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Réseaux biochimiques


Organisés en :
1 Réseaux métaboliques (permet de donner de l’énergie par transformation de


molécules).
2 Réseaux de signalisation - transduction - mécano-transduction. Réseaux dont les


composants sont des protéines et les interactions sont des formations de
complexes et des changement de conformation


3 Réseaux de régulation génétique (l’expression d’un gène influence l’expression
d’autres gènes. Cette influence peut-être positive ou negative







Propriétés générales


Impossible et inutile d’écrire toutes les réactions chimiques.
Plusieurs points de fonctionnement stationnaire(hypothèse de Delbrück pur
division cellulaire). Lié à la multistabilité (c.-à-d., pusieurs points fixes)
La biochimie est liée à la mécanique ...(programmation cellulaire, division
cellulaire, cellules souches etc. )
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1 Structures adhésives


2 Réactions enzymatiques


3 Protéines G


4 Réactions chimiques et systèmes dynamiques


5 Réactions chimiques :Rappels


6 Équations chimiques et non-linéarités


7 Non-linéarités et bifurcations :cellules ciliées du système auditif


8 Réactions enzymatiques :réaction de Michaelis-Menten
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Structures adhésives


Sensing the environment


Cells show an astounding awareness of the environments in which they find
themselves, actually adapting their behavior to changing surrounding. The key to this
ability is the constant sampling of their environment both at the molecular and
mechanical level. These are signals that convey information to the cell.
One distinguishes :


1 outside-inside signals (cell to cell, substrate to cell) : CAMP signaling ...
2 inside-outside signals with many molecular switches : G-proteins ...







Exemple de réseaux biochmiques liés au contact cellule-matrice
extra-cellulaire
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represented by golden rods in FIG. 2) can function as
direct integrin–actin linkers bridging between mem-
brane integrins and the cytoskeleton10,36. Additional
integrin-associated molecules (coloured blue in FIG. 2)
do not interact directly with actin, but might bind to the
cytoskeleton indirectly through other components of
the submembrane plaque. Some of them, such as focal
adhesion kinase (FAK), down-regulated in rhab-
domyosarcoma LIM protein (DRAL), integrin-linked
kinase (ILK) and 14-3-3β (REF. 37), are signalling mole-
cules. Most of these proteins interact with β integrins,
although paxillin can also tightly interact with two close-
ly related α integrins (α4 and α9). This binding inhibits
cell spreading and the formation of focal adhesions38,39.
Paxillin has an important role in anchoring a host of
proteins, which include the FAK regulator of focal adhe-
sions to the membrane.


An additional group of focal-adhesion-associated pro-
teins includes actin-binding proteins, which are not
thought to interact directly with integrins (including vin-
culin, vasodilator-stimulated phosphoprotein
(VASP)/Ena and ezrin–radixin–moesin (ERM) proteins
— green in FIG. 2).Vinculin has a pivotal role as a univer-
sal linker as it interacts with many plaque proteins
(including talin,α-actinin,VASP/Ena, ponsin, vinexin
and protein kinase C (PKC)), as well as with acidic phos-
pholipids, membranes and actin. A very large group of
proteins (too many to list here) consists of adaptor pro-
teins, which apparently interact with actin-bound and
integrin-bound components and link them to each other.


These components of cell–matrix adhesions have an
unusually wide range of intrinsic activities. Beyond their
protein–protein binding specificities, many of these pro-
teins are enzymes (light shading in FIG. 2), including tyro-
sine kinases (such as members of the Src family and FAK);
serine/threonine kinases (such as ILK, PKC and p21-acti-
vated kinase (PAK)); tyrosine phosphatases (such as SHP-
2 and LAR); inositol 5-phosphatases (such as SH2-con-
taining inositol 5′-phosphatase-2 (SHIP-2)40); modulators
of small GTPases (such as ASAP1,180-kDa protein down-
stream of CRK (DOCK180), PAK-interacting exchange
factor (PIX) and GAP for Rho associated with focal adhe-
sion kinase (GRAF)); and other enzymes, such as phos-
phatidylinositol 3-kinase (PI3K) and the protease calpain
II (REF. 10). The true molecular complexity of focal adhe-
sions is probably greater than depicted in FIG.2, as many of
these components represent products of multigene fami-
lies (for example, ERM, Src-family kinases and even inte-
grins themselves) rather than a single molecule, and as
many additional components will probably be found.


A striking characteristic of many focal-adhesion com-
ponents is that they are multidomain molecules that can
interact with several distinct partner molecules
(although not necessarily simultaneously). For example,
molecules such as vinculin, FAK, Src kinases and paxillin
can each bind to more than ten different partners. So, the
theoretical number of different combinations of molecu-
lar interactions that might be involved in linking inte-
grins to actin is enormous. How, then, do cells actively
regulate the proper assembly of the submembrane
plaque? The key mechanisms seem to involve integrin


antigen-related receptor (LAR) and transmembrane
glycoprotein SHP-2 substrate-1 (SHPS-1) also localize
at focal adhesions, and potentially modulate integrin
signalling34,35. The interplay between these membrane
molecules and integrins is still not known.


In the cytoplasm, several integrin-associated multi-
molecular domains have been identified10. A small
group of proteins (talin,α-actinin, tensin and filamin;
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Figure 3 | Cells probe, respond to, and remodel the extracelluar matrix (ECM) using
integrin–actin cytoskeleton adhesion complexes. A highly schematic representation of
local and global events associated with focal-adhesion formation and development. The
temporal steps from focal-complex formation to the development of focal adhesions and
fibrillar adhesions are listed from left to right (central yellow belt). Just above it, important
molecular and physical events that drive focal-adhesion formation are shown, including the
polymerization of actin, the activation of association of plaque proteins (such as vinculin) to the
membrane, and the increase of tension forces, which drive focal-adhesion and fibrillar-
adhesion development. Rac- and Rho-dependent signalling pathways triggering these events
are shown above (see REF. 50 for more detail). In adhesions formed with rigid ECM, isometric
force develops and stimulates focal-adhesion growth. In interactions with a more pliable
matrix, the force (defined here loosely as ‘dynamic’ force) mobilizes both the matrix and the
attached adhesion complex. This process leads to assembly and reorganization of the ECM
from a diffuse to a fibrillar matrix (bottom part of the scheme). The transmembrane linkage and
regulation of these processes are mediated through integrins, which affect both the local
regulatory system (which consists of a putative mechanosensor and the focal adhesion kinase
(FAK)–Src phosphorylation system) and a global regulatory system, which consists of Rho,
Rac and their targets (upper part of the scheme). PAK, p21-activated kinase; PtdIns(4,5)P2,
phosphatidylinositol-4,5-bisphosphate; ROCK, Rho-associated kinase.
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Les intégrines : signalisation inside-outside et signalisation
outside-inside


The Tail of Integrins, Talin,
and Kindlins
Markus Moser,1* Kyle R. Legate,1* Roy Zent,2 Reinhard Fässler1


Integrins are transmembrane cell–adhesion molecules that carry signals from the outside to
the inside of the cell and vice versa. Like other cell surface receptors, integrins signal in response to
ligand binding; however, events within the cell can also regulate the affinity of integrins for ligands.
This feature is important in physiological situations such as those in blood, in which cells are always in
close proximity to their ligands, yet cell-ligand interactions occur only after integrin activation in response
to specific external cues. This review focuses on the mechanisms whereby two key proteins, talin and the
kindlins, regulate integrin activation by binding the tails of integrin-b subunits.


Integrins are members of a large family of
functionally conserved cell-adhesion receptors.
They have a critical role in anchoring cells to


extracellular matrices and alter cell function by
activating intracellular signaling pathways after
ligand binding (“outside-in” signaling). Integrins
can shift between high- and low-affinity confor-
mations for ligand binding (“inside-out” signal-
ing). This property of integrins is regulated by
external cues that are transduced intracellularly
and ultimately result in the direct binding of reg-
ulatory proteins to the short cytoplasmic domains
of integrins. A shift from a low- to a high-affinity
state is termed “integrin activation” (1, 2).


Regulation of the affinity with which integrins
bind ligands is fundamental for various cellular
functions. For example, during development
migrating cells require activated integrins at
their leading edge to attach newly protruded
plasma membrane to the surface on which they
are moving and inactivate integrins at their rear.
In response to injury, the fibrinogen receptors
on platelets, integrin aIIbb3, are swiftly activated
to mediate platelet adhesion and aggregation in
order to stop bleeding. Because aIIbb3 integ-
rins are constantly exposed to fibrinogen, it is
vital to keep them inactive so as to prevent
pathological platelet aggregation and thrombus
formation. Similarly, during inflammation leuko-
cytes require integrin activation in order to ad-
here to and migrate across the endothelium on
their way to affected tissues. Abnormal function
of highly modulatable integrins or mutations in
integrin-binding proteins required for integrin
activation can result in aberrant development or
diseases such as bleeding disorders, leukocyte-
adhesion deficiencies, and skin blistering. In this
review, we discuss recent structural and bio-
chemical studies and data from genetic manip-
ulations in animals that shed new light on how


two integrin tail–binding proteins, talin and
kindlins, regulate integrin activation.


Integrin Structure
Integrins are formed by noncovalently bound a
and b subunits. In mammals, 18 a and 8 b sub-
units combine in a restricted manner to form 24
specific dimers, which exhibit different ligand-
binding properties. Integrin subunits have large


extracellular domains (approximately 800 amino
acids) that contribute to ligand binding, single
transmembrane (TM) domains (approximately
20 amino acids), and short cytoplasmic tails (13
to 70 amino acids, except that of b4). All three
domains are required to regulate the affinity of
integrins. b2 and b3 integrins can change af-
finity on a subsecond time scale, and many of
the paradigms of integrin structure and function
were deduced from studies of these integrins; how-
ever, it is not clear whether they can be gener-
alized to all integrins (1).


