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30 + 3 «великих» проблемы науки ХХI века 



«Newton’s Law» for living systems 

Transcriptional regulation: 
 
                                        - increases reaction rate 
                                         
                                        - decreases reaction rate 



Dynamics  

Gene expression is never stationary: 

• External signals 

• Extrinsic noise 

• Intrinsic noise 

• Oscillations (circadian and ultradian clocks, cell cycle, etc.) 
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Gene regulation networks 

-  «read» all genes (genomics) 
-  determine gene and protein interactions (network reconstruction) 
-  network dynamics (complex systems) 
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Synthetic Biology 



• Do gene networks solve computational 

tasks? 

• Can one construct gene networks for 

computing? 
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Do regulatory networks solve 

computational tasks? 
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Yes, in the sense of information processing  



Can one construct gene networks for 

computing? 
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Devil in details: find components! 



Mathematical models of gene regulation 
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Transcriptional regulation and dynamics 

• Let TF be active only as a 
dimer.  
• Let P be a concentration of a 
monomer TF, P2 —  
concentration of a dimer,     
Ou — concentration of unbound 
operator sites ,       
Ob — of bound sites.  
• Then for equilibrium DNA and 
TF concentrations one gets: 



Transcriptional regulation and dynamics 

In the equilibrium state 
 
 
 
 
 
Since DNA concentration is constant, 
Therefore 
 
 
 
 
where  
 
 
And similarly 
 
 

Hill equations 

Hill constant 

Hill coefficient (not necessarily =2, not  
even a round number, e.g. in case of  
simultaneous binding to several operons) 



Transcriptional regulation and dynamics 

If gene promoter ‘works’ with rate         , when unbounded by TF, and with rate        , 
when bound, then the net kinetic coefficient of gene expression reads 
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Already a sense of a basic  

threshold (yes/no) detector! 



Transcriptional regulation and dynamics 

Taking into account protein degradation, we arrive at the differential 
equation for dynamics of protein concentration 
 
 
 
 
 

 
 
Note:  
In fact, the number of molecules is discrete and molecular events are discrete 
too.  Hence ODE gives an approximate description only. A more precise 
description would employ random processes with probabilities proportional to 
kinetic coefficients. When the number of molecules is small or production 
events are rare, that model is much more adequate. 
 
 
 
 



Example 1 
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•  Let TF be active only as a 
tetramer.  
• Let P be a concentration of a 
monomer TF, P2 —  
concentration of a dimer,     
Ou — concentration of unbound 
operator sites ,       
Ob — of bound sites.  
• Then for equilibrium DNA and 
TF concentrations one gets: 

Find equation for the protein dynamics 
 
 
 
 
 
 
 
 
 
 

In equilibrium 

Therefore 



Transcriptional regulation and dynamics 

Equations get more complicated if: 

 A gene promotor consists of several operators (e.g., a tandem promotor of 
two operators: for a repressor TF and an activator TF) 

 In eucaryotic cells TFs must enter cell nucleus first; coming in and out may 
add to dynamics 

 Often TF are modulated by light active molecules – ligands. E.g. IPTG 
molecules can bind to TF-repressor LacI – sensitive promotor, and prevent 
binding of the latter. TF-activator AraC binds to the sensitive promotor 
only in presence of arabinose.  



Detailed protein 
synthesis scheme 



More detailed models 

Taking into account mRNA synthesis as a separate process 
 
 
 
 
 
Phenomenological time delay equation 
 



Protein degradation 

 «Exponential» (generic mechanisms of cellular degradation) 

 

 

 Enzyme (by a specific enzyme that acts on tagged proteins) 

 

 
 If an enzyme degrades several proteins, the rate becomes 



 
Synthetic biology: plugging in new genes and 

constructing regulatory networks 

- Novel functionality 

- «well-orthogonal» signals = an opportunity to study dynamics of 
networks isolated to a good degree 

- Visualising gene expression by fluorecent proteins 

 



Dynamics of gene regulation 
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Nonlinear dynamics: equilibrium states 
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0*)( xf Equilibrium 

0*)(  xf Stability criterion 

1D  dynamical system )(xfx



Nonlinear dynamics: equilibrium states 
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Nonlinear dynamics: oscillations 

23/11/15 25 



Example 2: self-repressor 

Differential equation                                                            Stability 
 
 
 
 
 
Equilibrium 
 
 
 
 
 
 
                                          
 

? 

x 



Self-repressor: more complex dynamics? 

• mRNA dynamics:  

 

• Still an equilibrium, though with oscillatory approach (stable focus) 

 



Self-repressor with time-delay:  
self-sustained oscillations! 

• Mathematical model and biological experiment  

      (Striker et al., Nature, 2008)  

• Biological clocks 

      



Genetic toggle-switch 

(Gardner, Kantor & Collins, Nature, 2000) 

Noise-driven separation 



Collective dynamics 
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Towards distributed circuits 

Single cell limitations: 

• Number of exogeneous constructs 
(robustness of circuit, cell viability) 

• Complexity of circuit 

• Useful functionality, regulated by the 
circuit (e.g. oscillatory) 

 

Solution:  

• Distributed circuits and 
intercellular communication 
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Synthetic Biology 



Intercellular communication 
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LuxI 

«Transmitter» cell «Receiver» cell 

 

 

Transcription factor 

(activator/repressor) 

HSL HSL LuxR  

 
Quorum-sensing mechanisms:  
HSL (homoserine-lacton) family ligands 



Intercellular communcation: 
synchronization of genetic clocks 

Danino et al., Nature, 2010 
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Logic circuits 
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Circuit? 

Circuit? 

Example 3. Logic circuits 
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Tamsir, Tabor & Voigt, Nature, 2011 



Distributed logic circuits 
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Tamsir, Tabor & Voigt, Nature, 2011 



Next generation gene 
computing: learning 

 
Distributed genetic classifier 
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Machine learning: classical ideas 
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Molecular perceptron? 
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Molecular classifier? 

Weak points: 

• Actual constructs 

• Memory 

 

• Our solution: population classifier 
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Single-input classifier 
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Single cell synthetic circuit 
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Ensemble of cells – ‘pixel’ classifier 
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Training by examples through cell 

elemination 

23/11/15 44 

Discrimination of two unimodal (overlapping!) classes 

 

 

 
Implement sigmoidal cell survival probability for cell fluorescence zj*: 

 

For positive examples 

 

For negative examples 



Unimodal vs. Bimodal classes 
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Two- (multiple) input classifier 
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Two- (multiple) input classifier 
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Results 

• Linearly non-separable 

classes 

 

 

 

• Overlapping classes 
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Conclusions 

• Synthetic gene regulatory network – a powerful approach in biocomputing 

• Equations of molecular kinetics  

• Already minimal gene circuits display stationary states, oscillations, 
bistability 

• Distributed regulation networks through quorum sensing communications 

• Logical circuits 

• Learning. Distributed synthetic gene classifier.  
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