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ABSTRACT: Copper-dependent lytic polysaccharide monooxygenases
(LPMOs) classified in Auxiliary Activity (AA) families are considered
indispensable as synergistic partners for cellulolytic enzymes to saccharify
recalcitrant lignocellulosic plant biomass. In this study, we characterized two
fungal oxidoreductases from the new AA16 family. We found that MtAA16A from
Myceliophthora thermophila and AnAA16A from Aspergillus nidulans did not
catalyze the oxidative cleavage of oligo- and polysaccharides. Indeed, the
MtAA16A crystal structure showed a fairly LPMO-typical histidine brace active
site, but the cellulose-acting LPMO-typical flat aromatic surface parallel to the
histidine brace region was lacking. Further, we showed that both AA16 proteins
are able to oxidize low-molecular-weight reductants to produce H2O2. The oxidase activity of the AA16s substantially boosted
cellulose degradation by four AA9 LPMOs from M. thermophila (MtLPMO9s) but not by three AA9 LPMOs from Neurospora crassa
(NcLPMO9s). The interplay with MtLPMO9s is explained by the H2O2-producing capability of the AA16s, which, in the presence of
cellulose, allows the MtLPMO9s to optimally drive their peroxygenase activity. Replacement of MtAA16A by glucose oxidase
(AnGOX) with the same H2O2-producing activity could only achieve less than 50% of the boosting effect achieved by MtAA16A,
and earlier MtLPMO9B inactivation (6 h) was observed. To explain these results, we hypothesized that the delivery of AA16-
produced H2O2 to the MtLPMO9s is facilitated by protein−protein interaction. Our findings provide new insights into the functions
of copper-dependent enzymes and contribute to a further understanding of the interplay of oxidative enzymes within fungal systems
to degrade lignocellulose.
KEYWORDS: cellulose, Carbohydrate-Active enZyme, copper-dependent oxidoreductase, fungal auxiliary activity family,
hydrogen peroxide, lytic polysaccharide monooxygenase, protein structure

1. INTRODUCTION
Transition from a fossil-based society to a more sustainable
one drives full valorization of lignocellulose-rich agricultural
and forestry side-streams for the production of biofuels,
biomaterials, and biochemicals.1 Hereto, enzyme-driven
degradation of cellulose and hemicellulose to fermentable
monosaccharides is an essential step,2 in which copper-
dependent lytic polysaccharide monooxygenases (LPMOs)
are key. LPMOs have been shown to oxidatively cleave in
particular insoluble substrates, such as cellulose, which
synergistically enhances cellulose saccharification by estab-
lished cellulases. As such LPMOs have become a permanent
ingredient in cellulolytic enzyme formulations.3−5 LPMOs are
currently classified as “Auxiliary Activity” (AA) families 9−11
and 13−17 in the Carbohydrate-Active enZymes (CAZy)
database (http://www.cazy.org).6,7

To explore the AA diversity in nature and improve enzyme
formulations, new AA families with enigmatic functions need
further investigation.8−10 The recently proposed AA16 family
contains so far only one characterized member from Aspergillus

aculeatus (AaAA16).11 AaAA16 has been indicated as C1-
cellulose-active LPMO,11 though its activity is much lower
compared to accustomed C1-oxidizing AA9 LPMOs (Figure
1).12,13

Based on sequence comparison, AA16 members were
reported to share common features with other LPMOs, for
instance, a copper-dependent active site coordinated by two
histidines and a tyrosine (sometimes a phenylalanine residue in
AA10 LPMOs).14 This coordination, also referred to as
“histidine brace” (His-brace), is conserved in all LPMOs.14,15

Although the catalytic mechanism of LPMOs is not fully clear,
it is well accepted that the catalytic cycle starts with a so-called
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“priming reduction” of Cu(II) to Cu(I) by an external electron
donor.16 The external electron donor can be a chemical
reductant, such as ascorbic acid (Asc), phenolics (e.g.,
pyrogallol (Pyg)) including lignin, or a redox enzyme as is
well established for cellobiose dehydrogenase (CDH).17,18

After this priming reduction, the catalytic reaction can follow
two routes depending on the cosubstrate, which can either be
H2O2 or O2 (Figure 1, route 1 or 2).16,19,20 The mechanistic
details of these routes are still under debate as extensively
reviewed elsewhere.21,22 In the absence of a carbohydrate
substrate, superoxide (or hydroperoxide) is released, resulting
in the production of H2O2 and regeneration of the Cu(II) state
(Figure 1, route 3).13

H2O2 has been shown to be the preferred cosubstrate over
O2, as turnover numbers obtained with H2O2 are in certain
cases more than three orders of magnitude higher compared to
those obtained with O2.

16,20,23 On the other hand, a high H2O2
concentration induces oxidative damage of amino acids close
to the copper-active site resulting in self-inactivation. Hence,
the optimal H2O2 concentration is a balance between activity
and inactivation and upholds a delicate equilibrium in LPMO
reactions.16,20,23,24

H2O2 typically results from nonenzymatic or enzymatic
routes to drive LPMO reactions. Nonenzymatic H2O2
formation results from metal ions reduced by molecular
reductants (e.g., Asc, cysteine) and subsequently reacting with
dissolved O2,

26,27 while some H2O2-producing oxidases (e.g.,
glucose oxidase) also can take up that role.16 It is noteworthy
that, as mentioned above, in absence of a carbohydrate
substrate, (reduced) LPMOs show oxidase activity to produce
H2O2. In a recent study, Stepnov and co-workers described
that a weak cellulose-binding ScLPMO10CTR (only catalytic
domain, without a linker and a carbohydrate binding module)

served as a H2O2 producer to enhance oxidative cellulose
cleavage by full-length ScLPMO10C.28

Here, we characterized two new members of the AA16
family. MtAA16A was homologously produced in Mycelioph-
thora thermophila C1, while AnAA16A from Aspergillus nidulans
was produced in Pichia pastoris X-33. In contrast to the
published AaAA16, both MtAA16A and AnAA16A did not
oxidatively cleave carbohydrate substrates. We elucidated the
crystal structure of MtAA16A and showed that both AA16s
display oxidase activity. Furthermore, we found a substantial
boosting effect of the AA16s on various well-characterized
MtLPMO9s in degrading cellulose. This boosting effect was
absent when the AA16s were combined with three distinct and
well-studied AA9 Neurospora crassa (Nc) LPMOs. We discuss
possible reasons for this observed (lack of) interplay. In
summary, we suggest that AA16 proteins are H2O2-producing
oxidoreductases that may assist LPMOs in degrading
lignocellulose.

2. EXPERIMENTAL SECTION
2.1. Materials. Syringol, pyrogallol, and ammonium acetate

were purchased from Sigma-Aldrich (St. Louis, Missouri).
Cellobiose, cellotriose, cellotetraose, cellopentaose, and
cellohexaose were purchased from Megazyme (Bray, Ireland).
Regenerated amorphous cellulose (RAC) was prepared from
Avicel PH-101 (Sigma-Aldrich) as described previously.29

Ascorbic acid (Asc) was purchased from VWR International
(Radnor, Pennsylvania). Other aromatic compounds used
were purchased from Sigma-Aldrich or VWR International.
Other carbohydrate substrates used were purchased from
Sigma-Aldrich or Megazyme. Glucose oxidase from Aspergillus
niger (AnGOX, 10 000 U g−1 powder) was purchased from
Sigma-Aldrich. All water used was produced by a Milli-Q

Figure 1. (A) Proposed catalytic routes for LPMO reactions using H2O2 or O2. In both H2O2- and O2-dependent routes, the C1- and/or C4-
carbon position of the carbohydrate (R−H) substrate is hydroxylated (R−OH) and a Cu(I) is ready for the next catalytic cycle. The oxidation at
the C1-carbon leads to the formation of δ-lactone, which is converted to an aldonic acid in water. The oxidation at C4-carbon results the generation
of 4-ketoaldose, which is in pH-dependent equilibrium with the geminal diol. Adapted from Wang et al.21 and Chylenski et al.25
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system (Merck Millipore, Molsheim, France), unless stated
otherwise.

2.2. Expression, Production, and Purification of
MtAA16A and AnAA16A. 2.2.1. MtAA16A. The gene
encoding MtAA16A (MYCTH_2306267, UniProt ID:
G2QH80) was homologously expressed and produced in a
low protease/low (hemi)cellulase-producing M. thermophila
C1 strain as described elsewhere.30,31

MtAA16A was purified by three subsequent chromato-
graphic steps. Crude MtAA16A-rich fermentation broth was
filtered and dialyzed against 10 mM potassium phosphate
buffer pH 7.6 before chromatographic purification. The
dialyzed MtAA16A was purified by anion-exchange chroma-
tography (AEC), followed by size-exclusion chromatography
(SEC). Purification settings and elution programs of AEC and
SEC have been described previously.32 The SEC-purified
MtAA16A-containing fractions were further purified by cation-
exchange chromatography (CEC) on an ÄKTA-Micro
preparative chromatography system (GE Healthcare).
MtAA16A-containing fractions were loaded on a Resource S
column (30 × 16 mm internal diameter, GE Healthcare) pre-
equilibrated with 10 mM sodium acetate buffer pH 3.8 (eluent
A). The unbound fraction was first removed (one column
volume). Eluent B was 10 mM sodium acetate buffer (pH 3.8)
containing 500 mM NaCl. Elution (flow rate of 1 mL min−1)
was performed as follows: from 0 to 30% B in two column
volumes; 30% B for one column volume; next, 30−100% B
over two column volumes; and finally, 100% B for four column
volumes. All fractions were collected and immediately stored
on ice. Peak fractions (based on UV absorption at 280 nm)
were adjusted to an approximate concentration of 2 mg mL−1

