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Challenges for mathematical models 
in biology
Can biological phenotypes be explained with mathematical models of interacting molecules according to physical laws? 

Two major challenges:
Biological systems are not only non-linear and often stochastic; they possess an overwhelming number of variables.
Biology is a discipline in history: Dobzhansky’s dictum that “Nothing in biology makes sense except in the light of evolution” casts a long shadow on mathematical models of phenotypic complexity.
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Mathematical Models of Synthetic Gene Networks




Synthetic biosystems may be small enough and sufficiently context-independent for us to test universal mathematical models based on first principles.

Adopt Jacob’s and Monod’s postulate: biological phenotypes, however complex, can be explained in terms of cascades of biomolecular interactions.

Include all known biomolecular interactions.
Protein Interactions
Transcription
Translation
Regulation





Hysss - SynBioSS
hysss.sourceforge.net
www.SynBioSS.org
Tools for generation, curation and simulation of synthetic biological networks. 
Three components:
Designer
Wiki: Kinetic data storage/retrieval. Community driven effort
Desktop Simulator: Numerical simulation with multiscale algorithms
Goal
Directly connect DNA sequences with dynamic phenotypes
Launch quickly and iterate
Hill, et al. Bioinformatics, (2008)
Salis, et al. BMC Systems Biology, (2007)
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SynBioSS Designer
Intuitive web-based tool for automated generation of kinetic models of synthetic biological constructs: ModelBricks.

Users can enter DNA sequences, including BioBricks, and Designer returns a network of reactions that model all the steps of the molecular biology dogma. 

Designer interface implements molecular biology dogma in simple steps: Define sequence of molecular components as in BioBricks, define functional relations and biophysical interactions.

Weeding, Houle, Kaznessis, Briefings in Bioinformatics, 2010




Synthetic Bio-Logical AND Gate





Engineered E. coli to produce green fluorescence protein if IPTG AND tetracyline are added in the bacterial culture.
Images of IPTG, TC and GFP from Wikipedia
Ramalingam, et al., Biochem. Eng. J. (2009)
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Bio-logical AND Gate
Six designs by shifting operator sites in the promoter: TetO-TetO-LacO (TTL, shown), TLT, LTT, LLT, LTL, and TLL.




7

Experimental Construction of a Lac/Tet AND Gate
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Flow cytometry













Hydrodynamic focusing: cell pass single file
Laser light source
fluorescence
Forward and side scattered light
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Go to www.SynBioSS.org
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Enter hybrid promoter
BioBrick ID
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SynBioSS Designer

BioBrick Tab
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Define promoter operators
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SynBioSS Designer

Add RBS, coding region and terminator.
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SynBioSS Designer

Define protein inputs
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SynBioSS Designer

Characterize proteins and their interactions.
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SynBioSS Designer
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SynBioSS Designer

Define inducers.
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SynBioSS Designer

Define protein-inducer interactions.
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SynBioSS Designer
Designer uses simple molecular biology principles to 
define all biomolecular components, 
 determine their interactions and,
represent the interactions with chemical reactions
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ModelBrick - Synthetic Reaction Network

Reference Key: 
A. Levandowski et. al., 1996 
B. Gilbert and Müller-Hill, 1970 
C. Vogel and Jensen, 1994 
D. Sorensen and Pedersen, 1991 
E. Elowitz and Leibler, 2000 
F. Kędracka-Krok, 1999 
G. Bertrand-Burggraf et. al., 1984 
H. Stickle et. al.., 1994 996 
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SynBioSS Designer

Generate sbml or nc files
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SynBioSS Desktop

Load model on SynBioSS DS.
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SynBioSS Designer

Edit ModelBrick.
Simulate the dynamics.
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Chemical Kinetics Models
Represent interactions with chemical reactions.





Reaction rate laws. 
Ordinary differential equations.



Far from the thermodynamic limit. Stochastic chemical kinetics 
Master equation formalism (McQuarrie, 1949; Oppenheim, 1965; Fredrickson, 1963). 
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Modeling Regimes







I

Reaction rate (propensity)

Number of molecules
II
III
IV
V




Hybrid, Salis and Kaznessis, J.Chem. Phys. 2005
PSSA, Salis and Kaznessis, J.Chem. Phys. 2005b

Adaptive integration scheme for chemical Langevin equations
Sotiropoulos, Kaznessis, J. Chem. Phys. 2008
hysss.sourceforge.net
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Go through each stochastic kinetic regime
Epsilon = ~100
Lambda = ~10

Logical AND Gate Simulations


 Network with 63 reactions. Simulate a grid of 6x6 aTc-IPTG pair concentrations (0-200 ng/ml and 0-2mM). Simulate 1,000 trajectories for each pair. Simulate six designs (LLT, TTL).

Species are uniformly distributed in the cell. Initial cell volume is 10-15 L. Cell division occurs every 30+5 minutes:  the volume doubles exponentially and then halves.

 Multiscale simulations including stochasticity.

Simulate a grid of 6x6 aTc-IPTG pair concentrations (0-200 ng/ml and 0-2mM). Simulate 1,000 trajectories for each pair. Simulate six designs (LLT, TTL).

