


Linger et al. PNAS 2014

P rOj ect overview Davis et al. NREL Design Report 2018

Goal: Develop strains and bioprocesses to funnel heterogeneous lignin-derived aromatics to
single, value-added products (BETO 2030 goal)
» History: reported concept of biological funneling in FY14, BLV project started in FY16

* Focus: products with market sizes and selling prices to aid biofuels production (e.g., adipic acid) that
can contribute $2-3/gge and be cost-competitive with petrochemical baselines

+ BETO project collaborations: Lignin Utilization and Separation Consortium for lignin substrates,
Performance Advantaged Bioproducts for products

Adipic acid from petrochemical
industry= 4.5 kg CO,-e/kg
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Approach: Focus areas for BLV

Softwood Hardwood Grasses
(i.e. pine) i porrg__lstover)l_ ‘
Technical approach: WA
* Use model compounds for strain evaluation
* Use lignin streams from Lignin Utilization and Separations T A8
Consortium projects and collaborators for process demonstration ( Lignin (TG-) Lignin (1G-, 1S-)
* Pseudomonas pUtlda KT2440 Lignin deconstruction ! Bioavailable monomers
« Strains for S, G, H-lignin conversion . Alkali
o aline 15%
* lterate between strain and bioprocess development Lignin-first 40%
o o ) HDO-Oxid. B 380%
 Target atom-efficient products (e.g., adipic acid replacements) | _ _ _ _ _ _ j-——=- o= === ===
» Techno-economic analysis (TEA) and life cycle assessment BLV z P
(LCA\) to identify process drivers ) S G H
\ A1l C )
. 6 | -
Major challenges and areas of focus: ] ﬁ J%a‘ ﬁ
* Bio-available lignin to achieve bioprocess performance seen \57* =
with model compounds (major progress from FY21) Y
* Industrially relevant titer, rate, yield on model compounds A °tggg; o 2
« Strains and bioprocesses for high titers, rates, and yields PDC B-Ketoadipate Muconate
from lignin streams \ J
Biochemicals and material precursors (e.g. adipic acid) 3




Approach: Integration with upstream lignin catalysis and separations

Membrane separations to isolate
low molecular weight lignin
(Separation Consortium)

Lignocellulosic biomass feedstock
Aqueous alkaline pretreatment

Membrane separation

Alkali retreated

p Low molecular
lignin (APL)

weight fraction

High molecular
weight fraction

Saboe et al., Green Chem. 2022

Counter-current chromatography for lignin
monomer isolation (Separation Consortium,
Lignin Utilization, University Wisconsin Madison)
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Oxidation to cleave lignin C—C bonds to bio-available
compounds (Lignin Utilization)
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Approach: Risks, management, and milestones

Risks and mitigation strategies: L ignin Utlization Scope

+ Risk: accessing lignin streams with high yields of bio-available Lignin Substates 02‘1 f“"“““‘ siomatale [ °°P° | Biologial  single Performance
aromatic compounds s M - P @I;,, Bloproduct

+ Mitigation: Lignin Utilization and Separation Consortium to R [ e, o D:EI
deliver lignin with high yields of bio-available monomers N S “Cesle]

+ Risk: titer, rate, and/or substrate/product toxicity limit the strain
performance

Separations,

+ Mitigation: TEA and LCA to understand impactful parameters, catalysis,

synthetic biology tools to address strain performance Aromatic polymerization
compounds
0o i o
—_—

Management, communication, & DEI: O Titer ,‘.Jf..e

* Monthly project meetings !l

* Ad hoc meetings with other BETO projects Rate

+ Dedicated Project Managers — lab space, equipment, reporting,
finances Major project milestones:

» Focused on creating physically and psychologically safe * FY22 G/NG: 10 g/L product from lignin (FY20: 4 g/L)
research environments *  FY23: 40 g/L product from lignin



Progress and outcomes: Outline

I®
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TEA highlights economic drivers
« Strain and bioprocess development opportunities

