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21 Research Teams

340 people

130 scientists and engineers

140 PhD students and post-docs

70 scientific and administrative personnel

Micalis Institute

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
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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
reproduction:

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

-> Bacterial growth law

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

Experimental setup

Genomic regulations
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Bacterial Physiology

Experimental setup Genomic regulations
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-> 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:
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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)

ﬁ_ : o 7 Measure Mechanistic
O » =9 A :

o o
G = * Transcription Translation § / /:
@ - /'&7 \g_\ =y A Time

P %

I//\‘ e®  Z Q
< \\/’/ . i
.\ r')\/;\\/. ik Time
Metabolism § >Z<
2|7

Time

Perturb

Model

:

o,
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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. Current Applications of Cell-Free Systems in Academia and Industry



Cell-free reaction:

First major use of cell-free

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

THE DEPENDENCE OF CELL- FREE PROTEIN SYNTHESIS IN E. COLI
UPON NATURALLY OCCURRING OR SYNTHETIC
POLYRIBONUCLEOTIDES

By MagrsHALL W. NIRENBERG AND J. HEINRICH MATTHAET*

NATIONAL INSTITUTES OF HEALTH, BETHESDA, MARYLAND

Communicated by Joseph E. Smadel, August 3, 1961

A stable cell-free system has been obtained from E. colt which incorporates
C'-valine into protein at a rapid rate. It was shown that this apparent protein
synthesis was energy-dependent, was stimulated by a mixture of L-amino acids,
and was markedly inhibited by RNAase, puromycin, and chloramphenicol.! The
present communication describes a novel characteristic of the system, that is, a
requirement for template RNA, needed for amino acid incorporation even in the



Cell-free reaction:

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

thesis
phdde)1: M) A triplet codon based on three-base codons specifies amino acids.
METHOD [ e (RESULTS.
extract containing
all the components Add an artificial mMRNA The polypeptide
needed to make containing only one produced contains
(,,,;) proteins except mRNA. repeating base. a single amino acid.
\\
\
\\ +
\
\
\
\
\

SN~

Codon Codon Codon
\ *® AJAJAJAJALANAIAIA G
\ 5

golclolcleroicicicgls
‘\J
ge/ [eii}[elJl UUU is an mRNA codon for phenylalanine.
AAA is an mRNA codon for lysine.

CCC is an mRNA codon for proline.

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.



Cell-free reaction:

History

1950 2011 201‘6
Borsook and Winnick Meier Collins . |
Amino acid incorporation 1988 2001 ATP synthase expression Portable cell free bio-manufacturing
Spirin Swartz
Increased CFPS duration PANOX (phosphoenolpyruvate) 2019
Luo
Cell free DASH platform
1961 2004 2014 2020
Nirenberg and Matthaei Jewett and Swartz Collins Varner
Genetic code Cytomim (pyruvate) Paper-based biosensors Integrated CFPS kinetic modeling
2010
1950 1970 1990 2020
1956 2001 2018
Zamecnik Shimizu \arner
ATP's role in protein production Reconstituted PURE system Integrated CFPS constraint-based
2005 modeling
1967 Calhoun and Swartz
PANOX (glucose) 2012 2016

Lederman and Zubay
Coupled TXTL extract 2008
Jewett and Swartz
Cytomim oxidative phosphorylation

2010 2011
Noireaux Zhang

sigma-factor genetic system  GCPR expression Vllkhovoy, MiChael, Processes (2020)

Delisa Noireaux
Glycosylation in £, coli cell Al E. coll myTXTL
free extract



Cell-free reaction:

What is the composition of a cell-free reaction?

DNA Plasmid

Cell Extract Concentrated

Reaction Mixture
amino acids,
nucleotides, energy
sources, crowding
reagents

ribosomes, tRNAs,
polymerases,
elongation and
initiation factors

Melinek B, et al. BioProcess International (2020)



Cell-free reaction:

What is the composition of a cell-free reaction?

CFPS Reaction

Metabolism
. .00
ATP « ADP

Transcription

DNA » mRNA

Translation

VAVAVAVAVAVY J\A/\Q

mRNA = protein

Cell Extract Concentrated DNA Plasmid ".: Protein Folding

ribosomes, tRNAs,| | Reaction M.lé(ture i peptide
polymerases, anmino deies, | 4 [
nucleotides, energy : protein

elongation and di E
initiation factors | [SOUrces, crowding
reagents \ /

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



Cell-free reaction:

Cell-extract preparation

CFPS Reaction

Metabolism

o O

ATP « ADP

Transcription

DNA » mRNA

Translation

ey

mRNA = protein

Physical disruption

Sonication

Cell Extract Concentrated
ribosomes, tRNAs,| | Reaction M}é(ture
polymerases, anmino deies,

nucleotides, energy
sources, crowding
reagents

elongation and
initiation factors

DNA Plasmid ) %

Protein Folding

protein

N

Melinek B, et al. BioProcess International (2020)
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Cell-free reaction:

Protocol for home-made cell-extract preparation

CFPS Reaction

Metabolism
. .00
ATP « ADP

Transcription

M‘ )
DNA » mRNA

Translation

/\/\/\fJ\/\/‘\J\/\Q

mRNA = protein

Concentrated
Reaction Mixture
amino acids,
nucleotides, energy
sources, crowding

DNA Plasmid ) %

ribosomes, tRNAs,
polymerases,

elongation and
initiation factors

\

Protein Folding
”“;{*:3 pepltide
protein

C

Cell culture

|

Wash

|

Sonication

'

Wash

'

Centrifugation

|

Incubation

|

Centrifugation

|

Lysate



Cell-free reaction:

ribosomes, tRNAs,
polymerases,
elongation and
initiation factors

Buffer composition
Amino Acid Translation
' l“‘ji’*;‘)’"ST . tRNA Translation
B Mg-glutamate Ribosome maintenance
 Transcription K-glutamate Ribosome stability
. Folinic Acid A precursor for formylmethionine (fMet)
% Spermidine Ribosome activity /RNA stability
| e a Coenzyme A Regenerate ATP via glycolysis
1 B/ AR D NAD Regenerate ATP via glycolysis
R%E?E{ri ?&?ffre B8 Plasmid fjj;jg" F:e'%'t,r;ge 3-PGA Regenerate ATP
fuchaide oty {2 proten AMPc regulating glycolysis

reagents K /

Melinek B, et al. BioProcess International (2020)

