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A key synbio application potential is in
CIRCULAR BIOECONOMY -towards a bio-based society

Green chemistry
Process technology
Engineering sciences

Cell factories

Microbes and plant |
cells as production
organisms




Industrial biotechnology vIT

Gene
technology
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Efficient production of only the wanted product in closed bioreactors
A single unit operation
Ambient temperatures and pressures, no toxic catalysts



hAtmoé_o * Versatile use of non-fossil raw materials and
pRere~be — H, unique possibilities to broaden the product range

Industrial i
Natural synthesis power
flue gases )
Evolution power
Reaction specificity

Synthesis
gas

Methane,
methanol

Industrial "

: RAW MICROBES ' '} »
sidestream MATERIALS VS PRODUCTS

sugars | ENZY~' oy
IR

Ligno- )

cellulose

Food in-
dustry
sidestreams

Packaging
and textile
waste




Atmos-
pheric CO,

Industrial
flue gases

Synthesis
gas

Methane,
methanol

Industrial
sidestream
sugars

Ligno-
cellulose

Food in-
dustry
sidestreams

Packaging
and textile
waste

)4

Versatile use of non-fossil raw materials and
unique possibilities to broaden the product range

Natural synthesis power
Evolution power
Reaction specificity

RAW
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Engineering biology
using DNA as a code
- Synthetic DNA

Faster process
development

*

SYNTHETIC BIOLOGY
* Computer-aided design of production strains
Rapid construction and testing of strains using automation and robotics
* New reactions, new products, more efficient processes
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Enzymes produced
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Baker’s yeast
- A cell factory
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Baker’s yeast
- A cell factory
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L~ Enzymes produced

. y\:m,; "N by fungi digest
- } \x‘S ~ cellulose to sugar

Baker’s yeast
- A cell factory

Bioplastic PLA

Merja Penttila



L Enzymes produced

. ’R’;ﬁ‘ >\ by fungi digest
D AN ~ cellulose to sugar

Baker’s yeast
- A cell factory

Xylitol Food & ' ’

Vanillin Feed Protein

Terpenes Silk Lactic acid Ethanol

el PHB succinic a‘?('jd Butanol

nsuin Hyaluronan Itaconic acl Biodiesel

Artemisin : Acrylic acid Jet fuel
. Alginate ) ] et fuels

Opioids Muconic acid otc
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VTT has experience in ENZYMATIC HYDROLYSIS
of many different biomasses

Steam exploded or
hydrothermally treated,
acidic pretreatment

= Softwood

= Hardwood

= Wheat straw

= Wheat bran

= Sugar cane bagasse
= Grass silage

From alkaline pretreatment

= Softwood

= Hardwood

= Wheat straw

= Wheat bran

= Sugar cane bagasse

= Waste wood/recycled wood

= Green biomasses, grass silage Other
= Waste fiber

= Spent grain
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= Municipal waste (sorted, mixed)
= Sludges from paper mills
= Solid recovered fuel (SRF)



Production host engineering alVTT

Microbes & products

Bacteria
Escherichia coli
Clostridium ljungdahlii

Synechocystis (cyanobacteria)

Rhodococcus opacus

Yeasts

Saccharomyces cerevisiae

Kluyveromyces lactis

Kluyveromyces marxianus

Yarrowia lipolytica
Scheffersomyces stipitis
Pichia kudriavzevii
Candida sonorensis
Pichia membranefaciens

Candida methanosorbosa

Cryptococcus curvatus

Filamentous fungi
Trichoderma reesei
Aspergillus niger
Aspergillus oryzae
Mucor circinelloides

Organism
selection

Organism
development

Process
development

Scale-up
and piloting

Ethanol
Butanol
Triacylglycerids &
derivatives

Lactic acid
Glycolic acid
Xylonic acid
Arabinoic acid
Galactaric acid
Glucaric acid

Xylitol
Pigments
Isoprene

y-terpinene
Ent-pimaradiene
Alcaloids
Styrene

Industrial enzymes

Material proteins

Antibodies

Food proteins

Feed proteins




KORVAA headphones, made from microbially produced materials

MICROBIAL BIOPLASTIC PLA

The 3D printed biodegradable plastic
PLA is made from lactic acid that is
produced by the yeast Saccharomyces
cerevisiae.

FUNGAL MYCELIUM

The growth of the fungus
Phanerochaete chrysosporium creates
a leather-like material.

ENZYMATICALLY PRODUCED
CELLULOSE

The microbial and enzymatically
produced cellulose is naturally lignin

free. BIOSYNTHETIC SPIDER SILK

Sustainable microbially produced silk
protein.