Strain and bioprocess development using model lignin-related aromatic compounds (LRCs)
* Muconate production }
* B-Ketoadipate production

Overcoming metabolic bottlenecks to concurrently increase titers,
rates, and yields

BLV integrates with upstream lignin catalysis and separations to produce bio-available lignin streams
Lignin from: -

» Corn stover (alkaline pretreatment)
* Pine (lignin-first oxidation)

Poplar (lignin-first oxidation) — Conversion to product with optimal strains

Poplar (reductive catalytic fractionation (RCF) + autoxidation)
Feedstock-agnostic (hydrodeoxygenation + autoxidation)

Improvement of bioprocess and strain features based on economic drivers
* Reduce cost of supplemental carbon source

» Improve tolerance to supplemental carbon sources

* Improve tolerance to aromatic compounds to increase productivity

* Improve tolerance to salt to increase product titers



TEA highlights important economic drivers

Product Recovery
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Our FY24 projection aims to reduce the MFSP by 2$2/gge and produce BKA (currently $1.99/kg) at a competitive cost
compared to adipic acid ($1.71/kg) from petrochemical industry

» Lignin conversion to bioavailable aromatic compounds is ~80% (Lignin Utilization)
» Key cost drivers are glucose:aromatic compounds (LRC) ratio and productivity 7



Muconic acid production status on model compounds

Kuatsjah, Werner et al., Metabolic Engineering 2022

Genetic modifications in our best performing strain — Pseudomonas putida CJ781

Crc Crc Crc Crc
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Muconate: 40 g/L, 0.5 g/L/h, and ~100% molar yield

» Performance-advantaged bioproduct or direct replacement for adipic
acid, adiponitrile, caprolactam, and terephthalic acid

- Titer, rate, and yield enables $1.8/gge decrease in the minimum fuel
selling price (MFSP) at 80% lignin conversion to bio-available monomers
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All strains: ApcaHG, AcatB
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raroY, ecdBD, Acre, TvanAB
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CJ242
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s C C Rorrer et al. Cell Rep. Phys. Sci. 2022
B-Ketoadipic acid production status on model compounds S Gl i
fl - Genetic modifications in our best performing strain — Pseudomonas putida AW299 60 Titers (g/L)
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productivity, and product and salt tolerance, which limits titers o x - ' o 9




B-Ketoadipic acid production from corn stover lignin

Werner, Cordell et al., in review

Alkaline
Pretreatment

Acidification + Bio-
Extraction Conversion

Corn Alkaline APL
stover pretreated
lignin lignin liquor extract

'

1.2 g BKA/g extracted

Solids HMW lignin aromatic compounds

Accumulated metabolites (g/L)

30

25 A

20 1

15 4

10 A

B-Ketoadipate production in bioreactors
(fed- batch feeding with lignin solids )

0.4
[ONON®) —=&—p-coumarate
OO o (of —8—"ferulate
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24 g/L 03 % —&—vanillate
o &  —&—syringate
& ~~B--acetovanillone
I 02 < & -acetosyringone
ae iVD’, O B-ketoadipate
(@) 2 O  p-coumarate (solids)
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O
(ON©)
- 0.0
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Highest titer (24 g/L) and productivity (0.66 g/L/h) achieved from a lignin-derived stream to our knowledge

The production strain does not show any measurable metabolic bottleneck

Main limitation is the yield of lignin-related compounds from alkaline treatment (bioavailable compounds = ~15%)
Ongoing work with Lignin Utilization and collaborators to achieve higher bio-available aromatic content in feed streams 10




Stahl, UW Madison

B-Ketoadipic acid production from pine (lignin-first oxidation) e L

Metabolic o n Cre Cre . L
pathway Vﬁh oo Va:AB ¢ Gene deletion B-Ketoadipate (BKA) production in bioreactors
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- o o
AW311 o ?IHwI coor
e vam_f..._..g . @\ PeallG PeaB PoaC Pead > ot —o— BKA —e— Vaniliic acid —@— Acetovanillone (g/L)
i o oH
E PobA 1, e ;
coo protocatechuate . |
© Pralyyss | m‘{:ﬂ” ! :""EE Titer = 4.6 g/L
g val
oH grotvm ! ]
4-hydroxy- Q
benzoate 2
5
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Acet il 0.24 Acetovanillone was the only aromatic compound that
cetovanillone .