(as determined by the bicinchoninic acid method) and
analyzed by sodium dodecyl sulfate-poly(acrylamide) gel
electrophoresis (SDS-PAGE), as described previously,32 to
determine the MtAA16A fractions. CEC-purified MtAA16A-
containing fractions were combined and used as the final
enzyme stock solution. All CEC-purified MtAA16A fractions
were aliquoted into 500 μL size and stored at −80 °C.
2.2.2. AnAA16A. The AnAA16A gene (AN0778.2) was

amplified directly from the A. nidulans genome and produced
in a P. pastoris X-33 strain, as described hereafter. The
oligonucleotides AnAA16fw (5′ACAACTAATTATTC-
GAAACGATGAAGCACGCTACCACCG3′) and AnAA16rv
(5′CCCTGAAAATAAAGATTCTCGCCGTTACCACTTC-
CACCAA3′) were used to remove the C-terminal extension
region (residues 199−306) and maintain the native signal
peptide. The removal of C-terminal extension region prior to
protein production has been reported by Filiatrault-Chastel et
al.11 The AnAA16 gene was cloned into a modified pPICZα
vector, as previously described.33 This construction allowed

the expression of a recombinant AnAA16A containing a
cleavable C-terminal polyhistidine-tag. The P. pastoris X-33
(Invitrogen, Waltham, Massachusetts) was transformed by
electroporation using a PmeI-linearized plasmid (pPICZT::A-
nAA16A) and selected on yeast extract-peptone-dextrose-
sorbitol (YPDS)-zeocin plates. The recombinant colonies were
randomly picked and grown in a buffered methanol-complex
(BMMY) medium, and the gene expression was confirmed by
SDS-PAGE analysis of the supernatant content. The trans-
formant showing the highest expression profile was grown in
40 mL of YPD medium overnight and inoculated in four
Erlenmeyer flasks containing 0.5 L buffered glycerol-complex
medium (BMGY) medium at 30 °C and 250 rpm until an
OD600 of 2. The yeast cells from each flask were harvested
and transferred to 0.1 L BMMY medium and incubated at 30
°C and 250 rpm for 72 h. Two percent absolute methanol was
added every 24 h to maintain recombinant protein production.
The culture supernatant was filtered, and the pH was adjusted
to 8.0 using the Tris−HCl buffer. The entire volume was
loaded onto a 5 mL HiTrap Chelating HP column (GE
Healthcare) connected to an ÄKTA Start system (GE
Healthcare) equilibrated with 50 mM Tris/HCl pH 8.0 and
0.3 M NaCl (buffer-A). AnAA16A was eluted using a linear
gradient from 0 to 100% of 1 M imidazole within 10 column
volumes. The fractions containing the purified enzyme were
pooled and concentrated using Amicon Ultra 15 mL
centrifugal filters (Merck Millipore) with a cutoff of 10 kDa.
The C-terminal His-tag cleavage and removal with tobacco
etch virus (TEV) protease was performed according to
Kadowaki et al.33 The nontagged AnAA16A was then saturated
with copper by incubating the protein solution with a three-
fold molar excess of Cu(II)SO4 for 10 min at room
temperature, followed by size-exclusion chromatography on a
pre-equilibrated HiLoad 16/60 Sephadex 75 size-exclusion
column (GE Healthcare) in 50 mM Tris/HCl buffer pH 8.0
containing 150 mM NaCl. Protein purity was analyzed by
SDS-PAGE using Coomassie Brilliant Blue G-250 staining
(Sigma-Aldrich) and the concentration was determined using
the Bradford method using bovine serum albumin as a
standard.

2.3. Expression, Production, and Purification of
MtLPMO9s and NcLPMO9s. Six well-characterized AA9
LPMOs were used in this study (Table 1). MtLPMO9E,
MtLPMO9H, and MtLPMO9I were homologously expressed
in a low protease/low (hemi)cellulase-producing M. thermo-
phila C1 strain30,31 and purified as described elsewhere.32,34

The expression and purification of N. crassa LPMOs produced
in P. pastoris X-33 (NcLPMO9C, NcLPMO9F, and
NcLPMO9M) have been described previously.13,35

MtLPMO9s and NcLPMO9s were Cu(II)-saturated during

Table 1. AA9 LPMOs from M. thermophila and N. crassa Used in This Study and Corresponding References (Refs)

LPMO gene name UniProt ID CBM regioselectivity refs

M. thermophila, Produced in M. thermophila C1
MtLPMO9B MYCTH_80312 G2QCJ3 CBM1 C1 12
MtLPMO9E MYCTH_79765 G2Q7A5 no C4 32
MtLPMO9H MYCTH_46583 G2Q9T3 CBM1 C1/C4 36
MtLPMO9I MTCTH_2299721 G2Q774 no C1 32

N. crassa, Produced in P. pastoris X-33
NcLPMO9C NCU02916 Q7SHI8 CBM1 C4 13, 35
NcLPMO9F NCU03328 Q873G1 no C1
NcLPMO9M NCU07898 Q7SA19 no C1/C4
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their production, and thus, no extra Cu(II) saturation step was
performed.

2.4. Cu(II) Saturation of MtAA16A and AnAA16A.
Cu(II) saturation of MtAA16A was performed according to
Loose et al.37 with modifications. A pure MtAA16A stock
solution (1 mg mL−1, 500 μL) was incubated with a three-fold
molar excess of Cu(II)SO4 in 50 mM ammonium acetate pH
5.0 for 30 min at 25 °C under shaking at 600 rpm (Eppendorf
ThermoMixer C, Eppendorf, Hamburg, Germany). Excess
Cu(II) was removed by a five-cycle washing-out procedure.
For each washing step, 500 μL of Cu(II)-saturated MtAA16A
was concentrated 10-fold using Amicon Ultra-0.5 centrifugal
filters (Sigma-Aldrich) and subsequently brought back to 500
μL by adding 50 mM ammonium acetate pH 5.0. The final
concentration of excess Cu(II) was calculated lower than 0.7
pM. In this study, MtAA16A represents the Cu(II)-saturated
form, unless mentioned otherwise. For Cu(II) saturation of
AnAA16A, see the previous section. The control sample was
prepared in the same way as described above but without
MtAA16A, and it is referred to as only Cu(II) sample.

2.5. Determination of H2O2 Production by the
Amplex Red/Horseradish Peroxidase Assay. The method
for determining H2O2 production was based on a previously
reported protocol13 and performed using a commercial Amplex
Red Hydrogen Peroxide/Horseradish Peroxidase (HRP) Assay
Kit (catalog number: A22188, Thermo Fisher Scientific,
Waltham, Massachusetts). The assay was performed in 96-
well plates and followed the manufacturer protocol. Each well
contained 50 μL of sample including 1 μM AA9 LPMOs with
and without 1 μM MtAA16A in the presence of 1 mM Asc in
50 mM ammonium acetate buffer (pH 5.0). Controls were
only buffer, boiled MtAA16A, and only Cu(II) sample
(described in Section 2.4), all in the presence of 1 mM Asc.
In addition, different concentrations of AnGOX (10, 1, 0.1, and
0.01 μg mL−1) in the presence of 15 mM glucose and 1 mM
Asc were also prepared. All samples were mixed with Amplex
Red/HRP working reagents (final concentration was 50 μM
Amplex Red reagent, 0.1 U mL−1 HRP, and 50 mM sodium
phosphate pH 7.4) in a total volume of 100 μL, after which the
measurement was immediately started in a spectrophotometer
at 30 °C. The reactions were performed in triplicate. The
Amplex Red reaction product resorufin was determined by
measuring the absorbance at 560 nm every 10 min (5 s shaking
prior to each measurement) till 360 min. The slope of the
initial linear increase in absorption was used for the calculation
of the H2O2-producing activity.13 According to the manufac-
turer, the path length of a 100 μL solution in the 96-well plate
is roughly 0.33 cm. An extinction coefficient of resorufin, ε560 =
58 mM−1 cm−1, was used to calculate the H2O2 concentration.
One unit of enzyme activity (U) is defined as the amount of
enzyme that catalyzes the production of 1 μmol H2O2 per min
under the assay conditions.

2.6. Incubations of AA9 LPMOs and AA16 Enzymes
with RAC. General incubation settings were 50 mM
ammonium acetate buffer (pH 5.0), 2 mg mL−1 RAC, and 1
μM AA9 LPMO and/or 1 μM AA16 enzyme. The incubation
has been performed in five ways:

(i) Incubations (reaction volume of 300 μL each)
containing 1 μM MtLPMO9B with and without 1 μM
MtAA16A or AnAA16A were done in the presence of 1
mM Pyg at 30 °C for 16 h.

(ii) To monitor the generation of H2O2 and oxidized cello-
oligosaccharides over time, incubations (reaction volume
of 1200 μL each) containing 1 μM MtLPMO9B with
and without 1 μM MtAA16A or AnAA16A were
performed in the presence of 1 mM Pyg, and 300 μL
of sample was taken at 2, 4, and 6 h.

(iii) Incubations with H2O2 (reaction volume of 600 μL
each) were initiated by adding 12 μL aliquots of
different H2O2 stock solutions (0, 500, 1250, 2500,
5000, and 10 000 μM) to reach H2O2 concentrations of
0, 10, 25, 50, 100, and 200 μM in the presence of 1 mM
Asc and 1 μM MtLPMO9B or NcLPMO9M. Every 1 h,
12 μL of the different H2O2 stock solutions were added
to the incubations (six additions in total in the first 5 h).
Two more samples containing 1 μM MtLPMO9B and 1
μM MtAA16A or AnAA16A in the presence of 1 mM
Asc and no H2O2 were included as well. The final
reaction volume in these two incubations was adjusted
(by adding water) to give the same enzyme concen-
trations as in the incubations with H2O2 addition. At 6 h,
300 μL of sample was taken out from each incubation,
and the remaining solutions were incubated for another
10 h.

(iv) Incubations (reaction volume of 300 μL each) with 1
μM MtLPMO9E, MtLPMO9I , MtLPMO9H,
NcLPMO9C, NcLPMO9M, or NcLPMO9F with and
without 1 μM MtAA16A or AnAA16A in the presence of
1 mM or 50 μM Asc were performed at 30 °C for 6 and
16 h.

(v) Incubations (reaction volume of 1200 μL each) with 1
μM MtLPMO9B or NcLPMO9C with and without 1
μM MtAA16A in the presence of 1 mM Asc were
performed at 30 °C. Controls were MtLPMO9B or
NcLPMO9C with 1 μM boiled MtAA16A (boiled at 95
°C for 20 min) and only Cu(II) sample (described in
Section 2.4). Another set of incubations with 1 μM
MtLPMO9B or NcLPMO9C with 0.12 μg mL−1

AnGOX in the presence of 1 mM Asc and 15 mM
glucose were carried out at 30 °C. At 1, 2, 3, 4, 5, 6, and
16 h of incubation, a 200 μL sample of each reaction was
collected.

All supernatants from the above incubations were collected
and stored at −20 °C for further analysis. All incubations were
performed in duplicate.

