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The BESTER project will ...

¢ ... develop a set of scalable, robust, and highly productive
manufacturing processes for butyl esters from sustainable
resources for the bio-based commodity chemicals market,
usable, e.q. in flavours and fragrances.
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BESTER will specifically ...

ESITER

... establish clostridial bioprocesses for an
optimized integrated production of three
different butyl esters, using wood-derived
lignocellulosic sugars (BALI™, Borregaard
AS) as a sustainable 2" generation
fermentation feedstock

... develop organic acid production and
enzymatic esterification processes,
linkable to ABE fermentations as a source
of biobutanol (BuOH)

... apply Systems biology guided strain
engineering and Synthetic biology
principles to establish new metabolic
pathways in Clostridia and mitigate key
metabolic bottlenecks towards three
selected organic acids

... perform smart process integration with
continuous acid removal by enzymatic
esterification and ester recovery to ensure
viable ester production by simultaneously
solving inhibitory effects of acids and
butanol, low acid productivity, and
unfavourable cell mass yield




M CoBicTech Scientific approach and
project topic area

ESITER

Scientific approaches

¢ Synthetic biology, Systems biology, Bioinformatic tools,
Biotechnological approach(es)

Project topic areas

@ 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



Strain development New Synthetic biology
tools for Clostridia
Genome-scale Systems biology-gquided
metabolic models strain engineering

Biobutanol from ABE

process (2) Greenzioiogics ‘ B R Bio-based esters for the
» commodity chemicals
BALI™ lignocellulosic ‘ ES T E market

sugars 4] Borregaard
Organic acid and ester Process design, integration
recovery technology and intensification
Enzymatic Scale-up and

Process development A _
esterification demonstration




e : Re-commercialising the ABE process B
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A brief history ESHT EI (

First bio-butanol and
bio-acetone produced

Weizmann ABE
process patented

15t ABE plant in the UK

ABE plants globally

1980’s Last plant closes down
\
M)
2000's Produ.ctlon.starts up
in China
N/
M)

GBL opens first

v commercial plant

Strictly private and confidential



¢ Initial plants relied mostly on batch processing
— Corn or sugar feedstocks

¢ Biphasic growth
— Acidogenesis
— Solventogenesis and sporulation
— Turnaround and restart

¢ Challenging economics
— Mostly effective in specific economic situations

e Wars
* Economic isolation

¢ GBL has overcome these limitations to re-
commercialise the ABE process

— Monophasic fermentation with reduced
sporulation

— Sustained solvent production using in situ
product removal (ISPR) to alleviate solvent
toxicity

Strictly private and confidential

)\ CoBioTech The ABE process al?d its
traditional limitations
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CLEAVE: Proprietary GBL CRISPR/Cas
h
based genome editing technology BES TER

Strictly private and confidential

Characteristics of GBL's technology
Applications
One method for all * SNPs PP
modifications * Insertions
* Deletions (in-frame or crude) , «
Target specificity * No off-target hits | Optimisgd
* No additional unwanted mutations ABE strains
Clean * No secondary selection markers
* No genome scars or antibiotic markers Modified
_ o _ — acid
Effective * Minimal screening | production
* Fast (new strains can be made in <2 weeks) \ /
Demonstrated » Patented (in UK, other countries pending) g A
* Works very efficiently in GBL strains o New
pathways
9



Establishing efficient clostridial
production of selected acids
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BesITER
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Metabolmm of
Fafartare wnd Vitaming

Synthetic acid
: production pathway
- | assembly and transfer

Rational gene
knock-outs and
| overexpression

Cultivation system
and omics methods
for SynBio studies in

.
Clostridi |
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| Selected Clostridium ssp.
| chassis strains 1
mre: e MILES R .
nilg8g
Lt

| Systems Biology-guided
| strain optimization for high
acid yield and productivity
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Source: KEGG
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Genome-scale metabolic model
reconstruction

..................................
- -

KEGG BRENDA H : Verification
+ BioCyc Reactome B . Evaluation

MANET MetaNetX B Validation

Type 111 Rxns.

Reversibility

Biumu\\i E

-
Ml Charge Balance

: : : *  Qualitative and/or
Demand . E E E E Quantitative .
: . . £ Results *

& Currently no GEMs available for the two Clostridium chassis spp. selected for BESTER
¢ New GEMs to be reconstructed based on available genome sequences

11



: : Systems Biology cycle for
.\ CoBiolech T R
rational strain engineering BES E

Generation of cell mass
High-resolution time-series sampling

Data generation Perturbation
Transcriptomics (e.g. gene inactivation,
Proteomics cultivation parameters,
Metabolomics media composition)

Model generation / refinement
Predictions

¥

Optimized carbon flow to selected acids

12



- Process development:
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Enzymatic esterification BES TER

o) Lipase 0
A s
RNOH T HOTNTN TS RT 0T NN
KRRV
Acid n-Butanol Butyl ester

ﬁ-lexadecane phase

\ Example: /n situ butyl butyrate

HBu,,, BuOH,, BuB,, production from butyric acid
and n-butanol
PHBu PBuOH I:’BuB

Kaq Solute Partittion coefhicient

Glucose = HBaq + BuOHaq<_—. BuBaq+ H,O | Butanc] 0.44L004

[ l Butyric acid 0.13 £0.06

K, Butyl butyrate 340 £ 103

B Ht

. i i Source: Vanden Berg C, et al. (2013).
Aqueous Clostridium medium + lipase Biotechnol Bioeng 110(1): 137-42.
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Process development: modelling BES TER

