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A Couple of Relationships

Systems biology:

To understand biology at the system level in a holistic
way.

Synthetic biology:

To build a biological system by combining well-defined
iIndividual network components.

Bottom-up approach.

Mutual benefits: To understand
system structures, dynamics, design and control.
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Synthetic and Systems Biology of
Gene Regulatory Networks

Synthetic biologists design networks by combining

promoters, genes, terminators, and so on.

ATo design large scale networks, modularity is an
essential concepit.

AGene regulatory networks can be highly stochastic.

Systems biologists (metabolic control engineers)
aim to optimize the output gene expression levels by
controlling transcription factors.

ADesign using metabolic control analysis.

ABut, the networks are stochastic.
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Stochastic Biological Modules
for
Synthetic Gene Regulatory Networks
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Objective

To investigate gene regulatory networks,
By providing a concept of

Stochastic modules.
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What I1s a module?

A system component, which has
v, Awell-defined input-output (i/o0) relationship.

¥, The 1/o relationship is preserved when the module is
connected to another module.
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Gene regulatory networks can be
stochastic.

E.g., In E.Coli,
The average number of Lacl proteins a 10.

The number of Lacl fluctuates significantly: Number
Increase by one A 10% increase.

Highly stochastic!

Such noise can be propagated to connected
downstream gene networks.

The noise propagation can shift the gene
expression levels significantly.
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Stochastic Modules

¥, Assume noise strength is weak.
¥, At the stationary state (non-oscillating, mono-stable),

) Mean values
1,0 =

Autocorrelation functions® } of i/o species copy numbers.

*. represent how long the perturbation by noise persists.

Tanase-Nicola, Warren, and ten Wolde. PRL 97 068102 (2006)

Simpson, Cox, and Sayler. PNAS 100 4551 (2003)
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Retroactivity of Norstochastic

Modules

Regulating proteins bind to promoter regions.
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Gene 1 — Gene?2
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Retroactivity of Norstochastic

Modules

¥, Regulating proteins bind to promoter regions.

Module

Promoter
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Retroactivity of Norstochastic
Modules

Regulating proteins bind to promoter regions.
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These binding-unbinding events increase the response time taken to
reach the stationary state of S;.
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The slow-down of the system response is quantified by retroactivity.
(Del Vecchio, Ninfa,and Sontag. MSB 4 161 (2007))
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Retroactivity of Norstochastic
Modules

¥, Regulating proteins bind to promoter regions.

Module 1

Module 2
'S,

D
~ ~ + | Promoter _>® Promoter

Module 2 slows down

the dynamics of Module 1.
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Retroactivity of Stochastic Modules

url kZJF\‘ITSl
The slope of semi-log plot —_ @ —_— A
of auto-correlation i
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non-stochastic modules. 10 ¢
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[Experimental proposition] n
. ©
Retroactivity can be <
directly measured by =
knocking out a o E
downstream promoter and =
by observing the _ O
concentration fluctuations 2
of its transcription factor. b7
J| = 10, Jtn'-_? =1
ks =1, ky=100
Total number of promoters = 100,
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Metabolic Stochastic
Control Control

Analysis Stochastic Analysis
Modularity
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Metabolic Control Analysis

Helps identify which enzymes to control in
order to maximize the metabolite fluxes.

Determines how the fluxes change due to the
change of the enzyme activities.
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Control Coefficients

h f i ]
Control Coefficient(C?) 70 change of a reponse signal (y)

P

~ % change of a control parameter (p)

For example, - g P

A control parameter is perturbed.
Observe the changes of response signals: y = (S), Vo©.
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Summation Theorems for
Concentrations and Mean Fluxes

N =0, Y opt=0,|Y 0 =1

.?f

L

These theorems show relationships
among control coefficients.

The strength of control of a flux is
distributed among control parameters.
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Summation Theorems for Flux
(Co)variances

Z IIJ_]_NQ ZCU;J}}‘:]_NSWIthj#k’

? 1

[ The Number of Reaction Events ]
during a time interval €

The sum values depend on the time duration (e)
of each flux measurement. =

£

The control strength of flux fluctuations is distributed
among control parameters.

Applied to minimize the output flux noise while
maximizing the output mean flux.

Related to universal scaling laws found in flux
fluctuations in various dynamic Systems (Menezes and Barabasi
2004).

Kyung Kim, Systems and Synthetic Biology, A Match Made in Heaven 21



Connectivity Theorems
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C;f : Control coefficient = Global system response
(non-stochastic case)

e, + Elasticity = Individual module response
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Connectivity Theorems

Z Cfetm = Z i elm =

m=1 m=1

C; : Control coefficient = Global system response
(Stochastic Case)
e, : Elasticity # Individual module response

\ Due to noise propagation

Stochastic modules

Enable to express elasticity in terms of stochastic
module responses.

Enable to use the theorems to predict the global
system responses from stochastic module
responses.



Conclusion

In synthetic biology perspective,
Stochastic modules are defined.

We have shown that the stochastic modules show significant
retroactivity, especially in their i/o autocorrelation functions.

How can synthetic biology help systems biology?

We have extended one of systems biology approaches, so

called metabolic control analysis to a stochastic regime.
Especially the connectivity theorems can be extended by
using the concept of the stochastic modules.

Poster: Betweenl75 and 176 [Stochastic control analysis].
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