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LISBP Synthetic Biology overview
© Synthetic biology :
4 j ! l » Use life building blocks as
a construction game

Systems

SYSTEMS

<

§ » Cover a wide range of
E complexity levels from
N molecule to systems

» Expands from nature
carbon copy to fully de novo
designs

{Complexity of Components}

Self-assembled Units

» Break barriers between
living and non living
materials / systems

Tectons

MOLECULE

Basic Units

{Divergence from Nature } =  Adapted from Bromley et al.
entirely - (2008) ACS Chem Biol 3:38-50
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LISBP Metabolic engineering

&)

Synthetic biology

Market of bioprocess for chemical synthesis

In silico analysis

D Y
. __ Gasoline
§§_ \/ @) & 1,320 billion Euro 40 billion Euro 1930 billion Euro® 305 billion Euro
§€; y - Fi [T [ —— Share Share
' mgg ine Chemicals 20% 50%
£
o Polymers
um SSTSPSENE ARNEEY \ 00000 | I mEm o 10%
Specialty Chemicals 15%
T 15%
(VS Basic Chemicals
Uy & Intermediates
Rational
e Chemical  Biotechnological Chemical Biotechnological
Products Processes Products  Processes
_ Saxena R.K. et al. (2009) Biotechnology
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Une vision modulaire de I'ingénierie métabolique
S’inspirer ou réutiliser les briques moléculaires du vivant avec une logique différente

The next generation
of bioenginegring

Transformer

Une vision modulaire

T
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In silico design of non-
natural biosynthesis

Biodiversity recovery and
de novo catalyst designs

From the 55
complexity. > Synthetic molecular
of nature 2% assemblies
*
to Synthetic subcellular
., - compartments
Efficient
& durable . .
synthetic Synthetic regulations
bioprocesses
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Metabolic engineering drivers

“r,

9
S

Take profit of the biodiversity
of natural catalysts

Escape nature logic to meet
biotechnology requirements

Disrupt paths A— B-X»rC—>D

Create alternate F—sG
paths
Composing Hybrid
Inter-species

_ hybrid pathways
Create / evolve biocatalysts

toward new functions

u

(afcw)random ,ﬁ\ v E E
tati ¢ selectlscreen . 1 2
muga ons ,9§ 9% 209004 NO EXpIOIt A B c
S i’gagé -’% promiscuous e E
f il activities a B Y
repeat
E

 Parent gene

1
(= parent protein) Combine natural & fe==h
- . e . . 81
Evavedgene artificial biocatalysts a—p
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In silico design of non-natural biosynthetic pathways (escape nature designs)

Integrate

» Thermodynamic constraints
> Know natural solutions and bottlenecks

» Scan natural catalyst biodiversity
» Predict catalyst activity promiscuities
» Search for non natural intermediates

TRENOS in Biotechnology

Design o "\ srategy 1 Strategy 3
» Generate all possible alternate pathways ‘9
» Rank generated pathways W -
» ldentify lacking or non —optimal catalysts g -
> Select optimal scaffold organism(s) | S 4 b
\ rategy 2 ! E, Natural enzymes
. | Organism 1 ) nganlsmz Target host mlcrobe £ Engineered enzymes
Validate : - -

Trends in Biotechnology (28) 501-508

» Set-up assembly strategy
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Directing biosynthesis through enzyme scaffolding

Fatty acid synthase Cellulosome Carboxysome

Enzymatic subunits

Deibulose 1 Sbisphosphote
(RBP)

Anchoring
protein _ f

€054 3051
AB C A B 081D
L J ol soted corbonic
o == =
Maier T et al., (2008) Alvarez BG et al., (2011) Bonaci W et al., (2012) , J

Some synthetic tuning > Sim!:)Iified scaf?ld (mi_ni-c_:ellulosome) » Transfer in alternate host
. » Tuning of matrix specificity » Alternate enzyme content
for alternate function » Assembly of unrelated activities » Engineering selective permeability
of natural scafolds > Display technologies > Toxic compound segregation
‘\‘/_—/J
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Synthetic regulations

