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Rappel 1D, chapitre 2

Gene bistable

£=—f(g)+h(g) —
dt &G »

f(g)=-s+rg leakage + degradation

2

h(g) = g _ positive feedback, from protein-DNA binding
l+g




Rappel 1D

Bistability, memory and hysteresis < fixed ~0.05
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Although bistability is theoretically page 1. col. 1

possible with a single, autocatalytic promoter, it would be less
robust and more difficult to tune experimentally.

cf. chap. 2



ldee : Utiliser deux represseurs mutuels

Inducer 2 contréle externe C2

1

‘ R 5 Promoter 1 J_ R ’ R +
epressor ' epressor eporter

\\__
T Promoter 2

Inducer 1 contrdle externe C1

The toggle switch is composed of two repressors and two

constitutive promoters (Fig. 1). Each promoter is inhibited by the
repressor that is transcribed by the opposing promoter. We selected
this design for the toggle switch because it requires the fewest genes
and cis-regulatory elements to achie\@obust\pistable behaviour. By
robust, we mean that the toggle exhibits bistability over a wide range

of parameter values and that the two states are tolerant of the

fluctuations inherent in gene expression (the toggle switch will not
flip randomly between states).

Fig. 1



Analyse mathématique



Analyse mathematique

, 1

U = O U
1+ P

, 1

V= Q9 U T
1 _I_ u’y Inducer 1

Premier terme:
taux d’expression est proportionnel a la fraction libre du promoteur (u

et v sont des répresseurs)

Deuxieme terme:
dégradation de la protéine (identique pour les 2 protéines, égale a 1)

Exposants: cooperativite, il y a  sites pour v dans le promoteur de u et
v sites pour u dans le promoteur de v



Analyse mathematique

, 1
U = o U
1 + 0P
, 1
V= Q9 vV
1 4+ u”
e |soclines

* Points fixes
e Stabilité des points fixes
* Portrait de phase



‘Portrait de phase’
(Fig. 2)
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Figure 2 Geometric structure of the toggle equations. a, A bistable toggle network with
balanced promoter strengths. b, A monostable toggle network with imbalanced promoter
strengths. ¢, The bistable region. The lines mark the transition (bifurcation) between
bistability and monostability. The slopes of the bifurcation lines are determined by the
exponents B8 and + for large o4 and ee. d, Reducing the cooperativity of repression (8 and
~) reduces the size of the bistable region. Bifurcation lines are illustrated for three different
values of @ and «. The bistable region lies inside of each pair of curves.



‘Portrait de phase’(Fig. 2)
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Portrait de phase analyse geomeétrique (Fig. 2)
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Portrait de phase (Fig. 2)

Isoclines: u =
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1+P
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mono-stabilité
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Analyse mathematique

, 1
U = o U
11+vﬁ
| 1 Reporter
V= Q9 v
1 4+ uw”

* |soclines Ok

e Points fixes Ok

e Stabilité des points fixes —>  Etudier le Jacobien
* Portrait de phase aux points fixes



PF stable avec ou sans spirale ?

 etudier le Jacobien aux points fixes

» calcul exact des PFs n’est pas possible (équation de 4eme
degre si p=y=2)

o o cas B
« numerique (cf. isoclines.m) o l=4. =4
- PF1
cas A (u*,v2*)=(1.3788,1.3788)
al=1, a2=1 Z_:-_() 7177
12-4A = 6.8707>0
(u*v*)=(0.6823,0.6823)
S PF selle
A =0.5963 . PF23
2 —
T°-4A = 1.6146>0 (u*v*)=(3.7321,0.2679)
PF stable T=-
A=0.75
12-4A = 1>0

PF stable



Preuve de I'absence de spirales (ici pour p=y=2)

-1 -2 oclv/(1+vz)2
J =
2o, ul(l+u’) -1

r2—4A=4—4(l—(1 42‘)12‘2‘12“"2)2)>0 si u,v>0
+u ) (1+v



bistabilité
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Portraits de phase ol
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mono-stabilité

=3

4,02=2, p=y

Portraits de phase ol
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Commentaires des auteurs page 1. col. 2

The geometric structure of equation (1), illustrated in Fig. 2a and b,
reveals the origin of the bistability: the nullclines (du/df = Oand dv/dt = O
in Fig. 2) intersect at three points, producing one unstable and two stable
steady states. From Fig. 2a and b, three key features of the system
become apparent. First, the nuliclines intersect three times because of
their sigmoidal shape, which arises for 3, vy > 1. Thus, the bistability of the
system depends on the cooperative repression of transcription. Second,
the rates of synthesis of the two repressors must be balanced. If the rates
are not balanced, the nuliclines will intersect only once, producing a
single stable steady state. This situation arises in plasmid pIKE105. Third,
the structure of the toggle network creates two basins of attraction. Thus,
a toggle with an initial condition anywhere above the separatrix will
ultimately settle to state 1, whereas a toggle starting below the separatrix
will settle to state 2.