COMPOSITE OF FUNGAL
MYCELIUM

AND BACTERIAL CELLULOSE
This material consists of mycelium,
the cells of the fungus Trichoderma
reesei, which is grown in a bioreactor
and mixed with microbially produced reesei. It is nature’s strongest “bubble-
cellulose. The dried composite is maker” which aids fungal cells to grow
hard and light. into air from a moist soil.

PROTEIN FOAM AND PLANT
CELLULOSE

A foaming protein, hydrophobin, is
produced by the fungus Trichoderma

VTT and Aalto University researches, design company Aivan, Nina Pulkkis



Cell chemistry can be harnessed for production of platform chemicals that can replace oil-based
compounds — and for many new complex molecules difficult to synthetize chemically

" Biomass =~ /" Lo oS L Fossil oil

Natural gas, naphtha, aromatics
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Biotechnology and Bioengineering, 109: 10, 2437-2459




Microbially produced
natural and unnatural o
polymers 4{/”\ ).1\}\
noon
Polypeptides ex)sik
protein (R= amino acids)

poly-Y-glutamate (R« Giu)
e-Poly-L-lysine (R=Lys)

m
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PHAs  (R=H) PHP
(R=CH,) PHB
(R=CH,CH,) PHV

Cellulose

o’ o
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PLA Poly(3HB-co-LA)

Microbial production
of building blocks
and polymers

3CM O
oMT ©
Isoprene ©
800,000 MT
Cadaverine
1,600,000 MT

NN Putrescine
HN NH, 10,000 MT

Poly(styrene-
co-trimethyl-
3CM)

P
o

Poly(styrene-b-
Isoprene)

H‘,N/\/\/NN?

Polyisoprene

Other polyamides
Nylon-4.4 (n=4, m=1)
Nylon-4,10 (n=4, m=7)
Nylon-5, 10 (n=5, m=7)
Nylon-6, 6 (n=6, m=3)

Polyamide 54
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Poly(butylene
suconate) (n=4)
PPS (n=3)

PES (n=2)

S
PBSA (R=R (CHL)e)
PBST (ReC_H,~ R'=(CH,).)

PBSPS (R=(CH.), R'=(CH.),)
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(R=NH,)
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Poly(propylene >
fumarate)

Poly(1,8-
OoH | ODO-malate) *-

Nylon-4,6 Polymers that contain

at least one monomer
that can be produced
by microbes

Leeetal. 2011. Curr. Opinion in Biotechn. 22: 758-767




Synthetic biology

SUGAR PLATFORM
The key bioprocess
Synthetic biology improves

the process efficiency and
product diversity

Raw Bioreactor :
Carbo- material Cheml.cals
hydrate » pretreat- Materials
feedstocks ment & Fuels

hydrolysis

Microbes

e. L]

fibger I e.g. LC enzymes ‘ Enzymatic
ek modification

modifications Enzymes




Bioreactors for ethanol and lactic acid can be more than 1000 m?3 in size

Saccharomyces cerevisiae
baker’s yeast 1s a robust
process organism

Biotechnology is suited also for
very large scale

Industrial production is established
for various products

108 small cell
factories fit in
one liter

4 - 5 mikrometers



Bioreactors for ethanol and lactic acid can be more than 1000 m?3 in size

Saccharomyces cerevisiae
baker’s yeast 1s a robust
process organism
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Synthetic chassis vs. use of synbio tools in “natural” hosts?

» Process robustness is important — traditionally difficult to engineer

= Low pH, T, raw material or product tolerance, pressure, oxygen
variation, growth rate

= Natural organisms, even non-conventional ones may provide beneficial
features and natural biodiversity (e.g. lipid production, acid tolerance, difficult
to engineer pathways)

» Host is critical for achieving high production yields, rates and titres

A difficult question: Synthetic chassis or a favoured host, or a new natural one?
Does the Yeast 2.0 make a difference?

4 - 5 mikrometers



Needs In industrial production

Replacement of fossil resources with renewable ones (plant biomass, photosynthesis) in
production of chemicals, materials and fuels

— Engineering of substrate utilisation pathways & photosynthetic organisms

Equivalent products to petrochemicals by microbial fermentation
— Metabolic engineering, heterologous pathway expression

Novel, better products through biotechnology (materials, drugs etc)
— Combinatorial pathways, novel enzyme catalysts

Efficiency of production (titer, rate, yield )

— Cut-off side reactions, increase flux, engineer cellular energetics & redox; predictive cellular
modelling,.. thermodynamics, chemical biology etc

Improve process robustness
— Mutagenesis, product efflux, stress biomarkers, ...



