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Why systems of coupled simple units
can have complex dynamics?
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Why systems of coupled simple units
can have complex dynamics?
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1. Pioneering experiments and basic elements in
synthetic biology.
2. Suprising dynamics in:
1. Intercell communication
Synchronization vs Desynchronization
2. Decision making
3. Cellular intelligence
3. Summary
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Synthetic Biology

Research spectrum:

4 N 4 N

ldea of reduced complexity: Nanorobots to be OdownloadedO
construction of simple Into cells to perform elaborated
biological models which mimic more functions.
complex natural systems. Intelligent drugs. Programmed chips.

. / . /

[ Synthetic biology: combines science and engineering to design novel biological syst%ms
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T. Gardner, C. Cantor, J.J. Collins , "Construction of a genetic toggle switch in
Escherechia coli”, Nature, 2000.
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Repressilator
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M. Elowitz, S. Leibler, A synthetic oscillatory network of transcriptional regulators”,

Nature, 2000.

Tuesday, 13 August 13




Cell, Vol. 113, 597-607, May 30, 2003, Copyright ©2003 by Cell Press R - I aX at() I

Development of Genetic Circuitry Exhibiting
Toggle Switch or Oscillatory Behavior
In Escherichia coli

Mariette R. Atkinson,' Michael A. Savageau,** (Gardner et al., 2000; Elowitz anc
Jesse T. Myers,” and Alexander J. Ninfa'* toggle switch, consisting of two re
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A synthetic multicellular system for
programmed pattem formation

o
Subhayu Basu', Yoram Gerchman', Cynthia H. Collins’, & 22" % ®
Frances H. Amold” & Ron Weiss "~ NATURE|VOL 434 |28 APRIL2005|»  AHL

Repression activity of Cl is
signibcantly larger than of LACI

Quorum-sensing

[
¢
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1.Logical devices

namre

NATURE BIOTECHNOLOGY VOLUME 25 NUMBER 7 JULY 2007

. A universal RNAi-based logic evaluator that operates
IN mammalian cells

Keller Rinaudo', Leonidas Bleris'?, Rohan Maddamsetti’, Sairam Subramanian®?, Ron Weiss?”® &
Yaakov Benenson'

Synthetic Gene Networks That Count

Ari E. Friedland,** Timothy K. Lu,**" Xiao Wang,* David Shi,’
George Church,®® James ). Collins™{

Synthetic gene networks can be constructed to emulate digital circuits and devices, giving one the
ability to pregram and design cells with some of the principles of modern computing, such as
counting. A cellular counter would enable complex synthetic programming and a variety of
biotechnology applications. Here, we report twe complementary synthetic genetic counters in
Eschenichia coli that can count up to three induction events: the first, a riboregulated
transcriptional cascade, and the second, a recombinase-based cascade of memory units. These
modular devices permit counting of varied user-defined inputs cver a range of freguencies and can
be expanded to count higher numbers,

SCIENCE VOL 324 29 MAY 2009

Tuesday, 13 August 13



Synchronization s
Desynchronization

hupaens’

g,

V.”

clocks

1665.

[Fig. 75.]%)
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22 febr. 1665.

Diebus 4 aut 5 herologiorum duorum
novorum in quibus catenule [ Fig. 73], mi-
ram concordiam obfervaveram, ita ut ne
minimo quidem exceflu alterum ab altero
fuperaretur. fed confonarent {emper recipro-
cationes utriusque perpendiculi. unde cum
parvo [patio inter fe horologia diftarent,
fympathie quandam ) quasi alcerum ab al-
tero afficeretur fufpicari ceepi. ut experimen-
tum caperem turbavi aleerius penduli reditus
ne fimul incederent fed quadrante hora pot
vel femihora rurfus concordare inveni.
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For example, repressilator equations:

f 70
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The protein dynamics is given by

d =
dt e B(ai _Ai)s
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E. Ullner The dynamics of synthetic genetic networks with repressive cell-to-cell communication 15.06.2006 3

The repressilator with quorum sensing

M .B. Elowitz and S Leibner, Nature 405, p. 335, 2000.