Arablnose

Ligand ]
+ RMA device
l Catalytic region ® 7 ")
. Ste5-Leu
R o - sensor ® Q

zipper
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= [CE= feedback
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Oscillating circuitry Logic gate simulations Feeback regulation
by suitable assembly of transcriptional repressor Y translation efficiency control through by formation of synthetic complexes
(lacl), activator (araC) and a reporter (GFP) ligand sensing aptamers and allosteric effects
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Transcription control through a family of synthetic promoters covering
a wide range of expression levels

A distal =35 core —-10 +1 proximal
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Programming gene expression with combinatorial

promoters Molecular Systems Biology 3; Article number 145; doi:10.1038/msb4 100187

Citation: Molecular Systems Biology 3:145
Robert Sidney Cox IIl", Michael G Surette? and Michael B Elowitz"** © E{II?IEMIB:. alﬂ NHITIIJ[IE PUh'ﬁhll‘lg Group  All rgh‘ts reserved 1744-4292/07
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genetic information and genomes

Synthetic genomes & new
gene assembly technologies

Massive genome editing
& alternate genetic codes

Automated synthetic gene
assemblies based on
homologous recombination

Controlled genome shuffling
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Délétions Dessin
multiples rationnel

Génomes ‘ Génome _ Génome
naturels minimum synthétique
Sites d’accueil universels

Code génétique modifié
Ingénierie métab. générique

Génomes
tremplins

&

Ingénierie spécifique

¥

Applications
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Genome down-sizing

Minimizing the genome of Mycoplasma mycoides JCVI-syn1.0
using two different approaches:

Top down approach involving iterative deletion of non-
essential large gene clusters (phase |) and followed by deletion of
small clusters and individual non-essential genes (phase Il).

Bottom up approach involving design of a minimal

genome based on the totality of our information on viable single
gene transposon knockouts and viable single or multiple cluster
deletions. The designed minimal genome will then be

chemically synthesized.
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La synthese de genes de l'oligonucléotide au génome

Synthése chimique en phase solide
a partir de bases protégées

A 3 ks ~o(,->)\.§13‘0 Oligonucléotide ADN synthétique
.____,;‘u,":r K . » simple brin » double brin
K (500-5000 pb)

~o§«},§ ‘;.‘ H o (60-120 bases)
A0 sythesis 5
& Cycle & 3 Jdo . S—p < <> <> <> <)
23 R e ~Of S Collection ~ ——>,
*-‘E.p:‘."__. ‘“’-‘5.‘;?’:1.3,; Lomghy JX d’oligonucléotides S Hybridation &: Ligation ‘
A '3 — < -
-
Modules Vecteur
B - o Exonuclease O — T 17
m——m Polymerase
a——m Ligase Génes assemblés
c——m (3-20 kpb)

Collection de (groupe)de genes
o Tres grand fragments assemblés
—— RECOMbinaison Par exemple chromosome entier
chezla levure (500 — 3000 kbp)
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New gene assembly technologies greatly accelerate engineering

Gene assembly by multiple in vivo recombination in yeast

2MICRON URA3

o

HisG
TEF1p
P[LAC] crE
ura3 DMt __ﬁﬂ pRS426-zeaxanthin }——pot
cnz‘* as3lp I HXT7p
PDC1p /\ c

ENO2t TPIt
cotransformation )\’i— gm
CrtY Cril

Single step reconstruction of
zeaxantine biosynthesis
( 5 genes of Erwinia uredovora)

by recombination in S. cerevisae
(Shao et al. 2009)

FBA1p
FBA 1t
Gene assembly by multiple in vitro recombination

Qverlap

¥ >
Sequence assembly (I I 5= g

by the chew-back anneal N — Chew-back at 50 C+w1hT5 exonuclease
: , [ | Phusion polymerase
Gibson’s method. BT 45 e