2.7. Determination of H2O2 by the Ferric-Xylenol
Orange Assay. The level of H2O2 in the supernatants after 2,
4, and 6 h incubation of MtLPMO9B with/without MtAA16A
and AnAA16A in the presence or absence of RAC and Pyg was
determined using the Peroxide Assay Kit (catalog number:
MAK311, Sigma-Aldrich). The assay was performed by
following the protocol provided by the manufacturer. First,
H2O2 standards (0, 3, 6, 9, 12, 18, 24, and 30 μM) and
detection reagent (mixing 1 volume of reagent A with 100
volumes of reagent B) were freshly prepared. Afterwards, 40
μL of undiluted supernatants from the incubations and H2O2
standards were added into separate wells of a 96-well plate.
Subsequently, 200 μL of detection reagent was added into
wells, and the reactions were incubated for 30 min at room
temperature. The absorbance of each sample at 585 nm was
determined in a spectrophotometer. The H2O2 levels were
calculated based on a calibration curve generated by H2O2
standards. All measurements were performed in duplicate.
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2.8. HPAEC-PAD Analysis for Oligosaccharide Profil-
ing and Relative Quantification of Products. All super-
natants from the incubations of AA9 LPMO (in the presence
and absence of AA16s) with RAC were analyzed by HPAEC.
The analysis was performed on an ICS-5000 system (Dionex,
Sunnyvale, California) equipped with a CarboPac PA-1
column (2 mm ID × 250 mm; Dionex) in combination with
a CarboPac PA guard column (2 mm ID × 50 mm; Dionex).
The system was further equipped with pulsed amperometric
detection (PAD). Mobile phases were (A) 0.1 M NaOH and
(B) 1 M NaOAc in 0.1 M NaOH. The column temperature
was set at 20 °C. The elution profile applied has previously
been described.12,32 Samples were diluted five times before
analysis. For supernatants collected in Section 2.6 (v), the total
peak area of released oxidized cello-oligosaccharides was
calculated.

2.9. Crystallization, Structure Determination, and
Structure Modeling. Prior to crystallization, MtAA16A was
treated with endoglycosidase H (Sigma-Aldrich) according to
Frandsen et al.38 with modifications. In brief, a 1 mL MtAA16A
(10 mg) solution in 50 mM NaOAc pH 6.0 containing 150
mM NaCl was incubated with 100 μL endoglycosidase H (0.5
U based on the manufactural information) for 16 h at room
temperature. Afterward, the incubated sample was exchanged
to 20 mM NaOAc buffer pH 5.5. Crystallization was set up
with a protein stock solution of 20 mg mL−1 preincubated in
sample buffer for at least 1 h with equimolar Cu(II) acetate.
Crystallization trials with commercial screens JCSG+ (Qiagen,
Hilden, Germany), Index (Hampton Research, Aliso Viejo,
California), PEG/Ion (Hampton Research), and Morpheus
(Molecular Dimensions, Sheffield, U.K.) were set up with an
Oryx-8 crystallization robot (Douglas Instruments, Hunger-
ford, U.K.) using the sitting drop vapor diffusion method in
MRC-2-drop 96-well plates at room temperature. The drops
had a volume of 0.3 μL consisting of protein stock solution to
reservoir in ratios of 3:1 and 1:1. Diffracting crystals/needles
were obtained in different conditions, and data were collected
at 100 K without additional cryoprotection. Crystals grown
from the JCSG+ screen (0.2 M CaOAc, 0.1 M Na−cacodylate
pH 6.5, and 40% v/v PEG 300) diffracted well but did not lead
to structure determination due to possible twinning. Crystals
grown from the Morpheus screen (0.1 M buffer system 1 (pH
= 6.5), 30% EDO_P8K, and 0.09 M halogens)39 led to a
preliminary structure determination at 3.1 Å resolution.
Optimization of similar Morpheus conditions in MRC MAXI
48-well plates with 1 μL of protein stock and 1 μL of reservoir
(prepared by diluting the Morpheus condition with water: 0.1
M buffer system 1, 30% EDO_P8K, divalent cations, 300 μL in
a ratio of 9:1) led to a good data set (Table S1). Diffraction
tests and collections were carried out at the ID30A-3
beamline40 at ESRF (Grenoble, France) and BioMAX41

beamline at MAX IV (Lund, Sweden), and data was processed
both through the available automatic pipelines and manually
using XDSAPP software42 of the PReSTO platform or XDS.43

Molecular replacement was carried out in MOLREP44 with an
AlphaFold 245,46 model of MtAA16A obtained through the
Colab implementation.47 A clear solution with three molecules
in the asymmetric unit was obtained, which was further refined
with REFMAC548 and consecutive manual model building by
COOT,49−51 yielding a good quality structure with a maximum
resolution of 2.65 Å. Crystallographic statistics are given in
Table S1. The structure has been deposited in the Protein Data
Bank (PDB) with the accession number 7ZE9. Figures were

rendered in PyMOL (v2.0.1 2018, Schrödinger, Inc., New
York).

3. RESULTS AND DISCUSSION
3.1. MtAA16A: Molecular Mass, N-Glycosylation, and

Methylation of N-Terminal Histidine. Purified MtAA16A
showed a major band at 27 kDa in SDS-PAGE (Figure S1).
Since the predicted molecular mass of MtAA16A based on the
amino acid sequence without a signal peptide is 18.4 kDa
(Figure S2), glycosylation of MtAA16A was expected, as also
observed with other homologously produced MtLPMO9s.12

Indeed, after treatment of MtAA16A with (N-acetyl-β-
glucosaminyl)asparagine amidase (PNGase F), a major band
at 19 kDa (Figure S1) remained, indicating that MtAA16A
contained N-glycosylation. The predicted molecular mass of
AnAA16A is 19.9 kDa (catalytic domain). Similar to
MtAA16A, in the SDS-PAGE experiment, a roughly 30 kDa
band was visible, indicative of glycosylation (Figure S1).

Typical for homologously expressed fungal LPMOs is the
methylated N-terminal histidine, of which the methylation is
suggested to play a role in protection against auto-oxidation of
the copper histidine brace active site.52 Reversed phase liquid
chromatography coupled to mass spectrometry (LC-MS/MSn)
of a tryptic digest revealed that the N-terminal histidine of
MtAA16A was indeed methylated (MeHis1; Figure S3).
Further identification of peptides in the MtAA16A tryptic
digest confirmed that the amino acid sequence of the
MtAA16A protein was in accordance with the prediction
based on gene annotation.

The amino acid sequence of AnAA16A was also confirmed,
as well as the expected nonmethylated N-terminal histidine
(data not shown).

3.2. MtAA16A Does Not Oxidatively Cleave Carbohy-
drates but Oxidizes Syringol-like Compounds. The
AA16 family has been suggested to comprise catalytic
LPMO-like enzymes, though this suggestion was based on a
rather low C1-oxidative cleavage of cellulose observed for only
one AA16 candidate (AaAA16).11 MtAA16A did not
oxidatively cleave cellulose, and none of the other carbohy-
drates were tested, including cellopentaose, cellohexaose,
chitin, pectin, hemicelluloses, and combinations thereof
(Table S2). Oxidative cleavage was neither observed after
renewing Cu(II) saturation of MtAA16A nor by varying the
type of the reducing agent or adding H2O2 and also not by
increasing substrate or enzyme concentrations (Table S2). We
also observed that no oxidized products were released by
AnAA16A from cellulosic substates including phosphoric acid
swollen cellulose, Avicel PH-101, and cellulose nanocrystals
(data not shown). Therefore, we concluded that MtAA16A
and AnAA16A have no typical LPMO-like catalytic action
toward cellulose and other investigated poly- and oligosac-
charides.

Next, we questioned whether MtAA16A and AnAA16A
actually are oxidative enzymes or just noncatalytic copper-
containing proteins, similar to Bim18 or LaX325.9 Therefore,
we tested if MtAA16A was active in the H2O2-driven
conversion of 2,6-dimethoxyphenol (syringol; Syr).53

MtLPMO9B, MtLPMO9E, MtLPMO9H, and MtLPMO9I
served as the reference, and results are shown in Figure S4.
Following the formation of the chromogenic product
coerulignone, it allowed the estimation of the specific activity
of all MtLPMO9s to range between 0.27 and 0.56 U g−1.
However, MtAA16A showed a much higher specific activity of
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4.14 U g−1. These results indicated that MtAA16A is a copper-
dependent enzyme able to oxidize syringol in the presence of
H2O2.

3.3. MtAA16A Crystal Structure. To better understand
why both AA16s did not catalyze the oxidative cleavage of
poly- and oligosaccharides, we determined the crystal structure
of MtAA16A. The three-dimensional structure of MtAA16A,
the first experimental structure in the AA16 family, shows the
typical LPMO fold (Figure 2A).54 A search with DALI55,56

revealed high structural similarity with AA9, AA10, and AA11
family members, but MtAA16A has a significantly smaller size
than the matched structures (see Figure S5 for comparison).
The copper binding site appears to be identical to the one
observed in AA9, AA11, AA13, AA15, AA17, and some AA10
members with the His-brace providing three equatorial ligands
and an additional Tyr axial ligand (Figures 2B, S6, and Table
S3) with typical distances from the copper to the N ligands
(1.8−2.3 Å) and a longer distance to the Tyr−OH (2.7 Å).
The methylation of His1 is confirmed in the structure. In the
crystal, a carboxylic residue from a neighboring molecule
blocks the equatorial position to the copper, expecting to bind
water in solution. There is no visible axial ligand, presumably
due to photoreduction of the Cu(II) to Cu(I) under X-ray
exposure.38 The θ angles in Table S3 are also consistent with a
Cu(I) state. Generally, the geometry of the Cu site looks fully
compatible with reactivity, which further supports the
demonstrated oxidizing activity on small compounds such as

syringol. Second coordination sphere residues include a Gln,
which is in the same position as an important and conserved
Gln in AA9 (Figure S6),57 while the conserved second
coordination sphere His from AA9 is substituted by an Asn.
Trp149 is able to make π−π stacking interactions with the
active site residue Tyr158, which is reminiscent of similar
interactions in AA10 and AA11 family members (Figure S6).58

Interestingly, the longest molecular axis in AA16 runs in a
different direction from the longest axis in the closest DALI
hits or LsAA9A,38 an AA9 LPMO for which information on
cello-oligosaccharide binding is available (Figure 2C). The
surface adjacent to the His-brace in MtAA16A lacks the typical
flat aromatic features seen in most cellulose-binding LPMOs
and exemplified in the complex of LsAA9A with cellohexaose
by interaction with a Tyr. At the surface of MtAA16A, another
Tyr residue (Tyr27) can be found near the His-brace but lies
sideways rather than parallel to the protein surface. Thus,
MtAA16A does not seem to possess a likely polysaccharide-
binding surface adjacent to the His-brace but rather a small
pocket (Figure 2D), which could be speculated to interact with
small aromatics like syringol, on which we have demonstrated
activity. Binding experiments (Figure S7) indicated that, as
suggested by the crystal structure, MtAA16A was not able to
bind to RAC. In addition, thermal shift assays supported that
MtAA16A did not bind to cello-oligosaccharides (DP2−6),
while syringol induced significant thermal stabilization (Figure
S8), which is consistent with binding. However, as this is not a

Figure 2. (A) Overall cartoon representation of MtAA16A showing the different secondary structure elements and the copper (orange sphere)
binding site in stick representation. (B) Close-up of the copper binding site, including the 2Fobs − Fcalc density map at the 1.0 σ level. (C) Side-by-
side surface views of LsAA9A (in white) with bound cellohexaose (PDB entry: 5ACI) and MtAA16A (in yellow with cellohexaose overlayed from
the 5ACI structure). (D) Close-up of the surface near Tyr27. His1 is in orange, and Tyr residues on the presumed substrate-binding surface are in
blue. Note that the aromatic ring of Tyr27 in MtAA16A lies perpendicular rather than parallel to the protein surface and is adjacent to a small
pocket which could perhaps accommodate small molecules like syringol.
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direct binding assay, an alternative possibility could be that the
reduction of the active site metal results in stabilization.
Distant from the putative substrate-binding surface, N-
glycosylation at Asn89 is very obvious in the electron density,
and despite treatment with endoglycosidase H, 5−7 glycan
units are visible at Asn89, interacting with exposed Phe52,
Asn98, and Tyr148. One NAG unit is also visible at Asn126.

