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Build life to understand it

Biologists and engineers should work together: synthetic biology reveals how
organisms develop and function, argue Michael Elowitz and Wendell A. Lim.
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Two mutual repressors: Nature 2000
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Figure 1 Toggle switch desiy NATURE|voL 03| 20 7axUARY 2000fjon from Promoter 1 and is
induced by Inducer 1. Repressor 2 inhibits transcription from Promoter 2 and is induced
by Inducer 2.

Gonstruction of a genetic toggle
switch in Escherichia coli

Timothy S. Gardner-+, Charles R. Cantor* & James J. Collins*+

* Department of Biomedical Engineering, 7 Center for BioDynamics and T Center
for Advanced Biotechnology, Boston University, 44 Cummington Street, Boston,
Massachusetts 02215, USA



Model of genetic toggle — Nature 2000
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Figure 2 Geometric structure of the toggle equations. a, A bistable toggle network with
balancad promoter strangths. b, A monostable toggle netwark with imbalanced promater
strangths. ¢, The bistable region. The lines mark the transition (bifurcation) between
bistability and monostability. The slopes of the bifurcation lines are determined by the
exponents Gand -y for large c; and o, d, Reducing the cooperativity of repression (S and
~) reduces the size of the bistable region. Bifurcation lines are illustrated for three different
values of 8 and . The bistable region lies inside of each pair of curves,



Switch - Limit Cycle

* The synthetic oscillators may help in the
understanding of mechanism of such basic
phenomena as Circadian Rhythm and Cell
Cycle regulation.

e There are many mechanisms for oscillations
In gene expression but the switch Is a good
starting point.



Repressilator
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Nature, 403, 2000
A synthetic oscillatory network

of transcriptional regulators

Michael B. Elowitz & Stanislas Leibler
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Repressilator works — Elowitz, Leibler: Nature, 2000
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Figure 2 Bepresszilation in lwing bactena. a, b, The growdh and timecoursa ol GEP
expression for a single call of E cod host strain W C4100 comtaining the repressilstor
gasmids (Fg 1a'. Srapshctsof a growing microcoony ware taken perbcicaly bath in
fucrescance (@ and brght-fisld (b} ¢ The oicturesinaand b corespond to peaks ard
toughs in the trresourse of GFP Thiorestancs densty of the seected coll, Soak bar,
4. Bars at the bottom o ¢ indicate the tming of sap-ation events, as estmated from
frigh=tied images.




Isolated Repressilator — Nature 2000

Three repressor-protein concentrations, p, and their corresponding
mRNA concentrations, m; (where iis lac/, tetR or cl) were treated as
continuous dynamical variables. Each of these six molecular species
parficipates in transcription, translation and degradation reactions. Here
we consider only the symmetrical case in which all three repressors are
identical except for their DNA-binding specificities. The kinetics of the
svslem are determinad by sik coupled first-order differential equations:

Th@ﬂ— m, + = + 0
&« T da+p (izxanf,reﬁ.cf)
| =d lacl.tetR
%: Iﬂl'EI|.".'|F'II-'II|]'

Isolated Repressilator has a smooth trajectory
and Is stable in the large interval of parameters.



Coupling by : J.Garcia-Ojalvo, M. Elowitz, S. Strogatz,
PNAS, 2004
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Fig. 1. S5cheme of the repressilator network coupled to a quorum-sensing
mechanism. The original repressilator module is located at the left of the
vertical dashed line, and the new coupling module appears at the right. The
letters A, B, and C correspond to the notation used in the text. The coupling
module can be added to existing repressilator strains.



The equation-oriented scheme of Repressilator
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: The minimal scheme of repressilator with Al
production [15].



globally coupled repressilators 2004
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bifurcation parameter, which is
absent in standard all-to-all coupling



In-phase synchronization due to cell density: PNAS 2004
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Typical “question” for synthetic genomics

= \ )
BMC Genomics ol e

Research article

Network motifs: structure does not determine function
Piers | Ingram*!, Michael PH Stumpf2 and Jaroslav Stark!



