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Discovery of fungal oligosaccharide-oxidising
flavo-enzymes with previously unknown
substrates, redox-activity profiles and interplay
with LPMOs
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Sebastian Meier 5, Tine Sofie Nielsen1, Vincent Lombard6, Bruno Guigliarelli7, Frédéric Biaso7, Mireille Haon2,

Sacha Grisel2, Bernard Henrissat 6,8,9, Ditte Hededam Welner 3, Emma R. Master4,10, Jean-Guy Berrin2✉ &

Maher Abou Hachem 1✉

Oxidative plant cell-wall processing enzymes are of great importance in biology and

biotechnology. Yet, our insight into the functional interplay amongst such oxidative enzymes

remains limited. Here, a phylogenetic analysis of the auxiliary activity 7 family (AA7),

currently harbouring oligosaccharide flavo-oxidases, reveals a striking abundance of

AA7-genes in phytopathogenic fungi and Oomycetes. Expression of five fungal enzymes,

including three from unexplored clades, expands the AA7-substrate range and unveils a

cellooligosaccharide dehydrogenase activity, previously unknown within AA7. Sequence and

structural analyses identify unique signatures distinguishing the strict dehydrogenase clade

from canonical AA7 oxidases. The discovered dehydrogenase directly is able to transfer

electrons to an AA9 lytic polysaccharide monooxygenase (LPMO) and fuel cellulose

degradation by LPMOs without exogenous reductants. The expansion of redox-profiles and

substrate range highlights the functional diversity within AA7 and sets the stage for

harnessing AA7 dehydrogenases to fine-tune LPMO activity in biotechnological conversion of

plant feedstocks.

https://doi.org/10.1038/s41467-021-22372-0 OPEN

1 Department of Biotechnology and Biomedicine, Technical University of Denmark, Lyngby, Denmark. 2 INRAE, Aix Marseille Univ, Biodiversité et
Biotechnologie Fongiques (BBF), Marseille, France. 3 The Novo Nordisk Center for Biosustainability, Lyngby, Denmark. 4 Department of Chemical Engineering
and Applied Chemistry, University of Toronto, Toronto, ON, Canada. 5 Department of Chemistry, Technical University of Denmark, Lyngby, Denmark.
6 Architecture et Fonction des Macromolécules Biologiques, UMR 7257 CNRS, USC 1408, Aix Marseille Univ, Marseille, France. 7 Aix-Marseille Univ, CNRS,
UMR7281 Unité de Bioénergétique et Ingénierie des Protéines (BIP), Marseille, France. 8 INRAE, USC1408 Architecture et Fonction des Macromolécules
Biologiques (AFMB), Marseille, France. 9 Department of Biological Sciences, King Abdulaziz University, Jeddah, Saudi Arabia. 10 Department of Bioproducts
and Biosystems, Aalto University, Espoo, Finland. ✉email: jean-guy.berrin@inrae.fr; maha@bio.dtu.dk

NATURE COMMUNICATIONS | (2021)12:2132 | https://doi.org/10.1038/s41467-021-22372-0 | www.nature.com/naturecommunications 1