3.4. AA16 Enzymes Produce H2O2 to Boost the
MtLPMO9B-Driven Oxidative Cleavage of Cellulose.
We further questioned whether MtAA16A and AnAA16A
display oxidase activity, as earlier reported for AaAA16 (Figure
1, route 3).8 Indeed, we observed accumulation of H2O2 in
MtAA16A-Pyg and AnAA16A-Pyg samples, while accumula-
tion of H2O2 in MtLPMO9B-Pyg samples was absent in the
presence of RAC or very low in the absence of RAC (Figure
3). Accumulation of H2O2 was also absent or lower than 1 μM
in incubations with MtLPMO9E, MtLPMO9H, and
MtLPMO9I without RAC (data not shown). Apparently,
MtLPMO9s are poor H2O2 producers in contrast to
NcLPMO9s (Table 2). H2O2 production rates were further
assessed and are discussed in Section 3.5. No H2O2
accumulation occurred in the RAC sample in the presence of
Pyg when MtLPMO9B was combined with either MtAA16A or
AnAA16A (Figure 3).

Based on the above observations and the reported oxidase
activity of LPMOs,16 we hypothesized that MtAA16A produces
H2O2 to drive the peroxygenase reaction of MtLPMO9s in
cleaving RAC (Figure 1, route 1). Therefore, we incubated
both MtLPMO9B and MtAA16A and a mixture of these
enzymes, with RAC in the presence or absence of Pyg, and
reactions were analyzed by HPAEC-PAD (Figure 3). Both Mt-
enzymes were free of hydrolytic side activity and, as mentioned
in the previous section, MtAA16A did not release (oxidized)
oligosaccharides from RAC (Figures 3 and S9). Interestingly,
in the combined MtAA16A and MtLPMO9B-RAC incubation

(Figure 3), a pronounced higher amount of nonoxidized (Glc)
and oxidized cello-oligosaccharides (GlcOx) was released than
in the same incubation with MtLPMO9B alone. Likewise,
when the MtLPMO9B-RAC reaction was performed in the
presence of AnAA16A, the increase in released products was
substantial (Figure 3).

These findings provided support for our hypothesis that, in
the presence of a reducing agent, MtAA16A and AnAA16A
produce H2O2 that can act as a cosubstrate for MtLPMO9B
peroxygenase reactions in cleaving RAC. A comparable
scenario has been described by Stepnov and co-workers, who
observed that H2O2 was continuously produced in situ by a
CBM-truncated ScLPMO10CTR (only catalytic domain) to
boost the full-length ScLPMO10C in degrading cellulose.28

3.5. AA16 Enzymes Boost Other MtLPMO9s but Not
NcLPMO9s. Apart from MtLPMO9B, MtLPMO9E,
MtLPMO9H, and MtLPMO9I were also boosted by the
AA16s in oxidatively degrading cellulose (Figure 4A−C; 16 h

Figure 3. (A) H2O2 concentration in the presence of Pyg and absence of RAC over time. (B) H2O2 concentration in the presence of both Pyg and
RAC over time. (C) Oligosaccharide elution patterns determined by HPAEC. RAC samples were incubated for 16 h with only MtLPMO9B (red
line), only AnAA16A (green dotted line), only MtAA16A (blue dotted line), AnAA16A + MtLPMO9B (green line), and MtAA16A + MtLPMO9B
(blue line) in the presence of Pyg. The signal intensity of each peak and elution profiles in duplicated incubations are comparable, and only one
chromatogram is shown here. Standards of cello-oligosaccharides (DP2−6 (G2−G6), 1 μg mL−1 each) are shown in gray. Annotation of
nonoxidized (G2−G6) and C1-oxidized cello-oligosaccharides (C1oxG2−C1oxG9) is based on a previous study.32 HPAEC chromatograms of
control samples and other time points (2, 4, and 6 h) are shown in Figures S9 and S10.

Table 2. H2O2-Producing Activity of MtAA16A,
MtLPMO9s, and NcLPMO9s in the Presence of 1 mM Asca

H2O2-producing activity (mU)b

Cu(II) only 2.9 ± 1.3
boiled MtAA16A 5.0 ± 1.7
MtAA16A 74.2 ± 3.3
MtLPMO9B 16.6 ± 0.5
MtLPMO9E 3.2 ± 0.5
MtLPMO9H 45.4 ± 7.0
MtLPMO9I 41.3 ± 0.8
NcLPMO9C 301.9 ± 2.6
NcLPMO9F 32.8 ± 0.8
NcLPMO9M 510.0 ± 9.6

aH2O2-producing activity of MtAA16A, MtLPMO9s, and NcLPMO9s
in the presence of 50 μM Asc is shown in Table S4. bSee the
Experimental Section for assay conditions.
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incubations). Intriguingly, the situation was different for
combinations of the AA16s with NcLPMO9C, NcLPMO9F,
and NcLPMO9M (Figure 4D−F; 16 h incubations). A shorter
incubation (6 h) of RAC + Asc with NcLPMO9s also showed
no significant increase in oxidized products by AA16 addition
(Figure S11).

The different boosting effects seen on MtLPMO9s and
NcLPMO9s could be due to the different H2O2-producing
abilities of individual LPMOs, as shown by Kittl and co-
workers.13 To determine the H2O2 production rate of
MtLPMO9s and NcLPMO9s, the Amplex Red/HRP assay
was used instead of the ferric-xylenol orange assay. The former
assay measures the H2O2 level continuously (immediate
reaction with H2O2), while the latter assay determines the
steady level of H2O2 in the sample (after 30 min incubation

with the reagent) that could lead to the underestimation of the
H2O2-producing rate.

From Table 2, it follows that MtAA16A had a higher H2O2-
producing activity (74.2 ± 3.3 mU) compared to all four
MtLPMO9s. H2O2-producing activities for the boiled
MtAA16A and equivalent amount of Cu(II) only samples
were 5.0 ± 1.7 and 2.9 ± 1.3 mU, respectively. MtLPMO9s
showed a lower H2O2-producing activity (MtLPMO9B, 16.6 ±
0.5 mU; MtLPMO9E, 3.2 ± 0.5 mU; MtLPMO9H, 45.4 ± 7.0
mU; MtLPMO9I, 41.3 ± 0.8 mU) compared to NcLPMO9C
(301.9 ± 2.6 mU) and NcLPMO9M (510.0 ± 9.6 mU). These
results indicated that MtLPMO9s are relatively poor H2O2
producers, and thus, these LPMOs are likely to be boosted by
the H2O2-producing AA16s in situ. Differently, NcLPMO9C
and NcLPMO9M were able to produce larger amounts of
H2O2, and it seems that they do not need more H2O2 for their

Figure 4. HPAEC chromatograms of RAC samples incubated with various AA9 LPMOs ((A) MtLPMO9E, (B) MtLPMO9H, (C) MtLPMO9I,
(D) NcLPMO9C, (E) NcLPMO9F, and (F) NcLPMO9M) in the presence of 1 mM Asc after 16 h. HPAEC chromatograms of these incubations at
6 h are shown in Figure S11. RAC samples incubated for 16 h with only LPMO, LPMO + AnAA16A, and LPMO + MtAA16A are shown in red,
green, and blue lines, respectively. The signal intensity of each peak and elution profiles in duplicated incubations are comparable, and only one
chromatogram is shown here.

Figure 5. HPAEC elution patterns of RAC samples incubated with only MtLPMO9B (red line), MtLPMO9B with the addition of 50 μM H2O2 (in
total six times) (black line), MtLPMO9B + AnAA16A (green line), and MtLPMO9B + MtAA16A (blue line) in the presence of Asc at 16 h.
HPAEC chromatograms of control samples are shown in Figure S15. Compared to all concentrations of H2O2, the highest activity was found when
adding 50 μM H2O2 to MtLPMO9B-RAC digest at 6 and 16 h. HPAEC chromatograms of MtLPMO9B with the addition of 0, 10, 25, 100, and
200 μM H2O2 (in total six times) in the presence of Asc are shown in Figure S14. The signal intensity of each peak and elution profiles in
duplicated incubations are comparable, and only one chromatogram is shown here.
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reaction, as substantiated by the absence of boosting by the
AA16s (i.e., for NcLPMO9C and NcLPMO9M). NcLPMO9F
showed low H2O2-producing activity (32.8 ± 0.8 mU).
However, previous studies showed its rapid inactivation and
low catalytic ability,13,35,53 which could explain the lack of
boosting observed.

We also determined the H2O2-producing activity of
MtAA16A, MtLPMO9s, and NcLPMO9s in the presence of
50 μM Asc (Table S4), the comparable concentration as
reported by Kittl and co-workers.13 From calibration curves, it
turned out that the presence of Asc in the Amplex Red/HRP
assay led to the underestimation of H2O2 levels; however, 50
μM or 1 mM concentrations of Asc gave no differences in the
absorbance at 560 nm (Figure S12). In the presence of 50 μM
Asc, NcLPMO9C and NcLPMO9M still displayed higher
H2O2-producing activity than MtLPMO9s (Table S4),
although all enzyme activities were lower than those in the
presence of 1 mM Asc (cf. Table 2).