PHYSICAL EREEVIEW LETTEERES week endin

PRL 99, 148103 (2007) 5 OCTOBER 3007

Multistability and Clustering in a Population of Synthetic Genetic Oscillators
via Phase-Repulsive Cell-to-Cell Communication

Ekkehard Ullner.! Alexei Zaikin,> Evgenii 1. Volkov,? and Jordi Gm'cia—Dja!vol
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FIG. 1. (Color online} Scheme of the repressilator with quorom
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The equation-oriented scheme of
Repressilator — version B
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Modified equations of Repressilator — version B
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The 1solated Repressilator version B: all B(i) =1 -

the same timescales for RNA and proteins Kinetics.
The appearance of Steady State as alpha increases
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Period of single Repressilator B as a function @ under different time scales
of protein synthesis and weak Al activity: eta=2.,k=25.,ks0=1.,ks1=0.01,
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Bifurcations of SS and LC as a function of k — the
role of autoinducer activity

Parameters: a=42,n=2.6, k_=0.025, =1, k_=1, n=2
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Bifurcations of LC as a function of o — rate of RNA
production, p=1.0

16 : - : . :
HB = -
14 tPD e

LP 3

—
I

._
=
)
| >‘\.
1

Max protein B
i a)

0 10 20 30 40 30 60
L

FIG. 9. The detailed continuation of the limit cvcle over transcriptional rate
a for fixed w=40, f=1.0 Lk, =0.025 and other parameters:
n=26kp=1,n=2. The HB gives rise to the limit cycle, which under-
goes sequentially two PD and two LP bifurcations. This sequence is repeated
several imes. Each PD from the main branch (PDy) gives a cascade of PD
(PD;, where i = 1,2, ...) bifurcations leading to chaos.



Main Lyapunov exponent vs @,

FIG. 10, The main Lvapunov exponent changes along the continuation over
the transcriptional rate « for k = 40, f = 1.0, k,;, = 0.025 and other parame-
ters:n =2.6.kqg=1.n=2.



The role of time scales ratio
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FIG. 12. The mRNA-to-protein lifetime ratio p determines the dynamic
properties of the limit cycle (only period T shown): changing both the
period-doubling cascades, leading to chaos, and the size of the hysteretic
region. PD is a period-doubling bifurcation and LP is a limit point. Parame-
ters: xk =40k, =0.025.n =26, k=1, = 2.



Coexistence SS/LC for f=0.1
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F1G. 7. Coexistence of the limit cyele (right v-axis, gray) and the 555 (left
v-axis, black) for different values of x. LP 15 a limit point. The bigeer values
of x provide bigger region of the §55. Hysteresis region depends on x in a
nonlinear way. Parameters: f = 0.1, %, =0.025. n =206, ko= 1.1 = 2.



Problems: Noise
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Fig. 7. Time series of the system in the hysteresis region: two values of transcription
activity were taken. namely, a4y = 0.026 and ays = 0.03 5. The system is in either of
two attractors. The deterministic time series is shown in solid red and one stochastic

realization as black dashed line.



1.

Conclusions

Repressilator, which have been developed as simple robust
oscillator, demonstrates interesting collective regimes if the
production of the appropriate signal molecule, e.g. Quorum
Sensing autoinducer, is taking into account.

The version of Repressilator (Al by cl) is developed which
manifests the phase-repulsive interaction resulting in the
existence and coexistence of many attractors: stable
homogeneous steady state, anti-phase limit cycle, stable
Inhomogeneous steady state (oscillation death),
Inhomogeneous limit cycle and chaos.

This work was motivated by the study of genetic circuits
and the rich dynamical behavior may be interpreted as the
background of “dynamical differentiation” in synthetic
“cell”. But the core of Repressilator which is simple
sequence of odd number of inhibitory reactions is not
specific for genetic reactions that makes the presented
mechanism of regimes generation actual for similar circuits
In other fields if coupling is properly designed.