The extracellular domain of the heterodimer
consists of a ligand-binding head domain stand-
ing on two long legs (Fig. 1A). a integrin sub-
units contain a seven-bladed b-propeller domain
that forms the head, a thigh domain, and calf-
1 and calf-2 domains. Half of the a subunits
contain an I domain (also referred to as a von
Willebrand factor A domain), which when
present is nearly always the ligand-binding site.
The I domain possesses a conserved metal ion–
dependent adhesion site (MIDAS), which binds
divalent cations required for ligand binding by
integrins. The b subunit is composed of a hybrid
domain that connects to the bI domain, which is
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Fig. 1. (A) Integrin architecture and schematic representation of integrin activation. Specific contacts
between the ectodomains, the TM, and cytoplasmic domains keep the integrin in its bent conformation.
Separation of the integrin legs, TM, and cytoplasmic domains occurs during integrin activation, resulting in an
extended integrin conformation. The a subunit is shown in green and the b subunit in violet. (B) A closer look
at the interacting site (orange rectangle) between the TM andmembrane proximal cytoplasmic domains of the
a and b subunits. The membrane proximal (MP) and distal (MD) NPxY/NxxY motifs within the b tail are
indicated. (C andD) Schematic drawings of the integrin-activating proteins talin (C) and kindlin (D). The FERM
domains are depicted as balls subdivided into three subdomains, F1 to F3. Kindlins contain a PH domain
inserted into the F2 subdomain. Domain sizes are not to scale, and talin is shown as amonomer for simplicity.
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Les intégrines sont des récepteurs
d’adhésion trans-membranaires


1 possédant un domaine
extra-membranaire long


2 et un domaine cytosolique court. Ce
domaine sert de point d’ancrage aux
protéines qui vont lier l’intégrine aux
différents réseaux de signalisation.


3 une integrine est un système à deux
états. Un état inactif ou le domaine
extracellulaire est replié et un état
actif où il est déplié. La protéine est
alors capable de se lier à son ligand.







Les intégrines doivent être activées par des partenaires[6]:
inside-outside signaling


analogous to the I domain of the a subunit, a
PSI (plexin/semaphoring/integrin) domain, four
epidermal growth factor (EGF) domains, and a
membrane proximal b tail domain (bTD). In
integrins without an I domain, ligands bind to
a crevice between the ab subunit interface,
where they interact with a metal ion–occupied
MIDAS within the b subunit and the propeller
domain of the a subunit.


The structure of the short TM domains is
poorly defined because of the lack of high-
resolution structures of heterodimeric TM do-
mains in their proper context, and only the
structures of the b3 and the aIIb subunits are
solved in their entirety (3–5). The b3 TM do-
main is a 30-residue linear a helix that is longer
than the width of a typical lipid bilayer, which
implies a pronounced helix tilt within the plas-
ma membrane (5). The aIIb TM domain is a 24-
residue a helix followed by a backbone reversal
and does not exhibit a helix tilt (4). This unusual
motif is highly conserved in the 18 human
integrin a subunits and probably has an impor-
tant role in the transition from low- to high-
affinity states.


A high degree of similarity is found in the
short a and b cytoplasmic tails, especially in the
membrane proximal region where the GFFKR
and HDR(R/K)E sequences are conserved in
the a and b subunits, respectively (6). Nuclear
magnetic resonance (NMR) studies that used
integrin-derived aIIb3 polypeptides proposed
that integrins interact with each other through
hydrophobic and electrostatic interactions and a
salt bridge between the R residue within the
GFKKR motif and the D residue within the
HDRREmotif (7, 8). However, these interactions
were not seen by others, suggesting that tail
interactions are very weak at best (9). Almost
all b tails have two well-defined motifs that are
part of a canonical recognition sequence for
phosphotyrosine-binding (PTB) domains (10),
consisting of a membrane proximal NPxY (where
x represents any amino acid) motif and a mem-
brane distal NxxY motif (Fig. 1B). These NxxY
motifs are binding sites for multiple integrin-
binding proteins, including talin and the kindlins.


Integrins Can Exist in Multiple Affinity
States for Ligands
Integrins exist in low-, intermediate-, and high-
affinity states. On the basis of structural studies,
it is thought that integrins are in a low-affinity
state when their extracellular domains are bent
and in a high-affinity state when those are ex-
tended (Fig. 1A). The exact changes that occur
in the head domain when integrins move to the
high-affinity state are still unclear. Two models
have been proposed: The “switchblade” model
(11) predicts that only extended integrins will
bind ligand, and the “deadbolt” model (12) sug-
gests that integrin extension occurs only after
ligand binding has taken place. In both models,
conformational changes within the head domain
facilitate ligand binding (11, 13).


The TM domains have a key role in integrin
activation. Inactive integrins are proposed to
have a coiled-coil interaction between canonical
GxxxG dimerization motifs within the TM do-
mains that regulates integrin subunit packing
(14). Separation of integrin TM domains has
been suggested to be a requirement for integrins
to adopt the high-affinity state. There are two
possible ways by which TM domain interactions


can be disrupted. The number of residues of the
b integrin TM domain buried within the lipid
bilayer may be shortened upon activation, lead-
ing to a straightening of the TM domain within
the membrane. Alternatively, pistonlike move-
ment of integrin TM domains might cause the
disruption of interactions within the membrane
by changing the register of TM-domain side chains.


The role of integrin cytoplasmic tails in reg-
ulating integrin affinity, especially with re-
spect to the binding of proteins such as talin and
kindlins to the highly conserved NxxY motifs,
has been extensively examined in the rapidly
activated b2 and b3 integrins. Although muta-
tional analysis suggests that the salt bridge is
important for maintaining these integrins in a
low-affinity state (15), this might not be the case


for all integrins, especially the
b1 integrins (16). Despite the con-
troversial role of the salt bridge in
maintaining integrins in a low-
affinity state, high integrin affinity
is thought to be associated with
separation of the a and b cyto-
plasmic tails. Many proteins bind
directly to integrin tails, yet only
talin and kindlins can regulate
integrin affinity. The role of these
NxxY motifs–binding proteins in
integrin activation and function will
now be discussed in detail.


Talin Is an Essential Mediator
of Integrin Activation
Talin is a component of adhesion
plaques and interacts with integrin
cytoplasmic tails (17). Its role in
altering integrin function was orig-
inally demonstrated by its ability to
induce a shift in the affinity of a
normally inactive integrin expressed
in chinese hamster ovary (CHO)
cells (18, 19). Knockout and knock-
down experiments subsequently re-
inforced the notion that talin is a
key regulator of integrin affinity for
ligand, and many mutational and
structural studies have described
the mechanism by which it accom-
plishes this task. Talin orthologs
have been identified in all multi-
cellular eukaryotes studied; verte-
brates encode two talin isoforms,
termed talin1 and talin2, whereas
lower eukaryotes encode only a
single talin isoform corresponding
to talin1 (20, 21).


Talins are ~270-kD proteins con-
sisting of an N-terminal 47-kD head
domain and a ~220-kD C-terminal
flexible rod domain (Fig. 1C). The
talin head consists of a FERM (4.1,
ezrin, radixin, moesin) domain com-
posed of 3 subdomains (F1, F2, and
F3) and an F0 subdomain with no


homology to known domains. The F3 subdomain
resembles a PTB domain and binds integrin tails,
phosphatidylinositol 4-phosphate 5-kinase g
(PIPKIg), and the hyaluronan receptor layilin
(22–25). The talin rod domain is composed of a
series of helical bundles that contain multiple bind-
ing sites for the F actin–binding protein vinculin
and a second integrin-binding site (26). The C
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Fig. 2. Integrin activation by talin. (A) Cytoplasmic talin becomes
activated upon binding phosphatidylinositol 4,5-bisphosphate
(PIP2), which abrogates an autoinhibitory interaction with the
rod domain. In addition, calpain cleavage and phosphorylation
events may activate talin. (B) The talin F3 subdomain engages the
membrane proximal NPxY motif in b integrin tails. (C) In a second
step, a talin-specific loop structure within the F3 subdomain
interacts with the membrane-proximal a helix of the b integrin
cytoplasmic tail, thereby disrupting the connection between
cytoplasmic tails. Pulling forces at the b tail probably reorient
the b integrin TM domain, thereby disrupting the packing of the
a/b TM domains.
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Cycle d’activation des intégrines par la
taline (non active dans le cytosol,φc ,
devient active une fois adsorbée sur la
membrane (φm → φ), forme un complexe
avec les intérines (φI ) et retourne dans le
cytosol.


Fig.4 | Schéma du cycle d'activation des intégrines "inside-out" proposé : (1) ini-


tialement dans sa forme inactive, l!activateur se trouve dans le cytoplasme. (2) Au 


voisinage de la membrane, il interagit avec un acteur membranaire (phospholipide 


ou protéine transmembranaire). Ce qui a pour effet de le localiser à la membrane 


et de le placer dans un premier état activé, c'est-à-dire à même d'interagir avec les 


intégrines. (3) Dans son état membranaire activé, l!activateur est alors libre de dif-


fuser le long de la membrane et (4) de se lier à la partie C-terminale de l'intégrine 


ce qui constitue sa deuxième activation. (5) Dans cet état doublement activé s'éta-


blit un équilibre dynamique entre ses formes complexées (avec l'intégrine) et li-


bres. (6) L'état doublement activé a un temps de vie limité au bout duquel l!activa-


teur retourne finalement dans sont état inactif cytosolique.


