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* quorum sensing
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* Inhomogeneous steady states,
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Figure 5: Schematic of toggle switch, Promoler 1, Py, efficiently transcribes gene I unless inhibited
by the repressor protein encoded by gene 2. Promoter 2, Ps, efficiently transeribes gene 2 unless
inhilited by the repressor protein encoded by gene 1. Open arrows indicate dwection of transeription.

Clone: an adddional gene or genes can be pliced under the control of Py or Pa.



Two mutual repressors: Nature 2000
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Figure 1 Toggle switch desii NATURE | vOL 403 20 tanUARY 2000tion from Promoter 1 and is
induced by Inducer 1. Repressor 2 inhibits transcripfion from Promoter 2 and is induced
by Inducer 2.

Construction of a genetic toggle
switch in Escherichia coli

Timothy S. Gardner-+, Gharles R. Gantor® & James J. Gollins*+

* Department of Biomedical Engineering, ¥ Center for BioDynamics and T Center
for Advanced Biotechnology, Boston University, 44 Cummington Street, Boston,
Massachusetts 02215, USA
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Figure 2 Geometric structura of the toggle equations. a, A bistable toggle network with
balanced promoter strengths. b, A monostable toggle netwark with imbalanced promater
strangths. ¢, The bistable region. The lines mark the transition (bifurcation) batweean
bistability and monostability. The slopes of the bifurcation lines are determined by the
exponents §and + for large ce; and o, d, Reducing the cooperativity of reprassion (3 and
«) reducas the size of the bistable region. Bifurcation linas are illustrated for three different
values of 8 and . The bistable region lies inside of each pair of curves,
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Oscillator Death (2 Pemakcaropa)
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Oscillator Death (2 Relaxators)
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FIG. 4: Bifurcation diagram obtained by variation of oy, to
illustrate the D). The coupling strength is o = 0.01.
Other parameters are the same as in Fig. 2. Thin solid
lines denote stable steady state, thick solid lines - a
stable O regime, dash - dotted lines denote unstable
steady state, dotted-lines - unstable limit cycle and
dashed lines - stable limit cycle.



Many oscillators - OD
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FIG. 2. Examplzs of different distributions in the steady state
clusters for the system (1)—{4) with N=8 oscillators. Parameters:
e=0.01, a=3, a,=3, a;=1, ay=4, B=n=y=2, 4=0.3, and 4,
= 1. Dristribution (a) 117, where seven oscillators ocenpy the higher
level: (b) 2:6; (c) 3:5; and (d) 4:4. Note the differen: protein levels
for different oscillator distributions.



EPL, 85, 28002, 2008

OD + a-Detuning = ODD

Detuning=0.96, coupling d = 0.005, 0.006, 0.008

tem is governed by the dimensionless Eqs. (see [15]
for details):

I, LP ,._-"'"---—-HE'S«

. HBl _“|’ :_35'. i
du; (2) 1__':__-;:___;___3”3.%. 0D TP,
dt ay f(vi) —ui + azh(w;) (D) 28 20 30 31 32 33
d'Ué'

7 azg(u;) —v; (2)
dw;

i e(agg(ug) —w;) + 2d(we —w;) (3)
dw, d, N

i = W) @

i=1

where N is the total number of oscillators, u; and
v; represent the proteins of which the toggle switch is
made in the i-th cell. and w; and w, are the intra- and
extra-cellular A7 concentrations, respectively. The di-
mensionless parameters «vy; and oo regulate the oper-
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Fig. 1: {Colour on-line) Conjugation lines representing time
series (ts) for different interval of «; walues, which corre-
spond to the qualitative changes of the dynamic of the svstemn
(1-4), for top: d = 0.005, middle: d= 0.006, bottom: d = 0.008
and di; = 0.96. These a; intervals (the wvertical dashed lines)
correspond to stable regimes for d = 0.005. We continue themn
below to show the dynamical changes in the system. Other
parameters are: N =2 =001, @az:=5 «3=1, oy =4,
G=n=~=2, and d. = 1.



5 coupled genetic relaxators
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FIG. 7: Dhifferent stable cluster distributions for N = 5 cou-
pled oscillators (the bifurcation branch for one oscillator is
plotted). From left to right: 1 oscillators located in the
(a)ypper’ OD cluster, 4 in the (l)ower’ one - lwu|dl distri-
bution, 2wu|3l, 3u|2l and 4|1l distribution. The oscillatory
solutions (asymmetric oscillations) are ‘pushed’ between the
stable distributions, establishing OI) dominance.



