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HIGHLIGHTS

GRAPHICAL ABSTRACT

»MtLPMOOA can be efficiently activated by light

at the presence of chlorophyllin.
»Photoactivation improves performance of
MtLPMO9A on crystalline cellulose.

»MtLPMO9A can use both Oz and H202 as co-

substrates.

»For H202 reactions MtLPMO9A requires
chemical reductant,

»Photobiocatalysis mediated by LPMOs might
play arole in plant biomass valorization.
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Cost-efficient plant biomass conversion using biochemical and/or chemical routes is essential for transitioning to sustainable
chemical technologies and renewable biofuels. Lytic polysaccharide monooxygenases (LPMOs) are copper-dependent enzymes
that make part of modern hydrolytic cocktails destined for plant biomass degradation. Here, we characterized MtLPMO9A from
Thermothelomyces thermophilus M77 (formerly Myceliophthora thermophila) and demonstrated that it could be efficiently
driven by chlorophyllin excited by light in the presence of a reductant agent. However, in the absence of chemical reductant,
chlorophyllin and light alone do not lead to a significant release of the reaction products by the LPMO, indicating a low capacity
of MtLPMO9A reduction (either via direct electron transfer or via superoxide ion, O2™). We showed that photocatalysis could
significantly increase the LPMO activity against highly crystalline and recalcitrant cellulosic substrates, which are poorly
degraded in the absence of chlorophyllin and light. We also evaluated the use of co-substrates by MtLPMOO9A, revealing that
the enzyme can use both hydrogen peroxide (H202) and molecular oxygen (Oz) as co-substrates for cellulose catalytic oxidation.
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Abbreviations

AA Auxiliary activity

AscA Ascorbic acid

CAZy Carbohydrate-active enzymes

Chl Chlorophyllin

DNS Dinitrosalicylic acid

GallA Gallic acid

GHs Glycosyl hydrolases

HPAEC High-performance anion exchange chromatography
L-cys L-cysteine

LPMOs Lytic polysaccharide monooxygenases

NCBI National Center for Biotechnology Information
PASC Phosphoric acid swollen cellulose

PDB Protein data bank

PyrA Pyrogallic acid

QM/MM Quantum mechanics/molecular mechanics

1. Introduction

Enzymatic biocatalysis of renewable lignocellulosic biomass is a key
solution for circular economy and mitigation of growing environmental
impacts (Pothiraj et al., 2006; Ragauskas et al., 2006). However, the high
recalcitrance of plant biopolymers makes their bioconversion a non-trivial task.
Several biotechnological solutions aimed to overcome this problem are based
on the use of enzymes capable of acting synergistically for the efficient
degradation of carbohydrate polymers (Himmel et al., 2007; Steen et al., 2010).

In this context, lytic polysaccharide monooxygenases (LPMOs) have
emerged as auxiliary activity (AA) enzymes facilitating the degradation of
plant polysaccharides by glycosyl hydrolases (GHs). The potential of LPMOs
in accelerating the enzymatic hydrolysis of lignocellulosic biomass was first
reported in 2010 (Harris et al., 2010). In the same year, VVaaje-Kolstad et al.
(2010) revealed that LPMOs catalyze the oxidative cleavage of glycosidic
bonds. Since then, LPMOs have been extensively investigated and, due to their
ability to boost activities of cellulases in recalcitrant plant biomass degradation,
they have become crucial components of the commercial enzymatic cocktails
used in modern biorefineries (Harris et al., 2010; Horn et al., 2012; Muller et
al., 2015).

It was initially proposed that LPMOs enhance cellulase activities by
introducing catalytic nicks in the polysaccharide chains of crystalline
substrates, thus creating access points for cellulases (Vermaas et al., 2015;
Eibinger et al., 2017; Song et al., 2018). However, recent studies demonstrated
that the interactions between LPMOs and cellulases are much more complex
than initially thought and can depend on several factors suchas the
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regioselectivity of LPMO, the type of substrate, and the particular
carbohydrate-active enzymes (CAZy) family the cellulase belongs to
(Eibinger et al., 2014; Keller et al., 2020a).

LPMO activities and their reaction mechanism have been actively
investigated over the last decade and involve reducing the active site copper
by an external agent (Quinlan et al., 2011; Aachmann et al., 2012). The
enzymes proceed using either O (Vaaje-Kolstad et al., 2010; Beeson et al.,
2012) or H,0; (Bissaro et al., 2017; Hangasky et al., 2018; Kuusk et al.,
2019) as co-substrates to oxidize chains of cellulose (and/or other
biopolymers). There is also apparent promiscuity for this class of enzymes
concerning the origin of the electron donor. Although chemical reductants
such as ascorbic acid are the most commonly used (\Vaaje-Kolstad et al.,
2010; Beeson et al., 2012; Agger et al., 2014; Frommhagen et al., 2015), a
number of plant-derived and synthetic reducing agents, as well as several
enzymes, have the capacity to reduce the LPMOs (Westereng et al., 2015;
Frommhagen et al., 2016; Kracher et al., 2016).

