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Re-inventing biological CO2-fixation with synthetic biology
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CO2

Fossil
Fuels

3,000 Gt

CO2 fixation at 1010 m
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CO2 fixation at 10-7 m

Prochlorococcus, Synechococcus
~ 50 Gt CO2 / year
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Χōǳǘ natural photosynthesisis not perfect
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CO210 billion tonsC
capturedin a 
sustainable
fashion
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CO210 billion tonsC
capturedin a 
sustainable
fashion
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10 billion tonsC 
released

from burning
fossile fuels



CO2

Wewouldneedtwo to three planets
to coverour food andenergyneedsthrough

naturalphotosynthesisuntil the year2050

10 billion tonsC 
released

from burning
fossile fuels

10 billion tonsC
capturedin a 
sustainable
fashion
throughagriculture
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The limits of naturalCO2-fixation

CO2

What limits
photosynthesis?

11



12

Erb & Zarzycki (2016) Curr Op Chem Biol

Bar-On, Phillips & Milo (2018, 2019) PNAS

CO2 O2

RubisCO

5 CO2 moleculesper second-- slow!

Natural photosynthesisis limited
in the capture& conversionof CO2
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The limits of naturalCO2-fixation
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CO2 O2

RubisCO

5 CO2 moleculesper second-- slow!
20% error with O2 insteadCO2 -- sloppy!

Natural photosynthesisis limited
in the capture& conversionof CO2
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The limits of naturalCO2-fixation
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Bar-On, Phillips & Milo (2018, 2019) PNAS

CO2 O2

RubisCO

5 CO2 moleculesper second-- slow!
20% error with O2 insteadCO2 -- sloppy!
50% of protein in leaf isRubisCO-- limited!

Natural photosynthesisis limited
in the capture& conversionof CO2
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The limits of naturalCO2-fixation

https://www.google.de/url?sa=i&rct=j&q=&esrc=s&source=imgres&cd=&cad=rja&uact=8&ved=0ahUKEwiipsf5_M_WAhULAsAKHToHATIQjRwIBw&url=https://www.saddlespace.org/whittakerm/science/cms_page/view/7795103&psig=AOvVaw3snnuYEQpytZYWbuj9v9SZ&ust=1506966266105809


15

Erb & Zarzycki (2016) Curr Op Chem Biol

Bar-On, Phillips & Milo (2018, 2019) PNAS

CO2
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Natural photosynthesisis limited
in the capture& conversionof CO2

The limits of naturalCO2-fixation
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Biomass
Products

synthetic
CO2

fixation

CO2
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Natural photosynthesisis limited
in the capture& conversionof CO2

The limits of naturalCO2-fixation



Nature has invented (only) 
seven CO2 fixation pathways 
during evolution.

The solutionspaceof CO2 fixation

Hanson et al.(2019) Nature Plants 17

microbial space of CO2 fixation 



Nature has invented (only) 
seven CO2 fixation pathways 
during evolution.

Synthetic biologyopens 
the possibility to explore the 
space Nature has not 
explored(yet).

Going beyond classical 
άƳŜǘŀōƻƭƛŎ ŜƴƎƛƴŜŜǊƛƴƎέ ōȅ 
inventing radically new 
solutions

iOS vs. Windows/DOS

The solutionspaceof CO2 fixation

Hanson et al.(2019) Nature Plants 18

microbial space of CO2 fixation 



biological example
bird

human solution
airplane

19

Gettinginspiredby Nature



biological example human solution
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Gettinginspiredby Nature

biological example
bird

human solution
airplane

natural CO2 fixation synthetic CO2 fixation
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Design

The workflow towardssyntheticCO2-fixation
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Molecular parts

Proteins + Enzymes
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Design

The workflow towardssyntheticCO2-fixation
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Molecular parts

Proteins + Enzymes

Metabolic pathway

product

23

Metabolic ñoperating systemò

Design

The workflow towardssyntheticCO2-fixation
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Molecular parts

Proteins + Enzymes

Metabolic pathway

product

24

Cellular ñhardwareò

Natural / artificial cell

productMetabolic ñoperating systemò

Design

The workflow towardssyntheticCO2-fixation
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Molecular parts

Proteins + Enzymes

Metabolic pathway
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Cellular ñhardwareò

Natural / artificial cell

productMetabolic ñoperating systemò

Design

The workflow towardssyntheticCO2-fixation
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DesigningsyntheticCO2 fixationcycles

Design principles:

R Kineticsόα{ǇŜŜŘάύ

Schwander et al.(2016) Science



Design principles:

R

Thermodynamics
όαEnergeticefficiencyάύ

R

Kineticsόα{ǇŜŜŘάύ

DesigningsyntheticCO2 fixationcycles

Schwander et al.(2016) Science



Acetyl-CoA

NADP+

NADPH

NADP+

NADPH

ADP/P

CoA + ATP

H2O

H2O

FAD+

FADH

RealizingsyntheticCO2 fixation

Χōǳǘ where to find the
individual parts?

Schwander et al.(2016) Science



Acetyl-CoA

NADP+

NADPH

NADP+

NADPH

ADP/P

CoA + ATP

H2O

H2O

FAD+

FADH

Χōǳǘ where to find the
individual parts?

