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"\ CoBioTech End user committee

Swiss biotech company which develops and commercializes ingredients for
use in food, nutrition and personal healthcare, including terpenoids

(evenootkatone®)

evolva

v Other companies to be identified during the project

End-user committee members:
= participate at annual MERIT meetings to discuss results in order to ensure that the project

goals and milestones are reached
= give advice regarding actions that need to be taken to realize commercial opportunities at

the end of the project
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MERIT

@ Project objectives

v To establish a synthetic biology platform for the two microalgal organisms
Chlamydomonas reinhardtii and Phaeodactylum tricornutum, enabling “green
combinatorial diterpene chemistry”

v To generate versatile phototrophic chassis for the efficient conversion of carbon
dioxide into diterpenoids

v To design a diterpenoid production process with integrated product recovery at
laboratory scale

v" To scale-up this process and to perform techno-economic modelling and sustainability
analysis
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MERIT

& Project topic area / topics covered

Sustainable production and conversion of different types of feedstocks and bioresources
into added value products

Development of new products, value-added products and supply services

Sustainable industrial processes
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@ Scientific approach

Salvia sclarea Coleus forskohlii Rosmarinus officinalis

(Clary sage; (Plectranthus barbatus, Rosemary
Muskatellersalbei) Indian coleus

(+)-sclareol forskolin carnosic acid

RIT
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MERIT

Stoll, M.; Hinder, M.,

@ Scientific approach Helv. Chim Acra 1950,33, 1251-1261.
/ ZOH
Ade.nylate cyclase o ! =~
activator ; o |
= Treatment o ‘@ S H
f Al © sclareol (-)-Ambrox
glaucoma or OH
hypertension forskolin fragrance higher value
compound fragrance
compound

The use of plants as a natural diterpenoid

source is difficult, because of
* low diterpenoid contents
* cultivation and harvesting issues

» Together with
carnosol the main

_ _ component of the
* extraction processes not being transferable food additive E392
to an industrial scale rosemary extract I
Chemical synthesis? Wlth g{vtlox1dat/ve
activities

* Stereospecific synthesis is often carnosic acid

uneconomical due to a low efficiency * Antimicrobial activity

» Transfer biosynthetic pathways into microbial hosts (e.g. E.coli or S. cerevisiae)
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GDvCh Communications An, dte

. fissi International Edition: DOI: 10.1002/anie.201510650
German Edition: DOI: 10.1002/ange.201510650
Expanding the Landscape of Diterpene Structural Diversity through
Stereochemically Controlled Combinatorial Biosynthesis

Johan Andersen-Ranberg, Kenneth Thermann Kongstad, Morten Thrane Nielsen,
Niels Bjerg Jensen, Irini Pateraki, Spren Spanner Bach, Britta Hamberger, Philipp Zerbe,

Dan Staerk, Jorg Bohlmann, Birger Lindberg Mgyller, and Bjorn Hamberger*
elLIFE

elifesciences.org

v
—OQ

COMMUNICATIONS

“RIT

RESEARCH ARTICLE ‘ 8 ‘ @

Total biosynthesis of the cyclic AMP
booster forskolin from Coleus forskohlii

Irini Pateraki'**', Johan Andersen-Ranberg'?™, Niels Bjerg Jensen®,
Sileshi Gizachew Wubshet*$, Allison Maree Heskes"?, Victor Forman',
Bjérn Hallstrém®, Britta Hamberger'?", Mohammed Saddik Motawia'?,
Carl Erik Olsen'?, Dan Staerk®, Jorgen Hansen®, Birger Lindberg Mealler'?,
Bjérn Hamberger'2"

'Plant Biochemistry Laboratory, Department of Plant and Environmental Sciences,
University of Copenhagen, Copenhagen, Denmark; 2Center for Synthetic Biology
“bioSYNergy”, Copenhagen, Denmark; 3Evolva A/S, Copenhagen, Denmark;
“Department of Drug Design and Pharmacology, Faculty of Health and Medical
Sciences, University of Copenhagen, Copenhagen, Denmark; 3Science for Life
Laboratory, KTH - Royal Institute of Technology, Stockholm, Sweden

ARTICLE Pathways for the synthesis of

Received 7 Jan 2016 | Accepted 11 Aug 2016 | Published 5 Oct 2016 DOI: 10.1038/ncomms 12942 OPEN