7. 53

Single pot generation of
defined or combinatorial
assemblies
from few to ~200 kbp

Anneal at 50 °C Phusion polymerase

4§ eMease Tagligase
5", 3’ 5 ——3

3

Repair at 50 “C with Phusion polymerase and Taq ligase
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I

—

e m——
CARREFOURS
DE L'INNOVATION AGRONOMIQUE

=INRA

SCIENCE & IMPACT i g *



M. genitalium genome synthesis and assembly

24kb —— 72kb —— 144kb —— 290kb—— 580kb
A B c D E
1-4 -
5-8 L__112 ]+
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€ T 29 ]-
4 3 29-32 2536 |-
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2 ~ -
1= L 42-45 3749 |-
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S § e |- v
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d B == |
S5 F 77 | 50-101 |-
i 78-81 -
e ===t
94-97 [oo0-101 |
98-101 - Science 2008 ;319:1215-20.
Chemical Invitro assembly Final steps by homologous
synthesis  Cloning into E. coli recombination in yeast
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TALE domain derived technologies: a scalpel for genome surgery

Modular TALE DNA recognition domains TALEN initiate targeted recombination

a ZFN ZF5 ZF46  ZF7  ZF8
NH, ZF specificty
NS N- NN HD NI NG NK RVD T
[} 1 1 1 ] If | C
A
TRIRRN :
A & & & AT G DNA spacifici
C T A ity N
G F2 ZF2  ZF3 ZF4
‘T
b TALEN
1 4 12 13 24 34
' ' Nl [ '
LTPeQVVAIASXXGGKQALETVQrLLPVLCQAHG Repeat sequence —
q a
™ o 1 17 17.5 NLSHAD TALE code

NG=T

'
T X 1 1T
{ / \\/
' 4 \n!
. HD =
TALE NiwA
NH, NN « G/A
S’ -TATAATTAATAATCCACTT Target sequence \ :;:gurnc

LTPEQVVAIAS HGGKQALETVORLLPVLCOAHG
AvD

Other TALE based genomic tools

Current Opinion in Biotechnology 2012, 23:644-650

Level of modification o 1 175
1
Designer
DNA binding domain
nuclease / nickase
domains
Designer nuclease /
Genome Designer nickase
Iranscﬁpﬂonal activation /
IBPI’EBBIOH domains
ome Designer
Treciph transcription factor
MT / HAT / HDAC
domains
Designer
Epige! chromatin modifier
Genome Designer
mutagenase
Currant Opinion in Biotechnology
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Recursive construction of a synthetic gene cluster at a specific locus
using TALEN induced recombination.

. Donnor plasmid (type 1 I
Acceptor site P (type 1) Feeded acceptor site I

(genome) N _
Induction Endonuclease 1
\ Transformation /‘ \ | Mu_,_ﬂ " l \\s Mg /
S [ Torom!
Gene 1 J
= — .

‘_/ Transformation

Induction

Gene 1Gene 2

T

Donnor plasmid
(type 2)

Alternate use of two orthogonal mega-nuclease induces sequential recombination events
adds one new expression unit at each cycle to the acceptor site bearing alternating selection markers.

Laura M. Wingler and Virginia W. Cornish (PNAS, 2011)
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Targeted recombination (shuffling) of genomes

mng sexual crossing parental genes are randomly selecteh / Cont:’ollling \
i i module i
build the genome of the daughter organism Sequence specific Cutting

‘ targeting module module

This results from exchanges of DNA segments between
homologous parental chromosomes
through meiotic recombination

Points of exchanges and thus exchanged genes are defined by
initial events of DNA double strand breaks
that initiate recombination.

/
’V Gene exchanges byi/siﬁ

targeted recombina

Controlling the position of such initiating events allows to control
Q turn which genes thus which functional properties will by A I l

exchanged.