Synthetic biology targets

Host strains that have predictable behaviour and are easy to manipulate
(“minimalistic” chassis)

New product pathways (balanced redox and energy, minimal carbon loss =
carbon economy)

Controllable and efficient expression (expression modules and circuits with
synthetic designed elements)

Novel chemistry (protein engineering, combinatorial biochemistry)

Control of process robustness (intracellular sensors and control loops)



Design-Build-Test-Learn
(DBTL)
cycle of synthetic biology

Automation of strain engineering
(ultimately towards a robot scientist)



The Design-Build-Test-Learn cycle of Synthetic Biology

Engineering biology using DNA as a code

Synthetic DNA

Design
CeII_s and th_elr parts are DESIGN
designed using

computational tools

Hundreds of

engineered

Analysis and ;”‘?'”f ga.n

decisions € testedin
a week

Machine learning
algorithms can help the
researcher to analyse
and understand LEARN TEST
measured data.

Data is the fuel -
the higher the quality of data, the more we
learn and the better we can predict

Computation

Synthetic DNA is delivered
to the cells using genome
editing tools such as
CRISPR.

Cultivation and
measurement

Robots are cultivating the
strains and carry out
measurements. The
results are automatically
stored in databases.

Automation



The Design-Build-Test-Learn cycle of Synthetic Biology

Engineering biology using DNA as a code

Synthetic DNA

Design

* Mining for best genes
from databases

» Design of cell
biochemistry for high
product yields

* Novel reactions

DESIGN

Hundreds of
engineered
strains can
be tested in
a week

Analysis and

decisions

* Mastering cell
complexity using Al

* Prediction of new
engineering targets

LEARN TEST

Data is the fuel -
the higher the quality of data, the more we
learn and the better we can predict

Computation

CRISPR

Designed control of
growth and production
Automated cell
engineering

Cultivation and
measurement

High throughput
screening robotics
Fully automated,
parallel small-scale
bioreactor cultures
On-line analytics

Automation



Aalto-VTT national Bioeconomy infrastructure:

From synthetic biology to piloting
A versatile
computing platform
for desigw, prediction
and awaLgsLs

A robotic platform for
BUILD  ¢fficient DNA assembly,
transformation ano
Hundreds of strain sereening,

engineered
strains can be
tested in a week

DESIGN

PILOT

LEARN TEST

Controlled parallel
bloreactor s ystems with
avtomated sampling,
and analytics

N R B BB )




International Consortia

€EBRC

Engineering Biology Research Consortium (USA)

<
é% Global Biofoundries Alliance
4

(%5, ~ "10"

3. ‘
m A~ 2 L \':'.
i</ W [ \pg/ ‘ T\ S 1.
S— W A D2y

@IBISBA

EU-IBISBA
Industrial Biotechnology Innovation
and Synthetic b'!ﬁ
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EU project IBISBA

Alm to accelerate blotechnology development through excellence In capabllities and Infrastructure

- from biocatalyst design to bioprocess

| LEARN ’

. Out/In jt Out/In jt Out/In
Strain &
enzyme DESIGN | B | BuD | B | TEST B) | SCALE-UP
development
| TEA LCA P&ID

TEA, technoeconomic analysis
LCA, life cycle analysis
P&ID, piping and instrumentation diagram

Process
optimisation

$S300dd
TVIHLSNANI



From distributed capabilities
to harmonised seamless services

« Dissection of tasks that are needed to carry out projects — computational and wet lab

=

 For creation of a hierarchical structures of modular tasks that can be combined to make
seamless workflows (for automation) and for tracing back experiments

 For harmonizing the Protocols so that highest quality of results are obtained similarly in
different labs. The Input to the next phase is verified with go/no go criteria (the devil is in
the details!)

« Experimental and computational verification of key steps and parameters (that are
good examples for most biotech cases)

=

« Making biology engineerable



TasCu

| o IBISBA
& Execution of Design

® Design production strain

Workflow steps with protocols

® Computational metabolic design

e Computational product pathway design
® Enumerate pathway options (e.g. Retropath)
® Score pathways without chassis
® Chassis embedment
* Receive input from product pathway design
* Map metabolites between pathway and chassis
¢ Add production pathway to chassis SBML in silico
¢ Fill metabolic gaps
e Screen potential substrates in silico
¢ Screen growth conditions

» Growth-product coupling (e.g. OptKnock, RobustKnock, Minimal Cut Sets)

e Calculate expected yields Protocols linked to tasks
. Estimatem@g

® Evaluate and choose pathways

® Genetic design for chassis

e Select and/or design enzyme
® Design DNA constructs for expression host
® Design growth medium and cultivation conditions
® Criteria for successful outcome of #Design
* Build

® Test

® Learn
® lUpscale



IBISBA Workflow platform

P Carbonell et al. Bioinformatics 2018
Delepineetal. Get there i
Met. Eng. 2013 Mellor et al. ACS Synth. Biol. 2016

Carbonellet al.
NAR 2014
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Synbio examples for biotechnology