Nucleoside triphosphate (NTP) Transcription



Cell-free reaction:

Measurements in 384-well plate

CFPS Reaction

Metabolism
. .00
ATP « ADP
Transcription
M \\’\/\/\f
DNA » mRNA

Translation

/\/\NN‘/\N\Q

mRNA = protein

Cell Extract Concentrated
ribosomes, tRNAs,| | Reaction M.lc)i(ture
ek gy amino acids,

elongation and nucleotides, energy

initiation factors | [Sources. crowding
reagents

DNA Plasmid ) %

Protein Folding

) pepltide
2 protein

:'\ )

Melinek B, et al. BioProcess International (2020)

1 to 20 ul reactions
(in 384-well)




Cell-free reaction:

Measurements in 384-well plate

CFPS Reaction

Metabolism )

AT G SO
ATP « ADP
Transcription

M‘ \‘w\,w'
DNA » mRNA

Translation

/\/\/\fJ\/\/‘\J\/\Q

mRNA = protein

Concentrated
Reaction Mixture
amino acids,
nucleotides, energy
sources, crowding
reagents

Cell Extract
ribosomes, tRNAs,
polymerases,
elongation and
initiation factors

DNA Plasmid ) %

Protein Folding

”““‘;hj {: : pepltide
protein

4

Melinek B, et al. BioProcess International (2020)
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Current existing protocol to produce bacterial cell extract

Cell-free reaction:

CFPS Reaction

Metabolism
D O
ATP « ADP
Transcription
e
DNA = mRNA
Translation
‘. oy mRNA = protein
Cell Extract Concentrated DNA Plasmid ) % Protein Folding
ribosomes, tRNAs,| | Reaction M.'é‘t“re B peptide
polymerases, SO gciis, i 5 L
elongation and | [nucleotides, energy g protein
initiation factors | [Sources. crowding
reagents \ /

Melinek B, et al. BioProcess International (2020)

Table 1. Current existing protocols to produce cell-free lysates from bacteria cells

Organism Bacteria Phylum
E. coli Proteobacteria
B. subiltis Firmicutes

L. lactis Firmicutes

B. megaterium Firmicutes

C. autoethanogenum Firmicutes

V. natriegens Proteobacteria
P. putida Proteobacteria
E. fergusoni Proteobacteria
3. enterica Proteobacteria
K. oxytoca Proteobacteria
C. glutamicum Actinobacteria
S. venezuelae Actinobacteria




Types of cell-free extract

Cell-free reaction:

CFPS Reaction

Metabolism
... 000 C) /'. o0
ATP < ADP

Transcription

prnr B

DNA = mRNA
Translation' .

mRNA = protein

DNA Plasmid ) %

Cell Extract Concentrated Protein Folding
ribosomes, tRNAs,| | Reaction M.lc)j(ture peptide
polymerases, arinoe daeidas, L
elongation and nucleotides, energy | protein
initiation factors | [Sources. crowding
reagents \ J

Melinek B, et al. BioProcess International (2020)

Archae / Protozoa
E.coli

Wheat Germ

Yeast

Rabbit Reticulocyte
Tobacco

Insect

CHO /Human |

Soluble proteins Membrane proteins Glycoproteins
— ]
L v |

v

v | Vi beten el mhecovomen)
- ]
V| v % |
v B4 v

V | v v

Anne Zemella et al. ChemBioChem 2015



Cell-free reaction:

Alternative cell-free approach, the pure system

Concentrated
Reaction Mixture
amino acids,
nucleotides, energy
sources, crowding
reagents

‘ CFPS Reaction

Transcription
M‘ \‘
DNA » mRNA

Translation

/\/\/\fJ\/\/‘\J\/\Q

mRNA = protein

N Y,

Melinek B, et al. BioProcess International (2020)

36 PURE protein components produced using the OnePot method
+ tetra-(His)6-tagged 70S ribosomes purified using affinity chromatography

Ni-NTA

Single C

Mixed-Culture
Amicon

filter Proteins

—

1X culture |

(EF-Tu) §

_ ~2 mL of protein“s (12.25mg/mL)
I ~ 15 mL of OnePot PURE

7

35x culture

Purification & buffer exchange

Day 3

Inoculation Cell growth & harvesting

Day 1 Day 2

-

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



Cell-free reaction:

Advantages of producing protein outside of the cell

* Fast reaction to produce protein

* No need for transformation

* NoGMO

* 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

In vivo
Protein Expression
Transform cells wnh
mid of intert

R combinant prote
p roduction
CeII Lysis

lCemrifuge

°
<
-
]

Protein
purification

CFPS

Extract Preparation

AN,

Cell Lysis

Protein Expression

Protein
purification

i

-Energy substrates

-Amino acids

-Nucleotides
-Template C/
-Cofactors

-Salts

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



Current Applications of Cell-Free
Systems in Academia and Industry



Fundamental science: cell-free to understand living cells

Applied Science: Bridging Theory to Practice

Industrial Applications: Transforming Knowledge into Innovation



Cell-free reaction:

Current uses of cell-free system

Fundamental science: cell-free to understand living cells

- Central functions
DNA replication
Transcription and translation process
Metabolism and energy production

- Resource competition in vitro
Production burden
Decouple production and metabolic burden

- Construction hybrid systems
Multi-species systems
Nonstandard (unnatural) amino acids
Eukaryote properties (Glycolysation)

- Constructing artificial cells



Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Central functions
DNA replication

DNA replication system reconstructed by expressing 13 central genes encoding initiator (dnaA), DNA helicase (dnaB), helicase
loader (dnaC), RNA primase (dnaG) and DNA polymerase Ill.