12
34

56
78

9
0

()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-22372-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-22372-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-22372-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-22372-0&domain=pdf
http://orcid.org/0000-0001-9653-1380
http://orcid.org/0000-0001-9653-1380
http://orcid.org/0000-0001-9653-1380
http://orcid.org/0000-0001-9653-1380
http://orcid.org/0000-0001-9653-1380
http://orcid.org/0000-0003-0881-1927
http://orcid.org/0000-0003-0881-1927
http://orcid.org/0000-0003-0881-1927
http://orcid.org/0000-0003-0881-1927
http://orcid.org/0000-0003-0881-1927
http://orcid.org/0000-0001-8354-3892
http://orcid.org/0000-0001-8354-3892
http://orcid.org/0000-0001-8354-3892
http://orcid.org/0000-0001-8354-3892
http://orcid.org/0000-0001-8354-3892
http://orcid.org/0000-0002-3142-4901
http://orcid.org/0000-0002-3142-4901
http://orcid.org/0000-0002-3142-4901
http://orcid.org/0000-0002-3142-4901
http://orcid.org/0000-0002-3142-4901
http://orcid.org/0000-0002-4753-6975
http://orcid.org/0000-0002-4753-6975
http://orcid.org/0000-0002-4753-6975
http://orcid.org/0000-0002-4753-6975
http://orcid.org/0000-0002-4753-6975
http://orcid.org/0000-0003-3761-3217
http://orcid.org/0000-0003-3761-3217
http://orcid.org/0000-0003-3761-3217
http://orcid.org/0000-0003-3761-3217
http://orcid.org/0000-0003-3761-3217
http://orcid.org/0000-0002-3434-8588
http://orcid.org/0000-0002-3434-8588
http://orcid.org/0000-0002-3434-8588
http://orcid.org/0000-0002-3434-8588
http://orcid.org/0000-0002-3434-8588
http://orcid.org/0000-0001-9297-4133
http://orcid.org/0000-0001-9297-4133
http://orcid.org/0000-0001-9297-4133
http://orcid.org/0000-0001-9297-4133
http://orcid.org/0000-0001-9297-4133
http://orcid.org/0000-0001-8250-1842
http://orcid.org/0000-0001-8250-1842
http://orcid.org/0000-0001-8250-1842
http://orcid.org/0000-0001-8250-1842
http://orcid.org/0000-0001-8250-1842
mailto:jean-guy.berrin@inrae.fr
mailto:maha@bio.dtu.dk
www.nature.com/naturecommunications
www.nature.com/naturecommunications


The involvement of oxidative processes in polysaccharide
degradation by fungi has been proposed by the pioneering
work of Eriksson et al. in 19741. This notion has gained

strong support by the recent discovery of lytic polysaccharide
monooxygenases (LPMOs) that uniquely catalyse the oxidative
cleavage of glycosidic bonds in (semi)crystalline polysaccharides
such as starch2–4, chitin5, cellulose6–8 and cellulose-bound
hemicelluloses, e.g., xyloglucan9 and xylan10. Besides LPMOs,
�lamentous fungi co-secrete an impressing diversity of
carbohydrate-speci�c oxidoreductases11. To date, only four fun-
gal oligosaccharide-oxidising enzymes from the auxiliary activity
family 7 (AA7) in the Carbohydrate Active enZyme (CAZy)
database12, have been characterized. In addition, oligosaccharide
oxidases from plants have been reported13,14, but are currently
not assigned into AA7. Our insight is, thus, clearly limited
regarding the biological roles as well as the diversity of substrates
and redox features within this family. Fungal AA7 enzymes cat-
alyse the oxidation of the reducing end C1-OH in e.g.
cellooligosaccharides15 and lactose16, xylooligosaccharides17 as
well as chitooligosaccharides18 to the corresponding lactones.
Electrons derived from oligosaccharide oxidation reduce the FAD
cofactor that is subsequently re-oxidised via electron transfer to
O2 to generate H2O2 (oxidase activity). Notably, comparable
dehydrogenase and oxidase activities have been observed for an
AA7 enzyme via electron transfer to arti�cial electron acceptors
instead of O2

16.
The tertiary structures of hitherto described AA7 enzymes15–17,19

share a common fold comprising an N-terminal FAD-binding
domain (F domain) and a C-terminal substrate-binding domain
(S domain). This fold is common within the vanillyl alcohol
oxidase (VAO, EC. 1.1.3.38) super family20 that harbours AA7.
All previously characterised AA7 oxidases are distinguished by a
cysteinyl and histidyl bi-covalently tethered FAD cofactor. By con-
trast, other VAO family members harbour mostly a mono-
covalently (or less commonly a non-covalently) bound FAD
cofactor20.