accumulated overtime

Conversion of lignin oil from pine resulted in 4.6 g/L of B-ketoadipate

+ Aromatic monomers from oxidative lignin-first process, refined with centrifugal partitioning chromatography to remove dimers
* Increased extent of lignin depolymerization (bioavailable compounds = ~20%)

* Work ongoing to scale-up production and separations of lignin monomers to reach higher -ketoadipate titers and rates "



2-Pyrone-4,6-dicarboxylic acid from poplar (lignin-first oxidation) Stani, W Madison

Metabolic 00" VanAB co0* coo
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pathway dehydrogenases VanAB mg an a / |- > aouth
7 Cﬁg oo
P. putida
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2-Pyrone-4,6-dicarboxylic acid (PDC)
production in bioreactors
(fed-batch feeding with lignin oil)
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Vanillin 0.525 Q
o

Vanillic acid 0.145

Syringaldehyde 1.294

Syringic acid 0.254 Sesle

Acetosyringone 0.235 v Time (h)

Acetovanillone 0.084 6 Six different aromatic compounds were simultaneously utilized

Conversion of lignin oil from poplar resulted in 7.5 g/L of PDC

» Aromatic monomers from oxidative lignin depolymerization and refined by centrifugal partitioning chromatography

* Increased extent of lignin depolymerization (bioavailable compounds = ~40%)

* Work ongoing to scale-up production and separations of lignin monomers to reach higher product titers and rates 12



Proof-of-concept muconic acid production from poplar lignin autoxidation
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Strain performance in shake flasks with autoxidation substrates mirror model compound results

The Lignin Utilization project is scaling up this chemistry to produce larger quantities of material for bioreactor cultivations
Significantly increased extent of lignin depolymerization (bioavailable compounds = ~50%)

Gu, Palumbo, Bleem et al., in review 13




Proof-of-concept muconic acid production from lignin HDO/oxidation

Sankey diagram showing theoretical and achieved carbon

yields from lignin to muconate

Theoretical: 100% delig.
Achieved: 95% delig.

Theoretical: to be determined
Achieved: 86 c-mol%

Theoretical: 100 c-mol%
Achieved: 96 c-mol%
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Metabolic pathway for production of
muconate from oxygenated monomers

Demonstrated to-date: 10.9 mM muconate from benzoate
and terephthalate model compounds
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Autoxidation of HDO lignins offers a feasible route to 280% yield of a single product from lignin
» Work ongoing with Lignin Utilization to scale this approach to bioreactors to reach industrially relevant performance

for muconic acid (FY23 Q4 milestone — 40 g/L)

* Incorporating new metabolic pathways relative to conventional lignin aromatics to enable conversion to muconate

14
Palumbo, Werner et al., ongoing



Reducing supplemental carbon source inputs

Effect of glucose-to-aromatic compound ratio on muconate production Muconate production using acetate as
the sole carbon source
Glucose (1 mmol): p-CA (2 mmol) Glucose (1 mmol): p-CA (8 mmol) Acetate (17 mmol): p-CA (3 mmol) + FA (1 mmol)
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Acetate source

»  Black liquor

*  Chemical catalysis

We can demonstrate further process improvements by reducing glucose content in the media
« Based on TEA (key cost drivers), at a ratio <0.44:1, reducing the MSP of BKA by $0.12/kg