Conditions de bistabilité

e pour a7 et a2 suffisamment grands et equilibres, le
systeme est bistable

Corollaire: pas de bistabilite si les promoteurs sont
trop faibles

* |a repression doit étre cooperative, cad p3,y>1.
plus B,y plus il est aisé d'obtenir bistabilite




Stabilité des points fixes (Fig. 2b,c)

Mono-
stable
state 2

Bistable

log(a)
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|Og(0'2) Iog(ag)

Note: la bistabilité est facilitée en présence de grands exposants et requiert
une coopérativite>1



Impléementation experimentale



Implementation experimentale

« utiliser des plasmides synthétiques dans E. coli




Ingredients de base: lacl, Tet and lambda repressors

pIKE

- GFP—

N

Pl:tetO

GFPmut3

TqTo

TetR

P2:Ptrc-2

Lacl

S




Ingrédients de base: lacl, tet and lambda repressors

pIKE
T1To[ ] rbs B
Sy
Pl:tetO
-GFP—{ TetR = /Lad .
IPTG

IPTG (~fake lactose) :
empéche lacl de réeprimer le promoteur Ptrc-2

—> Active TetR



Ingrédients de base: lacl, tet and lambda repressors
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alc empéche TetR de réprimer P tetO

—> Active Lacl



Ingrédients de base: lacl, tet and lambda repressors

pTAK
l Température TTeL] weB
[ ; — >
Pl:slcon
- GFP-clts P2:PLrc-2 /Lad -
"IPTG

 |la température destabilise la protéine clts et ainsi
empéche la repression du promoteur P, s1con



Controles externes

switching signals (IPTG, aTC, ou pulse de température)

* |IPTG empéche lacl de réprimer le promoteur Ptrc-2

e Y

g TetR=1 o prays-TetR

| 1

u = o u
"1+ (v/1)P

Effet sur les isoclines ?
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Controles externes

switching signals (IPTG, aTC, ou pulse de température)

1 ol VN

U = Oél U TetR Pliteto Lacl

1+ (v/1)° L

\IpTG




Contrbles des parametres (.

(taux d’expression)

changer les RBS (ribosomal binding sites)

regulation post-transcriptionelle
alternative: faire des mutations aux promoteurs

Plasmides contrbles

(sans feedback)

IPTG-inducible (pTAK102) __—

thermally-inducible (pTAK1006)
alc-inducible (pIKE108)

connexion R1-P1 manque

—GF;_‘ Pl:ﬂcon’_:-ail_

P2:Ptrc-2



Resultats



Expérience (pTAKs) 4x 6 heures (Fig. 4)
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Tous les plasmids pTAKs sont bistables (sauf les contrbles)



Experience (pIKE) (Fig. 4) 13T
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the rates of synthesis of the two repressors must be balanced. If the rates
are not balanced, the nullclines will intersect only once, producing a
single stable steady state. This situation arises in plasmid pIKE105. Third,




Bistabilite et seull critique

IPTG=1e-3

IPTG=1e-5 | |
<«— High GPF

Normalized GFP

oﬁm'6 10°° 104 10-3 1072
[IPTG] (M)



Bistabilité et seuil de transition

(cf. cas 1D, hystérese)

Normalized GFP expression

0 106 1075 1074
[IPTG] (M)

Note: analdgie avec le chapitre 2.

pTAK102
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__ pTAK117



Bimodalité au seuil de la transition (bruit)
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Conclusions

works. As a practical device, the toggle switch, which requires only
transient rather than sustained induction, may find applications in
gene therapy and biotechnology. Finally, as a cellular memory unit,
the toggle forms the basis for ‘genetic applets’—self-contained,
programmable, synthetic gene circuits for the control of cell
function. []

applications futures:
meémoires cellulaires
biotechnologie

L 'analyse mathématique du modele a permis de guider
la construction du circuit genétique

* Elle permet de comprendre le comportement du réseau
synthétique (bistabilité) de maniere simple