Synthetic pathway and

Stephanie Galanie et al. Science
2015;349:1095-1100

* Overexpression of two
native yeast enzymes

« Deletion of one native
yeast gene

« Expression of 21
heterologous enzymes
from plants, mammals,
bacteria, and yeast (color
codes)

« P450 enzyme (SalSyn)
engineering to obtain a
fusion protein for correct
glycosylation and activity

Biosynthetic scheme for production of thebaine and hydrocodone from sugar. Thebaine is a starting material for many opioid drugs through biosynthetic and semisynthetic routes. Block arrows indicate enzyme-catalyzed steps. Light gray arrows, unmodified
yeast enzymes; dark gray arrows, overexpressed and modified yeast enzymes; purple arrows, mammalian (Rattus norvegicus) enzymes; orange arrows, bacterial (Pseudomonas putida) enzymes; green arrows, plant (Papaver somniferum, P. bracteatum,

; red outline highlights engineered SalSyn. E4P, erythrose 4-phosphate; PEP, phosphoenolpyruvate; DAHP, 3-deoxy-d-arabino-2-heptulosonic acid 7-phosphate; 4-HPP, 4-
hydroxyphenylpyruvate; 4-HPAA, 4-hydroxyphenylacetaldehyde; BH,, 5,6,7,8-tetrahydrobiopterin; Tkl1p, transketolase; CPR, cytochrome P450 reductase; Aro4pQi€K, DAHP synthase; Arolp, pentafunctional arom enzyme; Aro2p, bifunctional chorismate
synthase and flavin reductase; Aro7p'?%', chorismate mutase; Tyrlp, prephenate dehydrogenase; Aro8p, aromatic aminotransferase |; Aro9p, aromatic aminotransferase Il; Aro10p, phenylpyruvate decarboxylase; TyrHWR, feedback inhibition—resistant tyrosine
hydroxylase (mutations R37E, R38E, W166Y); DODC, |I-DOPA decarboxylase; NCS, (S)-norcoclaurine synthase; 60MT, norcoclaurine 6-O-methyltransferase; CNMT, coclaurine N-methyltransferase; NMCH, N-methylcoclaurine hydroxylase; 4'OMT, 3'-hydroxy-
N-methylcoclaurine 4'-O-methyltransferase; DRS-DRR, 1,2-dehydroreticuline synthase-1,2-dehydroreticuline reductase; SalSyn, salutaridine synthase; SalR, salutaridine reductase; SalAT, salutaridinol 7-O-acetyltransferase; T60DM, thebaine 6-O-

Coptis japonica, Eschscholzia californica) enzymes. Yellow outline highlights DRS-DRR

demethylase; morB, morphinone reductase.

strain optimization for opioid synthesis in yeast

Increased pentose phosphate

Sugar Tki1p pathway flux to E4P
e _ Redox partner for
= cytochrome P450 enzymes
i % 5 BH, Biosynthetic,
recycling and salvage enzymes
E4P Arol COH
+  Arodpdisc DAHP Arolp  Aro2p [AfTpi@-  Tyrp  4-HPP  Aro0P
rodp HO NH,
PEP ;
L-T
Aglop yrosine
MeO , O v gy
HO NMe Bl
4-HPAA
HO * NH;, HO COH
O D/\/ bobc NH,
M o HO . HO
(S)-Reticuline Dopamine L-DOPA
DR%RR
MeO
MeO
:@G\lMe HO
HO ¥ m
HO 2
D/ MeO
MeO
(R)-Reticuline Salutaridine Salutaridinol 7-O-Acetylsalutaridinol
1spontaneous
MeO MeO
& spontaneous - gtherd
3 inmEm plo'
MORPHINAN , - Drugs

Codeinone Thebaine

Hydrocodone Neopinone




Sugars Hexanoic

Cannabinoid synthesis in yeast Iy scid

Acetyl-CoA
I ,
EfmvaE | RebktB~ CnpaaH1
Nature 2019, vol 567:123 I
R . . R . fmva er ’
Complete biosynthesis of cannabinoids and their e Ty

Mevalonate /\/\)I\
SCoA

unnatural analogues in yeast ERG12 Hexanoyl-CoA

Xiaozhou Luo™'3, Michael A. Reiter215, Leo d*Espaux® 2, JeffWong?1?, Charles M. Denby!2, Anna Lechner®514,

. - = . ERGS8
Yunfeng Zhang'-%, Adrian T. Grzybowskil, Simon Harth?, Weivin Lin?, Hyunsu Lee®”, Changhua Yu®#, John Shin?+#, I CsTKS
Kai Deng™?, Veronica T. Benites”, George Wang®, Edward E. K. Baidoo®, Yan Chen?, Ishaan Dev®4, Christopher I. Petzold® & ERG19 l
Jay D. Keasling'--4-510-11
IDI1 } csoac

erg20*

Synthetic pathway required for efficient precursor I~ I Hoﬁj\m/\
. GPP OA
(hexanoyl-CoA) production (Qs;y) |