Synthetic Gal4-Spo11 fusion

Gal4dp Spo11p

Longhese M.P. et al., DNA
Repair 8 (2009) 1127-1138
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Massive genome editing by automated multiplex targeted mutagenesis

MAGE automation Application to
a optimisation of
Programming cells by T D lycopene biosynthesis
multiplex genome m Flidiic pumps %
engineering and — —1 < f_} .
accelerated evolution : with walar G3P  Pyruvate —» —> +

2. Induce ] -
Synithatic DMA,
=L plesmids and \&CE‘E CO
other reagents dxs A{:CDA
5. Add oligos

1

Grow calls lm i =
M‘t@ 'l.- e ©
. 0]
l ispD
7. Becover cells in mediaand & Electroparate

start next growsh cycle oligoa into cells CDP-ME

) e i ispE
@gﬂm‘% b CDP-MEP
26 L
Continually @& prevent degradation MEC

evolving call

@ : : ispG
i 2. Induce B protein 4. Wash away rn_edla and l
populations oﬂ . expression at 42 °C resuspend cals in H,0 HMBPP

o. :-,E ss-clr;ns / i=pH
IPP <—> DMAPP
-~ 7y E=
| | wWas =]

bl ] 1. Grow cells to -

== e =
5 tic DMA FPP

B2 < 25 1

 + « ACHHNTCHNCTCHENHA.. . . criegi

7. Recover call in media 8. Dlaliver oligos into J'
and proceed to next cycle cels vis dectmporation Lycopene

Harris H. Wang et al., (2009) Nature Letters Vol 460
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Massive genome-wide editing for extended genetic code

Substitution of 314 TAG stop codons with synonymous TAA codons in parallel
across 32 Escherichia coli strains

MG1655 Small-scale Large-scale Recoded
E coli """ Genome Engineering =P Genome Engineering - E. coli

Precise Manipulation of =
Chromosomes in Vivo @ @ i
Enables Genome-Wide ( \ . 4 h
Codon Replacement == > >@ 8
. @ >@ A 1-32

MAGE < : - CAGE - .

Multiplex genome engineering ==

an | (D)
+ _ 25-32
CAGE Lq/ - > 26:32 \ oA
i i i i 31-32 Hierarchical assembly of codon
Hierarchical Conjugatlve @ @ mutations in a single strain

assembly genome engineering Divide 314 TAG TAG-TAA
targets into 32 regions Codon Changes

143 kb = 287 kb == 575kb = 1.15MB ==+ 2.3 MB=--+ 4.6 MB

Farren J. Isaacs et al., (2011) Science vol. 333
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Expended genetic code available by reprograming alternate codons

Genetic
Code
Expansion

e
3
3 10z
. TS
Fachpe
el
A 3 Hl 3
Mth:c;-«:a!gedmJ 3 3
amino acids @9 (30}
En d“ge“““s Celular Alien Proteins / Polymers Rewiring translation — Genetic code expansion and its applications

Heinz Neumann*

FEBS Letters 586 (2012) 2057-2064
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Combinatorial metabolic engineering: time saving and diversity

Dessin rationnel initial suivit de
corrections multiples

Metabolic engineering of complex pathways: a
Dessin =0 - - highly combinatorial problem inefficiently
initial - -3 addressed by classical trial& error approaches

s

Correction
S

Serial reconstruction approaches (intermediates availability)
Alternate choice of catalysts in biodiversity for a same step.
Alternate relative levels of expression in the absence of regulation

Case by case managing of side reactions

Host metabolism / heterologous metabolism cross-talk

433333

Partial optimization of individual step mightlead to poor global optimization

uonvsiwido
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Un exemple d’approche classique
la synthese autonome d’hydrocortisone par des levures

O [ ETHANOL |
HO,HgC "**
0,
OH
o Alternate 0
oH pathways
@ D-Glucose g5p Erg2p .
! I ergosterol Slde
reactions