Reactive oxygen species (ROS), and especially H2O2, play
important roles in lignocellulose degradation by fungi, but the
underpinning molecular details of these roles remain poorly
understood11. Although O2 has long been considered as the co-
substrate of LPMOs5,7, recent �ndings suggest that H2O2 is the
more favourable co-substrate during polysaccharide oxidative
cleavage21–23. LPMO catalysis is mediated by a Cu cofactor6 that
must be reduced from Cu(II) to Cu(I) to prime the reaction.
Enzymatic priming of LPMOs by the modular pyrroloquinoline-
quinone-dependent pyranose dehydrogenase24 (CAZy family
AA12 dehydrogenase domain appended to an AA8 cytochrome b
haem domain) and FAD-dependant glucose-methanol-choline
(GMC) superfamily of oxidoreductases (AA3), most notably the
fungal cellobiose dehydrogenase (CDH) that also possesses a
cytochrome b haem domain25–27, has been reported. The activity
on cellooligosaccharides and the transcriptional co-regulation as
well as the co-secretion with cellulose active AA9 LPMOs28,
justi�ed extensive studies on CDH as a model for direct electron
transfer and priming of LPMOs25,27,29. Not all fungi possess the
CDH/LPMO pair, suggesting the presence of additional redox
partners and mechanisms for LPMO activation. By analogy, the
co-secretion of AA7s with LPMOs upon fungal growth on plant
biomass30,31 prompted us to hypothesize a redox interplay
between these two enzyme classes.

Here, we report phylogenetic analyses, combined with the
selection and characterisation of �ve fungal AA7s, three of which
belong to previously unexplored clades. We demonstrate activity on
four saccharides, previously not reported as AA7 substrates. In-
depth analysis of a cellooligosaccharide dehydrogenase with a mono
histidyl-tethered FAD highlights clade-dependant redox-pro�les

within AA7. Importantly, we unveil direct activation and poten-
tiation of LPMO activity on cellulose by this newly-discovered
dehydrogenase. This study provides biochemical, structural and
mechanistic insights into AA7 enzymes as components of the
fungal redox network secreted during growth on biomass. Our
�ndings suggest a way to tune LPMO activity for enzymatic
degradation of major recalcitrant polysaccharides using AA7
dehydrogenases.

Results
Clade-dependant variations in the FAD covalent tethering
residues in AA7. To date, the molecular speci�city signatures in
AA7s have not been unveiled. To explore the sequence diversity
in this family, we used the sequence of the previously char-
acterised Fusarium graminearum chitooligosaccharide oxidase
FgChitO18 as a query to retrieve sequences comprising 470–570
amino acids (aa) from a BLAST search. The sequences (n =
1927), originating from fungi, eukaryotic microorganisms and
plants, were aligned and curated to generate a phylogenetic tree
formed by six clades (Fig. 1a). Clade I, which is the largest (34%
of all sequences), is dominated by plant and fungal sequences
(Fig. 1b). Indeed, this clade contains plant non-carbohydrate
active enzymes, e.g., the berberine bridge enzyme from
Eschscholzia californica EcBBE32 and the monolignol oxidase
from Arabidopsis thaliana AtBBE-like 1533, as well as the oligo-
galacturonide oxidase from A. thaliana AtOGOX113, although
none of these sequences are currently assigned into AA7.

The sequences in clades IIa, III and V are mainly from
Ascomycota, whereas mostly Basidiomycota sequences populate
clades IV and VI. Remarkably, the majority of the retrieved
Ascomycota sequences were from genera known to harbour
phytopathogens, e.g., Fusarium, Magnaporthe, Colletotrichum,
Bipolaris, Alternaria or Botrytis. The enrichment of phytopatho-
gen sequences is striking in clade II. Thus, fungus-like eukaryotic
plant pathogens from Oomycota clustered in clade IIb (90.5% of
sequences), whereas the remaining sequences in clade II originate
mainly from Ascomycota phytopathogens. All the four previously
described AA7 fungal oligosaccharide oxidases clustered in a
branch of clade V (Va) (Fig. 1a). The scarce insight into AA7 is
evident from the lack of characterized members from (sub)clades
II, III, IV, Vb and VI.

Since bi-covalent FAD tethering has been the hallmark of all
hitherto characterised AA7s, we analysed the conservation of the
cysteine and histidine FAD-tethering residues across the phyloge-
netic tree. Strikingly, clade II harboured exclusively non-canonical
sequences with substitution of the FAD-binding cysteine, histidine
or both, while these residues were highly conserved in the other
clades (Fig. 1c). We selected �ve AA7 candidates belonging to
different clades (Fig. 1a, Supplementary Table 1) for recombinant
expression and functional characterization.