Introduced also a gene for a previously
undiscovered enzyme with
geranylpyrophosphate:olivetolate
geranyltransferase activity (CsPT4)
(known natural producer gene gave no activity) o O




Synthetic non-oxidative glycolysis

— prevention of carbon loss in AcCoA formation (1)

Carbon is lost
HXK in AcCoA formation

Glucose
co, GLK
HADPH HADPH
Ribulose S5F EF g G1F 8- galactose
RPE g
‘/4"' ‘\\21\1[! PGL ZNF .p”
¥ylulose 8P Ribose 5P . FEP —agpe MEF g mannose
' ** -a—— fructo=e
PFK
FBF’ nAD
TKL ‘,‘ FPA FOF \_l
STP+E3F ~ T 3R —ILI—DHAP—I-'G‘IP—I"' Glycerol
tC—- DAR GDP
TAL HADH
EdP+_FBP anFE
Dq_/ PGK ’
L ‘:i:" IFG
FEF+G3F GPM

PY K
HADH % HAD
|3 ot e Py R~ Acetaldehydeu—h Ethanol
. PDC ALD ADH
HAD (P}H
Acetyl-coA -g— Acetic acid

C
HADH "
‘, B e Respiratory

chain
ML &HADH
FUM E0z

HAD
-—’su.qnu
Cog ZH+ +102 DQ—-’ZHQD

AcCoA is a key intermediate
in product pathways

glucose

_~"mitochondrion
v PDH CIT
yruvate—‘» pyruvate ==p acetyl-COA —p( 1cp ) ;
1PDC 1‘\ - . e

ethanol «—> acetaldehyde

(peromsome \ lALD

acetate «—=—4=p acetate
lACS lACS

nucleus

-

Broxidation chromatin

)~ — > acetyl-CoA ] acetyl-CoA acetylation

| CIT

| -~ polyhydroxybutyrates

I GYC —> acetoacetyl-CoA .1-butano!

| MLS isoprenoids

| = malonyl-CoA = sterols

| —» polyketides

I == polyphenols
=P alkanes/alkenes

P R fatty acids —p fatty alcohols
—) Waxes

Bogorad et al. (2013). Synthetic non-oxidative glycolysis enables
complete carbon conservation. Nature 502, 693-697.
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Synthetic non-oxidative glycolysis
— prevention of carbon loss in AcCoA formation (2)

C1 or sugar as carbon sources '
6CO, (CH,0), 6CH,0H

\ \

E4P
S 2 i F6P iOP
CBB RuMP

' 2
\ / : Carbon
. ::0 rearrangement
F6P : to G3pP S7p
EMP "\ NOG 5 oP i
OP

2G3P 3F6P €= — — — — — 1 : 3

- Y
l | ' ¥ A g
| ; E4P X5P R5P =—>» Ru5P —> X5P
Phosphoketolase : _ -0 -0
2 F6P ' =0 @ o = Lo -0 =
1 '
4e 4 | * : iOP 3 f iOP : ’ oP 3 iOP
v 3AcP 3 E4P | : OoP ®OP o
2 pyruvate I E :=O 5 =)
Carbon : F6P % < G3P FeP
rearrangement — ' B i G3P rop op DHAP tO iOP
4e OP
mp 200, 0
| oP
Y Y

Enzyme numbers: 1, phosphoketolase; 2, Tal; 3, Tkt; 4, Rpi; 5, Rpe; 6, Tpi;
7, Fba; 8, Fbp. DHAP, dihyroxyacetone phosphate; Ru5P, ribulose 5-
phosphate.

Bogorad et al. (2013). Synthetic non-oxidative glycolysis
enables complete carbon conservation. Nature 502, 693-697.



Synthetic non-oxidative glycolysis
— prevention of carbon loss in AcCoA formation (3)

PHOSPHOKETOLASE:

D-fructose 6-phosphate + phosphate -> acetyl phosphate + D-erythrose 4-phosphate + H,O
D-xylulose 5-phosphate + phosphate -> acetyl phosphate + D-glyceraldehyde 3-phosphate + H,O
D-sedoheptulose 7-phosphate + phosphate -> acetyl phosphate + D-ribose 5-phosphate + H,O

a FepP

FP

E4P

/

RuS

c FéP
AcP
E4P
%
F&6P
B/
FBP AP

DHAP wb _ G3P

‘;..\/

AcP

Phosphate acetyl transferase (PTA): CoA + acetyl phosphate -> acetyl-CoA + phosphate