* Proof of concept for the utilization of acetate as the sole carbon source — experimental setup can be further

enhanced to increase productivity and titers
15



Improved tolerance to aromatics, acetate, and salt Wike ot sl In proparadion

RelA knockout improves acetic acid Overexpression of PP_1150-52 improves Overexpression of five genes
tolerance in BKA production strains tolerance to p-coumarate improves tolerance to NaCl
70 - Glucose + 800 mM NacCl
50 - O AW299 (BKA base strain) n.s. 127 100 mM 4-coumarate 100
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AWA407: AW299 ArelA  AJB205 (P,,:mlaFEDCE) Y, x B200 Egg’ﬁﬁ';’;;-)”g‘“sc’ RWA49: P, :nhaA-I

Identified genes to improve P. putida performance via Randomly Barcoded Transposon insertion
Sequencing (RB-TnSeq)

* Boosting acetate tolerance will address substrate toxicity (e.g., black liquor) and increase productivity
* Improving strain aromatic tolerance will address substrate bottlenecks
* Increasing strain salt tolerance will address the titer ceiling (salt is used to neutralized diacids) 16



Impact

Overall:

BLV is at the cutting-edge of a promising direction to valorize lignin to single products that can
contribute to biorefinery economics

Publications
Linger PNAS 2014; Vardon Energy Env. Sci. 2015; Johnson Met. Eng.

Scientific: 2015: Salvachia Green Chem. 2015; Beckham Curr. Opin. Biotech. 2016;
. . . . . . Johnson Met. Eng. Comm 2016, 2017; Salvachua Green Chem 2018;
* BETO has enabled lignin bioconversion as a major thrust in Johnson Joule 2019; Salvachtia Microb. Biotech. 2019; Salvachia PNAS
. . . . 2020; Morya Trends Biotech. 2020; Werner Met. Eng. Comm. 2020;
metabO“C englneerlng and blOprOCGSS development Notonier, Werner, Met. Eng. 2021; Erickson Nature Catal. 2022, Kuatsjah

Met. Eng. 2022; Werner, Cordell, in review, Borchert, in review

« Strain performance on lignin at the forefront of the field
* High-impact, field-leading publications and patents

Catalytic and Biological

Industrial: = - _
Valorization of Lignin to Chemicals

* Could enable cost-competitive production at lower GHG
emissions than today’s petrochemicals from lignin

« Work with industry including strains, bioprocess development,
upstream separations, and industrial lignin streams

* Industrial and academic interactions inform project aims Conversion ' .

Separations Catalysis &
Polymerizaticn

!L—«._ . i
NOC (@ SUSTAINABLE FIBER TECHNOLOGY L'P ®
< z,mll-“f _ ,' Mf L». TECHNOLOGIES HOLDING G“—SON WISCONSIN

m nature sif UNIVERSITY OF WISCONSIN MADSGN 17




Summary

Overview

* BLV is developing strains and bioprocesses to funnel
lignin-derived streams to co-products for the biorefinery

Approach

* We use TEA to guide R&D towards meaningful and
impactful strains, bioprocesses, and target molecules

Progress and outcomes

* Developed P. putida strains and bioprocesses moving
towards industrially-relevant performance

+ Ongoing work focused on continued debottlenecking,
improving toxicity tolerance, and process integration
with lignin deconstruction

Impact

» BLV efforts consistently at the forefront of the growing
microbial lignin conversion field

Titer = 39 g/L
Productivity= 0.5 g/L/h

Titer = 40 g/L
Productivity= 1 g/L/h

Titer = 24 g/L
Productivity= 0.66 g/L/h

Titer =4.6 g/L
Productivity= 0.06 g/L/h

Titer=7.4 g/L
Productivity= 0.08 g/L/h

18



Quad chart overview

Timeline
« Active Project Duration: 10/1/2020 — 9/30/2023
» Total Project Duration: 10/1/2015 — 9/30/2023

- FY22 funding Total Award

DOE $700,000
ST (10/01/2021-
9/30/2022)

$700,000 — FY23
$2,100,000 — Active
Project (FY21-23)

Project Partners
Nat'l labs: ORNL

BETO Projects: Lignin Utilization, Separations
Consortium, Biochemical Platform Analysis, and
Synthesis and Analysis of Performance-
Advantaged Bioproducts

Project Goal

Develop biological processes to produce co-
products from lignin-derived compounds

End of Project Milestone

Deliver a strain and bioprocess that is able to
convert >60% of bio-available aromatic
monomers from oxidized HDO lignin streams
generated in the Lignin Utilization project to a
single product.