Many Relaxators - Clustering
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FIG. 3: Different oscillatory clusters for system of N = 8

oscillators.  (a): in-phase oscillations: a; = 3.d = 0.005;
(b}, (c): anti-phase oscillations with different distributicns of
the oscillators between clusters: oy = 3.3, d = 0.001; (d).(e):
asymmetric =solution with different distribution of the oscil-
lators: oy = 2.868,d = 0.001; (f): three oscillatory clus-
ters: oy = 3.3.d = 0.00105 and (g): five oscillatory clusters:
vy = 3.3, d = 0.001. For other parameters see Fig.2.
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A SVI‘Itl‘IEtiG oscillatory network

of transcriptional regulators

Michael B. Elowitz & Stanislas Leibler
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Figure 2. a: The iepressilator. The promoters and repres-

sors used were slightly medified versions of the widtype. bz In
oscillatory cells the three repressor papulafions oscillate with

lagged phases. Coualing of the TetR repressor tothe reporter
plasmid expressing a short-lived GFP molecule permits
observalion of the oscillaions.




Repressilator works — Elowitz, Leibler: Nature, 2000
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Figure 2 Bepressilation in living bactena. a, b, The growth and timacourse of GFP
exprassion tor a single cell of £ cof host strain MC4100 containing the repressilator
nlasmids {Fig. 1a). Snapshots of a growing microcalony were taken periodically both in
fluorescence (a) and bright-field (b). ¢, The pictures ina and b correspond to paaks and
troughs in the timecourse of GFP fluorescance density of the selected cell. Scale bar,
4 pm. Bars at the bottom of ¢ indicate the timing of septation events, as estimatad from
right-field images.
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FIG. 1. (Color online} Scheme of the repressilator with quorom
sensing cell-to-cell communication: with reinforcing coupling [5]
itop) and repressive coupling (bottom).
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JlnHamuka U30JIMPOBAHHOTO Penpeccunaropa ¢ pocToM

CKOPOCTH TPAHCKPHIIIUM: MIEPEXO]I OT aBTOKOJICOAHUM K
YCTOMYHMBOMY CTAIlMOHAPHOMY COCTOSIHHUIO.
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Q regulates how much Al 1s returned to cells from the medium



Bifurcation analys
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Bifurcation analysis for two coupled
Repressilators: inhomogeneous oscillations

10 L, ]

FIG. 4. {Color online) Bifurcation diagram versus coupling Q,
with a focus on the IHLC and the IHSS. The stable IHSS is repre-
sented by a thick blue line, the stable IHLC with a thick orange line,
and the unstable IHLC is represented with a dashed vellow line.
Parameters are those of Fig. 2.



Bifurcation analysis for two coupled
Repressilators: oscillations




Bifurcation analysis for two coupled
Repressilators: regular oscillations

FIG. 5. (Color online) Bifurcation diagram versus coupling O,
focusing on the stable antiphase oscillations (thick yellow line).
Parameters are those of Fig. 2.
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BuIBOIbI

OCHOBHass MOTUBALMA U3YUYCHUSI CUHTETUYECKUX
TCHETUYECKUX CUCTEM — IMMOCTPOUTH MPOCTHIE
AKCIIEPUMEHTAIILHBIE MOJEIIH, HA KOTOPBIX MOXKHO
IIPOBEPUTH MPUHIUIIBI PETYIISALAN T€HETUUYECKUX
CHUCTEM.

[Toka3zaHo, 4TO Jaxke NPOCTOE B3aUMOJIEUCTBUE MPOCTHIX
TEHETUYECKUX OCHAIATOPOB MOXKET IPUBOJUTH K
OoraTomMy HaOOpbI JUHAMHUYECKHUX PEKUMOB, KOTOPHIE
MOTYT PAaCCMAaTPHUBATHCS KAK OCHOBA «JIMHAMHUYECKOM

i epeHIIUPOBKHNY B MOMYJISALUN CHHTETHYESCKUX
KJIETOK. A MOXET U B P€AJIbHBIX MOIYJISALUAX.

Pa3BuTbie MOJI€IY CBA3AHHBIX TPUTTEPOB,
Pemakcaropos, PenpeccuinaropoB mopoxKIarOT HOBBIE
3a71a4M 11 HETMHEMHOW (PU3UKU U (DOPMYIIUPYIOT
TpeOOBaHUS K SKCIIEPUMEHTY.