Bogorad et al. (2013). Synthetic non-oxidative glycolysis enables complete carbon

conservation. Nature 502, 693-697.
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Engineering for C-Si bonds o o ‘
. . s _ HN vs //Si 1:1 ‘
Silicon based life - st” @NHZ N
- at least biochemicals 24 1 22 s | i
carbon-nitrogen carbon-silicon M103E

bond formation bond formation

 Silicon is the second most abundant element on
Earth, after oxygen
 Itis not found in biochemistry but life based on
silicon (instead of carbon) has been suggested as
alternative in space
« Frances Arnold and her group were able to create
C-Si bonds in living E.coli by engineering an
enzyme of Rhodothermus marinus from Icelandic
hot springs using (only 3 rounds!) directed evolution
« Si has both metal and non-metal properties
- > enzyme: cytochrome C (heme Fe?*), an
electron transfer protein that does not perform a
catalytic function in nature
« The engineered reaction is 15-fold more efficient
than with chemical catalysts with certain Si
compounds

S. B. Jennifer Kan, Russell D. Lewis,
Kai Chen, Frances H. Arnold. Directed
evolution of cytochrome c for carbon—
silicon bond formation: Bringing silicon
to life. Science 25 November 2016.
Vol 354 (6315). 1048-1051.

The finding could help
chemists to develop new
pharmaceuticals and
industrial catalysts — and
perhaps explain why
evolution has almost
completely shunned silicon.

President Sauli Niinist6 is giving the Millenium Technology Prize
2016 to Frances Arnold (California Institute ofTechnology, USA).
Figure M. Penttila
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heme Horse heart cytc | <5 Heme protein—catalyzed carbon-silicon bond
pme'"l Bovine heartcytc | 6 formation.(A) Carbon-silicon bond formation catalyzed
S. cerevisiae cytc | <5 by heme and purified heme proteins. (B) Surface
e s . sl faes representation of the heme-binding pocket of wild-
me L oy Halietiopsilig Skl I type Rma cyt ¢ (PDB ID: 3CP5). (C) “Active site”
£ R. globiformis cytc | <5

Various P450s and myoglobin also catalyzed the formation
of carbon-silicon bonds, but the reactions were not
enantioselective (see Supplementary Materials).

structure of wild-type Rma cyt ¢ showing a covalently
bound heme cofactor ligated by axial ligands H49 and
M100. Amino acid residues M100, V75, and M103
residing close to the heme iron were subjected to site-

! \ saturation mutagenesis. (D) Directed evolution
wsf\;_ : j of Rma cyt c for carbon—silicon bond formation [reaction
M100
éos

“

shown in (A)]. Experiments were performed using
lysates of E. coli expressing Rma cyt ¢ variant (ODgyg =

500

97% ee

o

10

15; heat-treated at 75°C for 10 min), 10 mM silane, 10
mM diazo ester, 10 mM Na,S,0,, 5 vol % MeCN, M9-N
buffer (pH 7.4) at room temperature under anaerobic
conditions for 1.5 hours. Reactions were done in
triplicate. (E) Carbon-silicon bond forming rates over

S. B. Jennifer Kan, Russell D. Lewis, Kai Chen, Frances H. Arnold.

Directed evolution of cytochrome c for carbon—silicon bond formation:

D - four generations of Rma cyt c. Single-letter

2000 . . . . .

o abbreviations for the amino acid residues are as follows:
1500 - 1 o D, Asp; E, Glu; M, Met; T, Thr; and V, Val. TTN, total turn
. £ 30
Z 1000 >99% e £ over number.
>99% ee S 20 .
S -
. Il
WT

WT M100D V75T V75T
M100D M100D
M103E

M100D V75T V75T
M100D M100D
M103E

Bringing silicon to life. Science 25 November 2016. Vol 354
(6315):1048-1051.
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Scope of Rma cyt ¢ V75T M100D
M103E-catalyzed carbon-silicon bond
formation.Standard reaction conditions:
lysate of E. coli expressing Rma cyt ¢
V75T M100D M103E (ODgy, = 1.5; heat-
treated at 75°C for 10 min), 20 mM silane,
10 mM diazo ester, 10 mM Na,S,0,, 5 vol
% MeCN, M9-N buffer (pH 7.4) at room
temperature under anaerobic conditions.
Reactions performed in triplicate. [a]
ODgo = 5 lysate. [b] ODgy, = 0.5 lysate.
[c] ODgq, = 15 lysate. [d] 10 mM silane. [e]
ODgqyo = 0.15 lysate.

Can be used already for in vitro enzymatic
catalysis. Will take some time to make
larger scale production with cells
possible?