Identi�cation of a strict oligosaccharide dehydrogenase in
AA7. The selected fungal sequences share 25–39% amino acid
sequence identity and originate from Aspergillus nidulans
(AnAA7A, clade I), Fusarium graminearum (FgCelDH7C, clade IIa
and FgChi7B, clade Va), Magnaporthe oryzae (MoChi7A, clade Vb)
and Polyporus brumalis (PbChi7A, clade VI) (Supplementary
Table 1). The selected AA7 enzymes were successfully expressed in
Pichia pastoris and highly pure enzymes were obtained from a
single af�nity puri�cation. The substrate speci�city of each
recombinant enzyme was assessed against a panel of 40 compounds
including saccharides with a degree of polymerization (DP) 1–4 as
well as sugar alcohols and aromatic alcohols (Supplementary
Table 2) by monitoring both their oxidase activity (i.e. H2O2 pro-
duction using a peroxidase coupled assay) and dehydrogenase
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activity using 2,6-dichlorophenolindophenol (DCIP) as an arti�cial
electron acceptor.

FgChi7B (clade Va), MoChi7A (clade Vb) and PbChi7A (clade
VI) displayed the highest normalised rates (Vo/E) on chitooligo-
saccharides, followed by N-acetyl glucosamine (GlcNAc) (Sup-
plementary Fig. 1). Importantly, we also discovered oxidase
activity against substrates not reported before in AA7. Thus,
MoChi7A was active on N-acetyl galactosamine (GalNAc), lacto-
N-biose (LNB) and galacto-N-biose (GNB), while PbChi7A
oxidised mannooligosaccharides (Supplementary Table 3, Sup-
plementary Fig. 1). The KM values of MoChi7A and PbChi7A

towards GlcNAc were about 20-fold lower compared to FgChi7B
(Table 1), highlighting a marked difference in af�nity for
monosaccharides between these enzymes. No activity was
detected for AnAA7A on any of the tested substrates, suggesting
that AA7 targets a wider range of substrates than currently
reported. The pH-dependence of activity pro�les showed the
highest relative activities in the pH range 7.0–7.5, except for
PbChi7A, which appeared to have a broader pro�le (Supplemen-
tary Fig. 2).

Apart from FgCelDH7C (vide infra), the dehydrogenase
activity for a given substrate was in the same range or higher

Fig. 1 Phylogenetic analysis of AA7-like sequences. a The phylogenetic tree is based on 1927 sequences. Biochemically characterized enzymes are
coloured according to clade, with green circles indicating enzymes from the present study. The PDB entries (in square brackets) are given for available
enzyme structures. Clade Va harbours the canonical previously described oligosaccharide oxidases: SsGOOX15 from Sarocladium strictum active on
cellooligosaccharides, MnLaO16 from Microdochium nivale active on lactose, TtXylO17 from Thermothelomyces thermophilus active on xylooligosaccharides
and FgChitO18 from Fusarium graminearum active on chitooligosaccharides. Clade I contains characterised plant enzymes33,39 that are not assigned in AA7
including the oligogalacturonide oxidase (AtOGOX1)13 from Arabidopsis thaliana13,33,39. b Clade-wise taxonomic distribution of putative AA7 sequences.
c Clade-wise conservation percentage of the histidine and cysteine FAD-cofactor tethering residues. The number of sequences within each clade is
indicated above each bar. The accessions of the sequences in the tree are provided in the Source Data file.
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(up to 12-fold) than the corresponding oxidase activity, and the
substrate speci�city pro�les were mostly similar using both assays
(Table 1, Supplementary Fig. 1). By contrast, FgCelDH7C acted as
a dehydrogenase with a preference for cellooligosaccharides with
kcat values of 32–42 s�1 and the highest catalytic ef�ciency on
cellotriose (Table 1, Supplementary Fig. 1h). The enzyme was also
active on glucose, �-(1,4)-glucooligomers (maltooligosaccharide)
and lactose, all sharing a reducing end glucosyl unit. Interestingly,
the oxidase activity was estimated to be several orders of
magnitude lower (Vo/E � 1 � 10 × 10�5 s�1) (Supplementary
Fig. 1g, h). This uniquely higher dehydrogenase/oxidase activity
ratio compared to canonical AA7s distinguishes FgCelDH7C as
an AA7 dehydrogenase with only trace oxidase activity.
Interestingly, FgCelDH7C had a markedly different �avin
absorbance spectrum than typical oxidase homologues (Fig. 2a),
suggestive of large changes in the FAD chemical environment.
The stability of the enzyme was also evaluated to verify the
structural integrity (unfolding temperature Tm > 55 °C, Supple-
mentary Fig. 2b). Both MoChi7A, which catalyses ef�cient
oxidation of substrates not reported within AA7, and the strict
dehydrogenase FgCelDH7C were selected for further in situ NMR
spectroscopy to bring insight into their redox chemistry. Initial
experiments identi�ed the chemical shift assignments of sub-
strates, intermediates and products based on two-dimensional
1H-13C NMR analyses (Supplementary Fig. 3). Time-resolved
two-dimensional 1H-13C HSQC NMR spectra were acquired to
follow the time-course conversion of GlcNAc and GalNAc by
MoChi7A, showing the initial formation of a 1,5-pyrano (�)
lactone prior to rearrangement to a 1,4-furano (�) lactone. The
carboxylic acid open form was the main product of GlcNAc