Initiated

DnaN x2 DnaN x2
I 4 I Loaded
DnaQ BREIS 20 8 SPREIT DnaQ
HolE L ¥ HolE Omitting dnaC (one of the 13 genes)
)‘(‘DnaX rcivaieg 1S the most important effect.
Established

Fujiwara, Kei, Nucleic acids research (2013)



Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Central functions
DNA replication

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

Rolling Circle Amplification (RCA)

Random primers

DRONG®.

Unidirectional primer (user supplied)

-0

Use for replication of large DNA genomes
Libicher, K, nat comms (2020)




Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Central functions
Transcription process: T7 polymerase
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Gene circuit performance characterization
Siegal-Gaskins, D. ACS synthetic biology (2014)



Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Central functions
Transcription process: modified promoter to recruits more T7 polymerase

Control environnement: Fixed purified T7 RNA polymerase concentration, Fixed plasmid concentration, Fixed lysate and buffer
concentration (ribosome, NTPs, Amino Acides etc..)

One changing elements = promoter sequence Specific effects measured = Protein production, RNA production
and DNA template degradation
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Deich, Christopher, et al. Journal of Biological Engineering (2023)



Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Central functions
Transcription

RNA polymerase elongating
y 2 RNAP
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7
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Bervoets, | FEMS microbiology reviews (2019)



Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Central functions
Transcription

o-factor
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Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Central functions
Translation: Optimizing translation process

Component Concentration
Mg-glutamate (mM)

K-glutamate (mM)

Amino Acid (mM) [Cnmbinatnrial space = 41 = 4194 304 cnmpositinns]

tRNA (mg/ml) @
CoA (mM) . . .
e Can we improve protein production for a
NAD (mM) specific lysate without increasing the price
of cell-free reaction?
cAMP (mM)

Folinic Acid (mM) * Can we provide efficient predictions of

: o
Spermidine (mM) protein production-

3-PGA (mM) e Can we highlight the critical parameters

involved in protein production?

NTP (mM)




Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Central functions
Translation: Optimizing translation process

Cell-free compon
dispensed in 384we|| pIt

Intial training set

._.._‘
102 Compositions r_ INSTRUCTIONS =3

Liquid Handling Robot Screening

,,1H@nmr

25nLo 25nL
———————————————
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©
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Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Central functions
Translation: Optimizing translation process
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Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Central functions
Translation: Optimizing translation process

|$
o)
a
—

AN

Mg-glutamate |*/
K-glutamate 11/ [
Amino Acid | ‘
tRNA |l|

ir |
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NAD
cAMP |
Folinic Acid II‘II III .I
Spermidine |

W, il
3-PGA ) b ”"Wﬂ“'"" i ‘ lfn |||1|M |||’ mmnuﬂl”ul i

NTP I ? IIIII_

1017 Cell-free compositions

|:> Components that improve yield at high concentration: Mg-glutamate, K-glutamate, Amino Acidss and NTPs

Components that improve yield at low concentration: Spermidine, 3-PGA



Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Central functions
Translation: Optimizing translation process

Novobiocin (impacton Tx) Spectinomycin (impact on L)
35 - >
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Transcription vs translation:
Our data suggests that we mainly improved translation via composition optimization




Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Central functions
Translation

SYSTEM GENERATION

PROTEIN SYNTHESIS

: engineering translation machinery

PURE system Extract-based system

Recombinam £. coll expressing
transiation system components

Y O -
| O :‘ ) P ."
D N . 48 -

SeDE 529 ) Ve
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translation system
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Hammerling J NAR 2019



Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Central functions
Metabolism and energy production

D-glucose

ATP
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Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Central functions
Metabolism and energy production

Study of composition in metabolites in different cell-free process

amino acid

fatty acid-related

polyamine

lysine
tryptophan
valine

leucine
B-alanine
alanine
isoleucine
5-oxo—proline

N-acetyl-glutamic acid

ethanolamine
O-phosphoethanolamine
oleic acid

glycerol-1/3—-phosphate

N-acetyl-putrescine
putrescine
spermidine
N-acetyl-spermidine

I cadaverine

- spermine

R DR+D R D R+D
post-lysis processing

nucleobase organic acid

B e

other

citric acid

I 2—hydroxyglutaric acid

I nicotinic acid

I 3—phophoglyceric acid

I 3 o
| malic acid

lactic acid
HHE-carbamic acid

I succinic acid

log, fold change

abundance

2-deoxyguanosine (vs. no processing)
2'-deoxyinosine £2
xanthine L
thymine 0

- hypoxanthine -1

- uracil =2

- guanine

sorbitol-6—-phosphate

I N—-acetyl-tromethamine

I dithiothreitol (ox)

metabolite C

metabolite D

R DR+D R D R+D
post-lysis processing

-> improve cell-free efficiency, supplemented with proteins
to observe the impact on each part of of the metabolism



Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Resource competition in vitro
Production burden

. Increasing resources competition
L

a .*: RBSO!.II'CES ORI :—L-‘E}L: (Cellular Burden
o © a GO A ‘*:RNAP ;'_. e NTP "f.;'-"'““,,:':‘1h @PEEEM GOl mKate x1ﬁ3 |
:..u' e p =" ’ J'

O : 22 NTP ", .
@ Fag i 2 X RIDOSOmes™ goss'el _ e
Protein | L AL RiRNe T, AA o ¢
_ . ,,,‘_‘1- Rore o = D
g -Iu ’H-_'g_ GrOWth -h;:-::-.u 2l ‘L . g 3
i .f: > “"i‘.zu“uq -~ BUI'den a | ‘%\ 5
e R 2 e g1
mMRNA N\ — Synthetic circuit O 0
20N 00 02 04 06 08
Genomic DNA Growth rate (1)

Ceroni F et al. Nature methods, 2015



Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Resource competition in vitro
Production burden

(L"D-‘—J Increasing resources competition
GOl mKate g P
|Capacity moniturl

\ / _l.'.'.-_b;u 1[]1 >
E ED.B—
%;J = § 061
o A mmmmp £ 904
NTP 2 X 02
[ 3 AA ""‘t" DU T T T T ]
-'. 0 10 20 30 40 50
NTP DNA concentration

of the GOI plasmid (nM)



Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Resource competition in vitro

Production burden

Cell lysate
10 1 R2=0.74 °
*various RBS .09 -
D =
o 'C08-
T 8
+ E 9997
8 §o0s-
. . £ 04 -
Capacity monitor = 03

0304050607080910

normalised in vivo capacity
*various RBS

> Ly !
In vivo mKate + .
Capacity monitor

_ 2_
Cell lysate > 10 R=0.76 o
N O 09 -
various GO g
S 08 -
GOl mKate o)
T 07 A
* S 06 -
o
()]
F . 2 05 - 5
Capacity monitor| @ y=0.7*x+0.19
E 04 -
2
0.3

03 04 05 06 07 08 09 1.0

normalised in vivo capacity
*various GOI

In vivo ‘ GOl mKateI &+ I.QL

Capacity mon}iar




Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Resource competition in vitro
Decouple production and metabolic burden

RBS1 RBS2 RBS3 RBS4

Farnesyl Pyrophosphate Phytoene Beta-carotene
IPP 2PPI

crE™ ¢t/ crtl\ CrtY/”

Geranylgeranyl Pyrophosphate Lycopene



Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Resource competition in vitro
Decouple production and metabolic burden

No
B-Carotene production B-Carotene production
> - (mutated crtE)
3 3 2
%1.{] RZ:D.M %m R<=0.78
i 2
208 ﬁ} 3 08
£ £
204 2 04
3 5t
5 0.2 T 0.2
k5 @
a 0.0 a 0.0
0.0 02 04 06 08 1.0 0.0 02 04 06 08 1.0

Measured normalised capacity Measured normalised capacity



Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Resource competition in vitro
Decouple production and metabolic burden

B-Carotene production

=
£ - T
®©1.0 o @
i{} = n_
3 05 3 g
-::.D_Er 0.4 = @
3 38 T
T06 03 5
=0 02 O 3
Al 0 8 B
_E ) K ] ] I-? 9% D:D E_ E‘
ED.E F'redlced—l“ﬂeasured = 3
- o
@ o
a 0.0 L

00 02 04 06 08 1.0
Measured normalised capacity



Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Construction hybrid systems
Multi-species systems

Source A Source B Fs y/ 4
e ,9‘-.{‘. ]

AL
42
" 5 )

3 /
. 7’
/
: ’
P ' ’
L ’
? s
’
: ’

Ec

Bs
!}.a

Mixing L
{ .5 1.0- VvsEc AvsBs
l"’? E
=7 o £ 0.9 ;
I'\,/" 8 , .
=t S 0.8 B
l\ﬂu" 8
$ 0.7
A+B hybrid lysate o

1:0 4:1 1:1 1:4 01
E. coli : B. subtilis ratio

Yim, Sung Sun, et al. Molecular Systems Biology (2019).



Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Construction hybrid systems
Nonstandard (unnatural) amino acids, more orthogonality for a better predictabilty

i3 :{ Genome
264 O0-DNA -
g—:ni%NA Transcriptome
Protein/Polymer . '
Proteome

Cell

Liu, Chang C., et al. Nature chemical biology (2018)



Fundamental science: cell-free to understand living cells

Cell-free reaction:

- Construction hybrid systems
Nonstandard (unnatural) amino acids

S
~

Cell-free unnatural protein synthesis (CFUPS)

Cell extracts

%

Bacterium

Yeast

. //‘\, ("\
~ {
S L?// \0_'/'

Wheat germ  Insect cell Mammalian cell 3 <=

Essential components

Cofactors ‘ Unnatural amino acid

Ribosomal translation a. Global suppression b, Amber suppression

s

&

ADG UAG

¢. Frame-shift suppression d. Sense codon reassignment e, Unnatural base pair

X

Salts SAA  Standard amino acid
: O,
aaR$§ Energy substrate GAC CUA \/_%
IRNA AARYY  Expression template ¥ v ¥
: L o ©
m - - - -
8 Biopharmaceuticals Unnatural Molecular Biomaterials Mirror protein
'5 enzyme labeling ———— ;
M e o= - B === -
- : \
g.' o @00 : ’d
<« e B

Mirror

Strokes shift

/X

Western blot

Autoradiogram

Spectrometry

Gao, Wei,

et al. Frontiers in pharmacology (2019)



Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Construction hybrid systems
Multi-species systems

E. coli E. fergusonii S. enterica K. oxytoca P. agglomerans
1 400~ 800+

n

—

(=3

o
i

g
S

3004

~ 2004

Brocceoli (AU)
2 B8
o o

0 0+ - 0 -
2 Bl 8 0 2 4 6 8 0 2 4 6 8
Time (h) Time (h) Time (h) Time (h) Time (h)
Mg-glu (mM) Mg-glu (mM) Mg-glu (mM) Mg-glu (mM) Mg-glu (mM)
3 6 3 ] 3 6 ] 0 3 6 9 0 3 6 9
0 0 0 0 o
= 082>
Z 30 30 30 i 30 8
S : 069
> 60 60 60 60 3
X 048
90 90 90 ]
0.2
P. putida V. natriegens B. subtilis C. glutamicum L. lactis
1 4004 1200 6004
=Y 3001 450+
< =
<=8> 2001 PIoRIE 300
& 1004 150
0 0+
4 4 8
Time (h) Time (h) Time (h) Time (h) Time (h)
Mg-glu (mM) Mg-glu (mM) Mg-glu (mM) Mg-glu (mM)
< T - 0.8 .89 0 3 6 0 3 6 9
10
o D 0
s 08>®
3 30 30 B
= 06g
E 60 80 . 3
X 048
920 20
0.2

Yim, Sung Sun, et al. Molecular Systems Biology (2019).



Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Construction hybrid systems
Eukaryote properties (Glycolysation)

Glycosylation .
reaction o
e —> g

Amino acids +~ Energy _""
NTPs %€ T7RNAP @

Sugar donors
UDP-¢ CMP-¢
UDP-m UDP-@
Cell-free protein synthesis Rapid in vitro glycosylation Transfer of therapeutically relevant
of target protein and pathway prototyping pathways to in vivo and in vitro
glycosyliransferases production platforms

Kightlinger, W. et al Nature communications (2019)



Cell-free reaction:

Fundamental science: cell-free to understand living cells

Growth

Centrifuge and wash

_.

———

Lysis and centrifuge

)

Run-off reaction

Supplement

with energy solution and buffers

ke 3-PGA
NAD  Amino Acid
K-glutamate Folinic Acid
Mg-glutamate NP
CoA cAMP tRNA
Spermidine

RLULY

- Constructing artificial cells

Protein production
and metabolism

Efficient TX-TL,
ATP regenerated

Adaptation to
changing conditions

R
/ )\
-
E—
)
J

Residual adaptation

Maintenance of
homeostasis

Artificial equilibrium
(pH buffer, ATP regenerated)

Spatial organization
of cell components

Residual spatial
organisation

DNA

RNA

Protein

Degradation

Carbon source
External carbon source
Physicul stimulus
Chemical stimulus

pH regulator

Homeostasis (pH, NTPs...)
Bacterial chromosome

Membrane protein

~ Ribosomes

Fragment of membrane
Fragment of genomic DNA

Inactivated reactions




Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Constructing artificial cells

Liposomes

Maeda, Yusuke T., et al. ACS synthetic biology 2011



Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Constructing artificial cells: Communication / exchange with the environment

Electron
> transport Compartmentalization
Emulsified extract  Vesicles bud off into H o ® iy
Unilamellar Size-selective pore\ in oil solution feeding solution , . s
vesicle — Prototyping

(m— i

order

— functions
Phosphate
: > ©

-
Energy, nucleotides,
amino acids )




Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Constructing artificial cells : compartimentation

< 4 mm >

_ Waste (1-octanol droplets)
Liposome
“cel @ 0 00

& Coacervate

“organelle” ‘
5 min - :1:: > Hours
5 min . ‘ 5 min
10 um '—»
Octanol-assisted liposome assembly (OLA) Collection well

Deshpande, S et al. Nature communications (2019)



Cell-free reaction:

Fundamental science: cell-free to understand living cells

- Constructing artificial cells : compartimentation

Deshpande, S et al. Nature communications (2019)



Cell-free reaction:

Current uses of cell-free system

Applied Science: Bridging Theory to Practice

- Prototyping genetic circuits and pathways
Genetic parts
Metabolic engineering

- Developing biosensors
Optimize cell-free biosensor
Biocomputing
Materials and cell-free
Medical diagnostics
Pollution diagnostics

- Bio-machine assembly
Phages selection
Antibodies



Cell-free reaction:

Applied Science: Bridging Theory to Practice

- Prototyping genetic circuits and pathways
Genetic parts

.

i) Circularisation of k: iii) Characterization in
PCR product cell-free systems

‘ E mMmRNA

i) PCR library generation

v

2-3 hours 1 hour 1 hour

4-5 hours

Chapelle J et al. Nucleic Acids Res. 2013



Cell-free reaction:

Applied Science: Bridging Theory to Practice

- Prototyping genetic circuits and pathways
Genetic parts

A 181 B 1.8

BE. coli BE. coli

_. %1 ocell-free systems: Plasmid _. 01 Ocell-free systems: Plasmid T
= =
& 14 } & 14
S 129 = 12 _I_ T
o o
e _ e _
£ S
» 08 » 08
S e
2 06 = 0.6 ‘}
) )
o 04 o 04
(1’4 (1’

0.2 0.2

— — — e, 0 s — — by,
J23113 J23114 J23116 J23150 J23106 J23151 J23100 J23101 J23102 B0033 B0032 B0034 BO0030 B0031
Promoter Constructs RBS Constructs

Chapelle J et al. Nucleic Acids Res. 2013



Cell-free reaction:

Applied Science: Bridging Theory to Practice

- Prototyping genetic circuits and pathways
Genetic parts: regulated systems

| :.| LasR ||| !.| GFP ||

C 1.8
: o E. coli: pLasR-3
1.5 g Smmwe=. E. coli: Hill-function
- o Cell-free system: pLasR-3
S— 14 ¢ ---e-e-- Cell-free system: Hill-function
22 1.2
(o)
= 1 -=x==
2 =
’/
» 08 ¢ VY,
o 7
2 06 !
15 /
T 04 8
o /
/
é i .}/, &
0 v v =

0 1 10 100 1000 10000

AHL Concentration (nM) Chapelle J et al. Nucleic Acids Res. 2013



Cell-free reaction:

Applied Science: Bridging Theory to Practice

- Prototyping genetic circuits and pathways
Genetic parts: Linear fragment vs plasmid

==

—
_ B _ Temcktional
J — ! choning:
| EE T I Pladrmid DA
: | oo THETL o

| EE N — T T : 5, I i e Plasmibd DA
— . | GGA : ) o — 1 | (readtiphe copled) )
I . I . e b ]
T I 1 “—W-l-'l-'l-':"ﬂh‘l" . 1 r S S _I
| — - L my | 1 ¥l Lirkears :_- -IT
= . o | m.
— Pl s L'I-h:l'- Dbl fowr THTL TemT | | |
(Ferew copies)
L oo Lo L S 3 .