S. B. Jennifer Kan, Russell D. Lewis, Kai Chen,
Frances H. Arnold. Directed evolution of cytochrome
c for carbon-silicon bond formation: Bringing silicon
to life. Science 25 November 2016. Vol 354
(6315):1048-1051.



Read this article

Retrosynthetic design of metabolic pathways to chemicals

not found In nature

Geng-MinLin, Robert Warden-Rothman & Christopher A.\Voiqgt
Current Opinion in Systems Biology 14, 82-107 (2019)

https://doi.org/10.1016/j.coisb.2019.04.004



https://www.sciencedirect.com/science/article/pii/S2452310019300368#!
https://doi.org/10.1016/j.coisb.2019.04.004

Biochemistry vs. Chemistry
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4 steps, 30.6%

= . )\/\)\/\ Ac20 )\/\/L/\ SeO:, BuOOH \)\/\/k/\ 1. TBDPSCI, imidazole
Essential oil » N N i ? X X i — HO N ™ i —

MnO-
CH:Cl2 2. KzCOs, MeOH e =
98%

CH:Cl2
73% 50%

88%

TiCla, iPr=NEt
AUX = _;(N \;B
o o ,/‘s\ CHzClz, -78 °C
HO, B\)J\ 9% 47%
HO\J\ TBSCI, imidazole S o 1. (COCl), toluene, DMF, rt Teso\)\j\ 1. nBuLi, HMDS, THF, -78 °C o
OH = HO\/LO —— 1550 \/ko ——) 7550 \)\)LOH & NN > TBSO\)J\/U\AUX
Glycerol DMF NaHMDS, THF, 0 °C-rt 2. NaH, L-(+)-camphorsultam ,,‘5\ 2. NHaCliag)
83% 80% 59% o

89%

}Lo %o %o
1 HCI, Hz0, EtOH, 0 °C Lo} 1. LAH, THF, 0°C o H202, (NHa)sM07024 o TBAF
TBDPSO T80PSO_ I\ L ; L ———))  T5DPSO S N ok ——))  T8DPSO 3 S ol =]
1850 2.2 methoxypropene Ry 2. PhSSPh, nBusP tBUOH, py THF, rt
PPTS, DMF, rt 0P AUX toluene, rt SPh 86% SO,Ph 95%
74% 92%

RO 1. Ti(O-iPr)s, 0-(-)}-DIPT
CBr . PPhs KHMDS Mg MeOH PPTS MeOH TBHP CH:Clz, -20 °C P
\)V\)\/kL B'\)\/\)\/k.L © %
2 6-lutidine, 0 °C THF,0°C
S0,Ph 94%

(CH OH)2, rt 2 TEMPO, Phl(OAC):,
SOPh  84% 74% 78% CH:zClz, RT

[e]
Parthenolide
62%

18 steps, 2.3% yield
Comparison of metabolic (from FPP) and chemical routes to parthenolide. The pathway has been

identified and transferred from its native organism (Tanacetum parthenium) to yeast and the theoretical
yield of the biosynthetic route is shown (0.306 g/g glucose).
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Retrosynthesis for xenobiotic compounds, not found in nature
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Synthetic promoters and control circuits
for biotechnology
- VTT example



SES
Orthogonal Synthetic Expression System for fungi

m— UCP Synthetic TF >L
terminator
Synthetic (sTF specific) promoterj] UCP Il gene >L
terminator

« Tunable controllable promoters, driving different expression levels
« Constitutive, inducible or repressable
« Orthogonal, not responding to host’s background regulation
* Enables memory
» Functional over several fungal species

Anssi Rantasalo, Joosu Kuivanen, Jussi Jantti, Dominik Mojzita /VTT



Current situation

Novel approach

Universal SES technology

2
‘I‘
— @)
Fan
., ~

/I

S]1ONpo.Id




22/03/2021

Eukaryotic gene expression verry
Different versions
Constitutive or conferring different efficiency in initiation
regulated complex assembly and transactivation

gene : terminator

UAS/enhancer: Core promoter: Binding
Binding sites (RE) for sites for general
specific transcription transcription factors

factors (TF)

\ J
|

Native promoter

49



Synthetic gene expression system
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Development of a tunable expression
system for S. cerevisiae

pHIS3i-(TDH3cp)-sTF842 TDH3cp LexA-NLS R:1:¥7:\»)
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B2]
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pBID2-EP_AS"8S B2[{B3[{B4[{B1]{B2]

PBID2-EP_A®®S
\\ ““

Bidirectonal synthetic promoter

Rantasalo et al. (2016) PLoS One



Development of a tunable expression
system for S. cerevisiae

pHIS3i-(TDH3cp)-sTFB42

pHIS3i-(TDH3cp)-sTFVP16

GFP fluorescence (AU)