oxidation (due to lactone hydrolysis), whereas the 1,4-furano (�)
lactone accumulated as the main product of GalNAc oxidation
(Supplementary Fig. 4). Similarly, assignments were established
for the oxidation of cellobiose by FgCelDH7C (Supplementary
Fig. 5). A time series of one-dimensional 1H NMR spectra was
used for kinetic analysis of the FgCelDH7C catalysed oxidation of
cellobiose in the presence of DCIP that displayed exchange line
broadening during the reaction (Supplementary Fig. 6a). Line
shape analysis showed that oxidised DCIP was reduced in a slow
to intermediate exchange regime (exchange rate � 87 s�1) (Sup-
plementary Fig. 6b). Interestingly, the sharp signals of reduced
DCIP were only observed upon stoichiometric conversion of the
oxidized DCIP form and hydrolysis of the lactone to the acid
(Supplementary Fig. 6a), most likely due to the irreversible
hydrolysis breaking the equilibrium. Notably, the oxidase reaction
with O2 as an electron acceptor occurred orders of magnitude
slower in the absence of DCIP as electron acceptor (Fig. 2b, c),
corroborating the activity data from the coupled peroxidase assay
above. Further NMR analyses and activity assays validated the
dependence of cellooligosaccharide oxidation on DCIP concen-
tration (Supplementary Fig. 7).

Structural elements underpinning the dehydrogenase/oxidase
activity pro�les. We determined the crystal structures of FgChi7B
and FgCelDH7C at resolutions of 2.4 and 1.6 Å, respectively
(Supplementary Table 4, Supplementary Fig. 8). Both enzymes
share the canonical AA7 fold comprising an FAD-binding F
domain and a substrate-binding S domain that is formed by a
central �-sheet �anked by �-helices (Supplementary Fig. 9a, b).
Moreover, the two enzymes share an aromatic cluster comprising:
(i) the catalytic base tyrosine (FgCelDH7C Y454), (ii) a tyrosine/
phenylalanine (FgCelDH7C F99) that stacks onto and stabilises
the catalytic base, and (iii) an aromatic residue that stacks mainly
onto the saccharide unit penultimate to the reducing end
(FgCelDH7C F383) (Fig. 3a). Interestingly, the residues of this
aromatic cluster are also highly conserved in most sequences in
clades IIa and Va (Fig. 3b), highlighting their importance in
catalysis and substrate binding.

By contrast, the structure of FgCelDH7C revealed a unique
active site architecture, as compared to all hitherto available
AA7 structures. The �rst notable overall structural difference is
that a loop (residues Q335-F346) that �anks the active site in
FgCelDH7C appears shorter due to a preceding helical segment
that folds away from the active site, which provides a less occluded
and more solvent-exposed FAD-cofactor compared to FgChi7B
and all hitherto reported AA7 structures (Supplementary Fig. 9).