Deuxième étape : dépliement de la taline 


En se localisant à la membrane, la PiP-kinase accède à son subs-


trat : Pi(4)P, quelle va alors phosphoryler en Pi(4,5)P2. Cette étape va 


alors déstabiliser le complexe PiP-Kinase-taline et permettre à la  ta-


line de se déplier, c’est une deuxième étape d’activation. Une fois 


Pi(4,5)P2  produit et la  taline dépliée, la  PiP-kinase retourne dans le 


cytoplasme et la  taline se lie au Pi(4,5)P2   formé, lui permettant  ainsi 


de rester localisée à  la  membrane, ce mécanisme correspond au pas-


sage des états (2) à (3) sur la figure (Fig.4) et à la réaction (Eq.8). On 


note cette forme ! —c’est elle spécifiquement que l’on  appellera « ac-


tivateur  » par la suite — et son potentiel chimique µ!.  De part le re-


tour  au cytoplasme de la PiP-kinase, cette phase est irréversible et 
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D’après O. Ali.







L’activation des intégrines dépend des efforts mécaniques : loi de Bell


Biological adhesion systems use discrete
molecular bonds with mechanical
properties . This mechanical properties
affect the resistance to rupture and this a
key-importance to understand cell
adhesion. Bell[1] has proposed a model
that uses an exponential relationship for
the dissociation constant


koff = k
0
off


e
fb∆/kBT (1)


where fb is the force on the bond and ∆ is
the distance range of the bond potential
energy minimum (width of the interaction
pocket). This law has been tested in
experiments[2].
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At equilibrium the number of bound receptor-ligand pairs, nb , obeys Bolzmann law


nb =
n0


1 + K 0
e


−1
efb∆/kBT


(2)


where n0 is the total number of receptors on the membrane and fb = κz for a bond
deformation z and rigidity κ. K 0


e = kon/koff is the affinity constant at zero force. Thus,
as the tearing force fb increases the number of bound receptor-ligand pairs decrease.







Les intégrines sont de véritables hubs pour la signalisation cellulaire


when hubs are frequently connected to one another (21). Bio-
chemical networks in general were found not to display assor-
tative mixing by valence as compared with other networks, for
example, brain networks constructed from functionalmagnetic
resonance images (22). On the other hand, assortative mixing
by function, location, or biological process is obviously highly
pervasive in regulatory biochemical networks.


Paths in Biochemical Networks


A path in a graph represents a sequence of alternating neigh-
boring nodes and links with no repeating nodes. Some of graph
theory’smost famed algorithms are those developed byDijkstra
(23) and Floyd (24) to find the shortest path (geodesic path)


between two vertices in a network. Finding the shortest path
between a cell-surface receptor and downstream transcription
factors in a cell signaling network can be used to identify impor-
tant new signaling pathways. Such an approach was useful to
hypothesize potential signaling mechanisms in Neuro2A cells
downstream of CB1R receptors. Cells were stimulated with a
CB1R agonist, and assessment of activity for hundreds of
canonical transcription factors was performed. It was found
that after 20 min, CB1R activation modulates the activity of
23 transcription factors (25). Using known cell signaling and
protein-protein interactions extracted from published experi-
mental studies, new biological roles for pathways and co-regu-
lators were identified. In another study, a global analysis of
paths from receptors to effectors in a literature-based mam-
malian cell signaling network showed that from some recep-
tors, e.g. the N-methyl-D-aspartate receptor, there are many
paths to effectors, e.g. the transcription factor cAMP-re-
sponsive element-binding protein (CREB), whereas from
other receptors, there are only a few (Fig. 1D) (26). This
topological feature can be due to biased research (most data
from popular proteins and pathways) but can also indicate a
design that is commonly observed in learning classifier sys-
tems implemented in computer programs.
The topology of signaling networks also displays a bow-tie


structure, in which signals from many receptors converge on
the same intermediate components and then are directed to
regulate different transcription factor effectors (Fig. 1E). This
type of organization is common for Toll-like receptors sharing
adaptor proteins such asMyD88 (27),Gprotein-coupled recep-
tors sharing G! and G"# (28), and growth factor receptors
sharing adaptor proteins such as SOS1 and GRB2. The shortest
path algorithm can be used to find automatically and display
previously characterized interactions that “connect” genes and
proteins (29) or to compute global network properties such as
characteristic path length (3) or network diameter. Network
diameter is simply the longest of the shortest paths among all
possible shortest paths between all pairs of nodes in a network.
The characteristic path length is the average shortest path
across all possible pairs of nodes.


Network Motifs


Biochemical networks contain many three-node cliques. A
clique is a complete subgraph in which all possible links
between a subset of nodes are operational. Completing “defec-
tive cliques” was used to predict not yet observed interactions
using the known protein-protein interactions of a yeast net-
work (30). Small cliques in biochemical networks are only one
kind of a possible set of small biochemical circuits. The differ-
ent kinds of small biochemical circuits are collectively termed
network motifs. More precisely, network motifs are subgraphs
that are over-represented in real networks relative to the same
subgraphs in shuffled networks (31). Shuffled networks are net-
works in which the edges of real networks are systematically
randomizedwhile keeping intact some general properties of the
original topology such as the connectivity degree (32).
Biochemical networks such as signal transduction networks


and gene regulatory networks show similar patterns of network
motifs. For example, the bifan motif (33, 34) is made of two


FIGURE 1. Schematics representing properties of cell signaling networks
identified using the graph theory. A, the connectivity distribution of net-
works fits a power law (straight line on a log-log plot). B, networks consist of
party and date hubs, where multiple colors represent different locations and
times. C, hubs are either multisite or single-site. D, there are many pathways
from some receptors to some effectors and few from most receptors to most
effectors. E, signals from many receptors are converging into few cytosolic
components and then fanning out to regulate many transcription factors in a
“bow-tie” structure. F, the bifan motif is shown. G, negative feedback loops
are more often observed in loops that include receptors; positive feedback
loops are more common a few steps downstream from receptors. H, feed-
forward loops are mostly coherent (positive) where negative and less regu-
lated outgoing hubs are used to shut off signals. I, positive feedback loops are
more abundant than negative feedback loops and are highly nested.


MINIREVIEW: Graph Analysis of Biochemical Networks
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when hubs are frequently connected to one another (21). Bio-
chemical networks in general were found not to display assor-
tative mixing by valence as compared with other networks, for
example, brain networks constructed from functionalmagnetic
resonance images (22). On the other hand, assortative mixing
by function, location, or biological process is obviously highly
pervasive in regulatory biochemical networks.


Paths in Biochemical Networks


A path in a graph represents a sequence of alternating neigh-
boring nodes and links with no repeating nodes. Some of graph
theory’smost famed algorithms are those developed byDijkstra
(23) and Floyd (24) to find the shortest path (geodesic path)


between two vertices in a network. Finding the shortest path
between a cell-surface receptor and downstream transcription
factors in a cell signaling network can be used to identify impor-
tant new signaling pathways. Such an approach was useful to
hypothesize potential signaling mechanisms in Neuro2A cells
downstream of CB1R receptors. Cells were stimulated with a
CB1R agonist, and assessment of activity for hundreds of
canonical transcription factors was performed. It was found
that after 20 min, CB1R activation modulates the activity of
23 transcription factors (25). Using known cell signaling and
protein-protein interactions extracted from published experi-
mental studies, new biological roles for pathways and co-regu-
lators were identified. In another study, a global analysis of
paths from receptors to effectors in a literature-based mam-
malian cell signaling network showed that from some recep-
tors, e.g. the N-methyl-D-aspartate receptor, there are many
paths to effectors, e.g. the transcription factor cAMP-re-
sponsive element-binding protein (CREB), whereas from
other receptors, there are only a few (Fig. 1D) (26). This
topological feature can be due to biased research (most data
from popular proteins and pathways) but can also indicate a
design that is commonly observed in learning classifier sys-
tems implemented in computer programs.
The topology of signaling networks also displays a bow-tie


structure, in which signals from many receptors converge on
the same intermediate components and then are directed to
regulate different transcription factor effectors (Fig. 1E). This
type of organization is common for Toll-like receptors sharing
adaptor proteins such asMyD88 (27),Gprotein-coupled recep-
tors sharing G! and G"# (28), and growth factor receptors
sharing adaptor proteins such as SOS1 and GRB2. The shortest
path algorithm can be used to find automatically and display
previously characterized interactions that “connect” genes and
proteins (29) or to compute global network properties such as
characteristic path length (3) or network diameter. Network
diameter is simply the longest of the shortest paths among all
possible shortest paths between all pairs of nodes in a network.
The characteristic path length is the average shortest path
across all possible pairs of nodes.


