
Carbon Fixation Pathway Design and the Mystery 
of Thermodynamics

Founded by the 
European Union

This project has received funding from the European Unions Horizon 2021 
research and innovation programme under the Marie-Skłodowska-Curie grant 
agreement No 101072930

Anne-Susann Abel

40th TBI Winterseminar in Bled



Carbon Cycle and Natural Carbon Fixation Pathways

• Inefficient
carboxylating
enzymes

• High cofactor use
• Oxygen sensitivity
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Santos Correa S, Schultz J, Lauersen KJ, Soares Rosado A (2023) Natural carbon fixation and advances in synthetic engineering for redesigning and creating new
fixation pathways. J Adv Res 47:75–92. https://doi.org/10.1016/j.jare.2022.07.011



Goal - Improve Natural Pathways
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Improvements in agriculture

Increase biomass production by 
increasing efficiency of CO2 fixation in 

plants

Value added chemical 
production

Produce chemicals using CO2 as 
feedstock

Scale-up CO2 fixation

Mitigate climate change by removing 
existing CO2 from the atmosphere

Better pathways



Artificial Pathways

“Better” pathways?

Measures of feasibility

• Thermodynamics
• Kinetics
• Topology
• Efficiency
• Oxygen-sensitivity
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Bar-Even A, Noor E, Lewis NE, Milo R (2010) Design and analysis of synthetic carbon fixation pathways. Proc Natl Acad Sci 107:8889–8894. 
https://doi.org/10.1073/pnas.0907176107

shortest pathway

highest activities



Workflow for Pathway Discovery
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https://app.diagrams.net/?page-id=MVje4u0iIIrZP7D-kW9Y&scale=auto#G17QUJBuJo08T0mdi5oehslflH0qXvpu-B
https://app.diagrams.net/?page-id=MVje4u0iIIrZP7D-kW9Y&scale=auto#G15xjrJRhCHarB55ArcqssjL5R0d7mx9MC
https://app.diagrams.net/?page-id=MVje4u0iIIrZP7D-kW9Y&scale=auto#G15xjrJRhCHarB55ArcqssjL5R0d7mx9MC


Thermodynamics – Requirements and Considerations
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Elad Noor, Hulda S. Haraldsdóttir, Ron Milo, and Ronan M. T. Fleming; PLOS 

Computational Biology 2013 doi:10.1371/journal.pcbi.1003098.

Optimize
energy and find 
concentrations
to fit

https://app.diagrams.net/?page-id=MVje4u0iIIrZP7D-kW9Y&scale=auto#G15xjrJRhCHarB55ArcqssjL5R0d7mx9MC
https://app.diagrams.net/?page-id=MVje4u0iIIrZP7D-kW9Y&scale=auto#G15xjrJRhCHarB55ArcqssjL5R0d7mx9MC
https://app.diagrams.net/?page-id=MVje4u0iIIrZP7D-kW9Y&scale=auto#G17QUJBuJo08T0mdi5oehslflH0qXvpu-B
https://app.diagrams.net/?page-id=MVje4u0iIIrZP7D-kW9Y&scale=auto#G15xjrJRhCHarB55ArcqssjL5R0d7mx9MC
https://app.diagrams.net/?page-id=MVje4u0iIIrZP7D-kW9Y&scale=auto#G17QUJBuJo08T0mdi5oehslflH0qXvpu-B
https://doi.org/10.1371/journal.pcbi.1003098
https://app.diagrams.net/?page-id=MVje4u0iIIrZP7D-kW9Y&scale=auto#G17QUJBuJo08T0mdi5oehslflH0qXvpu-B


Flow Query Examples - Thermodynamics

Optimisation for minimal Energy on flow
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Flow query for shortest 
pathways AND lowest 
overall energy

Different 
structure 
than 
traditional
rTCA

Currently facing problems with the 
concentration range of our solutions →
outside of biochemically feasible range 

BUT

https://app.diagrams.net/?page-id=MVje4u0iIIrZP7D-kW9Y&scale=auto#G15xjrJRhCHarB55ArcqssjL5R0d7mx9MC
https://app.diagrams.net/?page-id=MVje4u0iIIrZP7D-kW9Y&scale=auto#G17QUJBuJo08T0mdi5oehslflH0qXvpu-B
https://app.diagrams.net/?page-id=MVje4u0iIIrZP7D-kW9Y&scale=auto#G15xjrJRhCHarB55ArcqssjL5R0d7mx9MC


Flow Query – Thermodynamic Post-Annotation

• First find a flow query solution
• Optimisation for shortest pathway

• THEN calculate Gibbs Free Energy 
Change of the reactions

• Gives a feasiblity measure for the
solutions

9

Δ𝐺𝑓
0

Δ𝐺𝑓
0

Δ𝐺𝑓
0

Δ𝐺𝑓
0

Δ𝐺𝑓
0

Δ𝐺𝑓
0

Δ𝐺𝑓
0

Δ𝐺1

Δ𝐺2

Δ𝐺6

Δ𝐺5

Δ𝐺3
Δ𝐺4

Δ𝐺𝑡𝑜𝑡𝑎𝑙

https://app.diagrams.net/?page-id=MVje4u0iIIrZP7D-kW9Y&scale=auto#G15xjrJRhCHarB55ArcqssjL5R0d7mx9MC


Flow Query – Thermodynamic Post-Annotation

• First find a flow query solution
• Optimisation for shortest

pathway

• THEN calculate Gibbs Free Energy 
Change of the reactions

• Gives a feasiblity measure for the
solutions

• Measure of feasibilty in 
biochemical context
• Count of ATP molecules used
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Optimsation for maximized 
CO2 input with fewest 
reactions  

Optimsation for shortest 
pathway for autocatalytic 
acCoA



Outlook
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1 2 3
4

Thermodynamics General Pathway Design

https://app.diagrams.net/?page-id=MVje4u0iIIrZP7D-kW9Y&scale=auto#G15xjrJRhCHarB55ArcqssjL5R0d7mx9MC
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https://app.diagrams.net/?page-id=MVje4u0iIIrZP7D-kW9Y&scale=auto#G15xjrJRhCHarB55ArcqssjL5R0d7mx9MC
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