Strikingly, the mode of FAD-anchoring represents a second
unique characteristic distinguishing FgCelDH7C from the other
AA7 structures. Thus, the isoalloxazine ring of the FAD cofactor
in FgChi7B is bi-covalently anchored at the C6 atom to C162 S�

(6-S-cysteinyl) and the 8�-methyl group to H102 N�1 (8�-N1-
histidyl), akin to all previously determined AA7 structures
(Supplementary Fig. 9a). By contrast, FgCelDH7C is mono-
covalently histidyl-tethered due to the substitution of the FAD-
tethering cysteine to a glycine (Fig. 3c). Notably, this cysteine is
conserved in the majority of AA7 except in clade II sequences
that possess a glycine, an alanine or a serine at this position
(Fig. 3b, d, Supplementary Fig. 10). A third structural signature of
FgCelDH7C, compared to all available AA7 structures, is the
substitution of a histidine residue facing the isoalloxazine ring in
the FAD-binding domain to a serine (S165) (Fig. 3c).

A fourth different motif in FgCelDH7C entails four arginine
residues that protrude into the substrate-binding pocket (Fig. 3c, d),
providing a distinctively positive charged milieu compared to other
structurally characterised AA7s (Supplementary Fig. 11).

Table 1 Apparent kinetic parameters of AA7-catalysed
oxidation of saccharides.

Oxidase kinetics

Substrate Parameter Enzyme

MoChi7A PbChi7A FgChi7B

GalNAc kcat (s�1) 3.7 ± 0.1 ND ND
KM (mM) 1.69 ± 0.12 ND ND
kcat/KM (s�1 M�1) 2.16 × 103

GlcNAc kcat (s�1) 3.8 ± 0.1 3.0 ± 0.2 6.8 ± 0.3
3.3 ± 0.2a

KM (mM) 0.80 ± 0.05 0.69 ± 0.20 15.7 ± 1.13
0.50 ± 0.10*

kcat/KM (s�1 M�1) 4.75 × 103 4.27 × 103 4.30 × 102

5.94 × 103a

kcat (s�1) 4.4 ± 0.1 3.8 ± 0.04 2.3 ± 0.03
18.3 ± 0.4a 28.7 ± 0.4

Chitobiose KM (mM) 0.064 ± 0.01 0.3 ± 0.02 0.27 ± 0.01
0.33 ± 0.03a 1.32 ± 0.07

kcat/KM (s�1 M�1) 6.83 × 104 1.27 × 104 8.58 × 103

5.56 × 104a 2.17 × 104a

kcat (s�1) 3.71 ± 0.09 3.55 ± 0.04 6.14 ± 0.29
2.0 ± 0.1a

Chitotriose KM (mM) 0.09 ± 0.01 0.28 ± 0.01 0.25 ± 0.03
0.75 ± 0.1a

kcat/KM (s�1 M�1) 4.22 × 104 1.25 × 104 2.44 × 104

2.67 × 103a

Dehydrogenase kinetics of FgCelDH7C.

Cellobiose Cellotriose Cellotetraose Cellopentaose

kcat (s�1) 30.8 ± 0.81 36.1 ± 0.74 39.27 ± 0.76 45.28 ± 2.03
KM (mM) 5.35 ± 0.39 3.94 ± 0.22 6.06 ± 0.27 11.25 ± 0.94
kcat/KM
(s�1 M�1)

5757 9162 6480 4025

aApparent kinetic parameters using the dehydrogenase assay. The kinetic parameters are
determined from a global fit of the Michaelis-Menten expression to triplicate (n = 3 independent
experiments), except for cellopentaose (n = 1 experiment). The data are shown as means ±
standard deviations. For cellopentaose the error estimates of the fit to the single data set
are shown.
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Notably, members of clade IIb share the above signatures with
clade IIa, except for the inverted substitution of the FAD-
tethering residues. Hence, the cysteine is conserved, but the
histidine counterpart is substituted for an arginine (Fig. 1,
Supplementary Fig. 10). In conclusion, the present analysis allows
the identi�cation of active-site signatures associated with the
functional variation in AA7, e.g., activity on oligosaccharides and
the dehydrogenase versus the typical oxidase activity.