Network Motifs


Biochemical networks contain many three-node cliques. A
clique is a complete subgraph in which all possible links
between a subset of nodes are operational. Completing “defec-
tive cliques” was used to predict not yet observed interactions
using the known protein-protein interactions of a yeast net-
work (30). Small cliques in biochemical networks are only one
kind of a possible set of small biochemical circuits. The differ-
ent kinds of small biochemical circuits are collectively termed
network motifs. More precisely, network motifs are subgraphs
that are over-represented in real networks relative to the same
subgraphs in shuffled networks (31). Shuffled networks are net-
works in which the edges of real networks are systematically
randomizedwhile keeping intact some general properties of the
original topology such as the connectivity degree (32).
Biochemical networks such as signal transduction networks


and gene regulatory networks show similar patterns of network
motifs. For example, the bifan motif (33, 34) is made of two


FIGURE 1. Schematics representing properties of cell signaling networks
identified using the graph theory. A, the connectivity distribution of net-
works fits a power law (straight line on a log-log plot). B, networks consist of
party and date hubs, where multiple colors represent different locations and
times. C, hubs are either multisite or single-site. D, there are many pathways
from some receptors to some effectors and few from most receptors to most
effectors. E, signals from many receptors are converging into few cytosolic
components and then fanning out to regulate many transcription factors in a
“bow-tie” structure. F, the bifan motif is shown. G, negative feedback loops
are more often observed in loops that include receptors; positive feedback
loops are more common a few steps downstream from receptors. H, feed-
forward loops are mostly coherent (positive) where negative and less regu-
lated outgoing hubs are used to shut off signals. I, positive feedback loops are
more abundant than negative feedback loops and are highly nested.


MINIREVIEW: Graph Analysis of Biochemical Networks


FEBRUARY 27, 2009 • VOLUME 284 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 5453


 at C
N


R
S on February 20, 2009 


w
w


w
.jbc.org


D
ow


nloaded from
 


D’après [4].


Ce qui est important est la connectivité
(degré du vertex) des noeuds du réseau.
La probabilité a une loi de puissance
(∝ 1/nβ ) et certains noeuds sont liés à
beaucoup de ” voisins ” (i.e. protéines
interagissantes avec beaucoup d’autres
protéines à des endroits différents et à des
temps différents). Ces noeuds permettent
de connecter différents réseaux.







Réactions enzymatiques


ATP � ADP + Pi (3)


avec
∆G = ∆G0 − kT ln


[ATP]c
[ADP]c [Pi ]c


(4)


où l’indice c correspond à la concentration cellulaire. À l’équilibre


∆G0 = kT ln
[ATP]eq


[ADP]eq [Pi ]eq


= −54 10−21
J = 14kBT (5)


Dans une cellule, la réaction est très loin d’être à l’équilibre. Les concentrations
typiques ont pour valeurs [ATP] = 1 mM, [ADP] = 0.01 mM, [Pi ] = 1mM de telle sorte
que ∆G ≈ −100 10−21J ≈ 25kBT.







Another example of activation is phosphorylation. Adenosine triphosphate (ATP) is a nucleotide that is the
major energy currency of the cell. An enzyme is a protein that catalyzes a chemical reaction. Phosphorylation
is a chemical reaction in which an enzyme X —called a kinase when playing this role— transfers a phosphate
group (PO4) from a “donor” molecule such as ATP to another protein Y, which becomes “activated” in the sense
that its energy is increased. Once activated, protein Y may then influence other cellular components, including
other proteins, itself acting as a kinase, or it may take an appropriate shape that allows it to to bind with yet
another protein or to a segment of DNA so as to initiate, enhance, or repress expression of a gene. Normally,
proteins do not stay activated forever; another type of enzyme, called a phosphatase, eventually takes away the
phosphate group; see Figure 7. In this manner, signaling is “turned off” after a while, so that the system is


Figure 7: Phosphorylation and de-phosphorylation


ready to detect new signals.


Receptors and enzymatic cascades act in concert. Binding of extracellular ligands triggers signaling through
a series of chemical reactions inside the cell, carried out by enzymes and often relayed by smaller molecules
called second messengers. In this manner, regulatory pathways can be either turned “on” and “off” or mod-
ulated, and transcription of particular sets of genes may be started and stopped in response to environmental
conditions. Figure 8 ([6]) illustrates one such pathway, which involves GPCR activation as well as signaling
through a MAPK cascade (more on MAPK cascades below).


The animation at http://biocreations.com/pages/mapk.html is strongly recommended as an illustration of
signaling pathways.


As another illustration, consider the diagram shown in Figure 9, extracted from the paper [12] on cancer
research, describing the top-level schematics of a wiring diagram of signaling circuitry in the mammalian cell.
The illustration shows the main signaling pathways for growth, differentiation, and apoptosis (commands which
instruct the cell to die). Highlighted in red are some of the genes known to be functionally altered in cancer
cells. Of course, such a figure, compared for example with the more detailed biochemical pathway shown in
Figure 8, leaves out a lot of information, some known but omitted for simplicity, and some unknown. Much of
the system has not been identified yet, and the functional forms of the interactions, much less parameters, are
only very approximately known. However, data of this type are being collected at an amazing rate, and better
and better models are being obtained constantly.


Both of the above examples were from eukaryotes. We now turn to one from a prokaryote. Chemotaxis is
the term used to describe movement, in bacteria as well as other organisms, in response to chemoattractants or
repellants, such as nutrients and poisons, respectively. E. coli bacteria (Figure 10) are single-celled organisms,
about 2 µm long, which possess up to six flagella for movement. Chemotaxis in E. coli has been studied
extensively. These bacteria can move in basically two modes: a “tumble” mode in which flagella turn clockwise
and reorientation occurs (Figure 11, left), or a “run” mode in which flagella turn counterclockwise, forming a
bundle which helps propel them forward (Figure 11, right). The motors actuating the flagella are made up of
several proteins. In the terms used by Berg in [4], they constitute “a nanotechnologist’s dream,” consisting
as they do of “engines, propellers, . . . , particle counters, rate meters, [and] gear boxes.” Figure 12 shows an
actual electron micrograph and a schematic diagram of a flagellar motor. The signaling pathways involved
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FIG.: Phosphorilation et de-phosphorilation







Une autre source d’énergie utilisée est l’hydrolyse du GTP (guanisine triphosphate) en
GDP. Dans la cellule, le rapport [ATP]/[ADP] est en fait très différent de celui que l’on
observerait dans un milieu chimique standard. Il varie, en effet, de 10−7 à 10+3 dans le
cytosol, ce qui signifie que les concentrations sont maintenues à des valeurs très
différentes de l’équilibre chimique grâce à des pompes ioniques pour le magnésium et
le calcium. Par exemple, l’ATP se lie au magnésium et la plupart des réactions
chimiques utilisent MgADP comme substrat.
On utilisera la règle de conversion des unités d’énergie suivante :


12 kcal/mol = 8 10−20J/molécule = 0.5 ev = 20 kBT







Irréversibilité


Nous considérons la réaction suivante où C est un substrat pour la molécule c :


FIG.:







Si nous négligeons la production du produit o, nous sommes ramenés à un cycle a
priori RÉVERSIBLE







Si la réaction était à l’équilibre thermodynamique, nous aurions une contrainte sur les
constantes cinétique. Comme nous ne pouvons faire la différence entre les produits
C + c qui rentrent dans la boucle et et ceux qui sortent par l’intermédiaire de l’état
Cc∗, le bilan détaillé 1 impose la condition pour les constantes cinétiques


K1K2K3 = 1 car∆GC+c,Cc +∆GCc,Cc∗ +∆GCc∗,C+c = 0 (6)


La thermodynamique impose donc une contrainte stricte sur les coefficients cinétiques.
Lorsque la réaction Cc � Cc∗ est provoquée par une enzyme, le système est ouvert à
un flux d’énergie et le principe du bilan détaillé ne s’applique pas ici. La condition (6)
ne s’applique donc pas à cette réaction chimique.


1. Le bilan détaillé est une condition communément admise en physique statistique. Cette condition implique
l’équilibre thermodynamique. Soient C et C


� deux configuration. La probabilité W (C�,c) de passer de C à C
� est


reliée à la probabilité d’observer C ou C
� à l’équilibre par


W (C�,C)Peq(C) = W (C,C�)Peq(C
�)







En l’absence de flux d’énergie, les deux sens horaires et anti-horaires du cycle sont
équi-probables. Comme on injecte de l’énergie pour transformer Cc en Cc∗, cette
symétrie est brisée et le cycle ne peut tourner que dans un sens.


REMARQUE Revenons au produit o. Cette réaction nous servira pour illustrer ce qu’on
appelle ✭✭ the kinetics proof-reading ✮✮ ou comment les réseaux de signalisation peuvent
discriminer entre plusieurs voies de signalisation possibles[?].







Un exemple de cycle : le ré-armage de l’actine sur un front de
polymérisation pour faire avancer la cellule
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can occur when actin filaments interact with disassembly factors such as 
members of the cofilin family or with polymerases such as members of 
the formin family.


Both actin filaments and microtubules are polarized polymers, meaning 
that their subunits are structurally asymmetrical at the molecular level. 
As a result of this structural polarity, both types of polymer function as 
suitable tracks for molecular motors that move preferentially in one direc-
tion. For microtubules, the motors are members of the dynein or kinesin 
families, whereas for actin filaments, they are members of the large family 
of myosin proteins. These molecular motors have essential roles in organ-
izing the microtubule and actin cytoskeletons. Microtubule-associated 
motors are crucial for the assembly of the microtubule array, in inter-
phase, and the mitotic spindle. These motors also carry cargo between 
intracellular compartments along microtubule tracks. Some actin net-
works, such as the branched networks that underlie the leading edge of 
motile cells, seem to assemble without the aid of motor proteins, whereas 
others, including the contractile array at the rear of a motile cell, require 
myosin motor activity for their formation and function. Myosin motors 
also act on the bundles of aligned actin filaments in stress fibres, enabling 
the cells to contract, and sense, their external environment.