12 CoBioTech . . : :
and integration of unit operations

cellulosic substrate to

Fermentation of ligno- » Acid enrichment » Enzymatic * Ester extraction
acids, cell recycle

and ester product
recovery

esterification,
enzyme reuse

and recovery
technology

Process modelling and design

Inputs:

~_

Integration of unit operations and process intensification

‘ * Acids

Intermediates:

BALI™ lignocellulosic

sugars (Borregaard) Optimized * Cellmass
Biobutanol (GBL) * Fermentation by-products

CalB (Novozymes) BES TER

Other media components
Organic solvent process

Products:
* Butyl esters

14



s CoBioTech Borregaard's BALI" process BedJTER

Borregaard’s biorefinery concept BALI™

BALI™ is a biorefinery concept Lignin
developed by Borregaard for production T chemicals
. ; ™ plan '
Qf cgllulosm sugar and ethanol and Cellulose Cellulosic Bioethanol
lignin performance chemicals fibers sugar Biochermicals

The BALI™ technology has been scaled
up and demonstrated in a 1 mt/day
feedstock demo plant in Sarpsborg,
Norway

The demo plant has been in continous
operation since Q1 2013

Feedstock tested: Poplar, sugar cane
bagasse, spruce and pine

Excellent sugar and ethanol yield due to
low level of inhibitors

% Borregaard

Source: https://ec.europa.eu/energy/sites/ener/files/documents/11_gisle_lohre_johansen-borregaard.pdf
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s CoBioTech Borregaard's BALI" process BedJTER

Borregaard’s biorefinery concept BALI™

BALI™ is a biorefinery concept Lignin
de duction chemicals
£ d BALI™ plant
C_) ! Cellulose Cellulosic Bioethanol
|lg fibers Biochemicals
Th scaled
up| lay
fed Irg,
Ng
Th inous
op
Fe 7 ane
a % Borregaard
|EX The Sustainable Biorefinery | dUE tO
0

% Borregaard

Source: https://ec.europa.eu/energy/sites/ener/files/documents/11_gisle_lohre_johansen-borregaard.pdf
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Project plan

Process
development

WP8 - Project management, dissemination and exploitation

k (SINTEF, all) )/
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=)\ CoBioTech Project plan BES TER

Socio-economic, environmental and techno-economic aspects

|' [ Social aspects (Ethical, Legal and Social Aspects)

Responsible | [

Research I Environmental impacts (Life Cycle Assessment)
I
n : :
and . I Techno-Economic performance (Techno-Economic
Innovation
l Assessment)
] Stakeholder engagement activities (interviews &
\ workshops)

18



Data management
UROS - HITS/FAIRDOM

A\CoBiolech

BesITER

FAIRDOMHub: Landing page
DOM Q Browse ~

Search here

= Create ~ O Help ~

Yellow pages

Help

Programmes Help documents
. . People . o
The FAIRDOMHub is built upc RDOM is an initiative to devdigp ¢ Feedback
: P Projects . : : :
software suite, which is an opel Inity, and establish an internatio Assets
platform for sharing scientific  Institutions ined Data and Model Manageme Data file Provide feedback Iy
assets, processes and outcom e to the European Systems Biolo Model a anu wivust vianiaus ot
information about SEEK ple ~ Experiments wnity. FAIRDOM is a joint action SOP
http://seekdscience.c  Investigations A-Net EraSysAPP and European
Publication

Research Infrastructure |ISBE.

Studies
more information about FAIRDON £ ;
Assays o i Xperiments
please visit http://fair-dom.org L
Investigation
Assets Study
Data files Assay
FAIRDOM News Models Community ©
Activities
SOPs - Presentation
Summer school on Computatiol  ppjications Primary sex ¢ Event
FAIRDOM - Events - 3 days ago study uncove
_ » ‘ Activities formation of ¢ Admin
Miss out on our third webinar? Preseniations Most Recent Art Broaramme
FAIRDOM - 20 davs aqo 9
Project
Institution
Profile
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". i\ CoBioTech EXpeCtEd outcomes BES TER

New genome-scale metabolic models of selected chassis strains

New synthetic modules for acid production in Clostridia

Expanded genetic toolkit for Clostridia strain engineering

New engineered Clostridium spp. strains optimized for the production of
selected acids

Unit operations for acid production, acid enrichment, enzymatic esterification,
and ester extraction and product recovery

e & & o

-

@ New butyl ester production process designs

@ Techno-economic and socio-economic assessments of butyl ester production
processes

@ Demonstration of at least one butyl ester production process
@ [CA of targeted ester products

@ Stakeholder interaction for rapid implementation of manufacturing processes
and commercialization of ester products.

@ |PR, scientific dissemination, and dialog with users and the general public

20



%\ CoBioTech Summary

Imperial College : -
&3 London @ GreenBiologics

2

SINTEF -pr\ocessium

h Process & Product Design

Scalable, robust, and highly productive manufacturing
processes for butyl esters from sustainable resources

% Bundesministerium
fir Bildung
und Forschung

Funding:

L el @ fBBSRC  Innovate UK NR

bioscience for the future
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7. CoBioTech Contact details

Alexander Wentzel, Dr. rer. nat.

Senior researcher

Research group Biotechnology

Department of Biotechnology and Nanomedicine
SINTEF Industry

Richard Birkelands vei 3

7034 Trondheim, Norway

+47 93200776
alexander.wentzel@sintef.no ES T E

www.sintef.no

WWW.BESTER-PROJECT.EU
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