3.6. Stepwise Addition of H2O2 is Less Effective than
AA16 Enzyme Supply to Drive the MtLPMO9B Perox-
ygenase Reaction. Manual stepwise addition of H2O2 to
stimulate the catalytic action of AA9 LPMOs to oxidatively
cleave cellulose has been shown effective in other studies.59−61

However, this has not been tested for MtLPMO9s. Hence, we
compared such a setup with the AA16 supply for MtLPMO9B-
RAC-Asc incubations. H2O2 was added in six equal aliquots at
six successive time points during the incubation, versus a single
addition of AA16 at the start. MtLPMO9B (+Asc) released
oxidized products from RAC (6 h; Figure 5), and the amount
of oxidized products was further increased at 16 h (Figure
S13). Based on the increased amounts of oxidized products
formed at 6 h (Figures 5 and S14), it is concluded that the
stepwise addition of H2O2 (0, 10, 25, 50, 100, and 200 μM)
boosted the MtLPMO9B action as expected. For the stepwise
addition of 50 μM or higher concentration of H2O2, no
additional oxidized products were formed (Figure S14) after 6
h of incubation, which can be the result of a damaged active
site of the MtLPMO9B.16,23,24 Notably, the addition of either 1
μM MtAA16A or 1 μM AnAA16A to 1 μM MtLPMO9B
resulted in approximately a three times higher amount of
oxidized products (control reactions are shown in Figure S15)

compared to the most optimal H2O2 concentration (50 μM)
supplied to the MtLPMO9B-RAC digest (Figure 5).

To test if H2O2 addition boosted the activity of NcLPMO9s
in our experimental setups, H2O2 (six times 0, 10, 25, 50, 100,
and 200 μM) was added to NcLPMO9M-RAC (+Asc)
digestions. We observed that oxidative cleavage of RAC by
NcLPMO9M was visibly boosted by 10 μM H2O2 per addition
(60 μM in total) (Figures S16 and S17). In a study by Petrovic ́
and co-workers, NcLPMO9A, NcLPMO9C, and NcLPMO9D
were shown to release considerably increased amounts of
oxidized products at 4 h after manual stepwise addition of 45
μM H2O2.
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As described in the previous section, it was anticipated that
NcLPMO9s were able to produce sufficient H2O2 to keep the
catalytic activity maximum, but these results demonstrated that
there was still room to further increase their activity.
Apparently, the fact that AA16s boost MtLPMO9s but not
NcLPMO9s cannot be merely explained by the in situ H2O2
production.

3.7. Glucose Oxidase Is Less Effective than AA16
Enzymes in Boosting MtLPMO9B Activity. To get more
insight into the origin of the boosting effect, we performed
time-course incubations of RAC with MtLPMO9B or
NcLPMO9C with and without MtAA16A. In addition, we
included AnGOX in the incubations with MtLPMO9B or
NcLPMO9C to investigate if the same boosting effect as with
AA16s could be achieved. AnGOX has been shown to produce
H2O2 to drive the peroxygenase reaction of LPMOs.16 AnGOX
(0.12 μg mL−1) was dosed based on the comparable H2O2-
producing activity (76.4 mU) with 1 μM MtAA16A (74.2 ±
3.3 mU) used in the previous experiments. The required
AnGOX concentration was calculated by a calibration curve
(activity vs concentration) determined by using different
concentrations of AnGOX (Figure S18).

As expected from the previous results, AnGOX boosted
MtLPMO9B-RAC degradation till 6 h (Figure 6A). From 6−
16 h, MtLPMO9B still released oxidized products from RAC.
However, in the presence of AnGOX, there was no increase of
the oxidized product formation by MtLPMO9B after 6 h,
indicating that MtLPMO9B was completely inactivated by the
H2O2 produced by AnGOX. This LPMO inactivation by H2O2

Figure 6. Relative quantification of the total peak area of C1-oxidized cello-oligosaccharides in MtLPMO9B samples (A) or C4-oxidized cello-
oligosaccharides in NcLPMO9C samples (B). Red lines are samples with RAC and only MtLPMO9B or NcLPMO9C. Blue lines are samples with
RAC and MtLPMO9B (or NcLPMO9C) and MtAA16A. Yellow lines are samples with RAC and MtLPMO9B (or NcLPMO9C) and AnGOX. The
control samples were MtLPMO9B or NcLPMO9C with boiled MtAA16A, where the released oxidized products were the same as for samples with
only MtLPMO9B or NcLPMO9C (data not shown). The error bars indicate the standard deviations of duplicate incubations.
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also has been reported in other studies.16,23 Intriguingly, much
higher amounts of oxidized cello-oligosaccharides were
generated in the MtLPMO9B-RAC sample with MtAA16A
compared to the one without MtAA16A, and even
approximately 4 times higher than that in the MtLPMO9B-
RAC sample with AnGOX at 6 h. In addition, it was found that
the amount of oxidized cello-oligosaccharides was still
increasing after 6 h in the MtLPMO9B-RAC sample with
MtAA16A, indicating that less inactivation of MtLPMO9B
compared to the sample with AnGOX had occurred (Figure
6A). In other words, MtAA16A boosted MtLPMO9B and
somehow also protected MtLPMO9B from the inactivation by
H2O2. These observations strongly indicate, again, that the
boosting effect is not only due to the in situ H2O2 production
by AA16s.

In contrast to MtLPMO9B-RAC samples, the amount of
oxidized products formed in the NcLPMO9C-RAC sample
with MtAA16A was only slightly higher than that without
MtAA16A, and was equal to the amount in the NcLPMO9C-
RAC sample with AnGOX till 6 h (Figure 6B). From 6−16 h,
almost no increase in the formation of oxidized products in all
three NcLPMO9C-RAC samples occurred, indicating that
NcLPMO9C was inactivated after 6 h.

We attempted to explain the observed different boosting
effects on MtLPMO9s and NcLPMO9s by AA16s. We propose
the challenging hypothesis that MtAA16A and AnAA16A
interact with MtLPMO9s but not with NcLPMO9s. Such an
interaction might assist the transmission of H2O2 to the
catalytic sites of the MtLPMO9s and stimulate their
peroxygenase reaction (Figure S19).

Attempts to experimentally confirm the hypothetical protein
complex by size-exclusion chromatography and mass spectro-
metric techniques were not successful. It might be because
MtAA16A and AnAA16A form weak transient interactions with
the MtLPMO9s, which is challenging to study as reviewed by
Qin et al.62 However, of note here is that in a recent study,
protein−protein interaction between a cell wall remodeling
(CWR) protein CWR-1 AA11 LPMO and a CWR-2
membrane protein was implicated to be important for
allorecognition of N. crassa.63 Figure S19 shows a model of a
hypothetical protein−protein interaction between MtLPMO9B
and MtAA16A. It should be emphasized that this model,
though having a high score, only represents an illustrative
model and other factors such as glycosylation location, CBM,
and linker were not taken into account. In addition, it cannot
be excluded that also other or additional pathways might be
valid, such as electron transfer between the AA16 and LPMO
active sites.

3.8. Functions of AA16 Oxidoreductases in Nature. As
listed in the CAZy database, three putative AA16 proteins have
been identified in the genome of M. thermophila, and zero
candidates have been found in the genome of N. crassa.6 This
observation may hint at a natural, evolution-driven difference
and might relate to our results showing the interplay between
the AA16s and MtLPMO9s, being absent for NcLPMO9s. This
idea is strengthened by results from a recent study, in which
Grieco et al. reported that, in the M. thermophila secretome,
one AA9 LPMO (MYCTH_89312; MtLPMO9B) was
detec ted together wi th another AA16 member
(MYCTH_2311254) and one AA3 CDH (MYCTH_81925),
when grown on partially delignified sugarcane bagasse.36 CDH
is a well-known electron-donating enzyme for AA9
LPMOs,13,18,64,65 and we here suggest that the AA16s serve

as H2O2 producers, possibly even interacting with other
LPMOs. In addition to the AA16s, other H2O2-producing
enzymes are expected to also drive LPMO reactions, such as
AA7 oligosaccharide oxidases,66−69 and such AA7s have also
been found to be coexpressed with LPMOs.70,71

In this study, we were not able to find any carbohydrate
substrates for oxidative cleavage by AA16s, though a very
intensive substrate screening for AA16s was performed. It still
cannot be excluded that AA16s are indeed LPMOs, but the
biological substrates remain unknown. So far, only three AA16
members have been studied, which may not represent the
complete picture of this family. Looking at the phylogenetic
trees (Figures S20 and S21), AA16s show high sequence
variability. Filiatrault-Chastel and co-workers reported that
many AA16s have a C-terminal extension, CBM1, or
glycosylphosphatidylinositol (GPI) anchors in addition to the
catalytic domains.11 It is still unclear how these additional
domains contribute to the AA16 functions in nature.

AA16 sequences were also found in the pathogenetic
oomycetes Phytophthora and Pythium species.11 More recently,
AA16s were shown to be the only LPMO family members that
coexpressed with the newly discovered AA17 pectin-active
LPMOs during the infection of potato leaves by Phytophthora
infestans.7 Though the expression level was lower compared to
AA17s, it still indicates that AA16s might play other roles in
nature.