A7-reductase A7-reducias|

>10 heterologous enzymes Gk Nasie
>3 genes disruptions e
2 . -
»1 overexpression maiADR
| e » Subcellular retargeting of 2 ek AT
-“ A Ncpip
_ \ . gene products cypaias
X 3 | — Raw extract of | 17-OH pre,
N (11.17.21-OH progesterone) culture media CYP17A1 Ncpip CYP1181
S Arhip

; A CcYP2181 Geylp
r B! Necpip
17.21-OH progesterone _
. 11.21-OH progesterone CYP1A‘IDB)1 EEY))F(>1 181
Arhip Arhip

A A A

..... Ceobmpmaaeae | e Y

100 200 300 400 500 600 700 800 900 1000 1100 1200

Retention time (min) _

Ménard Szczebara et al.(2003) Nature Biotechnology
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Dessin initial d’'une combinatoire de
solutions alternatives pour chaque étape

Générer la
combinatoire g T T
\—[ = ]—J
0 Combinatoire ;‘
Sélectionner e °
les meilleurs
associations

'3 3y

e Associations pertinentes

Mélanger | E g ? |

les solutions
gagnantes

Associations améliorées

33
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Une approche combinatoire de
I'ingénierie métabolique similaire a
celle actuellement bien validée pour
I'optimisation des protéines apparait
comme un enjeu majeur

Evolution dirigée des protéines

(a few) random . Bt 2D slactlEcTsati
mu;atlons _ §§%é %.v %ﬂ 206056860855
A %EJ g§ lﬂm{{ e NO
RT3 8 ~ d GV R
D —> ggé?%» A ~"\:g;f*—>~3~¢v..."‘."‘f
Ao L & g &
&N 1 ) repeat YO
ff'” & £
Parent gene ;.‘ )
(= parent protein) 0% ‘g
5;’ ¢ ') ,
" Evolved gene

(= evolved protein)
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Generation of synthetic molecular diversity as an alternative to combinatorial chemistry
constitutes a second important goal for combinatorial biology.

| Triterpenoid biosynthetic pathway in G. lucidum and compound of potential therapeutic interest.

'MVA pathway Plants coon

2,3-oxidosqualence ﬁ» Cycloartenol

I \

Lanosterol e 3= Phytosterols

i - e GAs R, R, R Ry Skeleton type

i A 3] OH H OH I

B B-OH OH H 0 I

H B-OH 0 OAc 0 I

v 0 on Ohc H 1
Lz B-OH H H H 11 ]

u 0-OH H H H 1

DM 0 0 H H 1

Y B-OH H H H 1

X B-OH OAc H H 11

a-OH H Ohc H 1

Ganoderic K T a-OAc OAc OAc H 1

: Me 0-0Ac OAc H H m

Mk 0-OAc on OAc H 11}

_./__/
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Combinatorial approach to metabolic engineering

Template host cell
design

Metabolic pathway
independent
homing sites

on chromosomes

—_— — — — =

= NRA
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Genome scattered
combinatorial library of
alternate assemblies

ORFs void transcription

reservoir unit reservoir

A A
I 1 I 1

- - -E8-E8-

Virtual gene collection

M A

Combinatorial assembly of
expression unit on homing sites

L\

Genome wide directed evolution

Collection of
non- optimal

solutions
Functional
selection
Targetted

genome shuffling

L *

Feeding with
natural genetic
traits of interest

Supplementing
with more
synthetic genes
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Un bilan de I’'ingénierie génétique en biologie de synthese

Génome synthétiques
Quel gue soit le caractere spectaculaire, voir médiatique de la synthese compléte de génomes,
I'approche et loin d’étre mature. La notion de génome minimal reste a définir tant au niveau de ses
concepts que de l'utilisation qui pourrait en étre faite. On sait reproduire, certainement pas encore
créer...