Recently, photopigments-mediated light activation was shown to boost
the LPMO activities (Cannella et al., 2016; Bissaro et al., 2016 and 2020;
Blossom et al., 2020). Although the scientific community has been actively
investigating LPMOs for a decade, photo-induced phenomena were
observed only for a handful of LPMOs, including TELPMO9E (Cannella et
al., 2016), TaLPMO9A (Mdller et al., 2015), CelS2 (Forsberg et al., 2014),
and Chp21 (Vaaje-Kolstad et al., 2005). Clearly, more examples of photo-
induced enzymes should be discovered and characterized to generalize this
concept.

Here we set out to identify the co-substrate preferences of
Thermothelomyces thermophilus  M77  (formerly  Myceliophthora
thermophila) (MtLPMO9A) and study the influence of different electron
donors, including the photo-activated chlorophyllin on its activity. The
experiments performed allowed to elucidate the efficiency of M(LPMO9A
light-activation mediated by chlorophyllin in different experimental
settings. Our results demonstrate that the presence of the reducing agents in
the reactions is crucial for efficient photoactivation of MtLPMO9A
mediated by chlorophyllin. Furthermore, our experiments revealed that the
response of the photoactivated system is substrate-dependent, and light-
activated MtLPMO9A has improved enzymatic performance on more
crystalline substrates. Finally, the capacity of MtLPMO9A to use hydrogen
peroxide (H.O;) and molecular oxygen (O,) as co-substrates was
investigated, contributing to a deeper understanding of the light activation
mechanisms and the preferential use of co-substrates for LPMOs in general.

2. Material and Methods
2.1. Sequence analysis

MtLPMOB9A nucleotide and amino acid sequences were analyzed using
the NCBI database (National Center for Biotechnology Information) and
Protparam to identify the signal peptide, molar mass, and isoelectric point.
MtLPMO9A amino acid sequence was also compared with the following
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LPMO9s with protein structures and regioselectivity —determined
experimentally: AfAA9B (PDBid 5X6A), CvAA9 (PDBid 5NLT), HJAA9A
(PDBid 502W), HIAA9B (PDBid 2VTC), LsAA9A (PDBid 5ACF), MtAA9D
(PDBid 5UFV), NcAA9A (PDBid 5FOH), NcAAIC (PDBid 4D7U), NcAASF
(PDBId 4QI8), NcAAIM (PDBid 4EIS), PcAA9D (PDBid 4B5Q), TaAA9A
(PDBid 2YET), and TtAA9E (PDBid 3Ell). The structure-based sequence
alignment was generated using T-Coffee (Di Tommaso et al., 2011) and
ESPript 3.0 (Robert and Gouet, 2014) server
(http://espript.ibcp.fr/ESPript/ESPript/). A three-dimensional model of
MtLPMOS9A was generated using the Swiss-Model Automated Comparative
Protein Server (https://swissmodel.expasy.org/) (Biasini et al., 2014) using the
crystal structure of TtLPMO9E from Thielavia terrestris as a template. The
figures of TtLPMOO9E 3D structure were generated using the PyMOL
Molecular Graphics System (Version 1.5.0.4 Schrédinger, LLC, New York,
NY, USA).

2.2. Cloning of MtLPMO9A

The coding sequence of MILPMO9A from T. thermophilus M77
(MYCTH_85556, UniProt: KP901251) was amplified from genomic DNA,
including the native signal peptide using 5’-
agcatcattacacctcagcaATGCTGACAACAACCTTCGC-3’(forward) and 5°-
taaatcactagatatctctaTTAGCAACGGAAGACAGCCG-3’(reverse)  primers,
and cloned into the pEXPYR vector (Gibson et al., 2009; Velasco et al., 2019)
using Ligation-Independent Cloning (Camilo and Polikarpov, 2014). The
expression plasmid was transformed into Aspergillus nidulans A773 (pyrG89;
WA3; pyroAd), and the recombinant strain was selected using the pyrG
auxotrophic maker as described earlier (\Velasco et al., 2019).

2.3. Enzyme production and purification

Recombinant expression of MtLPMO9A was conducted in a static liquid
medium. First, A. nidulans MtLPMO9A recombinant strain was activated in a
minimal solid medium containing 100 mg/L of pyridoxine, 50 mg/L of nitrate
salts (120 g/L of NaNOs, 10.4 g/L of KCI, 10.4 g/L of MgSO,, and 30.4 g/L
KH;PO,), 1 mL/L of trace element (22 g/L of ZnSO,, 11 g/L of H3;BOs, 5 g/L
MnCl,, 1.6 g/L of CaCl,.5H,0, 1.6 g/L of CuSO,.5H,0, 5 g/L of FeSO,.7H,0,
1.1 g/L of NaM00..4H,0, and 50 g/L Na-EDTA), 10 g/L of glucose, and 19
g/L of agar at pH 6.5.