Elucidation of the biosynthesis of carnosic acid forskolin, sclareol and carnosic acid

and its reconstitution in yeast

Ulschan Scheler!, Wolfgang Brandt, Andrea Porzel?, Kathleen Rothe!, David Manzano®#, Dragana Bozi¢® ",
Dimitra Papaefthim\'ous, Gerd Ulrich Balcke', Anja Henning], Swanhild Lohse, Sylvestre Marillonnet’,
Angelos K. Kanellis®, Albert Ferrer3# & Alain Tissier!

have been characterized
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CfCYP76AH15
CfCYP76AH11
CfCYP76AH16

wOH OPP  (fTPS3

(E,E,E)-geranylgeranyl (+)-8-LPP Deacetylfors Forskolin
diphosphate | GGPP kolin

OPP  cfrPs2
a

(E,E,E)-geranylgeranyl (+)-8-LPP (+)-sclareol
diphosphate / GGPP

HFS
—
CYPs
(E,E,E)-geranylgeranyl Miltiradiene 11- Carnosic acid
diphosphate / GGPP Hydroxyferrugi

nol

Common precursor + Classll diTPS + Classl diTPS + CYPs (+ other)

Diterpenoid biosynthetic pathways can be dissected into distinct modules
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Classl and Class I diTPS can be
combined in a LEGO®-like
fashion to even produce
“new-to-nature" diterpenoids

13R(+)-manoyl
oxide

Sclareol

Which options exist in regard

to the microbial host?

/ Kolavelool

Class Il
diTPS

Andersen-Ranberg J, Kongstad KT, Nielsen MT, Jensen NB,
Paterakil, Bach SS, Hamberger B, Zerbe P, Staerk D, Bohimann J,
Moller BL, Hamberger B (2016) Expanding the Landscape of

Diterpene Structural Diversity through Stereochemically Controlled +
Combinatorial Biosynthesis. Angew Chem Int Ed Engl 55: 2142-2146

Class |
Zerbe P, Bohlmann J (2015) Plant diterpene synthases: exploring diTPS

modularity and metabolic diversity for bioengineering. Trends
Biotechnol 33: 419-428
e

Miltiradiene Unknown products
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MERIT

Heterotrophic microorganisms
* g/L productivities
....but not sustainable

S. cerevisiae

Phototrophic microorganisms
* mg/L productivities
....but sustainable




2"\ CoBioTech Introduction _

MERIT

Chlamydomonas Phaeodactylum
reinhardtii tricornutum

....but molecular toolbox still needs to be expanded to enable the application of
synthetic biology principles to microalgae

€N i : _axﬁ
. N

v" eukaryotic photosynthetic microorganisms / microalgae
v' genomes sequenced and annotated
v a molecular toolbox exists for both organisms:
= constitutive/inducible promoters; regulatory elements
= Reporters (luciferase, fluorescent proteins etc.)
= RNAi techniques
= Genome modification via CRISPR approaches / TALEN (Phae)

Photograph taken from: Scaife Mark A, Smith Alison G (2016) Towards developing algal synthetic
biology. Biochemical Society Transactions 44: 716-722
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Introduction

Chlamydomonas reinhardtii
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Lohr M, Schwender J, Polle JE (2012) Isoprenoid blosynthesis in eukaryotic phototrophs: a spotlight on algae. Plant

Sci185-186:

9-22

Cytosolic and plastidic diterpenoid production feasible in Phaeodactylum?
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Ao o Carotenoids, abundant in

LT L microalgae, are derived from
IPP . O', DMAPP GGPP

2 GPP synthase

0 MTs

‘<; Wufﬁﬂfﬁﬂf Geranyl-PP —____ Monoterpenes @%

g ) C10 C10 (R)-(+)-limonene

Q

B I_‘ >sqTs Sesquiterpenes _ | |

S = S 07?707%]70. Fa rn esyl' P P 15 a-farnesene
S C15 Triterpenes L L~

GGPP type Il synthase 1 Ts c30 squalene

(animals, fungi)

B GGPP ., ) Diterpenes

o.