= e |
> | | |

o Lirsear DMA TH-TL vt

JFOTL | [multiple coples) | L — —

Sun et al. ACS Synth. Biol. 2014



Cell-free reaction:

Applied Science: Bridging Theory to Practice

- Prototyping genetic circuits and pathways
Genetic parts: Linear fragment vs plasmid

A 18Y mE. coii 1.8y BE. coli

= 1.61 OCell-free systems: Plasmid 1.61 OCell-free systems: Plasmid
::: 14 144 WCell-free systems: Linear
1.2 1.2 Il

Relative Strength (au) w

c
o
N
0.8

q>; 0.8
= 0.6 0.6 |
o 04 0.4
x 0.2 0.2

0 0

J23116 J23106 J23151 J23101 J23102 B0033 B0032 B0034 B0030 B0031

Promoter Constructs RBS Constructs



Cell-free reaction:

Applied Science: Bridging Theory to Practice

Prototyping genetic circuits and pathways
Metabolic engineering: combinatory exploration

EcoThl CbeHbd TdeTer
CacThl CacHbd CacCnt FsuTer
CkiThi CpaHbd PpuCnt FjoTer
CneThlab CsaHbd CbeCrt SbaTer
Ckimhi2 CkMbd1 CkICrt ChuTor CacAdhE
CacThim CkMbd2 CpaCnt CpaTer ‘ A
O . cmn . HS-CoA
. MSCoA . .. NADIPH NADIPY® o o ‘ o NADM  NAD* . NADM  NAD* _ NADM  NAD*
As AL ey (L et Al ey [ ey~ edy -,
2x acetyl-CoA acetcacetyl-CoA  3-hydroxybutyryi-CoA  crotonyl-CoA butyryl-CoA butyraldehyde n-butanol

Example of : 64 combinations

Karim et al. Nat com. 2019



Cell-free reaction:

Applied Science: Bridging Theory to Practice

Metabolic engineering: combinatory exploration

6% plasmids

96 measurments




Cell-free reaction:

Applied Science: Bridging Theory to Practice

Metabolic engineering: combinatory exploration

b - g -
ras T ra 1 ra&& ;1 rad .

6*4 =24 plasmids '

Biosensor module

.fJ‘.rJ'.rJ.rJ’J’J‘.rJ'.rj.rJ'J‘.r.r.r_r.rJ‘.f
A T4 R S A AT s AT e i )

rrET J'.rfj.r.r.rJJ‘.rJ'.r.r_rfJ'.rf[
.r.r.r_rIJ'.r.r.r.r.r.rf.r.r.r.r.r.rJ‘.r.r.rJ‘

SYNERGY/ /7

T T R Y ST e B AV o s
uJ'.r.r.rf_rJ'.rJ'J'J'.r.r.rJ'.rJ'.r.rJ'.r.rJ




Cell-free reaction:

Applied Science: Bridging Theory to Practice

Prototyping genetic circuits and pathways
Metabolic engineering: combinatory exploration

( Data-dnven Enzyme Expression Pathway Assembly

Q@@@@@W@@@% - %g:: ATE

OIS M
L eare
IO""Q““D )
14 .
12 «
@ 10
——————————————————————— & IPROBE
1 STy il v
; :I ______________ H ” || Base
1 , T Case
: — I0HEERT)

Selected Pathway Combinations
Karim et al. Nat com. 2019



Cell-free reaction:

Applied Science: Bridging Theory to Practice

- Developing biosensors

a b
Metabolic Metabolic
‘ transducer transducer Sensor Output
Ligand module module module module
Sensor Output Unm:cnt:mer e g e
’ module module (I |
ke
L
Metabolic I
|
Iigand
r r & J
| : , |
b o o B o a2 R —— |
Cc 3 .
Sensipath metabolic Clone modules Cell-free Calibrate plasmid
space analysis into cell-free reaction concentration
Ligand o Yoowr Ligand DNA —
to be ' g(a (Q Optimized
detected ' , : %J + biosensor
> ~ 0 - 3 —

0006

Voyvodic P et al. Nat comm. 2019



Cell-free reaction:

Applied Science: Bridging Theory to Practice

- Developing biosensors

Benzoate c
. 300
L |
100 E
o ]
STy — colETm)- o M i 5
e plasmid Reporter plasmid 2 1
o
b [Benzoic acid] % 10 4
s 0 uM 10 pM 100 uM 1000 puM L ]
< 100 30 3
T 30
- 10
E 10
s 3 3 2 1
T 1 1 &
= 0.3
Tt 0.1 0.3
8 o
2 —
— 001031 310301000 0.1031 3 1030100 0 01031 3 10301000 0.10.31 3 10 30 100 [Benzoic acid] (uM)

[BenR plasmid] (nM)

Voyvodic P et al. Nat comm. 2019



Cell-free reaction:

Applied Science: Bridging Theory to Practice

- Developing biosensors

a Commercial Benzoic acid
beverage sensor
’ ‘ ® >
6' v ¥ 1h W
200 -~
& 150 -
c
@
S
E 100"
o]
L
50
0= ; g 5
A A ~”A ~”A @ C ¢ ¢ ¢
Nutritional g g $ §g§;@§ % ?;';, GRS g_:
Facts E2 £c S 8BS $o2%E B 88 ® e
. 2F 28 28 S c2 258csS e B8 5
Contain: E0 & g§N 0T 55 §aNgS> 5= g5, sS4
Benzoic Acid/ © o o = A o =£ -
Sodium Benzoate + - - - + + - - - .

Voyvodic P et al. Nat comm. 2019



Cell-free reaction:

Applied Science: Bridging Theory to Practice

L

Developing biosensors
Biocomputing

Perceptron weights (w,) are learned in Binary classification:
silico to increase classifier accuracy A
X
Input layer X X
X1 @ Weighted Activation . %
\ sum function O
W O O
X, @— | O
w, — Output layer _
e 2 . X 1
X, @ Wn

Pandi A et al. Nat com. 2019



Cell-free reaction:

Applied Science: Bridging Theory to Practice

Developing biosensors
Biocomputing: logic gates

AND
1 I, out
0 0 0
0 1 0
1 0 0
1 1 1
I,
, t
OR
I, I, out
o |o |o (1.0) S o (.1
0 1 1 \ :
1 0 |1 ;
1 1 1 \ I
® O >
(0, 0) (0, 1) .

Pandi A et al. Nat com. 2019



- 3.5.1.32
Hippurate
!