Intermediate filaments are the least stiff of the three types of cytoskeletal 
polymer, and they resist tensile forces much more effectively than com-
pressive forces. They can be crosslinked to each other, as well as to actin 
filaments and microtubules, by proteins called plectins13, and some inter-
mediate-filament structures may be organized mainly through interac-
tions with microtubules or actin filaments. Many cell types assemble 
intermediate filaments in response to mechanical stresses, for example 
airway epithelial cells, in which keratin intermediate filaments form a net-
work that helps cells to resist shear stress14. One class of widely expressed 
intermediate filament, consisting of polymerized nuclear lamins, con-
tributes to the mechanical integrity of the eukaryotic nucleus, and phos-
phorylation of nuclear lamins by cyclin-dependent kinases helps trigger 
nuclear-envelope breakdown at the beginning of mitosis15. Unlike micro-
tubules and actin filaments, intermediate filaments are not polarized and 
cannot support directional movement of molecular motors.


Long-range order from short-range interactions
The cytoskeleton establishes long-range order in the cytoplasm, helping 
to turn seemingly chaotic collections of molecules into highly organized 
living cells. Spatial and temporal information from signalling systems, 
as well as pre-existing cellular ‘landmarks’ such as the ‘bud scar’ left 
after division of budding yeast, can affect the assembly and function of 
cytoskeletal structures, but much of the architecture of these structures 
emerges from simple short-range interactions between cytoskeletal pro-
teins. The long-range order that is generated by the cytoskeleton typi-
cally refers to cellular dimensions (tens of micrometres), which are large 
compared with molecular dimensions (a few nanometres).


The way that cytoskeletal structures form is studied in vivo by genetically 
eliminating, reducing or increasing the expression of a protein through 
knockout, knockdown or overexpression experiments, respectively, and 
is demonstrated in vitro by reconstituting cytoskeletal filament networks 
from purified proteins. Radially symmetrical arrays of microtubules 
similar to those found in interphase cells, for example, can spontane-
ously assemble from mixtures of microtubules and motors16. The mitotic 
spindle, which is more complex, has yet to be reconstituted from puri-
fied cellular components, but Heald and colleagues found that extracts 
from Xenopus laevis ova undergoing meiosis can robustly assemble 
bipolar spindles around micrometre-sized polystyrene particles coated 
with plasmid DNA17. The formation of such structures shows that spin-
dles can self-assemble in vitro in the absence of both centrosomes (the 
microtubule-organizing centre in animal cells) and kinetochores (the site 
on chromosomes to which spindle microtubules attach to pull the chro-
mosomes apart).


Long-range order of actin-filament networks is created by the activity 
of actin-binding proteins and nucleation-promoting factors. One exam-
ple of how a set of simple rules can result in an extended structure is 
the formation of branched actin networks (Fig. 2). The Arp2/3 complex 


(which consists of seven proteins, including actin-related protein 2 (Arp2) 
and Arp3) binds to actin and initiates the formation of new actin fila-
ments from the sides of pre-existing filaments, thereby generating highly 
branched actin filaments that form entangled ‘dendritic’ networks18. 
Nucleation-promoting factors activate this Arp2/3-complex-mediated 
branching. These factors are typically only found associated with mem-
branes, and they specify the front (or leading edge) of a cell, ensuring that 
the nucleation of new filaments in a dendritic actin-filament network 
occurs only from filaments growing towards the membrane19,20. The 
growth of all filaments is eventually stopped by a capping protein, which 
prevents the addition of more actin monomers21. Taken together, the 


Figure 2 | Building cytoskeletal structures. Long-range order of the 
cytoskeleton is generated by simple rules for network assembly and 
disassembly. a, A fluorescence micrograph of a fish keratocyte is shown (with 
the nucleus in blue). Motile cells such as these form branched actin-filament 
networks (red) at their leading edge, and these branched networks generate 
protrusions. Together with coordinated adhesions to a surface (indicated 
by vinculin, green) and myosin-driven retraction, the protrusions lead to 
directed movement. Scale bar, 15 μm. (Image courtesy of M. van Duijn, Univ. 
California, Berkeley.) b, There are three basic steps involved in the assembly 
of protrusive, branched actin-filament networks: filament elongation; 
nucleation and crosslinking of new filaments from filaments close to the 
membrane; and capping of filaments. Disassembly of the network involves 
a separate set of proteins that severs the filaments and recycles the subunits. 
c, The branching of actin filaments can be reconstituted in vitro with soluble 
proteins, generating various branched structures such as those in these 
fluorescence micrographs of labelled actin (white). (Images courtesy of 
O. Akin, Univ. California, San Francisco.)
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GTPase : les petites protéines de la famille Rho-Rac-Cdc42 (et les
grosses hétérodimériques !)


Signalisation Cellulaire : de l’extérieur de la cellule vers l’intérieur


Un ligand (petite molécule) ✭✭ s’accroche ✮✮ sur une grosse
molécule ancrée sur la membrane (le récepteur). Alors la
conformation du récepteur dans la partie cytoplasmique
change et cela permet une réaction avec des partenaires
cytoplasmique. Une classe importante (cible thérapeutique)
de ces récepteurs active des protéines qui vont employer le
GDP pour leur activité.Ici le GDP remplace l’ADP comme
monnaie d’échange. C’est pour cela que l’on nomme les
✭✭ protéines G ✮✮.


G-protein-coupled receptors







Transductrices d’information


1 Une protéine G est liée au GDP: elle est ⇒ inactive
2 Parcequ’il ya réception d’un signal (provenant d’un récepteur), a protéine G


échange le GDP pour le GTP : elle devient active et elle peut alors interagir avec
d’autres protéines.


3 Une protéine G est capable de se déactiver elle -même en transformant le GTP
en GDP (activité GTPase)


Remarque


Il existe 2 classes de protéines G. Les ✭✭grosses ✮✮directement liées aux récepteurs
(dissociation de l’unité αβγ en α+ βγ) et les petites (monomériques) qui ne sont pas
directement activées par les récepteurs mais le sont par une enzyme qui les active à
distance.


Ref :
http://www.scq.ubc.ca/g-proteins-molecular-switches-for-sensing-the-environment/







Réactions chimiques et systèmes dynamiques


Propriétés émergentes des réseaux biochimiques liées aux motifs de ces réseaux :
1 Ils permettent l’adaptation (modules)
2 Ils sont robustes (capacité du système à maintenir une fonction en dépit d’une


perturbation).
3 Ils sont multistables (plusieurs points fixes de fonctionnement)







Illustration de la qualité d’être robuste (E. coli, U. Alon 1999


Définition : au bout d’un certain temps pendant le quel on a appliqué des perturbations,
le système est indifférent aux perturbations. Il s’est adpaté


© 1999 Macmillan Magazines Ltd


������� �� ������


��� ������ � ��� ��� � �� ������� ���� � ��������������


����� �������� �� ��� ������� ���� ������ ������ ��� ��� ������������
�������� ��������� ��� �������� �� ������� �� ������������� ��
����� ��������� �� ����������� ��������� ���� �������� �������������
��� ��������� �� �������� �� ��� ������������� �� ����� ��� ���������
������������� ������ ���� ��� ������ � �������� �� ��������
��������� ��� �� �������� �� ���������� ����� ���� �� ���� ��������
�� ��������� �������� ���������� ��� ��� ������� �������� �� ������
������ ��� � ��������� �� ��� �������� ��������� �� ����� ���� �� ���
������� ������ ������ ���� ������� ������� ��� � �� �� ��� ���������
������� ���� ��� �� ��������� �� ��� ������� ������� ���� �� ����
����������������� �� ��� ������� �� ����� ���� �������� ����
������ ��� ���������� ���� ���� ������� ���� ������������
�������������� �� ��� ������ ����� ������ ��������� ���� ����
����� ����� ���� ��� ����� ���� � �������� ����������� �����
���������� ��� �������� ��� ��� �� ����� ��������� ��������
������ ��� ����� �� ���������� ���� ��� ����������� �� ��� �������
���������� �������
�� ����� ��� ��������� ��� ����� ���������� �������� �� ����


�� ��������� ������ �� ����� ������ ����� ��� ����������� ���
��������� ��� ����� ��� ������ �������������� �� ���������� ����
������ ����� ��� �������� ���� ���� ��� ����� ������� �� ��
����������� ��� ����� ������������������ �� ���� �������� ����� ���
������������������� ������� ����� �������������� ����� ����������
��� ������������� �� ��� ��������� ��� ������� �������������� ���
��� �������� ���� ��� �� ��� ���� ����� ������� ��� ���� �� ���
����������� ��� ����� ������� ������ ���� �������� ��� �����
���������� �� ���������� ������� ������ ��� ���� ����� �� �������
���� ��������������� �� ��� ��������� �� ����� �����������
�������� �� ��� �� ��������� �� ����� ������� �� ����������������
�� ���� �������� ��� ���������� ��������� ��������� ���� ����� ��
������ ����� ����������� �������� �� ���� �� �� ��� ����� �� ���
��������������� �������� ����� ��� ���� �� ���� ��������� �� �
��������� ���� �� �������� �� ����� ���� ������������ ���������
���� ���� ���� ��� �� ����� ������ �������������������
��� ������� ������� ���� ���� ����� ���������� �� ����������


������� ����������� ���������� �� ��� ��������������� ����������


������ ��� �� ���������� ��������� � ������ ��������� �������
���������� ���� �� ���������� ���� ��� ������������ ��������� ���
��������� �� ���������� �� ����������� ����������� �� �� �������� ��
����� ���� ���������� ���� ��� �������� �� ��� ����������� �� ���
������� ��� �������� �� �� ������ �� ���� ���� ��� ��������� �������
����������� ����� �� ������ ���� �������� ���� ����� ���������� ��
��������� �� ��� ������� �������� �� ������ ��� ������ �� �������
���� ��� ��� �������� �� ��������� ������������ ��� �� �� ����� ��
������� �� ������� �������� ������ �������� ���� ���� ���� �������
���������� �������� ������� ��� ���� ���� ��� ���������� ��� ��������
�������� �� ����������� �� ������� �� ����� ��� ������ �� ����������
��������������� ������� ��� ���� ���� ����� ������������ ��������
��������� �� ����� �� ���� �� ��� ��������� ������� �� ��������� �������
���� ���� ������ ����������� ��� �������� ����������� ���������
���� ���� ����� ���� ���������� ������� ���� �� ���������� �� ���
��������� ��������� �� �������� ���� ������ ����� ��� ������� �������
���� ������� ���� �������������� ����� ��� ������� ������������
����� ���������� �� ����� �� ����� �������� ���� �� �������� ����������


��� ����������� �������������� ����� ������� ������� ���� �����
���������� �� �������� ��� ����������� ������� ���������� ������� ��
��� ��������� �� ��� ������� ����� �� ��� ������������ ��������


0 2 4 6 8 10 12 14 16 18 20
0


0.05


0.1


0.15


0.2


0.25


0.3


0.35


0.4


0.45


0.5


Time (min)


T
u


m
b
lin


g
 f
re


q
u


e
n


c
y
 (


tu
m


b
le


s
 p


e
r 


s
)


Adaptation time


S
te


a
d


y
 -


 s
ta


te
 t
u


m
b
lin


g
 f


re
q


u
e
n
c
y


������ � �������� ��������� �� � �������� �� ���� ��� ��������� ������� ������


�������� ����� ���������� �� ���� � � � �� ������ ���� ���������� ���������� ���� ��


����������� �������� ������������ ����� ����������� ���� ���������� ��������


�������� ��������� ��� ���������� ����� ������������ ����� ����������� ����


����� ���������� ���� ���� ��� ������ �� ������� ������ ��� ���������� ����


��� ������ �� ��� ���� ����� ��� �������� ��������� �� ���������� ����� ����� ��


������� ������� ��� �������� �������� ����� ��� ��� ������������ ������ ���������


�� ���������� ��� ������ �� ��� ����� ������� ��� ������������ �������� ����


������ �� ������������ ����� ����� ���������� ����� ��� ���������� ����� �������


���������� ������


0


0.2


0.4


0.6


0.8


S
te


a
d
y
-s


ta
te


 t
u


m
b
lin


g
 f


re
q


u
e
n


c
y
 (


tu
m


b
le


s
 p


e
r 


s
)


0


5


10


15


20


A
d
a


p
ta


ti
o
n
 t


im
e


 (
m


in
)


0 1 2 3 4 5 6


CheR fold expression


50


0 1 2 3 4 5 6 50
0


0.5


1


1.5


A
d


a
p
ta


ti
o
n


 p
re


c
is


io
n


a


b


������ ����������� ��������� �� ����� ���� ������� ������������� ������������� ��


��� ������� ����� ������� ��������� ���� ��� ������� �������� ������� ������


�� ���� ��������� �� � ������ ������� ��� ���� ��������� �� ��������� �� �����������


������ �� ��� ����� ������� ��� ������������ �������� ����������� ������������


����� ��� ����� ���������� ���� ��� ������������ � ��������� �� ��� ����������� ��


����� ����������� ����� ������� ���� ������� ���� ��� ������� ������ ��������


��������� ��� ��� ������� �� ������������ ��� ������ � ���������� �������� ��


����� ��� ������� ��� � �� ��������� ����� ����������� �� ������� ������������


�������� ��������� �� ������������ ����� ����� �������� ����� ������� ��� �������


���������� ���� �� � ��������� ����������� ���� ��� ����������� ����� �������� ����


������� ����� ������� ��������� ������ ������ � ��������� ��������� ��������


��������� �� ������ � �������� ����� ��� ������ �� ��� ���� �������� ����


���������� ��� �������� �� ������������ ����������� ���� ������������� ���


������ �� ��� ��������� ����� ����� ��� ���������� ���� ��� ����� �� ���� ��


����� � �������� ����������� ���� ������ ���� ��� ����� �� ����� ����������


�������� ����� ��� ����� ��� ��� ���� ���������� ���� ���� ����������� ������


�� �������� ���� ����� ��� ��������� �� �� ����� ���� ���� ��� ��������


��������� �� ���������� ����������� ��� ������







Rappels


Commençons d’abord par des rappels qui nous serviront à fixer les notations. Nous
considérons une réaction chimique entre deux espèces A et B en solution. La réaction :


A � B (7)


est caractérisée par la constante de réaction thermodynamique K et par les deux
constantes cinétiques kon pour le sens A → B, et koff pour le sens B → A. Par
définition,


K =
kon


koff


(8)


L’énergie libre exprimée en molécule-gramme de cette réaction est la différence de
potentiel chimique des espèces B et A. Notons les concentrations par A et B :


∆G = µB − µA = RT ln
B


A
� 1.4 log


B


A
à 370


C (9)







À l’équilibre, le flux de création de B compense exactement le flux de disparition de A.
Autrement dit,


dA


dt
= −


dB


dt
= kd A − kgB (10)


avec
K =


B


A
(11)


où les concentrations sont prises à l’équilibre.
Pour une réaction à deux espèces A, B donnant le produit P, nous écrivons ;


A + B ↔ P (12)


avec pour les concentrations
dP


dt
= k+AB − k−P (13)







Équations chimiques et non-linéarités


Il peut paraı̂tre surprenant que les équations biochimiques non-linéaires soient autre
chose qu’une curiosité d’écriture et que la non-linearité du problème permette de
décrire la réponse d’un réseau biochimique. La description microscopique d’une
réaction chimique repose en effet sur la calcul de la probabilité de rencontre de deux
molécules en solution qui, une fois la collision passée, donnent un produit P. C’est le
cas de l’eq. (13) où A rencontre B.
Conclusion :Une réaction à trois corps où A devrait rencontrer à la fois B et C pour
former un produit P paraı̂t donc extrêmement improbable car elle implique le contact
simultané de trois molécules, ce qui est a priori un événement à probabilité très faible.







Les sources de non-linearités qui sont nécessaires pour décrire le changement de
comportement des réseaux dans le langage des bifurcations sont en réalité multiples.
Pour aller droit au but :


1 Les non-linearités interviennent car il y a association de molécules en n-mères qui
sont des complexes stables;


2 Les réactions chimiques qui nous intéressent sont en fait des contractions d’un
système de réactions de dimension plus importante et dont certaines variables
sont maintenues à des valeurs constantes par équilibre avec des réservoirs.







Pour illustrer ce dernier point, considérons la réaction suivante :


A + B � 2B (14)


où la réaction de A avec B ✭✭ transforme ✮✮ A en B. Cette réaction est
AUTO-CATALYTIQUE, car le produit B de la réaction est impliqué dans sa propre
production. Il y a donc une boucle de réaction positive. La cinétique de la réaction est
alors :


dB


dt
= kd AB − kgB


2 (15)


dont le terme de droite un polynôme d’ordre 2 en B.
On peut aussi considérer des réactions tri-moléculaires :


A + 2B � 3B (16)


où la cinétique de la réaction est maintenant un polynôme d’ordre 3


dB


dt
= kd AB


2 − kgB
3 (17)







Réaction tri-moléculaire effective


En réalité, différents mécanismes bimoléculaires peuvent conduire à une réaction
trimoléculaire effective[7]. Considérons ainsi la chaı̂ne de réaction suivante faisant
intervenir une espèce intermédiaire X


B + B � X


A + X � B + X
(18)


Supposons que la première réaction soit très rapide devant la seconde. L’espèce B est
toujours en équilibre avec l’espèce X et nous pouvons écrire :


X = k1B
2 (19)


Pour la cinétique de la deuxième réaction chimique , on a


dB


dt
= kd AX − BX (20)


mais comme X = k1B2 nous retrouvons bien une cinétique d’ordre 3 pour B, car
dB/dt est un polynôme d’ordre 3 en B.







Non-linéarités et bifurcations


Abstract


One may investigate the basis of the active process in either of two ways. Most studies
have focused on the subcellular and molecular details of the candidate mechanisms,
membrane-based electromotility and active hair-bundle motility. Despite the present
uncertainties in the field, such detailed mechanistic investigations must ultimately
reveal the origins of the four cardinal aspects of the active process: amplification,
frequency tuning, compressive nonlinearity, and spontaneous otoacoustic emission. A
second approach is to inquire, not about mechanistic details, but instead about the
principles underlying the active process. What feature of the active process accounts
for the unusual phenomena associated with hearing? What is the connection between
the four manifestations of the active process observed in amphibians, reptiles including
birds, and mammals? We contend that the answers to these questions are the same:
critical oscillation at a Hopf bifurcation ...


From P. Martin and A.J. Hudspeth[5]







Cellules ciliées du système auditif
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filaments penetrate the actin-rich cuticular plate at the hair cell’s apical surface, where they 


form a rootlet.  Arranged in rows of increasing heights, the stereocilia form a stair-case 


pattern with a vertical plane of bilateral symmetry.  Stereocilia are interconnected by 


numerous lateral links (Pickles et al. 1984; Jacobs and Hudspeth 1990; Goodyear and 


Richardson 1992, 1999, 2003).  In particular, the tip of each stereocilium is attached to the 


flank of the nearest taller neighbor by a single, fine filament called the tip link (Pickles et al. 


