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Valorization of lignocellulosic biomass amU
INRAZ

Fungal wood decayers:

: : sources of novel enzymes
Wood, biomass raw materials, waste y
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Agricultural by-products: composition and structure amU
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* Most abundant organic resource on earth : 50-100 billions of tons /year

* Resistant to degradation
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Cellulose Structure amU
hemicellulose INRA@
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Cellulose/Hemicelluloses interaction
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Lignocelluloses are highly recalcitrant to degradation  |\yrag




In nature, fungi are potent degraders of biomass amU
INRAZ

Fungi:
Large diversity in

enzymes

Hypocrea jecorina

(an. Trichoderma reesei) P. chrysosporium on wood
white rot fungi

o ¢ R

Ustilago maydis
parasitizing maize =
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Trichoderma reesei for biomass degradation
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 Trichoderma reesei: cellulase producer (100 g/I)
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INRAE Fungal collection
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Exploring fungal biodiversity amU
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Pipeline of enzyme discovery amU
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Classification of Carbohydrate-active enzymes amy
CAZy (www.cazy.org) INRAS

' ‘ AZ Y > HOME ENZYME CLASSES P> ASSOCIATED MODULES > GENOMES

CaracHyorare-AcTive en@VYmes Glycoside Hydrolases GlycosylTransferases Polysaccharide Lyases Carbohydrate Esterases Auxiliary Activities

Cr A RC Famiy 3] co |
Glycoside Hydrolase family classification

Tables for Direct Access

» GH Family Number

i 2 3 4 5 & ? 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

41 42 43 44 45 46 47 48 49 50 51 52 33 54 55 56 57 58 59 60 6Bl 62 63 64 65 66 67 68 €9 70 71 72 73 74 75 76 77 718 79 80
81 82 83 84 B8 8 8 88 8 90 91 92 93 94 95 96 97 98 99 100 101 102 103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 120
121 122 123 124 125 126 127 128 129 130 131 132 133 134 135 136
Non-Classified Sequences
' ( /.\2‘:’ > HOME ENZYME CLASSES | ASSOCIATED MODULES [ GENOMES

Carsonvorare=AcTve en2Ywes Glycoside Hydrolases GlycosylTransferases Polysaccharide Lyases Carbohydrate Esterases Auxiliary Activities

Glycoside Hydrolase Family 7 [Gar 2] v =

Known Activities endo-f-1,4-glucanase (EC 3.2.1.4); reducing end-acting cellobiohydrolase (EC 3.2.1.176); chitosanase (EC 3.2.1.132); endo-f-1,3-1,4-glucanase (EC 3.2.1.73)

Mechanism Retaining

Clan GH-B

3D Structure Status B-jelly roll

Catalytic

Nucleophile/Base Glu (experimental)

Catalytic Proton X

et Glu (experimental)

Note formerly known as cellulase family C. The cellobiohydrolases of this family act processively from the reducing ends of cellulose chains to generate cellobiose. This is markedly different from the IUBMB definition of

cellobiohydrolases (EC 3.2.1.91), which act from the non-reducing ends of cellulose.

External resources CAZypedia; HOMSTRAD; PRINTS;

Commercial Enzyme )

Provider(s) MEGAZYME;

Statistics GenBank accession (10547); Uniprot accession (528); PDB accession (83); 3D entries (17); cryst (0)

Summary

Q i All (5082) || Bacteria (10)

ukaryota (5068) | | unclassified (4) || Structure (17) Characterized (84)
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Fungal deconstruction of lignocellulose amU
INRAY
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Cellulose

Hemicelluloses

Glycoside Hydrolases
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Xylanase Xyloglucanase Mannosidase/Mannanase
(o a3 (o3 a3 i3 Gl Gried
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Carbohydrate Esterases

Acetyl xylan esterase  Methyl glucuronoyl Feruloyl esterase Pectin methyl

esterase esterase
Polysaccharide lyases . .
Rhamno- Glucuronate
galacturonan lyase
lyase
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Auxiliary Activity Enzymes
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Lytic Polyssaccharide Monooxygenases

(ms)an3 1)  (am3)

Cellobiose GMC Copper radical Glucooligosaccharide
dehydrogenase oxidoreductases oxidases oxidase