J. Garcia-Ojalvo, M.B. Elowitz and S.H. Strogatz, PNAS 101, p. 10955, 2004.
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The protein dynamics is given by

dA; 4
dt T B(ai i)s

ds; -
— = —kaSi + kad; — 1(S; — So),

K aigi
S. I +kdm3 = 0S.

Tuesday, 13 August 13



1. Experimentally implemented synchronization of
synthetic genetic networks.
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Desynchronization
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Epigenetic decision making
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Epigenetic decision making

One decision

/

Point of the decision _ Another desicio

Parameter
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Epigenetic decision making
Timing matters!

One decision

/

Point of the decision _ Another desicio

Parameter
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Where important:

Understanding of natural cell differentiation circuits

¥ DNA Methylation
signature Is different in
cancer in networks
responsible for stem cell
differentiation

Differentiation of
progenitors in immune
systems (Graf 2008)

From M.Widschwendter et
al, Nature Genetics (20006)
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Design of therapie
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Design of therapie
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Let us consider paradigmatic genetic switch

The Genetic Switch in Bacteriophage
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Let us consider the paradigmatic genetic switch:
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Mathematical model:

Activation or inhibition:

Phosporylation by
external signals
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Mathematical model:

Activation or inhibition: < >

Phosporylation by
external signals

Mutual Inhibition:

uuuuuuuuuuuuuuuuuu



Mathematical model:

Activation or inhibition:

Phosporylation by
external signals

Noise:
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So we have bifurcation, noise and asymmetry

Delayed Bifurcation!
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R is the ratio Ph/(Ph+Pl) where Ph is the probabillit
to choose the upper branch, Pl - the lower one.
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Speed- dependent Cellular decision making

Asymmetry Ratio
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In genetic decision networks:

¥natural noise and asymmetry

¥decision depends on the scenario, choosing the branc
and speed of the decision making

Mechanism:
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In genetic decision networks:

¥natural noise and asymmetry

¥decision depends on the scenario, choosing the branc
and speed of the decision making

Mechanism:

q Biology, Synthetic Biology, Medicine
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Further research: multidimensional genetic switch
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What is the difference?
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What is the difference?

Intelligence and abillity to learn
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Multicellular intelligence
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Intracellular intelligence
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Content
¥  Whatis intelligence? Artibcial intelligence)

¥ Stochasticity in gene expression
¥  Stochasticity in intracellular intelligence?
¥ Basic RosenblattOs perceptron

¥ Associative perceptron
¥ Summary
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Perceptron inside the cell??
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In silico
learning!
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What Is the effect of noise
IN
Intracellular intelligence?
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Pseudo-genetic
Implementation

of a linear classifier

Inputs

Output
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A Genetic Linear Classiber

Addition of Noise

D?

By adding noise to these points
we essentially transform them into
a distribution rather than a fixed
point.
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A Genetic Linear Classiber

Monte Carlo Results

D
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D>
A Genetic Linear Classiber "

Monte Carlo Results

Stochastic Resonance in a Genetic Perceptron
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What Is Associative Learning?

Also known as classical/Pavlovian conditioning (Pavlov's dogs)

=)
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The Model Network
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The Model Network

meat bell

basal

meat bell
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E?

Out of range of non noisy system
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Stochastic Resonance in a Genetic Perceptron
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Summary
¥Inside the cell we can have
¥basic perceptron

¥associative perceptron
¥ Surprisingly stochasticity (intrinsically present in
gene expression) may improve the classibcation
performed by intracellular perceptron
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Open Questions Brain as Network of Networks
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Open Questions Brain as Network of Networks
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Open Questions Heterogeneity of Cancer

-
-)

-)
-)
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Open Questions Perceptrons in Synthetic Biology
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To be synthetically implemented:
Suprising dynamics In:
1. Intercell communication
1. Desynchronization, rhythm generation, memory
2. Decision making
3. Cellular intelligence and effect of noise on
this intelligence
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THANK YOU!!
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