4. CONCLUSIONS
Our study has obtained insights into the catalytic and
structural properties of MtAA16A and AnAA16A, members
of a new family of CAZy enzymes. Although the crystallo-
graphic structure of MtAA16A showed a copper-containing
His-brace typical for LPMOs, the adjacent substrate-binding
surface differed. In addition, both MtAA16A and AnAA16A did
not oxidatively cleave any of the investigated carbohydrates.
We showed that both MtAA16A and AnAA16A produced (low
levels) H2O2 and stimulated the cellulolytic peroxygenase
reaction of MtLPMO9s. No such stimulation was observed
with NcLPMO9s, while both MtLPMO9s and NcLPMO9s
were boosted by externally added H2O2. We showed that the
strong AA16 boosting effect on MtLPMO9B cannot be
achieved using a similar H2O2-producing activity of AnGOX.
We propose that, within a hypothetical protein−protein
complex, the formed H2O2 might easily reach the catalytic
site of MtLPMO9s, where it serves as a preferred cosubstrate
to drive the peroxygenase reaction. Lastly, we discussed the
possible functions of AA16s in nature, which deserve further
investigation.
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Bioingénieurs (EIB), Université Libre de Bruxelles, 1050
Bruxelles, Belgium

Leila Lo Leggio − Department of Chemistry, University of
Copenhagen, 2100 Copenhagen, Denmark; orcid.org/
0000-0002-5135-0882

Willem J. H. van Berkel − Laboratory of Food Chemistry,
Wageningen University & Research, 6708 WG Wageningen,
The Netherlands; orcid.org/0000-0002-6551-2782

Complete contact information is available at:
https://pubs.acs.org/10.1021/acscatal.3c00874

Author Contributions
P.S., L.L.L., W.J.H.v.B., and M.A.K. contributed to the
conception and design of the study. P.S., R.J.V., and R.H.
performed enzymatic conversion experiments and data
analysis. Z.H., S.B., S.J.M., and L.L.L. determined the
MtAA16A crystal structure and carried out structural analysis
and modeling. Z.H. carried out nDSF experiments. M.A.S.K.,
S.M., and D.C. produced and purified AnAA16A. C.V.F.P.L.
and R.L. produced and purified NcLPMO9s. P.S., L.L.L., and
M.A.K. prepared the original draft. All authors were involved in
critically reviewing all data and in writing the final manuscript.
All authors read and approved the final manuscript.
Funding
Open Access is funded by the Austrian Science Fund (FWF).
Funding
Open Access is funded by Wageningen University & Research.
Notes
The authors declare no competing financial interest.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.3c00874
ACS Catal. 2023, 13, 4454−4467

4464

https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c00874/suppl_file/cs3c00874_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mirjam+A.+Kabel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1544-1744
mailto:mirjam.kabel@wur.nl
mailto:mirjam.kabel@wur.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peicheng+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhiyu+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sanchari+Banerjee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marco+A.+S.+Kadowaki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Romy+J.+Veersma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Silvia+Magri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roelant+Hilgers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sebastian+J.+Muderspach"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christophe+V.F.P.+Laurent"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9112-6981
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roland+Ludwig"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5058-5874
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Cannella"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leila+Lo+Leggio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5135-0882
https://orcid.org/0000-0002-5135-0882
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Willem+J.+H.+van+Berkel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6551-2782
https://pubs.acs.org/doi/10.1021/acscatal.3c00874?ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c00874?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ ACKNOWLEDGMENTS
The authors would like to sincerely thank IFF Health &
Biosciences, in particular Sandra W.A. Hinz and Martijn J.
Koetsier for the production of the MtAA16A and MtLPMO9s,
and Martijn Scheffers for his administrative support. Gijs van
Erven, Margaret Bosveld, Sjef A. Boeren, Henk A. Schols
(Wageningen University & Research), and Matthias Fromm-
hagen (Nestlé Research Centre) are acknowledged for their
help and support during this study. David Cannella gratefully
acknowledges INNOVIRIS−2019-Bridge-4: Re4Bru (S.M. and
M.A.S.K.) and FNRS-MIS LUX-project F.4502.19 starting
grant. C.V.F.P.L. and R.L. gratefully acknowledge funding from
the Doctoral Program Biomolecular Technology of Proteins
(BioToP) supported by the Austrian Science Fund (FWF;
W1224). Z.H., S.B., S.J.M., and L.L.L. acknowledge the MAX
IV Laboratory for time on beamline BioMAX under Proposal
20190334 and 20200120. Research conducted at MAX IV, a
Swedish national user facility, is supported by the Swedish
Research council under contract 2018-07152, the Swedish
Governmental Agency for Innovation Systems under contract
2018-04969, and Formas under contract 2019-02496. The
authors thank Ana Gonzalez and Tobias Krojer for assistance
in remote data collection at the beamline. The authors
acknowledge the European Synchrotron Radiation Facility for
provision of beam time on ID30A-3, and they would like to
thank Igor Melnikov for assistance in remote data collection at
the beamline. Computations were performed at NSC
Tetralith/LUNARC Aurora provided by the Swedish National
Infrastructure for Computing (SNIC) and PReSTO funded by
the Swedish Research Council through grant agreement nos.
2018-05973 (SNIC) and 2018-06479 (PReSTO). L.L.L.
thanks the Novo Nordisk Foundation for funding to the
HOPE project (NNF17SA0027704) and the Danish Council
for Independent Research (grant number 8021-00273B). Z.H.,
S.B., S.J.M., and L.L.L. are members of ISBUC, Integrative
Structural Biology at the University of Copenhagen (www.
isbuc.ku.dk).

■ REFERENCES
(1) Cherubini, F. The biorefinery concept: Using biomass instead of

oil for producing energy and chemicals. Energy Convers. Manage. 2010,
51, 1412−1421.
(2) Straathof, A. J. J. Transformation of biomass into commodity

chemicals using enzymes or cells. Chem. Rev. 2014, 114, 1871−1908.
(3) Cannella, D.; Jorgensen, H. Do new cellulolytic enzyme

preparations affect the industrial strategies for high solids
lignocellulosic ethanol production? Biotechnol. Bioeng. 2014, 111,
59−68.
(4) Hu, J. G.; Arantes, V.; Pribowo, A.; Gourlay, K.; Saddler, J. N.

Substrate factors that influence the synergistic interaction of AA9 and
cellulases during the enzymatic hydrolysis of biomass. Energy Environ.
Sci. 2014, 7, 2308−2315.
(5) Müller, G.; Varnai, A.; Johansen, K. S.; Eijsink, V. G.; Horn, S. J.

Harnessing the potential of LPMO-containing cellulase cocktails
poses new demands on processing conditions. Biotechnol. Biofuels
2015, 8, No. 187.
(6) Lombard, V.; Ramulu, H. G.; Drula, E.; Coutinho, P. M.;

Henrissat, B. The carbohydrate-active enzymes database (CAZy) in
2013. Nucleic Acids Res. 2014, 42, D490−D495.
(7) Sabbadin, F.; Urresti, S.; Henrissat, B.; Avrova, A. O.; Welsh, L.

R. J.; Lindley, P. J.; Csukai, M.; Squires, J. N.; Walton, P. H.; Davies,
G. J.; Bruce, N. C.; Whisson, S. C.; McQueen-Mason, S. J. Secreted
pectin monooxygenases drive plant infection by pathogenic
oomycetes. Science 2021, 373, 774−779.

(8) Garcia-Santamarina, S.; Probst, C.; Festa, R. A.; Ding, C.; Smith,
A. D.; Conklin, S. E.; Brander, S.; Kinch, L. N.; Grishin, N. V.; Franz,
K. J.; Riggs-Gelasco, P.; Lo Leggio, L.; Johansen, K. S.; Thiele, D. J. A
lytic polysaccharide monooxygenase-like protein functions in fungal
copper import and meningitis. Nat. Chem. Biol. 2020, 16, 337−344.
(9) Labourel, A.; Frandsen, K. E. H.; Zhang, F.; Brouilly, N.; Grisel,

S.; Haon, M.; Ciano, L.; Ropartz, D.; Fanuel, M.; Martin, F.; Navarro,
D.; Rosso, M. N.; Tandrup, T.; Bissaro, B.; Johansen, K. S.; Zerva, A.;
Walton, P. H.; Henrissat, B.; Leggio, L. L.; Berrin, J. G. A fungal
family of lytic polysaccharide monooxygenase-like copper proteins.
Nat. Chem. Biol. 2020, 16, 345−350.
(10) Vandhana, T. M.; Reyre, J. L.; Sushmaa, D.; Berrin, J. G.;

Bissaro, B.; Madhuprakash, J. On the expansion of biological functions
of lytic polysaccharide monooxygenases. New Phytol. 2022, 233,
2380−2396.
(11) Filiatrault-Chastel, C.; Navarro, D.; Haon, M.; Grisel, S.;

Herpoel-Gimbert, I.; Chevret, D.; Fanuel, M.; Henrissat, B.; Heiss-
Blanquet, S.; Margeot, A.; Berrin, J. G. AA16, a new lytic
polysaccharide monooxygenase family identified in fungal secretomes.
Biotechnol. Biofuels 2019, 12, No. 55.
(12) Frommhagen, M.; Koetsier, M. J.; Westphal, A. H.; Visser, J.;

Hinz, S. W. A.; Vincken, J.-P.; van Berkel, W. J. H.; Kabel, M. A.;
Gruppen, H. Lytic polysaccharide monooxygenases from Mycelioph-
thora thermophila C1 differ in substrate preference and reducing agent
specificity. Biotechnol. Biofuels 2016, 9, No. 186.
(13) Kittl, R.; Kracher, D.; Burgstaller, D.; Haltrich, D.; Ludwig, R.

Production of four Neurospora crassa lytic polysaccharide mono-
oxygenases in Pichia pastoris monitored by a fluorimetric assay.
Biotechnol. Biofuels 2012, 5, No. 79.
(14) Tandrup, T.; Frandsen, K. E. H.; Johansen, K. S.; Berrin, J.-G.;

Lo Leggio, L. Recent insights into lytic polysaccharide monoox-
ygenases (LPMOs). Biochem. Soc. Trans. 2018, 46, 1431−1447.
(15) Quinlan, R. J.; Sweeney, M. D.; Lo Leggio, L.; Otten, H.;

Poulsen, J.-C. N.; Johansen, K. S.; Krogh, K. B.; Jørgensen, C. I.;
Tovborg, M.; Anthonsen, A.; et al. Insights into the oxidative
degradation of cellulose by a copper metalloenzyme that exploits
biomass components. Proc. Natl. Acad. Sci. U.S.A. 2011, 108, 15079−
15084.
(16) Bissaro, B.; Rohr, A. K.; Muller, G.; Chylenski, P.; Skaugen, M.;

Forsberg, Z.; Horn, S. J.; Vaaje-Kolstad, G.; Eijsink, V. G. H.
Oxidative cleavage of polysaccharides by monocopper enzymes
depends on H2O2. Nat. Chem. Biol. 2017, 13, 1123−1128.
(17) Beeson, W. T.; Phillips, C. M.; Cate, J. H.; Marletta, M. A.