After 48 h at 37 °C, the resulting spores (approximately 107-108 spores/mL)
were transferred to 0.5 L induction medium composed of minimum medium
supplemented with 50 g/L maltose. The heterologous expression was
conducted for 40 h at 37 °C, the mycelial mat was removed, and the culture
medium was filtered using Miracloth membranes (Merck KGaA Darmstadt,
DE).

The filtrate was collected and centrifuged for 20 min, 20,000 xg at 4 °C.
Then the medium was subjected to a second filtration on Miracloth membranes
(Merck KGaA Darmstadt, DE) before the concentration step using the Hollow
Fiber system (5 kDa cutoff) (GE Healthcare, Chicago, USA) to reduce volume.
The protein sample was further purified by 70% (w/v) ammonium sulfate
precipitation under constant agitation at 10 °C for 16 h. The sample was
centrifuged for 30 min, 20,000 xg at 4°C and the pellet resuspended in 10 mL
of 20 mM Tris-HCI buffer, pH 8.0 and another centrifugation step was
performed under the same conditions. The supernatant was subjected to a first
purification step in a 5 mL Q-Sepharose™ Fast Flow column, where the
MtLPMO9A was collected at flow-thought. Then, a hydrophobic interaction
chromatography in the HiLoad Phenyl Sepharose 26/10 column (GE
Healthcare, Chicago, USA) was performed. Elution was performed with 20
mM Tris-HCI, pH 8.0 and 20 mM Tris-HCI buffers, added to 1M (NH,),SOs,
pH 8.

In the last molecular exclusion chromatography step, MtLPMOA9 was
copper-saturated with CuSO, with a three-fold molar excess and then applied
into a HiLoad 16/600 Superdex 75 pg column (GE Healthcare, Chicago, USA)
coupled to an Akta Purifier 10 system. The protein was eluted using an isocratic
gradient of 20 mM Tris-HCI buffer at pH 8 and 150 mM NaCl. Trichoderma
harzianum endoglucanase | (Cel7B) was expressed and purified as described
previously (Pellegrini et al., 2015).
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2.4. Chemical reagents and substrates

Electron donors, ascorbic acid (AscA), L-cysteine (L-cys), pyrogallic
acid (PyrA), and gallic acid (GallA) (all from Sigma-Aldrich, St. Louis,
USA), were diluted in water to a 100 mM stock solution. Chlorophyllin
powder (Sigma-Aldrich, St. Louis, USA) was prepared in water in a 50 mM
stock solution. All reagent solutions were aliquoted, stored at —20 °C in the
absence of light and thawed in the dark 10 min before use. Hydrogen
peroxide (H,0,) (Synth, Séo Paulo, BR) was used in co-substrate studies.

The following substrates were used: phosphoric acid swollen cellulose
(PASC) (prepared from Avicel PH-101 (Sigma, Deisenhofen, Germany) as
described by Wood (1988)), Avicel (Sigma-Aldrich, St. Louis, USA), lab-
made bacterial cellulose, and filter paper (Whatman, Maidstone, United
Kingdom). To measure the reducing end-groups of saccharides,
dinitrosalicylic acid (DNS) was prepared and used as described by Miller
(1959).

2.5. Standard reactions for MtLPMOO9A characterization assays

A typical concentration of MtLPMOOYA in the enzymatic reactions was
1 uM. The enzyme was mixed with 0.3% (w/v) of the substrate, as specified
for each reaction, in 20 mM of sodium citrate buffer pH 5.0 and 1 mM of
the reducing agent, unless stated otherwise. The reactions were conducted
at 50 °C and 1000 rpm for a defined period of time and then analyzed by a
high-performance anion exchange chromatography (HPAEC) system (ICS-
5000, Dionex, Sunnyvale, USA), equipped with a CarboPacPA1 analytical
column 250 x 2 mm and precolumn of 50 x 2mm (Dionex, Sunnyvale,
USA). Prior to HPAEC analyses, the samples were boiled at 95 °C for 5
min, centrifuged at 9,600 xg for 10 min at 4 °C and separated from the
insoluble substrate by passing through a 0.22 pm filter.

Two solutions were used for sample elution: a 100 mM NaOH (solution
A) and a 500 mM sodium acetate plus 100 mM NaOH (solution B). The
flow rate was set to 0.3 mL/min at 30 °C. The injection volume was 1 pL,
and the elution was performed using the following steps: isocratic
separation (10 min, 100% A), gradient separation (20 min, 10-100% B),
column wash (8 min, 100% B), equilibration (5 min, 100% A). Pure cello-
oligosaccharides (all from Megazymes, Wicklow, Ireland) and oxidized
cello-oligosaccharides (prepared as described by Keller et al. (2020b)) were
used as the standards for identification and quantification of generated
products. To quantify the generated products, 120 pL of the soluble product
was mixed with 0.1 pM of T. harzianum endoglucanase | (Cel7B)
(Pellegrini et al., 2015) in 20 mM citrate buffer pH 5 followed by overnight
incubation at 50 °C. Chromatograms were recorded and analyzed using
Chromeleon 7.0 software.