DTS sclareol
‘PSY C20
Carotenoidsg,q cs, W

Concepts taken from Lohr M., Schwender J., Polle J.E.W., 2012. Isoprenoid biosynthesis in eukaryotic phototrophs: A spotlight on algae. Plant Sci. 185-186, 9—22.
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Work to be conducted in the MERIT
project

RIT



WP1 Development of a standardized synthetic
biology platform for algal green cell factories

producing diterpenoids

©lgenuity

cultivating algal biotech Universitat Bielefeld

UNIVERSITY OF
CAMBRIDGE

Refinement of strains
and DNA parts

DNA parts design

It .
(\O
Clgenuity
cultivating algal biotech UNIVERSITY OF
CAMBRIDGE

Universitat Bielefeld

WP3 Scale-up, product extraction, and modelling of
microalgae-based diterpenoid production

WAGENINGEN

UNIVERSITY & RESEARCH Strain performance in

pilot scale processes

Strain optimization/
pathway assembly

All partners engaged
in communication
throughout project

All partners engaged
in communication
throughout project

Universitat Bielefeld

" @lgenuity

cultivating algal biotech

UNIVERSITY!
CAMBRID(
WAGENINGEN

UNIVERSITY & RESEARCH




@CoBioTech Project plan % _
MERIT

WP1 :Development of a standardized synthetic biology
platform for algal green cell factories producing
diterpenoids
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WP (partners UCAM (WP leader), UniBi, Algenuity)

MoClo-compatible "domesticated" sequences
DNA parts ‘ registry of validated parts

b o O oy | .MER'T webpage

o Jour B Rares . RUFSAEE/A U -
9 it & T 59 9 « P
A — WP
iy Y Y | 3
Diterpenoid Expression Kit registry of parts
Lo parts
parts performance
SOPs for parts &

L1 transcriptional units L2 vectors
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WP2 :Engineering green cell factories for the conversion
of carbon dioxide and organic carbon derived from
waste material into high value and novel
diterpenoids



» CoBioTech WP2_preliminary work

MERIT

Collaboration on diterpenoid production in Chlamydomonas
Olaf Kruse

Birger Lindberg Maller

Kyle J. Lauersen

Sortirios Kampranis

; _/ALGAE BIOTECHNOLOGY
47" AND BIOENERGY GROUP

Universitat Bielefeld

) (eBilec

Center for Biotechnology

UNIVERSITY OF
COPENHAGEN



A\ CoBiolech

WP2_preliminary work

MERIT

Vector #
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Catalyzes first step
of MEP pathway

Kyle J. Lauersen, Julian Wichmann, Thomas Baier, Sotirios Kampranis, Irini Pateraki, Birger Mgller, Olaf Kruse (2018) Phototrophic production of
heterologous diterpenoids and a hydroxyfunctionalized derivative from Chlamydomonas reinhardtii (submitted to Metabolic Engineering)
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Kyle J. Lauersen, Julian Wichmann, Thomas Baier, Sotirios Kampranis, Irini Pateraki, Birger Mgller, Olaf Kruse (2018) Phototrophic production of
heterologous diterpenoids and a hydroxyfunctionalized derivative from Chlamydomonas reinhardtii (submitted to Metabolic Engineering)
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Class |
diTPS

Miltiradiene

Project plan

(+) manoyl
oxide

Unknown products

RIT
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WP2 (partners UniBi (WP leader), UCAM AlgenU|ty)

Qﬁiﬁﬁﬁﬁfﬂﬁm
o Ao s B .@Mm
) i ) ey D 89 &t

Diterpenoid Expression Kit

\\WP1 Loparts )

/ A Optimization Kit
o ‘./ of expression refinement
\ ® ; —— Data on performance of part combinations
Confirm localization
HTS on agar ( A \
plate level GC-MS analysis
:PQ'Y ] \ i "/"’ :

Classll diTPS
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WP2 (partners UniBi (WP leader), UCAM, Algenuity)

— Chlamydomonas Phaeodactylum

reinhardtii tricornutum
Five best-performing D& g 5
strains per organism J ® ¢ ’/{1
for cultivation and product ~ Q\
extraction in WP3 ® O\ ,

o RN
s 2 i
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Project plan

M

WP2 (partners UniBi (WP leader), UCAM, Algenuity)