Ingénierie massive des géenomes

L'approche est beaucoup plus mure et va bénéficier des progres de la robotisation. Il s’agit d’'une
alternative réaliste a la synthése pouvant cibler les méme objectifs avec des ressources plus limitées.
De nombreux domaines d’applications sont possibles, celui de I'utilisation de codes génétiques étendus
étant probablement un des plus prometteurs.

Les nouvelles technologies de synthese et d'assemblage de sequences

Le gain est massivement quantitatif, plus que qualitatif, mais permet de réduire de maniere majeure les
ressources et fortement le temps nécessaire. La qualité des méthodes d’assemblage par
recombinaison permet d’envisager une automatisation de beaucoup d’approches.

Les approches combinatoires d’ingénierie métabolique

Le gain potentiel est qualitatif et quantitatif mais la technologie n’est pas encore mure au-dela des
premiers démonstrateurs. Les approches amonts restent critiques pour maitriser les mécanismes de
maintenance des génomes. Néanmoins, comme dans les autres domaines I'optimal proviendra de
I'association du rationnel et du combinatoire.

e
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An example combining a wide range of synthetic biology

approaches for sustainable & biomass independent
organic carbon for industry

/Atmosphenc Industrial

carbon dloxlde arbon dioxide

Build a synthetic microorganism l '
n
t’?

permitting : ' CARBOYEAST
l
% Efficient use & chemical st f : .
* icient use & chemical storage of non I [ Safe & easy to store and transport J
photosynthetic renewable energy. | intermediate chemicals
| < -

2 : chemical or biologica

. . [ evan
potentially any organic molecule K —_— " | ansformations /
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*» To reuse most of current bio-engineering




) ¢ N EN
‘: CARBOYEAST twbu\SBP

» Reconstruction of photosynthetic cyanobacteria carbon dioxide capture mechanism in yeast
» Carbon free energy feeding through direct electron transfer or hydrogen oxidation

» Use of artificial intracellular nano-compartments to secure incompatible metabolic paths

» \Very large genetic engineering (> 25 artificial genes)

Potentiel
oxydant (O2)

Energie@ﬁ

5 Couplage

\.IVZ

@T@F@ meétabolique
e _
i Potentiel

Transport actif

i ' réducteur (e-
Mediateur - o?,o\)vo (e-)
HO OH ﬁ ]\_

Transporteur
d’électron
A

Hydrogenase Enzyme de

SOURCE : COMMISSION EUROPEENNE
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Pour en savoir plus aller voir
le document
d’accompagnement

Nouvelles approches d’ingénierie
pour la biologie de synthese.

D. Pompon, P. Urban, T. Lautier, M. Carquet, G. Truan
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Table 1. Quelques exemples d’ingénierie métabolique relevant de la biologie de synthése

Compose cible Organisme Approche Reference
Polykétides E. coli Combinatoire Horinouchi, 2009
Médicaments E. coli Combinatoire Julsing, 2006
Flavonoides non naturels E. coli Mimétique Katsuyama, 2007
Métabolisme xylose S. cerevisiae Rationnelle Kim, 2013
Terpénoides E. coli Souches plateformes Martin, 2003
Isoprenoides S. cerevisiae Transfert organismes Maury, 2008
Flavanones E. coli Cluster génes Miyahisa, 2005
synthétiques
Diversité chimique S. cerevisiae Combinatoire Naeby, 2009
Artemisine S. cerevisiae Rationnelle Ro, 2006
Hydrocortisone S. cerevisiae Rationnelle Szczebara, 2003
Stilbénoides S. cerevisiae Rationnelle Trantas, 2009
Amorphadiene E. coli Rationnelle Tsuruta, 2009
Caroténoides E. coli / levure Mimétique Wang, 2007
Générique levure Combinatoire/ Wingler, 2011
robotique
Carotene E. coli Combinatoire Yoon, 2009
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CARREFOURS mm—

DE L'INNOVATION AGRONOMIQUE




Merci de votre attention Questions
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