Oxidative cleavage of cellulose by fungal copper-dependent
polysaccharide monooxygenases. J. Am. Chem. Soc. 2012, 134, 890−
892.
(18) Kracher, D.; Scheiblbrandner, S.; Felice, A. K.; Breslmayr, E.;

Preims, M.; Ludwicka, K.; Haltrich, D.; Eijsink, V. G.; Ludwig, R.
Extracellular electron transfer systems fuel cellulose oxidative
degradation. Science 2016, 352, 1098−1101.
(19) Beeson, W. T.; Vu, V. V.; Span, E. A.; Phillips, C. M.; Marletta,

M. A. Cellulose degradation by polysaccharide monooxygenases.
Annu. Rev. Biochem. 2015, 84, 923−946.
(20) Hangasky, J. A.; Iavarone, A. T.; Marletta, M. A. Reactivity of

O2 versus H2O2 with polysaccharide monooxygenases. Proc. Natl.
Acad. Sci. U.S.A. 2018, 115, 4915−4920.
(21) Wang, B. J.; Walton, P. H.; Rovira, C. Molecular mechanisms of

oxygen activation and hydrogen peroxide formation in lytic
polysaccharide monooxygenases. ACS Catal. 2019, 9, 4958−4969.
(22) Manavalan, T.; Stepnov, A. A.; Hegnar, O. A.; Eijsink, V. G. H.

Sugar oxidoreductases and LPMOs-two sides of the same
polysaccharide degradation story? Carbohydr. Res. 2021, 505,
No. 108350.
(23) Kuusk, S.; Bissaro, B.; Kuusk, P.; Forsberg, Z.; Eijsink, V. G. H.;

Sorlie, M.; Valjamae, P. Kinetics of H2O2-driven degradation of chitin
by a bacterial lytic polysaccharide monooxygenase. J. Biol. Chem.
2018, 293, 523−531.
(24) Forsberg, Z.; Bissaro, B.; Gullesen, J.; Dalhus, B.; Vaaje-Kolstad,

G.; Eijsink, V. G. H. Structural determinants of bacterial lytic

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.3c00874
ACS Catal. 2023, 13, 4454−4467

4465

http://www.isbuc.ku.dk
http://www.isbuc.ku.dk
https://doi.org/10.1016/j.enconman.2010.01.015
https://doi.org/10.1016/j.enconman.2010.01.015
https://doi.org/10.1021/cr400309c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr400309c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/bit.25098
https://doi.org/10.1002/bit.25098
https://doi.org/10.1002/bit.25098
https://doi.org/10.1039/C4EE00891J
https://doi.org/10.1039/C4EE00891J
https://doi.org/10.1186/s13068-015-0376-y
https://doi.org/10.1186/s13068-015-0376-y
https://doi.org/10.1093/nar/gkt1178
https://doi.org/10.1093/nar/gkt1178
https://doi.org/10.1126/science.abj1342
https://doi.org/10.1126/science.abj1342
https://doi.org/10.1126/science.abj1342
https://doi.org/10.1038/s41589-019-0437-9
https://doi.org/10.1038/s41589-019-0437-9
https://doi.org/10.1038/s41589-019-0437-9
https://doi.org/10.1038/s41589-019-0438-8
https://doi.org/10.1038/s41589-019-0438-8
https://doi.org/10.1111/nph.17921
https://doi.org/10.1111/nph.17921
https://doi.org/10.1186/s13068-019-1394-y
https://doi.org/10.1186/s13068-019-1394-y
https://doi.org/10.1186/s13068-016-0594-y
https://doi.org/10.1186/s13068-016-0594-y
https://doi.org/10.1186/s13068-016-0594-y
https://doi.org/10.1186/1754-6834-5-79
https://doi.org/10.1186/1754-6834-5-79
https://doi.org/10.1042/BST20170549
https://doi.org/10.1042/BST20170549
https://doi.org/10.1073/pnas.1105776108
https://doi.org/10.1073/pnas.1105776108
https://doi.org/10.1073/pnas.1105776108
https://doi.org/10.1038/nchembio.2470
https://doi.org/10.1038/nchembio.2470
https://doi.org/10.1021/ja210657t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja210657t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aaf3165
https://doi.org/10.1126/science.aaf3165
https://doi.org/10.1146/annurev-biochem-060614-034439
https://doi.org/10.1073/pnas.1801153115
https://doi.org/10.1073/pnas.1801153115
https://doi.org/10.1021/acscatal.9b00778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b00778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b00778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.carres.2021.108350
https://doi.org/10.1016/j.carres.2021.108350
https://doi.org/10.1074/jbc.M117.817593
https://doi.org/10.1074/jbc.M117.817593
https://doi.org/10.1074/jbc.M117.817130
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c00874?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


polysaccharide monooxygenase functionality. J. Biol. Chem. 2018, 293,
1397−1412.
(25) Chylenski, P.; Bissaro, B.; Sorlie, M.; Rohr, A. K.; Varnai, A.;

Horn, S. J.; Eijsink, V. G. H. Lytic polysaccharide monooxygenases in
enzymatic processing of lignocellulosic biomass. ACS Catal. 2019, 9,
4970−4991.
(26) Wilson, R.; Beezer, A. E.; Mitchell, J. C. A kinetic study of the

oxidation of L-ascorbic acid (vitamin C) in solution using an
isothermal microcalorimeter. Thermochim. Acta 1995, 264, 27−40.
(27) Kachur, A. V.; Koch, C. J.; Biaglow, J. E. Mechanism of copper-

catalyzed autoxidation of cysteine. Free Radical Res. 1999, 31, 23−34.
(28) Stepnov, A. A.; Eijsink, V. G. H.; Forsberg, Z. Enhanced in situ

H2O2 production explains synergy between an LPMO with a
cellulose-binding domain and a single-domain LPMO. Sci. Rep.
2022, 12, No. 6129.
(29) Frommhagen, M.; Sforza, S.; Westphal, A. H.; Visser, J.; Hinz,

S. W.; Koetsier, M. J.; van Berkel, W. J.; Gruppen, H.; Kabel, M. A.
Discovery of the combined oxidative cleavage of plant xylan and
cellulose by a new fungal polysaccharide monooxygenase. Biotechnol.
Biofuels 2015, 8, No. 101.
(30) Punt, P. J.; Burlingame, R. P.; Pynnonen, C. M.; Olson, P. T.;

Wery, J.; Visser, J.; Heinrich, J.; Emalfarb, M.; Visser, J.; Verdoes, J.
Chrysosporium lucknowense protein production system. WO2010/
107303. 2010.
(31) Visser, H.; Joosten, V.; Punt, P. J.; Gusakov, A. V.; Olson, P. T.;

Joosten, R.; Bartels, J.; Visser, J.; Sinitsyn, A. P.; Emalfarb, M. A.; et al.
Development of a mature fungal technology and production platform
for industrial enzymes based on a Myceliophthora thermophila isolate,
previously known as Chrysosporium lucknowense C1. Ind. Biotechnol.
2011, 7, 214−223.
(32) Sun, P.; Frommhagen, M.; Kleine Haar, M.; van Erven, G.;

Bakx, E. J.; van Berkel, W. J. H.; Kabel, M. A. Mass spectrometric
fragmentation patterns discriminate C1- and C4-oxidised cello-
oligosaccharides from their non-oxidised and reduced forms.
Carbohydr. Polym. 2020, 234, No. 115917.
(33) Kadowaki, M. A. S.; Magri, S.; de Godoy, M. O.; Monclaro, A.

V.; Zarattini, M.; Cannella, D. A fast and easy strategy for lytic
polysaccharide monooxygenase-cleavable His6-Tag cloning, expres-
sion, and purification. Enzyme Microb. Technol. 2021, 143,
No. 109704.
(34) Sun, P.; Valenzuela, S. V.; Chunkrua, P.; Pastor, F. I. J.;

Laurent, C. V. F. P.; Ludwig, R.; van Berkel, W. J. H.; Kabel, M. A.
Oxidized product profiles of AA9 lytic polysaccharide monooxyge-
nases depend on the type of cellulose. ACS Sustain. Chem. Eng. 2021,
9, 14124−14133.
(35) Laurent, C. V. F. P.; Sun, P.; Scheiblbrandner, S.; Csarman, F.;

Cannazza, P.; Frommhagen, M.; van Berkel, W. J. H.; Oostenbrink,
C.; Kabel, M. A.; Ludwig, R. Influence of lytic polysaccharide
monooxygenase active site segments on activity and affinity. Int. J.
Mol. Sci. 2019, 20, No. 6219.
(36) Grieco, M. A. B.; Haon, M.; Grisel, S.; de Oliveira-Carvalho, A.

L.; Magalhaes, A. V.; Zingali, R. B.; Pereira, N., Jr; Berrin, J. G.
Evaluation of the enzymatic arsenal secreted by Myceliophthora
thermophila during growth on sugarcane bagasse with a focus on
LPMOs. Front. Bioeng. Biotechnol. 2020, 8, No. 1028.
(37) Loose, J. S.; Forsberg, Z.; Fraaije, M. W.; Eijsink, V. G.; Vaaje-

Kolstad, G. A rapid quantitative activity assay shows that the Vibrio
cholerae colonization factor GbpA is an active lytic polysaccharide
monooxygenase. FEBS Lett. 2014, 588, 3435−3440.
(38) Frandsen, K. E. H.; Simmons, T. J.; Dupree, P.; Poulsen, J. C.;

Hemsworth, G. R.; Ciano, L.; Johnston, E. M.; Tovborg, M.;
Johansen, K. S.; von Freiesleben, P.; Marmuse, L.; Fort, S.; Cottaz, S.;
Driguez, H.; Henrissat, B.; Lenfant, N.; Tuna, F.; Baldansuren, A.;
Davies, G. J.; Lo Leggio, L.; Walton, P. H. The molecular basis of
polysaccharide cleavage by lytic polysaccharide monooxygenases. Nat.
Chem. Biol. 2016, 12, 298−303.
(39) Gorrec, F. The MORPHEUS protein crystallization screen. J.
Appl. Crystallogr. 2009, 42, 1035−1042.