2.6. Standard reaction conditions for light-induced assays

To enable light transmission, reactions were performed in a 2 mL
Eppendorf tube (Eppendorf, Hamburg, Germany) sealed with ParafilmR M
(Sigma-Aldrich, St. Louis, USA). Chlorophyllin (500 pM) was used in each
reaction in sodium phosphate buffer, pH 6.0. The reactions were initiated
by adding the photosensitizer to the reaction followed by light activation
using a red-light source, the average photon irradiance in the system was
220.8 umol/s (22.08 W/m?). In the experiments conducted in the presence
of AscA, its addition was performed simultaneously with the light
activation of chlorophyllin.

Chlorophyllin photostability was evaluated by UV-visible spectroscopy
at regular time intervals (5 min, 15 min, 30 min, 1 h, 2 h, 4 h, and 6 h) after
the illumination period. The photostability was determined by the
exponential fitting of the absorbance peak at 632 nm as a function of time.
UV-vis spectra were obtained on a Cary 5000 UV-Vis-NIR spectrometer at
the range of 200 to 800 nm.

2.7. LPMO activation in the presence of O,and/or H,0,

To determine the use of H,O, by MtLPMO9A as a co-substrate, we first
evaluated the enzyme activity under the fixed concentration of H,0, (50
UM) and variable concentrations of AscA (20 uM, 100 pM, 500 uM, and 1
mM) using 4-h reactions. After determination of the optimum concentration
of AscA under these conditions, this concentration was fixed, and the H,O,
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concentration was varied as 50 pM, 100 uM, 250 pM, and 500 uM, maintaining
the same reaction times. This evaluation was performed using PASC 0.3 %
(w/v) and Avicel 1.0 % (w/v) in 20 mM of sodium citrate buffer at pH 5.0. The
optimized conditions for each substrate were evaluated over time, in the
presence and the absence of H,0, (£H;0,).

To measure apparent H,O, concentrations, we adopted the previously
reported protocol (Kittl et al., 2012) as follows: 50 pL of filtrate of the chosen
time points were collected and mixed with 50 pM Amplex Red reagent and 7.1
U/mL horseradish peroxidase (both from Sigma-Aldrich) in 200 mM of sodium
phosphate buffer pH 6.0 to reach 100 pL of the final volume. The reaction was
incubated at 30 °C in a spectrophotometer, and its absorbance was measured at
563 nm.

Finally, the role of O, and/or H,0, as a co-substrate was evaluated under N,
atmosphere, using PASC and Avicel as substrates. To confirm that the
enzymatic reactions were performed under low oxygen tension, we measured
the O, pressure in liquid using the NeoFox optical oxygen sensor
(OceanOptics). When present, H,O, was added in a 50 pM final concentration.
These reactions were performed for 30 min and were all performed in
duplicates.

3. Results and Discussion
3.1. MtLPMOO9A sequence analysis

The gene sequence of MtLPMOO9A is 749 bp in length, including a putative
71 bp intron (395-465 bp). Interestingly, MtLPMO9A is found in the same
genomic context and in-frame with another LPMO MtLPMO9T
(MYCTH_2311323) and the cellobiose dehydrogenase  MtCDH
(MYCTH_58125), indicating possible evolutionary pressure. The mature
MtLPMOO9A contains 208 residues after post-translational processing of the
signal peptide (residues 1-17, VSA-HY), releasing the crucial N-terminal
histidine 1. Moreover, no additional domains, such as carbohydrate-binding
modules (CBM) sometimes found at the C-terminal part of LPMOs, were
identified. The enzyme molecular mass of 22,775 Da and isoelectric point (pl)
of 6.6 was predicted based on the amino acid sequence. Low glycosylation of
MtLPMO9A was expected since just one putative O-glycosylation site (at
residue S170) was detected by the bioinformatics tools NetNGlyc and
NetOGlyc. BLAST (NCBI) analysis showed the highest sequence identity of
86% shared with the uncharacterized CHGG_08275 from Chaetomium
globosum and >75% with the C1 specific NcLPMO9F (NCU03328) from
Neurospora crassa and the C1/C4 specific TELPMO9E (THITE_2122979)
from Thielavia terrestris. The latter two AA9 family LPMOs have their
tridimensional structures deposited to the Protein Data Bank (PDB), thus
allowing to build MtLPMO9A homology model. The copper-coordinating
residues Hisl, His68, and Tyrl53, essential for oxidative activity, are
conserved in the MtLPMO9A structure (Fig. 1). Moreover, a structural-guided
multiple sequence alignment of MtLPMO9A with fifteen well-known LPMO9s
indicated a putative C1-regioselectivity based on the highest identity criteria.
This comparison also revealed an absence of L3-loop, the major structural
feature differentiating C1 and C4-specific LPMO9s, such as NcLPMO9A,
NcLPMOQ9C, and NcLPMOD (Fig. 1a).