Measure GFP number of molecules for 216,000 trajectories (36,000 CPU hours).
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here are all the reactions for the system.  the first column relates to this section of the network, the middle to this one, and the last column corresponds to the bottom section.  the rate constants for each of these 70 reactions is based on the literature values for the kinetics

I'll explain this last column of reactions, the other columns operate on a similar premise

Stochastic simulations

IPTG=0.5 mM
aTc=10 ng/ml
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DNA to dynamic phenotype
Ramalingam, et al, Biochem. Eng. J. (2009)
TCCC TATCAG TGATAGAGA 
TTGACA
TCCC TATCAG TGATAGAGA 
GATATC
AAATTGTGAGCGGATAACAA
TCCC TATCAG TGATAGAGA 
TTGACA
AAATTGTGAGCGGATAACAA
GATATC
TCCC TATCAG TGATAGAGA 
AAATTGTGAGCGGATAACAA
TTGACA
TCCC TATCAG TGATAGAGA 
GATATC
TCCCTATCAG TGATAGAGA 

LTT
TLT
TTL
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Computer-Aided Design of Synthetic Biosystems


TTL is the highest-fidelity AND gate.

 Leakage of lacO can explain the variable phenotypic behavior. Biological insight.

 Mathematical models capture experimental phenotype in a way fit for analysis and design. 


Ramalingam, et al, Biochem. Eng. J. (2009)
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Synthetic biological systems confer advantages:
They are small and well-defined to be captured by universal yet tractable models.
They are modular, allowing us to build complex logical and informational architectures.
They are our designs, avoiding some of the historical difficulties. 





Challenges: constants not known; molecular biology not known; assumption of constant-context system not valid.




Computational Synthetic Biology
Tuttle, et al, Biophys. J. (2005)
Tomshine and Kaznessis, Biophys. J. (2006)
Salis, Kaznessis, Phys. Biol. (2007)
Salis, et al, BMC Systems Biology, (2007)
Sotiropoulos, Kaznessis, BMC Systems Biology, (2007)
Kaznessis, Biotechnology Journal, (2009)
Weeding, et al, Briefings in Bioinformatics (2010)
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Summary

Software tool available to synthetic biology community (SynBioSS): www.synbioss.org

Designer: intuitive tabbed interface to generate ModelBricks.

ModelBricks based on first principles can capture the behavior of simple gene networks.

Computer-assisted design of synthetic Bio-Logical AND-gates.

Multiple time scales emerge. Hybrid stochastic-discrete and stochastic-continuous network simulations tackle multiple scales. 
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mRNA_lac


Translation

+
Degradation of proteins and mRNA
mRNA_lac



Translation
+

RNAp

RNAp
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Opening of DNA, Transcription
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TetR and RNAp (un)binding
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dimerization
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dimerization
2 TetR1  → TetR2 	
TetR2  → 2 TetR1 	

TetR2  + tetO2  → TetR2:tetO2 	
TetR2:tetO2  → TetR2  + tetO2 	

RNAp  + tetP  → RNAp:tetP 	
RNAp:tetP  → RNAp  + tetP


RNAp





P
O2
lac


TetR and RNAp (un)binding
mRNA_lac


RNAp:tetP  → RNAp:tetP* 	
tetO2  + RNAp:tetP*  → tetP  + RNAp:tetO2 

RNAp:tetO2  → RNAp  + tetO2 	
RNAp:tetO2  → tetO2  + RNAp:DNA_lac	
RNAp:DNA_lac  → RNAp  + mRNA_lac 

rib  + mRNA_lac  → rib:mRNA_lac 	
rib:mRNA_lac  → mRNA_lac  + rib:mRNA_lac1 
rib:mRNA_lac1  → LacR1  + rib  + mRNA_lac1
Degradation of proteins and mRNA
RNase  + mRNA_lac  → RNase:mRNA_lac 	
RNase:mRNA_lac  → RNase 
	
DTet→ 	
TetR1  → 	
TetR2  → 	 
Reaction Network



34


Molecular Models: TetR-TetO binding
Determine the free energy of binding between the repressor and its cognate DNA sequence.
Determine the change of the binding strength upon mutation.






	Name	Sequence	Reporter activity* (%)	∆∆G=∆G4-∆G3
kcal/mol
	Wild type	TCCCTATCAGTGATAGAGA	0	0
	M3	TCCCTAACAGTGTTAGAGA	52	-4.76
	M4	TCCCTTTCAGTGAAAGAGA	2	-2.91
	M6	TCCGTATCAGTGATACAGA	20	-6.6



Zwanzig, R. W. J. Chem. Phys. (1954) 
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How does life emerge from a soup of chemicals?


(biological systems) defined by three major features (Jacques Monod, Nobel Prize Medicine, 1976):
Reproductive invariance
Autonomous morphogenesis
Teleonomy
Atoms, molecules
Life
Pairwise interactions
Networks of biomolecular interactions
Informational and logical architectures
	(Paul Nurse, Nobel Prize Medicine, 2001)



Development, differentiation, metabolism, immune responses, etc.
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