
HAL Id: hal-04405950
https://hal.science/hal-04405950v2

Submitted on 15 Jan 2025

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Celullar Economics in Cell-Free
Olivier Borkowski

To cite this version:
Olivier Borkowski. Celullar Economics in Cell-Free. Master. Université paris-saclay, France. 2025.
�hal-04405950v2�

https://hal.science/hal-04405950v2
https://hal.archives-ouvertes.fr


Celullar Economics in Cell-Free

Olivier Borkowski, PhD
Permanent researcher in Synthetic Biology
Institut Micalis, INRAE - AgroParisTech - Univ. Paris-Saclay, France
SyBER team
Email: Olivier.Borkowski@inrae.fr



Micalis Institute

Micalis Institute

Paris Region

21 Research Teams

• 340 people
• 130 scientists and engineers
• 140 PhD students and post-docs
• 70 scientific and administrative personnel

Themes

• (1) Emergence, control, and adaptation of pathogenic 
microorganisms

• (2) Microbial food and intestinal ecosystems
• (3) Synthetic and systems biology



Understand and use the relationship between protein production and bacterial physiology



Bacterial physiology is a branch of biology that aims to understand overarching principles of cellular 

reproduction:

What are the fundamental principles underlying the regulation and coordination of biosynthesis in a given 

growth environment? 

-> Bacterial growth law

Bacterial Physiology



Bacterial physiology is a branch of biology that aims to understand overarching principles of cellular 
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What are the fundamental principles underlying the regulation and coordination of biosynthesis in a given 

growth environment? 

-> Bacterial growth law

Bacterial Physiology

Some major principles studied in bacterial physiology:

- Link between bacterial growth and nutrient concentrations in culture media (Monod, 1942)

- Link between the macromolecular composition and the cell doubling time (Schaechter et al., 1958)

- Linear relationships between RNA/DNA, RNA/protein, protein/DNA and growth rate (Bremer & Dennis, 1974)

- Increasing allocation of cellular resources to ribosome synthesis with increasing growth rate (Hwa & Scott, 2010)  

->  New technology allows novel experiments 



Bacterial Physiology



Bacterial Physiology

Intertwined Effects

->  New technology to decouple the many effects observed in living cells



Cell-free reaction:

Protein expression in an open system

A direct manipulation of the environment of protein production because it is an open system:

Carlson et al. Biotechnology advances (2012)



Cell-free reaction:

Protein expression in an open system

A direct manipulation of the environment of protein production because it is an open system:

- An alternative technology to study central process observed in living cells (replication, transcription, translation,
degradation, metabolism)

- A versatile technology for bioengineering (Use in Synthetic Biology)

        
      

      

         

Decoupled Effects



in vivo cell-free

Experimental setup Experimental setup
Disentangle

Genomic regulations

Limited ability to modify intracellular conditions

Complex regulatory cascade and networks, making it difficult
to understand the effect of a specific condition

Requires the organism of interest to be culturable

Enables decoupling of effects

Open system with tunable conditions

            

Requires only the genome of interest, offering a method to 
study non-culturable organisms

        
      

      

         

Intertwined 
Genomic regulations
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Cell-free reaction:

Protein expression in an open system

A direct manipulation of the environment of protein production because it is an open system:

- An alternative technology to study central process observed in living cells (replication, transcription, translation,
degradation, metabolism)

- A versatile technology for bioengineering (Use in Synthetic Biology)

Nadanai, L. Frontiers in Bioengineering and Biotechnology (2020)



1. Description of Cell-Free Systems
History: First use of cell-free

What is the composition of a cell-free reaction?