Developing biosensors

Cell-free reaction:

Applied Science: Bridging Theory to Practice

Biocomputing: 4 biosensors

Y Benzoate ,
6- ™ Noenzyme
1 m Hippurate
. transduoer
4 4
2.
0l =ma
0 100 1000
[Hlppurate] uM

e e b e e e

S
[} 3.1.1.84
| @ ®

~

S S S -

= No enzyme
- Cocaine
transducer

Al

0 10 100 1000
[Cocaine] uM

e e e e e e o s e e e

Benzamide
Amidase @ <
\

B —————————————

= No enzyme

Benzamide
Transducer

0

10

100 1000

[Benzamide] uM

- - -

. 1.13.11.39 3718 |}
B

(w2 )(l) o @ o @ o |
4

Biphenyl-2,3-diol Benzoate ,

[ R U ——

6 4 M Biphenyl-2,3-diol transducer

Only 1.13.11.39
44 1 Only37.1.8

= 1 No enzyme

(i3

1000
[Blphenyl -2,3- dlol] uM

Pandi A et al. Nat com. 2019



Cell-free reaction:

Applied Science: Bridging Theory to Practice

Developing biosensors
Biocomputing: tuning the weights

a
____________________ Vs
\\
Cell lysate g :
Reaction butfer ® !
Input mphbohte(s) — Benzoate I\
DNA —e @ = TTTTmmmmmmmemmmosonng S
Cell froe EEN———Y |
Weighted transducer
RFU
4
b W c
E 3 3 %
< <
L I S 2
| B 2 ®
. 1 = N &
| o3 I &
1
0.1

0 10 100 1000
[Hippurate] puM

[Enzyme DNA] nM

D
p—r | |
[Enzyme DNA] nM

e e et

5 10 10 1000 o T 10 100 Pandi A et al. Nat com. 2019

[Benzamide] pM [Biphenyl-2,3-diol] M



Applied Science: Bridging Theory to Practice

Developing biosensors
Biocomputing: perceptron

Cell-free reaction:

a L b
% £ X w+b) ™ e e ~
: ’ w,=[E DNA] S
Wy i=1 \— / i = |lEnzyme \
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Pandi A et al. Nat com. 2019



Applied Science: Bridging Theory to Practice

Cell-free reaction:

- Developing biosensors
Medical diagnostics

Synthetic gene network

CET -
-

a2

Cell-free ‘
extracts

3 _ Embed into
C——= paper disc

i

Freeze dry

Distribute / ',"" \\* \

Rehydrate +/- trigger

|  Portable synthetic
. : b 8 g biology-based

tools and diagnotics

Pardee K et al. Cell 2014



Cell-free reaction:

Applied Science: Bridging Theory to Practice

- Developing biosensors -

. . . B c
e I Ca I ag n ost I CS — GFP Fresh —  GFP Freeze-dried
Control Fresh Control Freeze-dried
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=) s
< £
c 10000 § 10000
S 7]
7] 172
@ (3
o s
2 1000 @ 1000
w a
& G
g 100 sttt it s PP H R PR ol 100
0 200 400 600 800 0 100 200 300 369
Time (min) Days
D E
g § 30 g
g g 8
60
Constitutive BF 24 4 BF £
<* ] < P} < o
4 o z a 20 z E o
r’ o F w3 o w o & 40
b, (] s (] - 0]
& Fog* g g0 £ £
3] o O 20
BF 21 BF B BF R
- o S
0 04 0-
Plasmid DNA — + Plasmid DNA + Plasmid DNA +
S30 cell extract S30 T7 cell extract PT7 system
F G
Inducible
5
% 40
aTc [~ @
(<] [
2 6 BF ,E}
+ 2 + w 30
e e o F §
lal | Ter > | lwGiley o 4 2
aTc w aTc Q 20
tetO GFP = . s 8
aTe F 2 §'
g 2 o
£ £ 10
BF O BF O
=3 = : :

LI [ reRy [L1 Lmchemp 0 o
aTc - + aTc - +
tetO mCherry

1010 GFP tet0 mCherry Pardee K et al. Cell 2014



Cell-free reaction:

Applied Science: Bridging Theory to Practice

- Developing biosensors
Materials and cell-free

Biosensor for Zika Virus on Thread

BioFabrics

Synthetic Biology + Textiles

Biosensor
Design €& CER -
on T == A
c “; . - Zik +Zi
_ ) ; Thread Alone ika Zika
NN\ D) |
Cell-Free = ‘\,)/ ‘
Reaction f . Drying
Synthetic Biology Biosensor /e : D. /
S 33 angerous
INPUT @ -{--i18— % »© OUTPUT \ | Splash
g ' ; " Detected

. N2/ Integration with

. \\=7/ Integration wit

PV ﬂ B;»Diggr:ossics? ﬁ? Inter: ¢t f-Things
Paper-based b ...

Engineered  Diagnostics 1o
Biosensor




Cell-free reaction:

Applied Science: Bridging Theory to Practice

- Developing biosensors
Materials and cell-free Red channel Green channel Overlay Overlay and DIC

No template

eGFP and
mCherry
template

eGFP
template

mCherry
template

Whithfield et al. Chem Commun 2020



Cell-free reaction:

Applied Science: Bridging Theory to Practice

- Developing biosensors
Pollution detection

L — AdcR — KB2 — 3W.JdB

- LT

B oaas
o D scolE

¥

MEF (uM FITC)

|1|r|1|r

|
0 40 80 120 160
Time (min)

1|r[11|

Alam K et al. Nat biotech 2020



Cell-free reaction:

Applied Science: Bridging Theory to Practice

- Developing biosensors
Pollution detection

Freeze-dried _.. Municipal O Rehydrate with Visualize
ROSALIND sensors - water 1 municipal water sources
7 A