3.2. Substrate specificity and electron donor preference

MtLPMOO9A activity was evaluated using PASC, Avicel, filter paper, and
bacterial cellulose as cellulosic substrates in 16-h reactions. Under tested
conditions, MtLPMO9A activity was highest against PASC (Fig. 2a). This
selectivity may be due to the higher accessibility of the latter substrate, which
facilitates its oxidative cleavage by the enzyme. MtLPMOO9A generated both
C1- and C4- oxidized cellopyranose residues. Undoubtedly, there is a clear
preference for oxidation at the C1 position. Still, a minor fraction of C4-
oxidised products and also C1/C4 oxidized celooligossacharides were observed
(Fig. 2a).

The selectivity of MtLPMO9A for different reducing agents was also
evaluated in a 16-h reaction using ascorbic acid, pyrogallic acid, gallic acid,
and L-cysteine (Fig. 2b). These chemical electron donors can be classified into
three distinct groups based on the structural similarities of their functional
groups (Frommhagen et al., 2016). Gallic and pyrogallic acid comprise a group
of compounds with a 1,2,3-benzenetriol moiety. L-cysteine belongs to a group
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of sulfur-containing compounds, and ascorbic acid includes a group of
reducing agents with neither a phenolic ring nor a sulfur atom.

Among the analyzed compounds, gallic acid promoted the weakest
activation of MtLPMO9A.. Ascorbic acid was responsible for the strongest
LPMO activation, followed by pyrogallic acid and L-cysteine (Fig. 2b).
Ascorbic acid is being extensively used in LPMO studies (\aaje-Kolstad et
al., 2010; Phillips et al., 2011; Beeson et al., 2012; Isaksen et al., 2014; Vu
et al., 2014; Velasco et al., 2021), although recent studies revealed that
ascorbate-driven LPMO reactions are highly sensitive to very low amounts
of free copper (Stepnov et al., 2021). Furthermore, molecular dynamic
simulations using the quantum mechanics/molecular mechanics (QM/MM)
method have demonstrated that ascorbate rapidly reduces LPMO-Cu(ll) in
a thermodynamically favorable process (Wang et al., 2019; Wang et al.,
2020). Furthermore, the same simulations indicated that the electron
transfer in this system is mediated by water molecules, thus potentially
relieving the requirement of ascorbate to bind the LPMO to accomplish
copper reduction (\Wang et al., 2019 and 2020).

3.3. Boosting MtLPMO9A activity using light and chlorophyllin

To assess the ability of light-activated systems to activate MILPMO9A,
we used chlorophyllin as a light-harvesting molecule (Cannella et al., 2016;
Bissaro et al., 2020; Blossom et al., 2020). Figure 3a shows the efficiency
of the photoactivation system, leading to the strong stimulation
of MtLPMO9A activity.

However, evaluation for longer reaction times showed that the
photoactivated coupled system led to a product-release saturation faster
than the ascorbic acid-driven reaction, indicating an early inactivation of
the enzyme under conditions of photoactivation (Fig. 3b). This
phenomenon is more probably a result of H,O, formation in the
photoactivation process, which, at high concentrations, leads to
MtLPMOO9A inactivation (Bissaro et al., 2020). Nevertheless, MtLPMO9A
under the photoactivation conditions shows highly efficient product release
at short reaction times. When the photoactivated system
(MtLPMO9A+chlorophyllin+light) was decoupled from the ascorbic acid,
the product formation decreased considerably (Fig. 3b). This result is
orthogonal to recent observations of Bissaro et al. (2020), and indicates that
MtLPMOBJA, in the absence of ascorbic acid, is not as efficiently activated
by the H,0, produced by light-activated chlorophyllin as the previously
studied LPMOs (Bissaro et al., 2020). Since in the absence of chemical
reductant, ascorbic acid, LPMO-mediated cellulose oxidation proceeds at a
much slower pace, one can conclude that electron donation to the LPMO,
either directly by chlorophyllin or via generated superoxide ion, is
inefficient for MtLPMOOA (Fig. 3). In the presence of ascorbic acid and
molecular oxygen, MtLPMO9A produces considerably higher quantities of
oxidized and non-oxidized products (6-h reactions: 636.47 uM and 1575.63
uM, respectively) as compared to the light-driven reaction mediated by
chlorophyllin in the absence of the chemical reductant (6-h reactions:
106.78 uM oxidized and 203.95 uM non-oxidized) (Fig. 3). A combination
of chlorophyllin + light with ascorbic acid in the presence of oxygen results
in a significant boost of the LPMO enzymatic activity, followed by rapid
inactivation of the enzyme (6-h reactions: 408.12 uM oxidized and 555.32
uM non-oxidized), presumably because of its oxidation by the generated
reactive oxygen species (Kadowaki et al., 2018).