5 L LexA-NLS [IZPT)

o erd [TEN VP16AD

weak constitutive sTFB42

u GFP
E mCherry

- 1000

- 900

g

)

3

mcCherry fluorescence (A

F 600

F 500

L 400

- 300

F 200

- 100

PDC5t

GFP fluorescence (AU)

pBID2-EP_A<®S
pBID2-EP_A2<8S
pBID2-EP_A3<8S
pBID2-EP_A%<8S
pBID2-EP_AS<®S
pBID2-EP_A®<®S

ENO1cp

=P

B2[{B3[{B4
B2[{B3[{B4}{B1]{B2]
B2}{B3}{Bap{B1H{B2[{B3{B4]
\\ ,o"“
A Y -
\ -
A -
)-8 B3 L-—I——
-8 B3} PGK1 ADH1t

strong constitutive sTFVP16

300
N GFP
250
B mCherry
200 “
150
100 A

[
o

NC 0BS 1BS

2BS

3BS

F 1000

- 900

g
)

mCherry fluorescence (AU

F 700

600

- 500

- 400

- 300

- 200

F 100

4BS 6BS 8BS

Rantasalo et al. (2016) PLoS One



Orthogonality matrix — test of the sTFs’ specificity

7000
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3000

Venus fluorescence

TarA sTF
BM3R1 sTF
TetR sTF

PhIF sTF
& ;s
- LexA sTF

BM3R1 8 op

TarA 8 op
Mathematical models of the different expression circuits



Universial core promoters for different fungi

» Core promoters of highly expressed genes _E)% c
from various organisms (as gBlocks). -

» gBlocks assembled in vivo to a CEN-type —F}—
plasmid in a yeast strain constitutively ; :
expressing LexA-based sTF. . EEE

« Strains analyzed for red fluorescence.

+ A few new strong (universal) core promoters
selected. |:> : Q 9



Universial core promoters for different fungi

» Core promoters of highly expressed genes _E)% c
from various organisms (as gBlocks). -

» gBlocks assembled in vivo to a CEN-type —F}—
plasmid in a yeast strain constitutively 5 5
expressing LexA-based sTF. m_

« Strains analyzed for red fluorescence. D

+ A few new strong (universal) core promoters
. Q '

selected

LEU2 5" g KI_LEU2

gaaC5’ pyrG

pepd 5'

?E?Y

:
-

. ("_m S. cerevisiae
\ - mCherrM;r—E — PR A niger

HPH [T LM T reesei

WZBHIEE] v. tipolytica

cp2

e The

Synthetic TF (sTF) )ii_m P. kudriavzevii
P pastoris

best performing core promoters (CP) from the screen used for

the construction of transfrerable expression cassettes
» Two different CPs used for the sTF and mCherry expression
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SES is functional in several fungal species

S. cerevisiae

T. reesei

10um &3

Fluorescence microscopy (mCherry)
Stable and homogenous expression in all cells/species

56



Tuning expression with SES promoters in Pichia kurziavzevii

Tuning mCherry expression in P. kurziavzevii
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Downregulation of the synthetic promoter
with a synthetic repressor (sRep)
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Downregulation of gene expression with synthetic
repressor (sRep) in S.crevisiae
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Repression of Venus expression with sRep
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Bi-stable switch — Design

based on well-characterized orthogonal DNA parts

Bm3R1-sTF-CIn2-Sh, GAL1p TetR-B42 Switch cassette
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LN
BFP Reporter cassette
PGK1cp> ENO1cp>

|—)|— ENOIcp>

€533cp

Diagnostic cassette



Bi-stable switch — Test

putting the system through series of tests to assess its robustness

TetR state (low Thiamine) Bm3R1 state (Galactose induction)

Switch cassette Bm3R1-sTF-CIn2-Sh TetR-B42
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Bi-stable switch — Test

putting the system through series of tests to assess its robustness

TetR state (low Thiamine) Bm3R1 state (Galactose induction)

Switch cassette TetR-B42

Bm3R1-sTF-CIn2-Sh Bm3R1-sTF-CIn2-Sh
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Bi-stable circuit for metabolic pathway switching
- Violacein pathway in S.cerevisiae
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Using SES In protein production in
Trichoderma reesei

Production on glucose enables a more pure product

Dominik Mojzita, Mari Valkonen, Marika Vitikainen,
Chris Landowski et al, VTT
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CBHI production in Trichoderma reeseil with SES
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Synthetic Biology for a Sustainable Bioeconomy
— A Roadmap for Finland

Suomeksi

https://www.vttresearch.com/sit
es/default/files/julkaisut/muut/20
17/syntheticbiologyroadmap.pdf

In English

https://www.vttresearch.com/sites/
default/files/julkaisut/muut/2017/s
yntheticbiologyroadmap enq.pdf
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English version
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