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Integration of genetic and enzymatic controls in metabolic pathways
Fadia BEKKAL-BRIKCI, Anne GOELZER and Vincent FROMION

INRA unité Mathématique Informatique et Génome, France

The bacterial metabolic machinery and its regulation are a complex system and involve many components: metabolites and enzymes.
The reconstruction of the regulatory networks of B. subtilis including the enzymatic reactions, the control of enzymatic activities and
the genetic regulations (see [1]) allowed us to identify the main regulation structures of metabolic pathways. We noticed a strong
interplay between the metabolic pathways and the genetic regulations. Then, in order to break the intrinsic complexity of such huge
system and to reveal somewhat an order, we propose a new suitable notion of subsystems (modules) using mathematical dynamic
models associated to these structures.
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·x1 = ν1 −E1 f1(x1,xn, p)−E∗
1 f ∗1 (x1)

·x2 = E1 f1(x1,xn)+E∗
1 f ∗1 (x1)−E2 f2(x2, p)

...
·xn = En−1 fn−1(xn−1, p)−En fn(xn)
·
E1 = g(xn,q)−µE1

xi : the concentration of the metabolite Xi,
Ei : the concentration of the enzyme Ei
ν1 : the input flux (the flux supply)
En fn(xn) : represents the output flux (the flux demand)
fi : the reaction rate of the enzyme Ei
g : the genetic control of E1
p : a vector of external factors (cofactors)
q : a vector of global regulators
µ : the growth rate. (i.e V̇ (t) = µV (t))

The study of the equilibrium regime in exponential phase allows
us to deduce some biological properties, and the ability to break-
down the huge metabolic network on subsystems(modules).

Equilibrium regime















Ē1 =
g(x̄n)

µ ,

f1(x̄1, x̄n)g(x̄n) = µEn fn(x̄n),
ν1 = En fn(x̄n)

and for any i = {2, . . . ,n−1}, x̄i = f−1
i

(

En fn(x̄n)

Ei

)

.

Saturation condition: EiMi = Ei lim
xi→+∞

fi(xi) > En fn(x̄n).

Biological properties of the equilibrium regime
The prediction of the equilibrium behavior of such linear metabolic
pathway in the exponential phase can be simple even though it is com-
posed of many reactions

• The end product depends only on the genetic and allosteric con-
trols of the first enzyme E1.

• The nature of the intermediate enzymes E2, . . . ,En−1 has no im-
pact on the equilibrium regime of the end product concentration
and only impact the equilibrium of the intermediate metabolite
concentrations.

• The way to increase the output flux is to decrease the end prod-
uct concentration x̄n .

• The equilibrium of the intermediate metabolites are increasing
when the output flux are increasing.

• The presence of the isoenzyme can allow the metabolic path-
way to have a larger flux increasing the concentration of the
isoenzyme.

• Cofactors act on (i) the first enzyme E1 (ii) the last enzyme En
(iii) the intermediate enzymes.
(i) and (ii)⇒ a direct impact on the equilibrium of the end prod-
uct, (iii)⇒ no impact on the equilibrium only if it leads to satu-
rate an intermediate step.

• Global regulation is able to modify the enzymes production of
many pathways (pleiotropic factors (CcpA,TnrA)[1]) ⇒ modi-
fies the relation between the end product concentration, the flux
demand and the enzyme concentration. For the operon case, it
modifies all the concentrations of the pathway.

Although this study concerns the particular end product structure,
the obtained results could be extended to other control structures [2].
How to break down the huge metabolic network into
modules
To reveal an order in such a huge system, we introduce a suitable no-
tion of subsystems (modules).

• The key role of irreversible steps,
• The key role of the regulated enzymes and the metabolite asso-

ciated to their regulations,
• The coordination between different modules: compatibility of

the fluxes through key metabolites, coordination with a global
regulator.
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