose-1,6-biphosphate aldolase : the FBP pool is adjusted according to the state of anabolism requirements reflected by the PYR, OAA and AKG pools.