Parameter estimation Applications Chemical Reaction Network, vocabulary Definition

Maths is about structures...
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Chemical Reaction Network, vocabulary Definition

A chemical reaction network is given by thee sets pS, C, Rq : ' Species, S :" tS 1 , ¨¨¨, S d u : molecules that undergo a serie of chemical reactions.

' Reactant / Product, C :" ty 

L `R kon Ý Ý á â Ý Ý k off LR ATP `LR k Ý Ý Ñ cAMP `LR cAMP k Ý Ý Ñ AMP Species E :" tL, R, LR, ATP, cAMP, AMPu R / P C :" tL `R, LR, ATP `LR, cAMP `LR, cAMP, AMPu Reaction R :" tL `R Ñ LR, LR Ñ L `R, ATP `LR Ñ cAMP `LR, cAMP Ñ AMPu Rate tk on , k off , k `, k ´u
Chemical Reaction Network, FSHR-induced cAMP signals Chemical Reaction Network, "real" example 

Ý Ý á â Ý Ý 0.1 B dx A dt ptq " ´0.1x A ptq `2x B ptq , x A pt " 0q " A tot dx B dt " `0.1x A ptq ´2x B ptq , x B pt " 0q " 0
x A ptq = time dependent concentration of species A

Chemical Reaction Network and Dynamical models

Example

L `R kon Ý Ý á â Ý Ý k off LR dx L dt ptq " ´kon x L ptqx R ptq `koff x LR ptq , x L p0q " Dose dx R dt ptq " ´kon x L ptqx R ptq `koff x LR ptq , x R p0q " R tot dx LR dt ptq " k on x L ptqx R ptq ´koff x LR ptq , x LR p0q " 0.

Chemical Reaction Network and Dynamical models

Example (minimal cAMP production model)

L `R kon Ý Ý á â Ý Ý k off LR ATP `LR k Ý Ý Ñ cAMP `LR cAMP k Ý Ý Ñ AMP dx L dt " ´kon x L x R `koff x LR , x L p0q " Dose dx R dt " ´kon x L x R `koff x LR , x R p0q " R tot dx LR dt " k on x L x R ´koff x LR , x LR p0q " 0 dx cAMP dt " k `xATP x LR ´k´x cAMP , x cAMP p0q " 0 dx ATP dt " ´k`x ATP x LR x ATP p0q " ATP tot .
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The equation dx dt " v pxq , is numerically solved by successive time-step iteration, of small length ∆t ! 1 :

1) Start at a given initial condition x 0 at time t 0 " 0 2) To calculate the value of x at the first time step, remember that (assuming constant speed)

Final Position " Initial Position `velocity ˚Time , which becomes, in mathematical notations,

xp∆tq " x 0 `v px 0 q ˚∆t , Iterate : To calculate the value of x at the next time step, use xppi `1q ˚∆tq " xpi ˚∆tq `v pxpi ˚∆tqq ˚∆t ,

Parameter and network optimization in Chemical Reaction Network

Goal : Given some time series data, find the minimal (biologically plausible) reaction network with its parameter (=reaction rates and initial conditions) that fits consistently the data.

Strategy 1) From a given network pS, C, Rq, with given parameter values, solve the ODEs,

dx dt " v px, kq , xp0q " x 0 ,
and compute a distance between the solution and the data.
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Parameter and network optimization in Chemical Reaction Network

Goal : Given some time series data, find the minimal (biologically plausible) reaction network with its parameter (=reaction rates and initial conditions) that fits consistently the data.

Strategy 1) From a given network pS, C, Rq, with given parameter values, solve the ODEs, dx dt " v px, kq , xp0q " x 0 , and compute a distance between the solution and the data.

Strategy 2) Using optimization algorithms, find the best parameter values k, x 0 , to minimize the distance

Strategy 3) If needed, change the reaction network (add or delete species/reactions)
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Goal : Given some time series data, find the minimal (biologically plausible) reaction network with its parameter (=reaction rates and initial conditions) that fits consistently the data.

§ In linear models, there exists a unique optimal solution § Yet in practice, (generalized) linear models do not perform well on biochemical data due to Heteroscedasticity and highly dependent time point data.

§ For most of (nonlinear) reaction network, there is no guarantee to find a unique optimal solution. § Reaction network models allows to perform multifactorial analysis ("Anova-like")

§ For most of (nonlinear) reaction network, there is no guarantee to find a unique optimal solution.

Goal : Given some time series data, find the minimal (biologically plausible) reaction network with its parameter (=reaction

De Pittà, Ben-Jacob, Berry, G protein-coupled receptor-mediated calcium signaling in astrocytes, in Computational Glioscience, Springer 2019.
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We have seen § Many examples of dynamical system biology models § The formalism of reaction network models § How to build a reaction network within Cell Designer NB : there exists public databases of reaction network models. NB (bis) : A reaction network is a network... but a network is NOT a reaction network !

Summary so far

We have seen § Many examples of dynamical system biology models § The formalism of reaction network models § How to build a reaction network within Cell Designer § What about dynamics ?

Warning !

#Ihatemathematics

The following couples of slides contain some abstract notions...let's try to catch the meaning !

We build a model that ' Keep track of concentration of species along time.

' Satisfy Law of Mass action : The velocity of a reaction is proportional to the concentrations of its reactants.

' Is a system of Ordinary Differential Equations, in which reactions are "added" on top of each other, e.g. they happens continuously and simultaneously.

Is the monkey who typed Hamlet actually a good writer ?

Overfitting § There is a trade-off between toy minimal models and detailed biochemistry pathways. § Overfitting leads to unreliable prediction and meaningless model / parameter value. § (Advanced) statistical tools exist to sort this out : model selection (especially for hierarchical models) and parameter identifiability.
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We have seen § Many examples of dynamical system biology models § The formalism of dynamical reaction network models § How to build and simulate a reaction network model within Cell Designer. § How to calibrate parameters of a dynamical reaction network model with GraphPad Prism and/or Copasi.

NB : The full workflow can be long and require collaboration with statistician / applied mathematician.

Summary so far

We Bridge, Meads, Frattini, Winfield, Ladds, Modelling and simulation of biased agonism dynamics at a G protein-coupled receptor, J. Theoret. Biol. 442 :44-65, 2018