(40) von Stetten, D.; Carpentier, P.; Flot, D.; Beteva, A.; Caserotto,
H.; Dobias, F.; Guijarro, M.; Giraud, T.; Lentini, M.; McSweeney, S.;
Royant, A.; Petitdemange, S.; Sinoir, J.; Surr, J.; Svensson, O.;
Theveneau, P.; Leonard, G. A.; Mueller-Dieckmann, C. ID30A-3
(MASSIF-3) - a beamline for macromolecular crystallography at the
ESRF with a small intense beam. J. Synchrotron Radiat. 2020, 27,
844−851.
(41) Ursby, T.; Ahnberg, K.; Appio, R.; Aurelius, O.; Barczyk, A.;

Bartalesi, A.; Bjelcic, M.; Bolmsten, F.; Cerenius, Y.; Doak, R. B.;
Eguiraun, M.; Eriksson, T.; Friel, R. J.; Gorgisyan, I.; Gross, A.;
Haghighat, V.; Hennies, F.; Jagudin, E.; Jensen, B. N.; Jeppsson, T.;
Kloos, M.; Lidon-Simon, J.; de Lima, G. M. A.; Lizatovic, R.; Lundin,
M.; Milan-Otero, A.; Milas, M.; Nan, J.; Nardella, A.; Rosborg, A.;
Shilova, A.; Shoeman, R. L.; Siewert, F.; Sondhauss, P.; Talibov, V.
O.; Tarawneh, H.; Thanell, J.; Thunnissen, M.; Unge, J.; Ward, C.;
Gonzalez, A.; Muellera, U. BioMAX - the first macromolecular
crystallography beamline at MAX IV Laboratory. J. Synchrotron
Radiat. 2020, 27, 1415−1429.
(42) Sparta, K. M.; Krug, M.; Heinemann, U.; Mueller, U.; Weiss,

M. S. XFSAPP2.0. J. Appl. Crystallogr. 2016, 49, 1085−1092.
(43) Kabsch, W. XDS. Acta Crystallogr., Sect. D: Biol. Crystallogr.
2010, 66, 125−132.
(44) Vagin, A.; Teplyakov, A. MOLREP: an automated program for

molecular replacement. J. Appl. Crystallogr. 1997, 30, 1022−1025.
(45) Varadi, M.; Anyango, S.; Deshpande, M.; Nair, S.; Natassia, C.;

Yordanova, G.; Yuan, D.; Stroe, O.; Wood, G.; Laydon, A.; Zidek, A.;
Green, T.; Tunyasuvunakool, K.; Petersen, S.; Jumper, J.; Clancy, E.;
Green, R.; Vora, A.; Lutfi, M.; Figurnov, M.; Cowie, A.; Hobbs, N.;
Kohli, P.; Kleywegt, G.; Birney, E.; Hassabis, D.; Velankar, S.
AlphaFold Protein Structure Database: massively expanding the
structural coverage of protein-sequence space with high-accuracy
models. Nucleic Acids Res. 2022, 50, D439−D444.
(46) Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.;

Ronneberger, O.; Tunyasuvunakool, K.; Bates, R.; Zidek, A.;
Potapenko, A.; Bridgland, A.; Meyer, C.; Kohl, S. A. A.; Ballard, A.
J.; Cowie, A.; Romera-Paredes, B.; Nikolov, S.; Jain, R.; Adler, J.;
Back, T.; Petersen, S.; Reiman, D.; Clancy, E.; Zielinski, M.;
Steinegger, M.; Pacholska, M.; Berghammer, T.; Bodenstein, S.;
Silver, D.; Vinyals, O.; Senior, A. W.; Kavukcuoglu, K.; Kohli, P.;
Hassabis, D. Highly accurate protein structure prediction with
AlphaFold. Nature 2021, 596, 583−589.
(47) Mirdita, M.; Schütze, K.; Moriwaki, Y.; Heo, L.; Ovchinnikov,

S.; Steinegger, M. ColabFold - Making protein folding accessible to
all. Nat. Methods 2022, 19, 679−682.
(48) Murshudov, G. N.; Skubak, P.; Lebedev, A. A.; Pannu, N. S.;

Steiner, R. A.; Nicholls, R. A.; Winn, M. D.; Long, F.; Vagin, A. A.
REFMAC5 for the refinement of macromolecular crystal structures.
Acta Crystallogr., Sect. D: Biol. Crystallogr. 2011, 67, 355−367.
(49) Emsley, P.; Cowtan, K. Coot: Model-building tools for

molecular graphics. Acta Crystallogr., Sect. D: Biol. Crystallogr. 2004,
60, 2126−2132.
(50) Emsley, P.; Crispin, M. Structural analysis of glycoproteins:

Building N-linked glycans with Coot. Acta Crystallogr., Sect. D: Biol.
Crystallogr. 2018, 74, 256−263.
(51) van Zundert, G. C. P.; Rodrigues, J. P. G. L. M.; Trellet, M.;

Schmitz, C.; Kastritis, P. L.; Karaca, E.; Melquiond, A. S. J.; van Dijk,
M.; de Vries, S. J.; Bonvin, A. M. J. J. The HADDOCK2.2 web server:
User-friendly integrative modeling of biomolecular vomplexes. J. Mol.
Biol. 2016, 428, 720−725.
(52) Petrovic,́ D. M.; Bissaro, B.; Chylenski, P.; Skaugen, M.; Sorlie,

M.; Jensen, M. S.; Aachmann, F. L.; Courtade, G.; Varnai, A.; Eijsink,
V. G. H. Methylation of the N-terminal histidine protects a lytic
polysaccharide monooxygenase from auto-oxidative inactivation.
Protein Sci. 2018, 27, 1636−1650.
(53) Breslmayr, E.; Hanzek, M.; Hanrahan, A.; Leitner, C.; Kittl, R.;

Santek, B.; Oostenbrink, C.; Ludwig, R. A fast and sensitive activity
assay for lytic polysaccharide monooxygenase. Biotechnol. Biofuels
2018, 11, No. 79.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.3c00874
ACS Catal. 2023, 13, 4454−4467

4466

https://doi.org/10.1074/jbc.M117.817130
https://doi.org/10.1021/acscatal.9b00246?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b00246?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0040-6031(95)02373-A
https://doi.org/10.1016/0040-6031(95)02373-A
https://doi.org/10.1016/0040-6031(95)02373-A
https://doi.org/10.1080/10715769900300571
https://doi.org/10.1080/10715769900300571
https://doi.org/10.1038/s41598-022-10096-0
https://doi.org/10.1038/s41598-022-10096-0
https://doi.org/10.1038/s41598-022-10096-0
https://doi.org/10.1186/s13068-015-0284-1
https://doi.org/10.1186/s13068-015-0284-1
https://doi.org/10.1089/ind.2011.7.214
https://doi.org/10.1089/ind.2011.7.214
https://doi.org/10.1089/ind.2011.7.214
https://doi.org/10.1016/j.carbpol.2020.115917
https://doi.org/10.1016/j.carbpol.2020.115917
https://doi.org/10.1016/j.carbpol.2020.115917
https://doi.org/10.1016/j.enzmictec.2020.109704
https://doi.org/10.1016/j.enzmictec.2020.109704
https://doi.org/10.1016/j.enzmictec.2020.109704
https://doi.org/10.1021/acssuschemeng.1c04100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c04100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/ijms20246219
https://doi.org/10.3390/ijms20246219
https://doi.org/10.3389/fbioe.2020.01028
https://doi.org/10.3389/fbioe.2020.01028
https://doi.org/10.3389/fbioe.2020.01028
https://doi.org/10.1016/j.febslet.2014.07.036
https://doi.org/10.1016/j.febslet.2014.07.036
https://doi.org/10.1016/j.febslet.2014.07.036
https://doi.org/10.1038/nchembio.2029
https://doi.org/10.1038/nchembio.2029
https://doi.org/10.1107/S0021889809042022
https://doi.org/10.1107/S1600577520004002
https://doi.org/10.1107/S1600577520004002
https://doi.org/10.1107/S1600577520004002
https://doi.org/10.1107/S1600577520008723
https://doi.org/10.1107/S1600577520008723
https://doi.org/10.1107/S1600576716004416
https://doi.org/10.1107/S0907444909047337
https://doi.org/10.1107/S0021889897006766
https://doi.org/10.1107/S0021889897006766
https://doi.org/10.1093/nar/gkab1061
https://doi.org/10.1093/nar/gkab1061
https://doi.org/10.1093/nar/gkab1061
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41592-022-01488-1
https://doi.org/10.1038/s41592-022-01488-1
https://doi.org/10.1107/S0907444911001314
https://doi.org/10.1107/S0907444904019158
https://doi.org/10.1107/S0907444904019158
https://doi.org/10.1107/S2059798318005119
https://doi.org/10.1107/S2059798318005119
https://doi.org/10.1016/j.jmb.2015.09.014
https://doi.org/10.1016/j.jmb.2015.09.014
https://doi.org/10.1002/pro.3451
https://doi.org/10.1002/pro.3451
https://doi.org/10.1186/s13068-018-1063-6
https://doi.org/10.1186/s13068-018-1063-6
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c00874?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(54) Negi, S. S.; Schein, C. H.; Oezguen, N.; Power, T. D.; Braun,
W. InterProSurf: a web server for predicting interacting sites on
protein surfaces. Bioinformatics 2007, 23, 3397−3399.
(55) Holm, L.Using DALI for Protein Structure Comparison. In
Structural Bioinformatics, Methods in Molecular Biology; Humana:
New York, NY, 2020; Vol. 2112, pp 29−42.
(56) Holm, L.; Rosenstrom, P. DALI server: conservation mapping

in 3D. Nucleic Acids Res. 2010, 38, W545−W549.
(57) Span, E. A.; Suess, D. L. M.; Deller, M. C.; Britt, R. D.;

Marletta, M. A. The role of the secondary coordination sphere in a
fungal polysaccharide monooxygenase. ACS Chem. Biol. 2017, 12,
1095−1103.
(58) Hemsworth, G. R.; Henrissat, B.; Davies, G. J.; Walton, P. H.

Discovery and characterization of a new family of lytic polysaccharide
monooxygenases. Nat. Chem. Biol. 2014, 10, 122−126.
(59) Müller, G.; Chylenski, P.; Bissaro, B.; Eijsink, V. G. H.; Horn, S.

J. The impact of hydrogen peroxide supply on LPMO activity and
overall saccharification efficiency of a commercial cellulase cocktail.
Biotechnol. Biofuels 2018, 11, No. 209.
(60) Hegnar, O. A.; Petrovic,́ D. M.; Bissaro, B.; Alfredsen, G.;

Varnal, A.; Eijsink, V. G. pH-Dependent relationship between
catalytic activity and hydrogen peroxide production shown via
characterization of a lytic polysaccharide monooxygenase from
Gloeophyllum trabeum. Appl. Environ. Microbiol. 2019, 85,
No. e02612-18.
(61) Petrovic,́ D. M.; Várnai, A.; Dimarogona, M.; Mathiesen, G.;

Sandgren, M.; Westereng, B.; Eijsink, V. G. H. Comparison of three
seemingly similar lytic polysaccharide monooxygenases from Neuro-
spora crassa suggests different roles in plant biomass degradation. J.
Biol. Chem. 2019, 294, 15068−15081.
(62) Qin, J.; Gronenborn, A. M. Weak protein complexes:

challenging to study but essential for life. FEBS J. 2014, 281,
1948−1949.
(63) Detomasi, T. C.; Rico-Ramírez, A. M.; Sayler, R. I.; Gonçalves,
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