1989; Nagel et al. 1991) that plays a critical role in mechano-electrical transduction (Pickles 


et al. 1984). 
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In front of the tallest row of stereocilia, some hair bundles also display one true cilium – 


called the kinocilium – that contains an axoneme, i.e. 9+1 doublets of microtubules.  The 


kinocilium is not essential to mechano-electrical transduction (Jacobs and Hudspeth 1990); its 


role is obscure.  Although kinocilia are present during development, they recede and then 


disappear as the hair cells mature in mammalian and many avian auditory hair cells. 


FIG.: Touffe ciliaire. D’après P. Martin, ����.
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2.2 General features of bundle motion 


Upon deflection, the stereocilia do not bend or buckle (Fig. 4.2).  Instead, each stereocilium 


pivots about its point of insertion in the cuticular plate (Flock et al. 1977; Hudspeth 1983a; 


Howard 2001).  This movement thus induces shearing between adjacent stereocilia which 


presumably slide along one another in their region of approximation.  When displacements 


are large enough to be visualized, the hair bundle appears to move as a unit; high-resolution 


video microscopy in the cochlea of the turtle !"#$%#&'"(")*+,-.(#/#0.1" has failed to reveal 


splaying or other internal modes of movement within the hair bundle (Crawford et al. 1989).  


More sensitive methods, however, would be required to precisely correlate the movements of 


different stereocilia within a hair bundle and determine to what degree the stereocilia separate 


from one another during stimulation. 
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That a force applied at the bundle’s top evokes a movement of the whole cluster of 


stereocilia demonstrates that the stimulus propagates across the hair bundle.  Two ultra-


structural properties of the hair bundle might explain this observation.  First, interciliary links 


could distribute mechanical stress across stereocilia.  If appreciably elastic, however, these 


links would allow the bundle to splay apart when a force is applied only at the bundle’s top.  


FIG.: Le mouvement entraı̂ne des bouffées de
calcium qui a leur tour régulent le fonctionnement
des myosines 1. D’après P. Martin, ����.







Ajustement des oscillateurs : mécanisme de la résonance de Hopf


(a) L’oreille contient un ensemble
d’oscillateurs non-linéaires capables
d’osciller spontanément à des
fréquences caractéristiques différentes.
Les oscillations sont provoquées par
l’entrée d’une bouffée de Ca2+.


(b) Il existe un mécanisme de
contre-réaction qui permet de maintenir
le système au voisinage immédiat du
point critique. → La réponse à un
gradient de pression (son) est
non-linéaire et fortement amplifiée. Ce
mécanisme est liée aux moteurs
moléculaires de type Myosine 1
(friction négative).
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FIG.: Oscillateur entretenu par une force. Oscille
spontanément à un point critique. En changeant
la valeur du paramètre où le système change de
comportement on passe par une bifurcation de
Hopf (c’est une éventualité du point de vue
théorique, car il existe plusieurs type de
bifurcations pour n ≥ 2). C’est une ✭✭ vérité ✮✮ du
point de vue expérimental (démontré dans les
expériences).







Réactions enzymatiques : réaction de Michaelis-Menten


Nous considérons la réaction suivante (Leonor Michaelis et Maud Menten, ����).
L’enzyme E, présent en faible quantité, réagit avec le substrat S pour donner C qui se
décompose à son tour en un produit P avec l’enzyme E. Le schéma est le suivant :


E + S


k+1
GGGGGGGGBF GGGGGGGG


k−1
C


k2
GGGGA P + E (21)


L’intérêt de ce système est qu’il donne une cinétique d’ordre 0 aux temps courts et que
la réaction peut se produire même pour un très faible concentration de l’enzyme E.
L’irréversibilité de la dernière équation est cruciale.
Les propriétés sont les suivantes :


dP


dt
=


Vmax S


Km + S
≈ Vmax/Km avec Km = 1 +


k2


k1
(22)


où la dernière égalité est obtenue dans la limite de la saturation







avec des notations évidentes pour les taux de réaction, nous avons 4 équations
chimiques couplées :


dr


dt
= −k+1se + k−1c


dc


dt
= k+1se − k−1c − k2c


de


dt
= k2c − k+1se + k−1c


dp


dt
= k2c


(23)


ce qui permet de tirer p(t) par


p(t) = k2


�
t


0
c(u)du (24)


et il nous reste trois équations où on peut éliminer e grâce à (additionner les lignes 2 et
3 de l’équation précédente)







de


dt
+


dc


dt
= 0 (25)


d’où e(t) + c(t) = e0 = Cte. Il nous reste


ds


dt
= −k+1e0s + (k+1r + k−1) c


dc


dt
= k+1e0s − (k+1r + k−1 + k2) c


(26)







Approximation quasi-stationnaire


Cette approximation qui n’a pas de justification revient à supposer que dc/dt = 0 dans
(26). On crée autant d’espèce C que l’on en détruit (Cf. Eq. (21). On a alors


c(t) =
e0s(t)


s(t) + Km


avec Km = 1 +
k2


k1
(27)


ce qui justifie à posteriori dc/dt = 0 si la concentration d’enzyme à l’instant initial e0
tend vers 0 (mais pour e0 → 0, il ne peut pas voir de réaction par définition !). On en tire


dp


dt
=


Vmax s(t)


s(t) + Km


avec Vmax = e0k2 (28)


qui est la vitesse maximale de la réaction lorsque le réactant S a une concentration
saturée, la vitesse étant alors indépendante de la concentration de substrat. Nous
avons aussi


dr


dt
= −


Vmax s


Km + s
(29)


Le résultat (27) marche dans la pratique et sera démontré par la suite.







Temps courts


Pour poursuivre, renormalisons les variables et introduisons


x =
s


s0


y =
c


e0


(30)


Posons
� =


e0


s0
(31)


qui est petit si la concentration d’enzyme est faible. Ce rapport fixe le petit paramètre







En coordonnées réduites, le système se ramène à :


dx


dt
= � [k−1y − s0k+1x(1 − y)]


dy


dt
= k1 [s0x − (Km + s0x) y ]


(32)


avec Km = k−1/k+1 + k2/k1.
Par hypothèse, � est petit car la concentration d’enzyme à t = 0 (e0) est petite devant
la concentration initiale de réactant (s0). Nous faisons l’approximation � = 0 et, donc,
dx/dt = 0. La variable y(t) varie donc beaucoup plus vite que la variable x(t) qui est
lente. Cette approximation n’est valable qu’aux temps courts et comme dx/dt = 0,
x(t) est constant, soit x(t) = x̄ qui sera déterminé par après.







La deuxième équation est alors évidente. La variable y(t) approche rapidement sa
valeur asymptotique. Pour comparer avec les solutions numériques du système (23),
nous réécricons cette solution en fonction de la concentration c(t) comme


c(t) =
s0


s0 + Km


(1 − exp [(Km + s0) t]) (33)


et on trouve bien une cinétique d’ordre 0 pour p(t) car dp/dt est proportionnel à c(t).
L’interprétation physique de � est alors la suivante : k+1� définit le temps caractéristique
au-delà duquel les solutions diffèrent de leurs conditions initiales et à partir duquel un
état quasi-stationnaire est établi. Durant ce premier pas de temps, p(t) est linéaire.







Temps longs


Pour connaı̂tre le comportement des solutions aux temps longs, nous utilisons une
temps renormalisé défini par


τ = k1
t


�
(34)


et nous supposons que les solutions peuvent être approchées par une développement
asymptotique du type 2


x(τ) =
�


n≥0


�n
x
(n)(τ)


y(τ) =
�


n≥0


�n
y
(n)(τ)


(35)


2. À l’ordre auquel nous travaillerons, il suffira de restreindre à renormaliser le temps par le facteur �. En théorie,
il est possible de trouver ce facteur de renormalisation en considérant un développement multi-échelle.







À l’ordre zéro en �, on trouve


dx (0)


dτ
=


k−1


k1
y
(0) − s0x


(0)


0 = s0x
(0) −


�
Km + s0x


(0)
�


y0


(36)


où la deuxième équation est une équation algébrique dont la solution est évidente :


y
(0) =


s0x (0)


Km + s0x (0) (37)


avec x (0) est solution de


dx (0)


dτ
= −s0x


(0)
�


k2/k1


Km + s0x (0)


�
(38)







Il est maintenant utile de se ramener à des variables de concentration non
renormalisées


ds


dt
= −s(t)


e0k2


Km + s(t)


c(t) = e0
s(t)


Km + s(t)


(39)


On remarque que la dernière équation n’est autre que l’équation (27) obtenue dans le
cadre de l’approximation quasi-stationnaire. La première équation donne t en fonction
de s soit s(t)


Km ln
s(t)


s0
+ s − s0 = −


k2


k1
t (40)


et la concentraton de réactant décroı̂t pour t → ∞ de façon exponentielle


s(t) ∝ exp
�


1
Km


�
s0 −


k2


k1
t


��
(41)
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FIG.: Solutions du système(23) lorsque k−1 = k+1 = k2 = e0 = 1 avec s0 = 10 (d’où � = 0.1). En
(a) est représentée en bleu la concentration c(t) aux temps courts (Cf. Eq. (33)) avec la solution
exacte de (23) représentée en rouge. En (b), cette solution est représentée aux temps longs
(solution du système (39) en bleu comparé avec celle du système original (23) en rouge. En (c), la
solution p(t).