In parallel with the evaluation of the formation of the products over time,
the stability of the chlorophyllin in the photoactivation experiments was
monitored (Supplementary Data, Fig. S1). The photosensitizer revealed
itself as very stable, as judged by the maintenance of 78.8% of its initial
absorbance after 4 h of reaction. After 6 h of reaction, chlorophyllin
maintained 67.8% of its absorbance at the beginning of the reaction,
suggesting its considerable stability under applied conditions.

Next, we evaluated whether the presence of light-activated chlorophyllin
would stimulate MtLPMO9A activity on more recalcitrant substrates. The
products generated from Avicel at 1% (w/v) were assessed at the end of the
4-h reaction. The presence of light-activated chlorophyllin significantly
increased the release of the products by MtLPMOO9A, indicating a
considerable boost of its activity on the more crystalline substrates (Fig. 4).
Thus, in situ H,O, production by the photoactivated chlorophyllin
(Dolmans et al., 2003; Bissaro et al., 2020) in the presence of chemical
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reductant can boost MtLPMO9A activity on the more crystalline and
recalcitrant substrates, such as Avicel.

3.4. MtLPMOO9A activity in the presence of exogenous H,O,

The LPMO mechanism, with and without the use of photopigments, remains
a subject of discussion. Originally, it has been proposed that two external
electrons and an O, molecule were needed for the enzymatic activity
(monooxygenase activity) (Phillips et al., 2011; Beeson et al., 2015; Walton
and Davies, 2016) whereas, more recently, it has been demonstrated that the
enzyme can work as a peroxygenase using H,O, molecule as a co-substrate
(Bissaro et al., 2017). In the latter case, after the priming reaction, the
recruitment of two electrons could become unnecessary (Bissaro et al., 2017).

Recent studies have indicated that both catalytic pathways are possible,
unveiling the reaction intermediates in each one (\Wang et al., 2019 and 2020).

However, it still remains unclear what can determine the preferential
catalytic pathway for a particular LPMO. To analyze the co-substrate
preferences of MtLPMO9A, we began by assessing an optimum
concentration of the ascorbic acid required for the catalytic process to occur
at a fixed concentration of H,0,.

In the LPMO peroxygenase pathway, the reducing agent could only be
necessary for the initial reduction of LPMO-Cu (Il) to LPMO-Cu (1)
(known as priming), initiating an electronically self-sustaining oxidation
process. However, our experimental results demonstrated that the quantity
of products generated by MtLPMOO9A increased with the increasing
concentrations of ascorbic acid for both analyzed substrates: PASC
(Supplementary Data, Fig. S2a) and Avicel (Fig. S2c).

Then, after setting the ascorbic acid concentration at 1 mM, the H,O,
concentration was varied to study the influence of different concentrations
of co-substrate in the reaction medium on the LPMO activity (Figs. S2b
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Fig. 2. MtLPMOYA specificity for substrate and electron donor. (a) MtLPMO9A (1 uM) activity
in different cellulosic substrates. MtLPMOO9A has a clear preference for PASC, a more amorphous
and less recalcitrant substrate. (b) Evaluation of the difference in enzymatic activation of different
reducing agents, using PASC as a substrate. The highlighted non-oxidized oligosaccharides are
Glc4 (cellotetraose) and Glc5 (cellopentaose). Cl-oxidized oligosaccharides are GlcGIc1A
(cellobionic acid), Glc2GIc1A (cellotrionic acid), Glc3GIc1A (cellotetraonic acid), and
Glc4GIcl1A (cellopentaonic acid).

and S2d). Once again, products accumulation for both substrates PASC (Fig.
S2b) and Avicel (Fig. S2d) had a similar trend, showing a decrease in the
release of the products for H,O; concentrations higher than 50 pM, until almost
total inactivation of the enzyme by 500 uM of H,O,.

To assess the time course of this process, we quantified the oxidized
products over time under determined optimized settings in the absence and the
presence of H,0,. The results of MtLPMO9A catalytic activity on PASC and
Auvicel are given in Figures 5a and 5b, respectively.

H,0, addition to MtLPMOB9A in the presence of molecular oxygen and
ascorbic acid led to an increase in the initial reaction speed, followed by a faster
inactivation of the enzyme acting on both PASC (Fig. 5a) and Avicel (Fig. 5b)
when compared to the reactions at the absence of hydrogen peroxide. H,O,
supply led to a decrease in the release of the products on both substrates within
time windows longer than 20 min.