Advantages of producing protein outside of the cell

Measurements in 384-well plate

Current existing protocol to produce bacterial cell extract

Alternative cell-free approach, the pure system

2. Understand living organisms: functions preserved in cell-free systems

3. Building artificial cells: reconstruct functions defective in cell-free 
systems



First major use of cell-free: genetic code

Cell-free was first used in the 1960’s by Nirenberg and Matthaei to understand the genetic code

American & German biochemist

Johannes Heinrich 
Matthaei

Marshall Warren 
Nirenberg



They made a synthetic RNA only with the base uracil (poly U – codon UUU) and tested it 

in 20 tubes, each one with a different radioactive amino acid.

Nobel prize for the interpretation of the genetic code and its function in protein 
synthesis



Melinek B, et al. BioProcess International (2020)

What is the composition of a cell-free reaction? 

Seok Hoon Hong et al. Frontiers in Chemistry 2014



Melinek B, et al. BioProcess International (2020)
Seok Hoon Hong et al. Frontiers in Chemistry 2014

What is the composition of a cell-free reaction? 



Melinek B, et al. BioProcess International (2020)

Cell-extract preparation 

Sonication

French press

Physical disruption

Lysozyme

Autolysis

Chemical disruption



Protocol for home-made cell-extract preparation 

(Wagner L et al, CSBJ 2023)



Melinek B, et al. BioProcess International (2020)

Buffer composition

Amino Acid Translation
tRNA Translation
Mg-glutamate Ribosome maintenance
K-glutamate Ribosome stability
Folinic Acid A precursor for formylmethionine (fMet)
Spermidine Ribosome activity /RNA stability
Coenzyme A Regenerate ATP via glycolysis
NAD Regenerate ATP via glycolysis
3-PGA Regenerate ATP
AMPc regulating glycolysis
Nucleoside triphosphate (NTP) Transcription

PH BufferHEPES
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Buffer composition

Amino Acid Translation
tRNA Translation
Mg-glutamate Ribosome maintenance
K-glutamate Ribosome stability
Folinic Acid A precursor for formylmethionine (fMet)
Spermidine Ribosome activity /RNA stability
Coenzyme A Regenerate ATP via glycolysis
NAD Regenerate ATP via glycolysis
3-PGA Regenerate ATP
AMPc regulating glycolysis
Nucleoside triphosphate (NTP)

HEPES

Transcription

PH Buffer



Melinek B, et al. BioProcess International (2020)

Measurements in 384-well plate

1 to 20 µl reactions 
(in 384-well)



Melinek B, et al. BioProcess International (2020)

Measurements in 1536-well plate

1 µl reactions 
(in 1536-well)

Ekas H, et al. ACS synthetic biology (2024)



Melinek B, et al. BioProcess International (2020)

Translation

Measurements profils

Transcription



Melinek B, et al. BioProcess International (2020)

Current existing protocol to produce bacterial cell extract



Melinek B, et al. BioProcess International (2020)

Current existing protocol to produce bacterial cell extract

Eukaroytic cell-free systems are also possible (yeast, plant, mammalian)



Melinek B, et al. BioProcess International (2020)

Alternative cell-free approach, the pure system

36 PURE protein components produced using the OnePot method

+ tetra-(His)6-tagged 70S ribosomes purified using affinity chromatography

Lavickova, Barbora, et al. ACS synthetic biology (2019)



Advantages of producing protein outside of the cell

• Fast reaction to produce protein
• No need for transformation
• No GMO
• No interaction with a living host
(No mutation, No burden)
• Decoupling effect 
(e.g. Metabolic burden vs production burden)
• Low volume of reaction 
• Higher level of control: Amount of DNA, 
Composition of the reaction.
• Work with Linear DNA

Carlson, Erik D., et al. Biotechnology advances 2012



1. Description of Cell-Free Systems: An open system to study biology

2. Understand living organisms: functions preserved in cell-free systems

3. Building artificial cells: reconstruct functions defective in cell-free 
systems



1. Description of Cell-Free Systems: An open system to study biology

2. Understand living organisms: functions preserved in cell-free systems

3. Building artificial cells: reconstruct functions defective in cell-free 
systems

The central dogma: from DNA to protein
DNA replication
Transcription and transcriptional regulation
Translation and translational regulation

