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A Computer Scientist View at Cell Biology: Cells Compute

• Cells process signals

• Regulate their metabolism

• Take decisions such as 

– Replication

– Migration

– Differentiation

– Apoptosis (suicide)

• Control those processes

➢ What are the programs ? 

Continuous time, continuous protein concentrations: analog computation

➢ Computational Systems Biology: development of CRN models of cell processes

➢ Repositories of thousands of hand-made CRN models, e.g. biomodels.net

➢ Model building tools, e.g. BIOCHAM, using graph-theoretic, symbolic computation and  constraint solving methods

➢ Need for Machine Learning methods to infer CRN reactions from experimental data

➢ Computational Synthetic Biology: design CRNs to implement new functions
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Chemical Reaction Networks (CRN)
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Turing Completeness of CRNs and BIOCHAM Compilation Pipeline 
[Fages Le Guludec Bournez Pouly CMSB 2017] [Fages Hemery Soliman ACM CCA 2025]
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Positivation 
𝑥 = 𝑥𝑝 − 𝑥𝑚
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CRN Syntax and Hierarchy of Semantics

CRN: reaction rules with kinetics

k1*A*B for A + B => 2*B

k2*A  for A => 2*A

k3*B for B => _ 

• ODE semantics:

• Stochastic semantics (continuous time Markov chain):

• Discrete (Petri net)

• Boolean semantics:
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Learning Protocol: 
Infer Reactions with Kinetics from Experimental/Simulation Traces 
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Input: prior knowledge and finite traces, 

i.e. set of observed state transitions (velocity matrix)

• time evolution of molecular species concentrations

• coming from biological experiments 

Fluorescence videomicroscopy

C. Feillet F. Delaunay 2013

• or from simulations of a hidden CRN

Output: CRN, i.e. finite set of kinetic reactions
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Reactmine Statistical Tree Search Algorithm
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Sequential inference of reactions with kinetics;

1. on some transition support where the 

preponderant changes can be paired in one 

preponderant reaction;

2. ranked by kinetics of lowest variance;

3. trace update by subtraction of the inferred 

reaction;

Final global kinetic parameter re-optimization
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At each node of the search tree with bounded depth ≤ 𝜸 (i.e. maximum number of reactions to infer)

1) For each observed transition consider all reaction skeletons on concentration changes with highest velocities

with velocity ratio ≤ 𝜹

2) Rank reaction candidates (𝑘, 𝑅, 𝑃) according to kinetic variance ≤ 𝛼

on their supporting transitions

3) Create successor nodes for least kinetic variance candidates with beam width ≤ 𝜷
and subtract reaction effect on the trace

Finally, re-optimize the inferred kinetic parameters on the whole trace

Inference of both Reaction’s Structure and Kinetics 
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SINDy Non-Linear Sparse Regression Algorithm

Brunton, S. L., Proctor, J. L., and Kutz, J. N. (2016). Discovering governing equations from data by sparse identification of nonlinear dynamical systems. 

Proceedings of the National Academy of Sciences, pages 3932–3937. 

• Reconstructs an ODE system from transition traces, as weighted sums of library functions

• Ensures sparsity by | |1regularization (Lasso regression) 

• One single hyperparameter 𝜆.
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Results compared to SINDy on Simple CRN with One Single Trace
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Results on MAPK Signalling CRN with One Single Trace
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Reaction 𝐴𝑝 + 𝐵 →1000 𝐴𝑝𝐵 inferred with 3 algebraically equivalent reactions 𝐴𝑝 + 𝐵 →500 𝐴𝑝 𝐴𝑝𝐵 𝐴𝑝𝐵 + 𝐵

Reaction  𝐴𝑝𝐵𝑝 →150 𝐴𝑝 + 𝐵𝑝𝑝 replaced by 𝐴𝑃 + 𝐵𝑝 →
500 𝐴𝑝 + 𝐵𝑝𝑝 which ls a good approximaiton:

direct production without intermediary complex leading to similar simulation traces
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Failure of SINDy on MAPK single simulation trace
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For 𝜆 = 0, 𝑝 ≥ 𝑛 and 𝑋𝑛 of full rank we have a closed form solution  መ𝛽 = 𝑋𝑛
𝑇𝑋𝑛

−1𝑋𝑛
𝑇𝑌𝑛

Let 𝑋𝑛 1 , 𝑋𝑛(2) be the columns of 𝑋𝑛 multiplied by non-zero, zero 𝛽coefficients and 𝐶𝑛 =
1

𝑛
𝑋𝑛𝑋𝑛

𝑇

The (low correlation) Strong irrepresentable Condition is given by:

Implied by low correlations between covariates in the model and not in the model

Correctness of Lasso Regression [Yu Zhao 2006] 

Theorem (Sufficient condition for correctness of Lasso model selection with exponential rate in 𝑛)
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Multi-traces on Different Initial Conditions with Zeros
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Type 1 CRN: Atmost One Reactant per Reaction
on Multitraces with 1 Non-zero Initial Concentrations
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Proposition

Proof

for large enough 𝑛
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Type 2 CRN: At most 2 Reactants per Reaction
on Multitraces with 2 Non-zero Initial Conditions

Multitraces with at most two non-zero initial conditions

Non-sparse covariance matrix

Y  & Z   ’s          ss            s     s   sf   
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SINDy Evaluation with Multitraces with 2 Non-zero Initial Conditions 
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Conclusion and Perspectives

• State-of-the-art sparse regression algorithms such as Lasso and SINDy are provably correct under strong 

non-correlation hypotheses between dynamic library terms 

– Generally not satisfied on data time series obtained from one single initial state (wild type trace)

– Proven satisfied here for monomolecular CRNs on multitraces from initial conditions with only one non zero

– S    ’s   E   s                  s s

• 1 single hyperparameter

• May fail on single trace data from very simple CRN 

• Needs (unrealistic) multitraces obtained from initial states with many 0, shown to entail correctness of Lasso sparsity

• Reactmine variance-based tree search algorithm 

– Reduction to 1 main hyperparameter by recourse to beam search

– Good results obtained on single simulation traces of a hidden CRN, e.g. cell signaling and cell cycle models

– Applied to inference of main systemic regulators of circadian clocks in accordance to model-based analysis [Matinelli 

Dulong Li Teboul Soliman Levi F- Ballesta Bioinformatics 2021] 

– Applied to videomicroscopy data with inference of main conclusions of model-based analysis (upregulation of rev-

erb during G2 phase) [Traynard Feillet Soliman Delaunay F- Biosystem 2016]

– Challenge of learning unobserved variables: hopes by analysis of  non-supported transitions.

• Not aware of good results obtained yet with LLM or GNN on such complex dynamical systems
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