To investigate H,O, accumulation in the reactions over time, the apparent
H,0, concentration was measured using Amplex Red reagent and horseradish
peroxidase, as described in previously reported protocols (Kittl et al., 2012).
When PASC was used as a substrate, it was observed that before the flattening
out of the product release presumably caused by the enzyme inactivation, the
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The photoactivated system increased the enzyme's activity on Avicel, a substrate with a higher
degree of crystallinity. The marked standards represent, Glc2: cellobiose, Glc3: cellotriose, Glc4:
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H,0; levels were low and constant, and a peak of H,O, was observed shortly
after the saturation of the release of the products (Fig. 5c). Similar behavior
was previously observed for different LPMOs by Bissaro et al. (2020).

When Awvicel is used as a substrate, apparent H,O, concentration in the
reaction media is much higher and remains at much higher levels than the
reactions with PASC as a substrate. This explains the rapid inactivation of the
MtLPMO9A when acting on Avicel. Furthermore, the higher apparent
concentrations of H,O, are consistent with our previous results, revealing that
MtLPMOO9A has a smaller activity and presumably lower affinity on more
crystalline and recalcitrant Avicel (see Fig. 2). Hence, the generated H,0; is
not being used by the LPMO for Avicel catalytic oxidation at the same rate as
for PASC oxidative cleavage and accumulates in the reaction media (Fig. 5c).

Lastly, we evaluated the commonly used chemical reduction settings (in the
presence of only ascorbic acid), the photoactivated reaction system (in the
presence of chlorophyllin only), and the coupled photoactivated reaction
system (in the presence of chlorophyllin and ascorbic acid) in four different co-
substrate conditions (+O, and *H,0,, Figs. 6a-c). All the systems were
evaluated with and without oxygen (£0O;) in the presence and absence of the
optimal concentration of H,O, (50 uM) in 30-min reactions (£H,0O,).

The experiments performed in the presence of 1mM ascorbic acid in an
oxygen-free atmosphere did not lead to the product formation by MtLPMO9A
from PASC, demonstrating that presence of co-substrates is essential for the
LPMO activity (Fig. 6). The addition of H,O, in the oxygen-free environment
in the presence of ascorbic acid led to the complete restoration of enzymatic
activity of the LPMO. The same occurs in the presence of oxygen and the
absence of exogenous H,0; (Fig. 6). In other words, in the presence of 1mM
of ascorbic acid, MtLPMO9A generated similar amounts of soluble oxidized
products when either O, or H,O, were present (Fig. 6). The presence of both
0O, and H,0, simultaneously generated a profile of soluble products slightly
smaller, as already shown in Figure 5, most likely due to inactivation caused
by the accumulation of hydrogen peroxide.

Another difference between the three studied reactions is that MILPMO9A
produces a higher amount of non-oxidized products in the presence of O, and
AscA, as compared to the reactions conducted with H,O, or H,0,+0, and the
same chemical reductant (see Fig. 6a, 5 — 7.5 min elution times).

Next, we evaluated the role of co-substrates (O, and H,O,) when
MtLPMOO9A is activated by light in the presence of chlorophyllin. Analysis of
chlorophyllin-only photoactivated system (Fig. 6b) shows once again a lack of
products formation in the absence of co-substrates (H,O, and O,) and chemical
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reductant. The presence of either H,O, or O, resulted in a small quantity of
products. The simultaneous presence of oxygen and exogenous H,O,
resulted in a higher amount of soluble products, which, however, was still
significantly smaller than that observed in the presence of chemical
reductant (AscA,; Fig. 6a). The limited catalytic activity of MtLPMOO9A in
the system with low oxygen tension and exogenous H,O; or in the presence
of molecular oxygen reveals that chlorophyllin-activation has a low
capacity of MtLPMO9A reduction (either via direct electron transfer or via
superoxide ion, O,"), an opposite to what was recently shown by Bissaro et
al. (2020). The reason for this effect is currently unclear, but the observed
differences could be related to different LPMOs that were studied or the
variances in the applied experimental conditions. Of note, Bissaro and co-
workers used AA10 family bacterial LPMO from Streptomyces coelicolor
(SCAA10C) as model cellulolytic enzyme while studying light-driven
systems (Bissaro et al., 2020). Neurospora crassa AA9 LPMO (NcAA9F)
investigated in the same study performed relatively poorly when driven by
light-activated chlorophyllin (Bissaro et al., 2020). This might indicate that
structural differences between LPMOs from AA9 and AA10 families can
explain observed differences in their chlorophyllin-mediated light
activation, which certainly deserved further research.

Finally, we investigated the LPMO activation when chemical reductant
(ascorbic acid) was coupled with chlorophyllin (Fig. 6c). Except for a
trivial case of a lack of products in the absence of co-substrates (-O; -H,0,),
the results obtained with the photoactivated system, that couples light
activation mediated by chlorophyllin and ascorbic acid, are more complex
to interpret (Fig. 6¢). The quantities of observed reactions products increase
from the low oxygen tension system supplied with exogenous H,0, (-
0,+H,0,) to regular oxygen tension supplied with exogenous H,0,
(+0O,+H,0,), reaching the maximum at no exogenous H,O, and normal
oxygen tension condition (+O,-H,0;) (Fig. 6c).