Metabolism and energy production

Burden and resources competition



DNA replication: from the lysate  

Inuzuka M & Helinski D, Biochemistry 1978

Cell-free used to understand plasmid replication (measurment using 32P radioactive isotope)



DNA replication: from the lysate  

Inuzuka M & Helinski D, Biochemistry 1978

Cell-free used to understand plasmid replication (measurment using 32P radioactive isotope)

“DNA synthesis is dependent on the four deoxyribo- and ribonucleotide triphosphates and is sensitive to rifampin and 
streptolydigin, inhibitors of DNA-dependent RNA polymerase. “



DNA replication

Inuzuka M & Helinski D, Biochemistry 1978

Cell-free used to understand plasmid replication (measurment using 32P radioactive isotope)

“DNA synthesis is dependent on the four deoxyribo- and ribonucleotide triphosphates and is sensitive to rifampin and 
streptolydigin, inhibitors of DNA-dependent RNA polymerase. “



DNA replication system reconstructed by expressing 1 gene of the  bacteriophage phi 29 DNA replication . 

Libicher, K, nat comm (2020)

Xiao Zheng., et al. Bioarxiv 2024

DNA replication to amplify DNA 



Transcription and transcriptional regulation

The core RNA polymerase remains present and active in cell-free

Siegal-Gaskins, D. ACS synthetic biology (2014)
Wagner L et al. (in progress)



Bervoets, I FEMS microbiology reviews (2019)

Transcription and transcriptional regulation



Shin J, Acs synthetic biology 2012

Transcription and transcriptional regulation

Passive transcription regulation by competition between sigma factors



Translation and translation regulation

T. Martin Schmeing & V. Ramakrishnan Nature 2009

Overview of bacterial translation:



Garenne D et al. Rapid Commun Mass Spectrom. 2019

Translation and translation regulation

All ribosomal proteins + TL factorswere identified by LC/MS in cell-free lysate 



Contreras-Llano L et al. Nat Comm (2020)

Translation and translation regulation

Add purified proteins of the translation machinery



Contreras-Llano L et al. Nat Comm (2020)

Translation and translation regulation

Increase protein production with purified translation machinery



Contreras-Llano L et al. Nat Comm (2020)

Translation and translation regulation

Increase protein production with purified translation machinery

Proteome reprogramming: Mimic some bacterial law in living cell



Weiße et al. PNAS (2015)

Translation and translation regulation

Increase protein production with purified translation machinery

Proteome reprogramming: Mimic some bacterial law in living cell



1. Description of Cell-Free Systems: An open system to study biology

2. Understand living organisms: functions preserved in cell-free systems

3. Building artificial cells: reconstruct functions defective in cell-free 
systems

The central dogma: from DNA to protein
DNA replication
Transcription and transcriptional regulation
Translation and translational regulation

Metabolism and energy production

Burden and resources competition



Aslan S et al. Biochemical journal 2017

Overview of bacterial central metabolism:

Metabolism: ATP regeneration system 

500–800 proteins were identified by LC/MS in cell-free lysate 

Garenne D et al. Rapid Commun Mass Spectrom. 2019



Aslan S et al. Biochemical journal 2017

ATP regeneration: 3-PGA 

Metabolism: ATP regeneration system 



Metabolism: ATP regeneration system 

Bujara M et al. Nat chem bio. 2011

Pathway optimization for glycerone-3p production 

HK

v

v

v



Metabolism: Optimization of in vitro glycolysis

Pathway optimization for glycerone-3p production 

4 enzymes: test 16 combinations of purified 
enzyme additions (4*4 concentrations) 

Genetic implementation 
as an operon in vitro

DHaP (red), G6P (purple) 
and FBP (blue)

HKPFK FBA LDH

In cell-free the system properties can be monitored directly for real-time analysis

Bujara M et al. Nat chem bio. 2011
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Borkowski O et al. Current Opinion in Microbiology, 2016