MVA pathway

Cytosol (or Peroxisome)
2 acetyl-CoA
AACT

CoA
acetoacetyl-CoA

CoA
3-hydroxy-3-methyl-glutaryl-CoA
2 NADPH

CoA + 2 NADP*

HMGR

i

mevalonate
ATP
ADP

mevalonate-5-phosphate

ATP EC2742 | PMK

EC27.1.36 | MVK

[l

ADP
mevalonate-5-diphosphate

ATP
ADP +P, + CO,

IPP DMAPP

Envelope
Membranes

MEP pathway
Plastid

D-gly hosph

Idehyde-3-p + pyruvate
[cozr Joxs
Co,
1-deoxy-D-xylulose-5-phosphate

2NADPH d EC 1.1.1.267 | DXR

2 NADP*
2-C-methyl-D-erythritol-4-phosphate
CTP

Y[ er

4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritol

] o

ADP

L
transporter

5" 2-C-methyl-D-erythritol

2-C-methyl-D-erythritol-2,d-cyclodiphosphate

2Fd,,
2

ethvl-2-butenyl-4

NADPAS EC147.1.2 | HDR
NADP* + H,0

PP +  DMAPP

MEP/MVA pathway engineering

for
carbon

enhanced flux of fixed
into

diterpenoid

synthesis pathways

Lohr M, Schwender J, Polle JE (2012) Isoprenoid biosynthesis in eukaryotic phototrophs: a spotlight on algae. Plant Sci

185-186:9-22

\

—

most efficient
MVA/MEP
| €ngineering strategy

Classll diTPS

™ B/

5'UTR

3'UTR_2

Most productive
diterpenoid producer
from WP3

RIT

|

One efficient diterpenpoid-producing strain
per species grown at TRLg in WP3
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WP3: Scale-up, product extraction, and modelling of
microalgae-based diterpenoid production
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WP3 (partners WU (WP leader), UNDL, Algenuity)

diterpenoids (e.g. 13R-(+)-manoyl oxide)

MERIT

[ C. reinhardetii strains already producing ]

[Diterpenoid-producing strains generatea
in WP2

Solvent
testing

testing production
+ extraction

under conditions

é )
Solvent better data on production

E R il @l and extraction

(dodecane) \rates

Mathematical
model

‘ Best-

Optimal production performer
strategy for integrated + engineered

product recovery MVA/MEP

o S

Optimized
growth
regime

timeline

J

= production trials

outdoor cultivation

mimicking

best-
performer
of each species

TRLs cultivation at )
AlgaePARC (WU)
* data collection
and input from end user
committee W,

Techno-economic
model
+ LCA
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WP4: Communication of MERIT results

RIT
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WP4 (partners UniBi (WP leader), UNDL, Algenuity, WU, UCAM)

Aim: To increase the stakeholder's awareness for the great innovation potential of microalgae
as green cell factories, which should foster the development of a sustainable European bio-
based economy by including microalgae as production hosts.

Objective: To communicate with stakeholders via various communication channels

Deliverables:

v" Creation of a MERIT webpage

v" Articles in business press

v MERIT webpage with non-expert- and "ask a scientist"-sections

v" Youtube clip presenting the MERIT idea and project

v" International MERIT summer school

v" Teutolab briefing meetings with High school teachers

Milestones:

v" At least two briefing meetings with industrial stakeholders from the pharmaceutical,
nutritional or chemical sector

v' At least two local media reports about MERIT

v" Publicinterest documented by webpage visits and use of the discussion platform
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MERIT

& Major outcomes to be achieved

synthetic biology platform for C. reinhardtii and P. tricornutum
+ diterpenoid production hosts

diterpenoid production in an industrially-relevant environment (TRL5)

LCA + techno-economic model based on TRL5-production, enabling
extrapolation to industrial-scale production (TRL8) for envisaged TRL6-8
processes (beyond the scope)
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MERIT

& Economic exploitation of results during/after the project

Actions to be taken:

Form an end user committee for product commercialization and market
evaluation during the course of the project

To identify and evaluate the market potential for diterpene products during the
project

To identify and prepare suitable conditions for commercialization in long-term
after the project

Follow-up activities beyond MERIT: include proof of concept trials at
demonstration scale (TRL6-8, see comment above), thus providing a basis for the
later industrial production and commercialization of at least one product.
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