Multicopper Iron reductase AA8

Oxidase/Ferroxidase

AAG (ana ) (AA12)
Benzoquinone Vanillyl alcohol  Pyrroloquinoline
reductase oxidase reductase

Fenton reaction

Fe?* +—> Fe3* +
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‘ PLATEFORME
TECHNOLOGIQUE

AX-MARSEILLE Recombinant production of Fungal enzymes

Pichia pastoris

Enzyme production at different scales: up to several grams in bioreactors
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Aix Marseille Université

Enzymatic degradation of cellulose (before 2010)

INRAZ

Endoglucanase

Cellobiohydrolase

Fushinobu, Nature Chemical Biology (2014)
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Enzymatic degradation of cellulose (after 2010) amU
cellobiose dehydrogenase |NRA@
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Fushinobu, Nature Chemical Biology (2014)
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Harris et al., Biochemistry (2010)
pchuanacon Vaaje-Kolstad et al., Science (2010)
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Lytic polysaccharide Monooxygenases (LPMOs)

LPMO-like
protein

Chitin, Cellulose
Cellulose

Cellulose, Cellulose,
Hemicelluloses Chitin

Vaaje-Kolstad, Science (2010)
Couturier et al., Nat Chem Biol (2018)
Filiatrault-Chastel et al., Biotechnol Biofuels (2019)

- + — Labourel et al., Nat Chem Biol (2020)
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72 : (2) Sabbadin et al., Science (2021) 27
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Architecture of LPMOs amU
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Dimerization of LPMOs amU
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=> Higher activity!
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Can we find other novel interesting enzymes
from microbial diversity?
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Exploring microbial diversity using —omic approaches amU
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amU
Identification of an enzyme that BOOST biomass degradation |\rag
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Unique fold and features INRAZ

Homodimeric
configuration

(P42—P47)|
Flattened interface

o-helix

Flattened interface
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GH5 + CelOCE —— CRISPR-Cas9 ! :
genetic engineering ! |
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Enzymes in Biorefinery amU

Bioproducts BioBased Materials
|
ETHANOL | Mechanical
o~ Butanediol | LPMO treatment
) Pretreatment CELLIIE;UNLICI)‘SE -é Propansdiol |
Lignocellulosic biomass SRS HEMICELLULOSESSS . e Butanol I
IO Waste, . SEp— SUGARS Acetone :
pactic acd /° | Hydrogel Hydrophobic Cross-linked
Enzyme Succinic acid ! ‘\) T y P
cocktails Itaconic acid | Chemical
Lp:d-os Ethyleneglycol N | f| modification
& |
o :
) |
(if Energies . .
Fimentous fung! &\/ nouvelles : Action of LPMOs on cellulose :
| * Release tension in twists
A _ | + Facilitates fibrillation
NVrona T BOOST of hydrolysis |
< > : . :
Reduction of enzyme | =» Ideal tools for nanocellulose production
V loading :
Villares et al., Scientific reports (2017)
Filiatrault-Chastel et al. 2021, Biotech. Advances Moreau et al., Biotech. Biofuels (2019)
Patents US20240254520A1; US20240043814A1; US20210171993A1 Chemin et al., Biomacromolecules (2023)
<z erasm us+@ nfh"e"éﬁi’o'iianumon Patents US2020/0157591 and US2018/0142084
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Second generation bioethanol process in France amU
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BIOMASS RELATED CHALLENGES

NEW ENERGIES
—

Futurol™ : Biomass Portfolio Expansion for Maximum
Flexibility

. Sugarcane
LR M S Miscanthus bagasse & Bamboo Hardwood Softwood Corn cob Eri B Ele
Straw leaves & stover

o . Proven performance guarantees on a wide range of biomasses J
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S + 7 i \ nouvelles
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ENERGIES

|
Futurol™: Extensive Experience in Woody Feedstocks
o Wood is one of the key representative
; . Saw Forest
biomasses in Futurol™ Mill Residies
Chips Chips
o Experience in various tree species
o Experience in a wide range of wood
fractions :
Sawdust
o Well proven and optimized pre-
treatment technology
o Microorganisms with high robustness 3
and resistance Delimbed
Stem VYOOdy P
o Typical biomass need = 60-300 kta dry D Nk
basis
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NEW ENERGIES