Exploring Resource Competition



Ceroni F et al. Nature methods, 2015

Exploring Resource Competition



Borkowski, O, et al. Nature communications, 2018

Exploring Resource Competition in cell-free



Exploring Resource Competition in cell-free



Exploring Resource Competition in cell-free: Metabolic burden



Exploring Resource Competition in cell-free: Metabolic burden



Exploring Resource Competition in cell-free: Metabolic burden

*

**



Exploring Resource Competition in cell-free: Metabolic burden



Exploring Resource Competition in cell-free: Metabolic burden

Decouple production and metabolic burden
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Wagner, L, et al. Computational and Structural Biotechnology Journal, 2023

What remains from living cells in bacterial lysate-based cell-free systems



3. Building artificial cells: reconstruct functions defective in cell-free 
systems

Spatial organization

Homeostasis & Adaptation to changing conditions

Cell Division



Boyo et al. Science advance 2023

Liposome (phospholipid bilayers ) encapsulation

Cell-free reaction + mineral oil with dissolved phospholipids

vortex

extract–oil emulsion

Wait a few minutes

Microdroplets stabilized by a monolayer of phospholipid 

Transfer in feeding solution
(Amino acid + ribonucleotides)
+ centrifugation

Vesicule



3. Building artificial cells: reconstruct functions defective in cell-free 
systems

Spatial organization

Homeostasis & Adaptation to changing conditions

Cell Division



Chauhan et al. ACS synthetic biology 2022

Spatial organization



Chauhan et al. ACS synthetic biology 2022

Spatial organization

Ficoll-70



Chauhan et al. ACS synthetic biology 2022

Spatial organization



Deshpande, S et al. Nature communications (2019)

Spatial organization: compartement



Deshpande, S et al. Nature communications (2019)

Spatial organization: compartement



3. Building artificial cells: reconstruct functions defective in cell-free 
systems

Spatial organization

Homeostasis & Adaptation to changing conditions

Cell Division



Homeostasie & Adaptation to changing conditions

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) is a commonly used buffer in CFS with a pKa of 7.5 and useful pH 
range of 6.8–8.2

Silverman A et al. Nature review genetics 2019

Exchange with the environment



Homeostasie & Adaptation to changing conditions

Silverman A et al. Nature review genetics 2019

haemolysin protein pores BSA protein 

labeled with rhodamine

Ribonucleotide UTP 

labeled with fluorescein

Ribonucleotides and amino acids can diffuse in and 

out while the proteins are kept inside the vesicle

10 min

120 min

70 min

The extract with the plasmid (Pasmid pIVEX2.3d a 

hemolysin ) and the fluorescent probes (BSA-rhodamine and

fluorescein-UTP) are encapsulated in the vesicles



3. Building artificial cells: reconstruct functions defective in cell-free 
systems

Spatial organization

Homeostasis & Adaptation to changing conditions

Cell Division



De novo synthesis phospholipids

Cell Division

Blanken D et al. Nat Comm 2020



Kohyama S et al. Nat Comm 2022

Reconstitution of proto-ring

Cell Division



3. Alternative artificial cells: Cells on chip



Artificial cells on a chip: microfluidic approach

Karzbrun E et al. Science 2014 Ricouvier J et al. Nat Comm 2024



Ricouvier J et al. Nat Comm 2024

Communication between artificial cells



Cell-free Biofoundry at INRAE jouy-en-josas

Part of the Bioconvergence Paris Biofoundry :
INRAE/Paris-Saclay Université + Sorbonne Université + Institut Curie + Genopole Evry



For further reading, a complete review published in December 2024

Cell-Free Gene Expression: Methods and Applications (ACS chemical reviews)
Andrew C. HuntBlake J. RasorKosuke SekiHolly M. EkasKatherine F. WarfelAshty S. Karim Michael C. 
Jewett*

Email: olivier.borkowski@inrae.fr


