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Microbes are efficient CO,-filters

CQ fixation at 16°m

ProchlorococcusSynechococcus
~50 Gt CQ/ year

CQ fixation at 10'm
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10 billiontonsC
capturedin a
sustainable
fashion
throughagriculture
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Wewould needtwo to three planets
to coverour food andenergyneedsthrough
natural photosynthesisintil the year2050



Thelimits of natural CQ-fixation
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Thelimits of natural CQ-fixation

Naturalphotosynthesigs limited
In the capture & conversionof CQ,

5 CQ moleculeser second-- slow!

Erb & Zarzycki (2016) Curr Op Chem Biol
Bar-On, Phillips & Milo (2018, 2019) PNAS 12
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Thelimits of natural CQ-fixation

Naturalphotosynthesigs limited
In the capture & conversionof CQ,

5 CQ moleculeser second-- slow!
20%error with O, insteadCQ -- sloppy/

Erb & Zarzycki (2016) Curr Op Chem Biol
Bar-On, Phillips & Milo (2018, 2019) PNAS 13
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Thelimits of natural CQ-fixation

Naturalphotosynthesigs limited
In the capture & conversionof CQ,

5 CQ moleculeser second-- slow!
20%error with O, insteadCQ -- sloppy/
50%of protein in leaf is RubisCG- limited!

Erb & Zarzycki (2016) Curr Op Chem Biol
Bar-On, Phillips & Milo (2018, 2019) PNAS 14
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Thelimits of natural CQ-fixation

co,

Naturalphotosynthesigs limited
In the capture & conversionof CQ,

synthetic

CQ

fixation
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Products

Erb & Zarzycki (2016) Curr Op Chem Biol
Bar-On, Phillips & Milo (2018, 2019) PNAS 16
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Thesolutionspaceof CQ fixation
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------------------------------------------------------------------------------------------------

J

-
-
-
-
-
-
-
-

-
i
-

1
\
1
1
1
A
A
)
A

- A
RubisCO )~--:..___\_
~ v

A"

_ Direct CO,
reductases
Ferredoxin
family

________________________________________________________________________________________________

Hanson et al.(2019) Nature Plants

Nature has inventedqonly)
seven CQfixation pathways
during evolution.

Synthetic biologyopens

the possibility to explore the
spaceNature has not
explored (yet).

Going beyond classical
GYSGlro2t A0 Sy3
iInventingradically new
solutions
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Gettinginspiredby Nature

human solution
airplane

biological example
bird
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biological example
bird

biological example
natural CQfixation

Gettinginspiredby Nature

human solution
airplane

human solution
synthetic CQfixation
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Erb et al.(2019) Curr Op Biol Chem

Theworkflow towardssyntheticCQO-fixation
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Erb et al.(2019) Curr Op Biol Chem

Theworkflow towardssyntheticCQ-fixation

Molecular parts

Proteins + Enzymes

22


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

Theworkflow towardssyntheticCQO-fixation

-y
Molecular parts
/\ "N

Proteins + Enzymes

.\-—.

product

Met aboli c ANnoper

Metabolic pathway
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Natural / artificial cell
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RealizingyntheticCQ fixation

o C 02: NADPH

X 0 dmtiereto find the

H,O /\)L wDP,
o y v B = $-CoA o
“““ /\)t L] [ ] [ ]
[ Individual parts?
OH v coo- .
ADP/P W .
CoA ATPD’ «o0
coo-
HyC S-CoA
OH 4 CoOo- |
NADP'->,-' s
NADPH% 3
0‘ 4 -OOC/\HLS-CDA
NADP*%: CH, !
NADPH”: P _EAD?
§-CoA C0O0- > FADH:
\(\/ io
o v
S -00Cc” S-CoA
“  coo- s CHy
S-CoA . F-
CH, )
0*.‘ OH o

o V..
S-CoA 4" &
ADP/P. . _cH :
HCO;- 73 v
ATP |o
-OOCJ
A
AcetyFCoA

Schwander et al.(2016) Science
Bickel & Or (2020) Nature Communications

1 g sollcontains
up to 1,000,000,000 microbes
up to 100,000 differentspecies



RealizingyntheticCQ fixation
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RealizingyntheticCQ fixation cycles
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Reachindor the top: OptimizingsyntheticCQ fixation!




OptimizingsyntheticCQ fixation
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OptimizingsyntheticCQ fixation
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OptimizingsyntheticCQ fixation
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OptimizingsyntheticCQ fixation

From manual sample handlingé

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

From manual sample handlingé

il

é to automation and miniaturization
Contact-free, error-free pipetting in seconds

Pandi, Diehl et al. (2022) Nature Communications

fime foi ; ° fimefor °
Fluid Depth Fluid Depth
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OptimizingsyntheticCQ fixation
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OptimizingsyntheticCQ fixation
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OptimizingsyntheticCQ fixation
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Expandinartificial photosynthesis Towardscomplexmolecules

CO
glyoxylate
In Vvitro:
00 / 17 reactions in parallel

Organic synthesis:
1-2 reactions imparallel




Expandinartificial photosynthesis Towardscomplexmolecules
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Expandinartificial photosynthesis Towardscomplexmolecules

CO

glyoxylate

Diehl, Gerlinger et al. (2023) Nature Chemical Biology
Sundaram, Diehl et al. (2021) Angew. Chemie
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Expandingrtificial photosynthesis Towardscomplexmolecules

CO

glyoxylate
B
Module 2 Terpenes
/ flavors
fragrances
Diehl, Gerlinger et al. (2023) Nature Chemical Biology Acetyl'COA—> bl UE'S, pharzpi

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



Expandingrtificial photosynthesis Towardscomplexmolecules
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Fromcomplexmoleculesto moelcularcomplexity

Natural Chloroplast Artificial Chloroplast
highly-organized, complex spatially & temporally controlled
light-driven molecular machine light-driven activity

Miller et al. (2020) Science
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Building arartificial chloroplast

Productionof cell envelopes Loadingof envelopes
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Building arartificial chloroplast
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Fromartificial chloroplastgo bio-electrichybrid materials

Natural Chloroplast Artificial Chloroplast Bio-electrical hybrid Photovoltaics
Natural CQfixation with light Synthetic C&fixation with light CQ Fixation with electricity electricity with light
Biolo : -

9y Material Sciences

Luo et al.(2023) Joule
Miller et al.(2020) Science Castafieda-Losada et al. (2021) Angew Chem 53



Fromartificial chloroplastgo bio-electrichybrid materials
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Artificial Chloroplast Natural Cell
New hardware (artificial cell) for G. 220Ay 3¢ ySg G&Aoanpl NB ¢
new software (synthetic CQixation) on existing hardware (natural cell)

Miller et al. (2020) Science Sanchez-Pasquala et al., unpublished 55