Futurol™ Biomass Pretreatment Plant: a Real Outlook to
Industrial Reality

h‘usi-@ - Funded by

the European Union

: » Extensive operation feedback on pretreatment unit in figures: :

> 30

operating conditions
tested

>1,650

tons of Poplar
> 2,350
tons of Wheat

Straw

>9,000

analytical results
performed

equivalent to

1,000,000

liters of Ethanol

produced

- Energies
Qanomrgﬂss
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PILOT PLANTS

o

- 12

b
R&D centers ‘\\ @
11
partners

’l
’
8-year
R&D project
[] o \

| !

©

O @

> 100 76,4 M€

-

Lo

(RN E I 1

-
research\ers Inv’estment ;1 ﬂ
L

/
\ 8 4 £ 2
.  @FUTUROL . 0
\ a PROCETHOL 2G /’ g i =
s g X
Simple and Integrated Cellulosic Ethanol ile MRS
imple and Integrated Cellulosic ano L ki
Production Technology 3 ;% ,,,,,,,,
“ ¢
NORD
i e EST
/C'/(;',‘B\Mw s ard ﬂ isak Biorefinery :
R PRI e B e == SCIENCE & IMPACT = 300 ME project,
= Use of agricultural residues
2 ‘ (straw) and energy crop
M . ¢ (miscanthus),
: Toras || (ifienerges 2 > o "
E Tereos - R nouvelles LESAFFRE & 55 kty 2G ethanol ) iﬂ:m;gdenggi'ergy
£ & VIVESCIA Oﬁi:eNatiDI:laIdesFuréts Basic En;la;r‘la:rinu transition project in EU
- complete 9

AGENCIA NACIONAL

~ ( ifP €nergies
sz erasmus ) s e K\_/""""E”Es

PORTUGAL eovcagaot rosmuscro

AGRIMA



B MICKAEL LAFOND
£ BASTIEN BISSARO
I N RA@ L 3 KETTY TAMBURRINI
' ROSELINE YAO
DAVID RIBEAUCOURT
U MIREILLE HAON
a I I l SACHA GRISEL
Aix Marseille Université DAVID NAVARRO

+ ALUMINI
& THE BBF TEAM

Aix:-Marseille
universite

imitiotive d'excellence

CRSNG
NSERC

Institut ‘
Microbiologie,
Bioénergies et
Biotechnologie
Aix+Marseille Université

- €Energies
lanouveIles
s
BERNARD HENRISSAT SIMON ARRAGAIN
NICOLAS TERRAPON ANTOINE MARGEOT

SONIA LONGHI
& THE CAZy TEAM

r ' CNPEM
s

MARIO MURAKAMI

THANK YOU




Take a minute to evaluate lecture #10

AGRIMA / WP2 - Innovation in
teaching and learning: waste

valorisation

[=] s [m]

Also available here:
E https://forms.office.com/e/9RbHaZfiMG

Higher education
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Fungal enzymes in biorefinery and bioproduct production

Biorefineries: bio-based materials, green chemistry, bioenergy

LIGNIN | g g
CELLULOSE Hydrolysis :
HEMICELLULOSES

Enzymes SUGARS

<Uid Pretreatment

Lignocellulosic biomass
Waste, ...

Enzyme
cocktails

i

> 2 OIII? D> D2 D >
Filamentous fungi TRL 1 2 3 4 5 6 7 8 9

Filiatrault-Chastel et al. 2021, Biotech. advances
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Fungi and their enzymes @ BBF

Mentification of enzymes
from natural biodiversity

Pycnoporus coccineus

Laetisaria arvalis

Podospora anserina /

e [

Lab scale

~

heterologous production

www.platform3pe.com

Q

2 OIS D5 D5 D >

L12345678y

/ Enzyme assays \

C1- oxidized
sugars

C+C4 double
oxidized sugars




Example of Phenotyping

a b

Frors hartoa s pee From natural habitats From existing collections [2819 e 258 iperin ‘ 557 speciesj
: b collected deposit o 9
) From existing collections specimens strains { 56%
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Functional screening scores of 1031 natural strains, according to
(a) target substrates and (b) phylogenetic distribution

Functional phenotypes
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