RealizingsyntheticCO2 fixation

1 g soilcontains 
up to 1,000,000,000 microbes
up to 100,000 different species

Bickel & Or (2020) Nature Communications
Schwander et al.(2016) Science
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15 different enzymes
6different organisms
1 engineeredenzymes

O2

½ H2O

Acetyl-CoA

NADP+

NADPH

NADP+

NADPH

ADP/P

CoA + ATP

H2O

H2O

NADP+

NADPH

NADP+

NADPH

ADP/P

CoA + ATP

H2O

Clostridium

E. coli

Human liver

Nitrosopumilus

Methylobacterium
Rhodobacter

RealizingsyntheticCO2 fixation
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Acetyl-CoA

Malate
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CO2

Schwander et al.(2016) Science

RealizingsyntheticCO2 fixationcycles
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CETCH version1.0

The first prototype works, 
but is very ineffecient!



Reachingfor the top: OptimizingsyntheticCO2 fixation!

CETCH version1.0



CETCH version1.0

CETCH version3.0

CETCH version2.0

Reachingfor the top: OptimizingsyntheticCO2 fixation!
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CO2
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CETCH version1.0

The first prototype works, 
but is very ineffecient!

Malate

OptimizingsyntheticCO2 fixation
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Enzym re-design

Metabolic
recycling

Metabolic
rerouting

OptimizingsyntheticCO2 fixation
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?

CETCH version5.4

Malate
Malate

CO2

How can we find a/the optimum 
in a systematic fashion?

OptimizingsyntheticCO2 fixation
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From manual sample handlingé

OptimizingsyntheticCO2 fixation



40Pandi, Diehl et al. (2022) Nature Communications

From manual sample handlingé

éto automation and miniaturization

Contact-free, error-free pipetting in seconds

OptimizingsyntheticCO2 fixation
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Pandi, Diehl et al. (2022) Nature Communications

Amir Pandi

Automation

in vitro prototyping 
10 µl, 384 well

Combinatorics

Enzymes
Co-factors

How can we find a/the optimum 
in a systematic fashion?

Analytics

OptimizingsyntheticCO2 fixation
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Amir Pandi
Active Learning

in vitro prototyping 
10 µl, 384 well

Combinatorial
solution space: 1025

Automation

Combinatorics

Enzymes
Co-factors

How can we find a/the optimum 
in a systematic fashion?

Analytics

OptimizingsyntheticCO2 fixation
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Amir Pandi
Active Learning

in vitro prototyping 
10 µl, 384 well

Combinatorial
solution space: 1025

Automation

Combinatorics

Enzymes
Co-factors

Analytics
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OptimizingsyntheticCO2 fixation
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1-2 rxn Organic synthesis: 
1-2 reactions in parallel

CO2

CETCH
17 rxn glyoxylate

in vitro:
17 reactions in parallel

Expandingartificialphotosynthesis: Towardscomplexmolecules

Sundaram, Diehl et al. (2021) Angew. Chemie

Diehl, Gerlinger et al. (2023) Nature Chemical Biology



Expandingartificialphotosynthesis: Towardscomplexmolecules
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1-2 rxn Organic synthesis: 
1-2 reactions in parallel

CO2

CETCH
17 rxn glyoxylate

in vitro:
17 reactions in parallel

in living cells:    
> 1,000 reactions  

in parallel

Sundaram, Diehl et al. (2021) Angew. Chemie

Diehl, Gerlinger et al. (2023) Nature Chemical Biology
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CO2

CETCH
17 rxn glyoxylate

Expandingartificialphotosynthesis: Towardscomplexmolecules

Sundaram, Diehl et al. (2021) Angew. Chemie

Diehl, Gerlinger et al. (2023) Nature Chemical Biology
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Module 1
CO2

CETCH
17 rxn

B

glyoxylate

Acetyl-CoA

Module 2 Terpenes
flavors

biofuels, pharma
fragrances

Sundaram, Diehl et al. (2021) Angew. Chemie

Expandingartificialphotosynthesis: Towardscomplexmolecules

Diehl, Gerlinger et al. (2023) Nature Chemical Biology



CO2

CETCH
17 rxn

29 rxn
DEBS CO2

13 rxn

BHAC
4 rxn

CO2

P-CoA

48

Direct production of 
6-deoxythreonolide B
from CO2 via 50+ reactions

Expandingartificialphotosynthesis: Towardscomplexmolecules

Sundaram, Diehl et al. (2021) Angew. Chemie

Diehl, Gerlinger et al. (2023) Nature Chemical Biology



Miller et al. (2020) Science

Natural Chloroplast
highly-organized, complex

light-driven molecular machine

Artificial Chloroplast
spatially & temporally controlled

light-driven activity
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Fromcomplexmoleculesto moelcularcomplexity



Productionof cell envelopes

Oil

Water
Water

Cell envelope Artificial Chloroplast

Oil

Loadingof envelopes

Building an artificial chloroplast

Miller et al. (2020) Science



Building an artificial chloroplast

Miller et al. (2020) Science
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Natural Chloroplast
Natural CO2 fixation with light

Artificial Chloroplast
Synthetic CO2 fixation with light
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Bio-electrical hybrid
CO2 Fixation with electricity

Fromartificial chloroplaststo bio-electrichybrid materials

Photovoltaics
electricity with light

Biology Material Sciences

Castañeda-Losada et al. (2021) Angew Chem

Luo et al.(2023) Joule



Luo et al.(2023) Joule 54

Fromartificial chloroplaststo bio-electrichybrid materials



Miller et al. (2020) Science

Natural Cell
ά.ƻƻǘƛƴƎέ ƴŜǿ ǎƻŦǘǿŀǊŜ όǎȅƴǘƘΦ /h2-fixation)

on existing hardware (natural cell)
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Transplantingartificialphotosynthesisin livingorganisms

product

CO2

biomass

CETCH

CO2

Sanchez-Pasquala et al., unpublished

Artificial Chloroplast
New hardware (artificial cell) for 

new software (synthetic CO2-fixation)