Réponses et non-linéarités


Il nous sera utile de considérer la réaction enzymatique de Michaelis-Menten (21)
mais, cette fois, en considérant que la concentration de substrat est maintenue
constante (il suffit d’invoquer un autre mécanisme qui maintient sa concentration
constante). La concentration s devient maintenant un paramètre qu’il est possible de
faire varier. a vitesse de réaction du produit p est alors


dp


dt
= Vmax


s


Km + s
(42)


qui peut être généralisé comme


dp


dt
= Vmax


sn


Km + sn
(43)







où n est un exposant arbitraire appelé dans la la littérature coefficient de Hill qui traduit
les effets coopératifs pour n > 1. Une possibilité pour obtenir cette équation avec un
entier n est de modifier l’équation de Michaelis-Menten en supposant


E + nS


k+1
GGGGGGGGBF GGGGGGGG


k−1
C


k2
GGGGA P + E (44)


où n molécules de substrat participent à la réaction tout en maintenant la concentration
constante. Cette approche suppose la rencontre de n + 1 molécules, ce qui est très
improbable pour n grand, mais nous verrons que de tels exposants peuvent être
obtenus en contractant plusieurs réactions chimiques pour avoir une réaction effective.







Ajustement au modèle de Hill qui montre différentes valeurs de n avec des Km


différents
dp


dt
= Vmax


sn


Km + sn
(45)


Il est d’usage d’avoir des entiers n qui sont des nombres réels bien que le modèle n’est
plus aucun sens dans ce cas.







lent modification of Cys-509 (data not shown).4 Up to this point,
the results suggested that cooperative behavior is induced by
either (a) increasing the bulk of the side chain at position 509
or (b) eliminating the negative charge (R-S!) at this position. It
was thought that replacing Cys-509 with the slightly smaller and uncharged Ser might help to distinguish between these


two possibilities.
Kinetic Properties of Cys-5093 Ser—Fig. 2 shows the veloc-4 The native enzyme modified with NEM at Cys-509 yielded the


following data: The nH of the v versus [MgATP] plots increased from 1.2
at 0.2 mM MoO4


2! to 2.0 at 5 mM MoO4
2!. The nH of the v versus [MoO4


2!] plots increased from 1.8 at 0.3 mM MgATP to 2.1 at 5 mM MgATP.


FIG. 2. Velocity curves of C509S. A, v versus [MgATP] at pH 8.0
and the indicated fixed concentrations of molybdate. Inset, velocity
curve at 7.5 mM MoO4


2!. B, v versus [MoO4
2!] at pH 8.0 and the indicated


fixed concentrations of MgATP. Inset, velocity curve at 5 mM MgATP
over a narrower MoO4


2! concentration range. Curve fits of the 5 mM
MgATP data to the Hill equation returned nH values of 1.04 to 1.05
(depending on the range covered). However, curve fits to the Henri-
Michaelis-Menton equation (which fixes nH at 1.00) were, for all prac-
tical purposes, equally good (R2 in both cases was "0.999).


FIG. 1. Velocity curves of C509Y. A, v versus [MgATP] at pH 8.0
and the indicated fixed concentrations of molybdate. B, v versus
[MoO4


2!] at pH 8.0 and the indicated fixed concentrations of MgATP.
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FIG.: D’après[?].







Modèle de Goodwin


Le modèle de Goodwin décrit l’un des systèmes de régulation les plus classiques,
c’est-à-dire le schéma réactionnel d’une boucle de contre-réaction négative (inhibition)
par e produit d’un gène. On considère un enzyme E , un répresseur R et deux
métabolites F et G. Le répresseur forme un dimère avec G pour un former un
complexe qui est capable de bloquer la transcription de la protéine E en s’accrochant
sur le site d’initiation de la transcription. Les variables suivantes permettent de raffiner
le modèle :


1 La variable m représente la concentration d’ARN messager : cette variable
mesure le taux de transcription.


2 les variables e et g sont les concentrations de E et du co-répresseur G.
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permettent de mémoriser de manière durable un signal
intercellulaire ou environnemental sous la forme d'un
état d'expression différencié [17, 18]. Dans le cas de la
seconde catégorie de circuits, chaque élément a un
effet indirect négatif sur lui-même et l'on parle alors de
« circuit négatif ». De tels circuits peuvent donner lieu
à une expression homéostatique, éventuellement pério-
dique, pour tous les gènes impliqués. Nous verrons plus
loin des exemples simples pour les deux catégories de
circuits dans le cadre d'une formalisation dynamique
plus explicite.
Dès que plusieurs circuits sont imbriqués (Figure 2E), il
devient très difficile d'évaluer les propriétés dyna-
miques du réseau. En fait, en fonction des contraintes
existantes sur l'expression des différents gènes impli-
qués, plusieurs cas de figure peuvent se présenter,
depuis la prédominance d'un seul circuit jusqu'à la
combinaison des propriétés de plusieurs circuits. Il faut
alors passer à une formalisation dynamique explicite
(équations différentielles, logiques ou stochastiques,
voir plus loin) pour préciser les différents comporte-
ments dynamiques possibles et les conditions paramé-
triques associées. 
Avant de nous tourner vers ces formalisations dyna-


miques, il est important de réaliser que la théorie des
graphes offre déjà un ensemble de concepts et d'algo-
rithmes permettant d'aborder de nombreuses questions
biologiques. En particulier, il est possible de décompo-
ser un graphe complexe en composantes plus facile-
ment interprétables (Figure 3). La théorie des graphes
devrait aussi permettre d'envisager de manière formelle
et générique les problèmes de comparaison entre sous-
réseaux, au sein d'un organisme, ou en comparant les
interactions entre gènes dans des organismes diffé-
rents. On parle alors d'« isomorphisme » (même struc-
ture : même nombre d'éléments reliés par des confi-
gurations d'arêtes équivalentes) ou encore
d'« homéomorphisme » (même topologie, par exemple
en termes de circuits) entre graphes.


Modèles différentiels 


Parmi les méthodes de modélisation dynamique, la plus
utilisée en biologie est sans conteste la description dif-
férentielle (voir par exemple [19-25]). Les concentra-
tions ou les activités des espèces moléculaires sont
généralement représentées par des grandeurs (ou
« variables ») réelles positives, susceptibles de varier
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Figure 4. Modélisation différentielle du réseau correspondant au cas classique d'inhibition d'une réaction par son produit (d'après [26]). A.
Schéma réactionnel. E (pour « enzyme ») et R (pour répresseur) représentent des protéines, et F et G représentent des métabolites. L'association
du répresseur (sous forme de dimère) au métabolite G permet la fixation du complexe en amont du gène codant pour l'enzyme E et le blocage de
la transcription de celui-ci. B. Système d'équations différentielles correspondant : m, e et g représentent les concentrations de l'ARNm codant
pour l'enzyme, de la protéine enzymatique, et du métabolite G (co-répresseur), respectivement. km, ke et kg sont des constantes de synthèses,
alors que γm, γe et γg sont des constantes de dégradation, θ est une constante de seuil, et n une constante de coopérativité. 
C. Résultat d'une simulation pour un choix de conditions initiales et des valeurs paramétriques raisonnables mais arbitraires. Les trois courbes
correspondent aux nombres de molécules d'ARNm (variable m, violet), de protéine enzymatique (variable e, vert), et du métabolite G (co-répres-
seur, variable g, bleu). On obtient un état stationnaire stable.


(a)
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(b)


FIG.: À gauche, schéma réactionnel du modèle de Goodwin. À droite, variation des concentrations
en fonction du temps pour des conditions initiales arbitraires. On remarque que l’on atteind un état
stationnaire.







En suivant la figure 48, le système dynamique peut être mis sous la forme suivante


dm


dt
= K1R(g)− γ1m


de


dt
= K2m − γ2e


dg


dt
= K3e − γ3


(46)


où les Ki=1,2,3 sont des taux de synthèse et les γi=1,2,3 sont les taux de dégradation.







La fonction R(g) est introduite ✭✭ à la main ✮✮ pour décrire comment la transcription
dépend de la concentration de co-répresseur. On utilisera ici une forme
phénoménologique


R(g) =
θn


θn + gn
(47)


où θ et n sont des paramètres. On supposera n � 1 de telle sorte que l’Eq. (47) définit
un seuil pour la concentration g en-deçà du quel la transcription est active et au-delà
du quel elle est bloquée. Cette fonction permet d’atteindre un état stationnaire avec
des concentrations différentes de zéro.







Introduction d’un délai


Il n’est pas souhaitable de construire des modèles prenant en compte toutes les
variables et nous devons nous restreindre à un nombre minimal tout en gardant les
ingrédients essentiels. On reprend le modèle de Goodwin et on suppose maintenant
que la protéine est directement inmpliquée dans la répression de son gène


dx


dt
= k


θn


θn + xn
− γx . (48)


Alors : il existe un unique point fixe asymptotiquement stable. Il n’y a pas d’oscillation.







Supposons maintenant que l’expression de la protéine met un temps τ


dx


dt
= k


θn


θn + xn(t − τ)
− γx . (49)


Alors, si et seulement si n > 1, il peut exister des oscillations en fonction des
paramètres.







Conclusion


1 Organisation et dynamique des réseaux encore très mal connues (surtout chez
les eukaryotes)


2 Nous avons négligé la diffusion : les espèces ne sont pas homogènes.
3 Further Reading : An introduction to systems Biology (U. Allon)
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