> » r Munticipsal Q /—\
;*( @ @ ERT \ Municipal E:@
; water 2

. ; ‘ Municipal

water 4

b l(-3 Labczral;ory-grade water < Zinc-only field sample d Zinc-only field sample e Zinc and copper field sample f Zinc and copper field sample
no metal
) 4 4 4 -
F: Field sample S @ Laboratory-grade water @ Laboratory-grade water @ Laboratory-grade water @ Laboratory-grade water
L F L F 1 s Municipal water 1 1 o @ Municipal water 2 1 @ Municipal water 3 1 @ Municipal water 4
=YY WYYV = . ]
5} ] FAAS measurements: s | FAAS measurements: o 1 FAAS measurements: o | FAAS measurements:
= [Copper] =0 + 0 ppb g [Copper] = 0 + 0 ppb = [Copper] = 139 + 3 ppb E [Copper] = 366 + 2 ppb
; 2 [Zinc] = 1,690 + 4 ppb [ 5 [Zinc) = 1,110 = 4 ppb ; 2 [Zinc] = 370 + 4 ppb s 2] [Zinc] =918 + 1 ppb
LA :
w i w d 4
w 1 ] w w
= S = =
14 o 1+ 14 1
Copper
o - - - -. -n- |
. = 0 o 0 - 0 —e—8m
CsoR  SmtB NIMPLY T T T T T T T T
CsoR SmtB  NIMPLY CsoR SmtB  NIMPLY CsoR SmtB NIMF'LY CsoR SmtB  NIMPLY

Jung K et al. Nat biotech 2020



Cell-free reaction:

Applied Science: Bridging Theory to Practice

- Bio-machine assembly
Antibodies (eukaryotic cell-free)

DNA %

auGh  Cell-free Y ﬁy
1gG scFv

Antibody:
scFv-Fc

b scrv  T7PEIRESH Mol INEVEN 7T — //

LC: Antibody light chain
Pl IRESH G T HC: Antibody heavy chain
e L - l T7P: T7 promoter
—— 1 IRES: Internal ribosome entry site
HC T7P RES [ Me! [ VH-CH1-CH2-CH3 | Mel: Melittin signal sequence

T7T: T7 terminator

scFv-Fc T7PIlNIRESH Mel INVEVIECHZCHINN 7771 — iI

Stech M et al scientific reoprts (2017)



- Bio-machine assembly
Phages selection

Applied Science: Bridging Theory to Practice

HBc
VLP

Cell-free reaction:

E.coli RNA
Polymerase

ER

ATP
Synthase

T-Cell
Receptor

nLin

HHEHE B+
i I&I I

7 25

Number of Subunits

T4
Phage

1500

Shin J ACS synthetic biology (2012)



Cell-free reaction:

Applied Science: Bridging Theory to Practice

- Bio-machine assembly
Phages selection

X

DNA\ [Rep

L—,

packaging

MRNA

L

self-assembly

functioning phage

Encoded by a 40 kbp DNA program composed of about 60 genes

Shin J ACS synthetic biology (2012)



Fundamental science: cell-free to understand living cells

Applied Science: Bridging Theory to Practice

Industrial Applications: Transforming Knowledge into Innovation



Cell-free reaction:

Industrial Applications: Transforming Knowledge into Innovation

Pharmaceuticals
- Monoclonal Antibodies & Antimicrobial Peptides
LenioBio (Germany)
Cube Biotech (Germany)
BioCat (Germany)
- Vaccines
Ntxpress (New Mexico, USA)
CPI (UK)
Sutro Biopharma (California, USA)
- Small Molecules
Creativebiomart (USA, Europe, Canada)
- Membrane Proteins
Creativebiomart (USA, Europe, Canada)
Desgin Pharma (Massachussetts, USA)
Synthelis (France)

Pollution
- CO2 capture
Ensovi (Massachussetts, USA)
- Biosensor
Stemloop (lllinois, USA)
On-Demand

- Purified proteins
Tierra bioscience (California, USA)
CFS (Japan)
Cell-free (Ontario, Canada)

Cell-free kit providers
- New England Biolabs (Massachussets, USA)
- Thermo Fisher (Massachussets, USA)
- Biotechrabbit (Germany)
- arbor bioscience (Michigan, USA)

Scale-up

a

<

1 . V=1,0001
Approximate batch size V=1pl V=1ml V=100l (continuous operation)

Example product Laboratory use Point-of-use Pharmaceutical Commodity grade subtilisin
(Lol T7 RNA polymerase vaccine dose antibody-drug conjugate 'tya HBHsIT

Commercial price

($/mg) $13,250 $200 $5,500 $0.022

Estimated ce!l-free yield 10 0.02 0.250 20

(mg/ml reaction)

Estimated purification cost 0 0% 10% 1x

Estimated breakeven cost

S/l resction) $13,250 54 $120 50.022

b . Non-phosphorylated No CoA, NAD, DTT, No NTPs, 10% DNA,
Standard formulation energy substrate ammonium glutamate, tRNA 50% amino acids
NTPs
Extract Extract Extract
Extract NTPs
— — —_—
Energy Other
substrate Other ol NTPs Other
ther
DNA DNA DNA DNA
$/ml reaction $4.67 $2.93 $2.03 $0.87



Cell-free reaction:

Additional use / challenges with cell-free

Cell-free for education

BIOBITS

Low-cost education kits for molecular and synthetic biology

axi'fcs:.

4 8 B
blosmences

myTXTL® Cell-Free Protein Expression kits for Igem

National Institute of Standards and Technology

Towards reproducible cell-free systems

Information sharing
+ Data and models
+ Best practices

Component characterization
+ Reagents to final product
+ Time-course measurements
« Test plate

Cell-free system

Cell extract
Energy mix
DNA template Protein

Standard protocols
+ Lysate preparation
* DNA preparation
+ Instrument calibration

Interlaboratory studies

Unique needs
+ Dedicated kits
+ Automation



ineerin

Matthieu Jules Léa Wagner Olivier Delumeau

Vincent Sauveplane '
TOMELLIS LAB  tom i Guy-Bart stan Lab ¢~ JEAES 2]

Imperial College g ke Rothschild-Mancinelli C@ros Bricio —
London 0
Francesca Ceroni Michela Murgiano N/
- P
QD Bio-RetroSynth

Institut Pasteur v /N
== Jean-Loup Faulon _ =)

, , Fabrice Agou (2 A\ //
Mathilde Koch Amir Pandi Agnés Zettor &