The cellooligosaccharide dehydrogenase FgCelDH7C primes
and fuels LPMO activity. To investigate if AA7 enzymes can
trigger the activity of LPMOs, we set up AA7-LPMO mediated
cellulose degradation assays to monitor the release of native
(unmodi�ed) and oxidised cellooligosaccharides from cellulose.
The two cellulose-active LPMOs from Podospora anserina
PaLPMO9E and PaLPMO9H34 were used in these assays. The
interplay between FgCelDH7C and the C1-oxidising PaLPMO9E
was evident from the marked increase in native and C1-oxidised
cellooligosaccharides released from phosphoric acid swollen cel-
lulose (PASC) relative to the control reaction, which was fuelled
by electrons from ascorbate (Supplementary Fig. 12a). Since
FgCelDH7C is inactive on cellulose, the release of oligosacchar-
ides in this assay is solely attributed to the PaLPMO9E activity.
However, the generation of C1-oxidised cellooligosaccharides, by
both FgCelDH7C and PaLPMO9E, precluded determining the
contribution of each enzyme to the total amount of oxidized
species. Therefore, a similar assay was also performed with the
C4-oxidising PaLPMO9H (instead of PaLPMO9E) as it allowed
attributing both C4 and C1/C4 oxidised cellooligosaccharides
(identi�cation based on the previous work34) exclusively to the
LPMO activity. This assay with PaLPMO9H resulted in a sig-
ni�cant increase in single- and double-oxidized oligosaccharides
relative to the ascorbate control (Supplementary Fig. 12b). We
performed similar assays on Avicel (higher crystallinity cellulose
than PASC), which revealed that the addition of the preferred
FgCelDH7C substrate cellotetraose (DP4) results in a consider-
able increase in the level of released cellooligosaccharides in a
dose-dependent manner (Supplementary Fig. 13). A similar
fuelling of LPMO activity was also observed when the same assay
was performed using the previously characterised C4-oxidising
AA9 LPMO from Lentinus similis (LsAA9A)35,36 (Supplementary
Fig. 14). These �ndings indicate that the ability of FgCelDH7C to
fuel cellulose active LPMOs is not LPMO-speci�c.

We further used the CDH from P. anserina to benchmark the
FgCelDH7C-PaLPMO9H system, as CDHs are recognised as key
redox partners to AA9 LPMOs26,27,34. The observed release of
cello-oligomers was markedly higher when the LPMO reaction
was fuelled by a 3-fold lower FgCelDH7C concentration compared
to PaCDHB (Fig. 4, Supplementary Fig. 15). Indeed, the
FgCelDH7C-PaLPMO9H pair released 1.5- and 2-fold higher
C1-C4 double-oxidised and native cellooligosaccharides, respec-
tively, as compared to the PaCDHB-fuelled reaction. To evaluate if
this interplay was speci�c for FgCelDH7C, we used the
promiscuous oxidase MoChi7A in a similar cellulose degradation
assay. Interestingly, the high level of AA7-fuelled LPMO activity
appeared speci�c to FgCelDH7C based on the low amounts of C1-
and C1-C4 oxidised species observed in assays where FgCelDH7C
was replaced with MoChi7A that displays low cellooligosacchar-
ides oxidase side-activity (Supplementary Fig. 16).

Mechanistic insights into the LPMO-AA7 interplay. To inves-
tigate the mechanism of the AA7-LPMO interplay, we analysed
the effect of H2O2 or the superoxide species (O2

•�) by performing
the reaction in the presence of either horseradish peroxidase
(HRP) that converts H2O2 to H2O21 or superoxide dismutase

Fig. 2 Spectral properties and time-course NMR analysis of the AA7
cellooligosaccharide dehydrogenase FgCelDH7C. a Spectral comparison
of the flavin absorbance of FgCelDH7C and the oxidases FgChi7B as well as
MoChi7A, all at 20 µM. The data are means ± standard deviations (n = 3
independent experiments). b and c Show the time resolved in situ 1H NMR
analyses of the oxidation of cellobiose by FgCelDH7C in the presence (b)
or absence (c) of 1.3 mM 2,6-dichlorophenolindophenol (DCIP) as an
electron acceptor, respectively. The presented spectra in panels b and c are
from a single experiment (n = 1). Source data are provided as a Source
Data file.
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