Funding Mechanism

Bioenergy Technologies Office FY21 AOP Lab
Call (DE-LC-000L079) — 2020

TRL at Project Start: 3
TRL at Project End: 4-5

19



Acknowledgements:
DOE Technology Managers Beau Hoffman and
Sonia Hammache

NREL Contributors:

Caroline Amendola, Brenna Black (LigU), Young-
Saeng Cho, William Cordell, Ryan Davis (Analysis),
Morgan Ingraham, Christopher Johnson, Rui
Katahira (LigU), Donghyun Kim, Bruno Klein
(Analysis), Megan Krysiak, Jake Kruger (LigU),
Eugene Kuatsjah, Ciaran Lahive (LigU), Kelsey
Ramirez, Michelle Reed, llona Ruhl, Davinia
Salvachua, Christine Singer, Allison Werner,
Rebecca Wilkes, Sean Woodworth

Collaborators:

Shannon Stahl, UW Madison, Brian Pfleger,
UW Madison, Adam Guss, ORNL, Lindsay
Eltis, UBC

Q&A

U.S. DEPARTMENT OF Energy Eﬁiciency &

ENERGY Renewable Energy

BIOENERGY TECHNOLOGIES OFFICE

www.nrel.gov

NREL/PR-2800-85606

This work was authored in part by the National Renewable Energy Laboratory, operated by Alliance for Sustainable
Energy, LLC, for the U.S. Department of Energy (DOE) under Contract No. DE-AC36-08G028308. Funding provided
by U.S. Department of Energy Office of Energy Efficiency and Renewable Energy Bioenergy Technologies Office. The
views expressed in the article do not necessarily represent the views of the DOE or the U.S. Government. The U.S.
Government retains and the publisher, by accepting the article for publication, acknowledges that the U.S.
Government retains a nonexclusive, paid-up, irrevocable, worldwide license to publish or reproduce the published

form of this work, or allow others to do so, for U.S. Government purposes.

NREL

Transforming ENERGY




Additional Slides



Responses to previous reviewers’ comments

The bioavailability of lignin is a critical issue. Since the only substrates that seem to undergo conversion are coumarate and

ferulate, there is a concern with diminishing returns and mass loss as one goes from biomass to lignin-to-lignin monomers.

o In terms of the overall mass conversion of lignin to exemplary products like muconate, the BLV project alone cannot
address the question of bioavailability of lignin. As presented in the Lignin Utilization project, oxidation chemistry is
being applied to produce high yields of bioavailable molecules such as 4-hydroxybenzoate, vanillate, and syringate
from lignin to far exceed the 28% of corn stover lignin that is ferulate and p-coumarate.

If DMR is not chosen as a pretreatment by a given biorefinery, do other lignin sources contain sufficient amounts of

coumarate and ferulate to be useful?

o  The feasibility and ultimate success of the BLV project is not tied to the DMR process. The intention in this project is to
generate chassis strains and associated bioprocesses that can take streams of bioavailable lignin and convert them to
value-added products in a cost-effective and energy-efficient manner. The key collaboration with the Lignin Utilization
project does not solely focus on DMR, but rather is attempting to take lignin from the kraft process, the DMR process,
and many others to oxidize lignin catalytically to produce monomers useful for biological funneling.

There is little or no TEA data for any of these approaches, in particular a comparative evaluation of the production (not

sales) cost of conventional adipic vs. lignin-derived adipic.

o  We have conducted rigorous TEA and LCA of muconic acid and conventional adipic acid production cases showing
that these bio-based processes from lignin offer both a cost and environmental impacts advantage relative to
petroleum-based adipic acid.
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