Since in the presence of AscA, MtLPMO9A is presumably in its reduced
form, the first two previously mentioned situations (low oxygen tension
system supplied with exogenous H,0, and regular oxygen tension supplied
with exogenous H,0,) show that MtLPMOO9A is most probably acting via
the peroxygenase pathway. A combination of O, with light activation via
chlorophyllin in the presence of AscA led to the most efficient products
formation by MtLPMO9A when compared with the other studied settings.
However, the supplementation with H,O, suppressed the reaction. This
might indicate oxidative inactivation of the LPMO under these
experimental conditions (Fig. 6c).

Using more crystalline and recalcitrant Avicel as a substrate for
MtLPMOOJA activity under the same experimental settings shown in Figure
6 reveals that in the absence of co-substrates (-O,-H,0,), no significant
product formation was observed (Supplementary Data, Fig. S3). When
the LPMO was activated only by ascorbic acid, oxygen atmosphere (+O,-
H,0,) was the best, to the detriment of the other two studied conditions (-
Oz+Hzoz and +02+H202, Flg S3a)

The chlorophyllin-only settings generated very few products,
confirming again that the light-activated chlorophyllin alone has a very low
capacity of MtLPMO9YA reduction either via direct electron transfer or via
O," (Fig. S3b). Furthermore, when chlorophyllin in the presence of light
was coupled with ascorbic acid, the observed results were more challenging
to interpret. In these settings, two of the evaluated conditions showed a high
release of products: 1) LPMO under low oxygen tension conditions and in
the presence of exogenous H,0; (-O,+H,0,) and 2) LPMO under regular
oxygen tension and no exogenous H,0, (+0,-H,0,) (Fig. S3c). However,
when both co-substrates were added to the reaction (+O,+H,0,), there was
a strong reduction in the quantity of products, presumably caused by the
enzyme self-inactivation (Fig. S3c), further highlighting the importance of
a correct balance of co-substrates on the LPMO activity.

4. Practical implications of the present study

The results of the present study contribute towards elucidating the
mechanisms of LPMO activation and the use of LPMO co-substrates. A
deeper understanding of these processes might make it possible to reach
optimized conditions for the activity of this class of enzymes within
enzymatic mixtures destined for the depolymerization of plant biomass,
which is crucial for replacing fossil energy with energy carriers derived
from biomass (Tursi, 2019).
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The importance of mechanistic understanding of LPMO-driven catalysis
and light activation extrapolates the level of biofuels and could be applied, for
example, to the production of cellulose nanoparticles and nanofibrils. These
materials, which could be obtained from plant biomass, are eco-friendly and
biodegradable and can be used in various areas such as food packaging,
biomedicine, electronics, and cosmetics, replacing materials from non-
renewable sources (Rossi et al., 2021). Thus, by better mechanistic
understanding and consequent optimization of the LPMOs activities and
applications, one can contribute to building bioeconomy and a greener, more
sustainable society.

5. Conclusions and prospects

LPMOs are an important ancillary activity for enzymatic depolymerization
of biomass from lignocellulosic wastes and their conversion into value-added
products. The molecular mechanism of LPMO activity is still a subject of
debate, and photoactivation of LPMOs was described only for a few of these
enzymes. Here, we demonstrated that MtLPMO9A from Thermothelomyces
thermophilus could be efficiently activated by light in the presence of
chlorophyllin. Under the short reaction times, such a photobiosystem was much
more efficient than the chemically activated MtLPMO9A. Furthermore,
photoactivation greatly improved the performance of the enzyme on a
crystalline substrate, Avicel, on which MtLPMOO9A activity is low when only
chemical reductant is present in the reaction conditions.

We also evaluated the preferred co-substrate of MtLPMO9A and revealed
that either O, or H,O, are required for the enzymatic reaction.
Furthermore, MtLPMO9A activity was increased by the presence of a chemical
reductant (ascorbic acid), indicating that a required direct or indirect electron
transfer from photoactivated chlorophyllin to MtLPMOO9A is not efficient.
These results lead to a deeper understanding of the mechanism of action of
MtLPMOS9A under different reaction conditions.

Present work contributes to new areas of research and investigations mainly
concerning the activation mechanism of LPMOs in the presence of different
co-substrates in the presence and/or absence of light and photosensitizers.

Future studies of molecular interactions between LPMOs and their
substrates are necessary to discover particular characteristics of the enzymes
that make them preferentially use particular co-substrate (H,O, and/or O) in
different experimental settings. Furthermore, physical modifications of the
substrates with different recalcitrance, introduced by LPMOs boosted by light
in the presence of photopigments, need to be further evaluated.
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