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Abstract

An increasing global focus on reducing fossil fuel-derived emissions, has led to a demand for
environmentally friendly and renewable alternatives. Cellulose and chitin, two of the most abundant
biopolymers in Nature, have proven to be valuable biomaterials that can replace crude oil in the
production of fuels, chemicals, and other materials. However, these biopolymers are crystalline and
very demanding to degrade. The discovery of LPMOs in 2010 has revolutionized the understanding of
how these crystalline materials are degraded by oxidative enzymes in cooperation with glycoside
hydrolases. LPMOs are Cu-dependent oxidoreductases that depend on a reduced copper in the
active site and O, or H,0; as a co-substrate. Previous studies have shown the ability of a
photosensitizer, i.e., chlorophyllin, or an inorganic photocatalyst, vanadium doped TiO,, to generate
reducing equivalents and H,0, for LPMO catalysis. The research presented in this thesis aimed to
investigate the photosensitizing abilities of a natural material that LPMOs may encounter in Nature,

namely pupal exuviae from an insect, Hermetia illucens.

The pupal exuviae from Hermetia illucens used in the research described in this thesis were provided
by Dr. Thomas Hahn at the Fraunhofer Institute. Prior to the research, the raw material of these
pupae were analyzed for their content of chitin (23-25%) and catechols (10%). Insoluble catechols are
aromatic components with phenolic groups and have a chemical structure comparable to lignin,
which is a known activator of LPMO catalysis. Here, we analyzed whether light-exposed fine-milled
cocoon powder of Hermetia illucens (FMC), with its content of insoluble catechols, can provide a
cellulose-active LPMO, ScAA10C, with reducing equivalents and co-substrate (H,0,) to catalyze the
depolymerization of microcrystalline cellulose, Avicel. Activity assays were performed with different
amounts of FMC, LPMO, Avicel and different light intensities to address the effects of these variables
on LPMO activity. To assess the role of superoxide in the photobiocatalytic system, experiments with
superoxide dismutase were carried out. Furthermore, the amplex red assay was used to measure the
accumulation of H,0,. Finally, we assessed whether chitin in the FMC and B-chitin could be degraded

by a chitin-active LPMO, SmAA10A, using FMC as photosensitizer.

The results showed that light-exposed FMC acts as an excellent photosensitizer to sustain SCAA10C
and SmAA10A activity. The observations showed that increasing the FMC concentration and the light
intensity led to increased progress curves and production of LPMO products (i.e., oxidized sugars). In
contrast, the increase of LPMO concentrations did not show any effect, showing that the reactions
were limited by the FMC/light system. The LPMO became less active at higher substrate

concentrations which is likely due to the light attenuating properties of the substrate, limiting the
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production of H,0,. The addition of superoxide dismutase to the reactions did not affect the
production of oxidized products, indicating that reduction of O, to H,0, happened in one step, and
not via superoxide. Inactivation of SCAA10C was observed in a reaction with high (10 g/L) amounts of
FMC and light intensity corresponding to 10% of Imax, most likely due to overproduction and
accumulation of H,0;, which results in futile H,O,-turnover by the LPMOs. Interestingly, reactions
with SmAA10A showed light-driven degradation of chitin in the FMC, meaning that the material can
act as a photosensitizer for its own oxidative degradation reactions. Reactions with B-chitin showed
light-driven FMC-catalyzed efficient degradation by SmAA10A, conforming the potential of FMC as a

general photosensitizer for promoting LPMO catalysis.
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Sammendrag

Et gkt globalt fokus pa a redusere utslipp av fossilt brennstoff, har fgrt til krav om a finne mer
miljgvennlige og fornybare alternativer. Cellulose og kitin, to av de mest utbredte biopolymerene i
Naturen, har vist seg a vaere verdifulle biomaterialer som kan erstatte raolje i produksjon av drivstoff,
kjemikalier og andre materialer. Disse biopolymerene er krystallinske og svaert krevende 3 bryte ned.
Oppdagelsen av LPMOer i 2010 har revolusjonert forstaelsen av hvordan disse krystallinske
materialene brytes ned av oksidative enzymer i samarbeid med glykosidhydrolaser. LPMOer er Cu-
avhengige oksidoreduktaser som er avhengige av et redusert kobber i det aktive setet samt tilgang
pa enten O;eller H,0, som kosubstrat. Tidligere studier har vist hvordan fotosensibiliserende stoffer
som klorofyllin, og en uorganisk fotokatalysator, vanadium dopet TiO,, kan generere reduserende
ekvivalenter og H,0; for a katalysere LPMO-aktivitet. Malet med denne oppgaven var a undersgke de
fotosensibiliserende evnene til et naturlig materiale som LPMOer kan mgte pa i Naturen, nemlig

pupperester fra et insekt, Hermetia illucens.

Rester av pupper fra Hermetia illucens benyttet i denne studien ble tilsendt fra Dr. Thomas Hahn ved
Fraunhofer Institutt som et fotosensibiliserende stoff. RAmaterialet til disse puppene ble forut for
studien analysert for sitt innhold av blant annet kitin (23-25%) og katekoler (10 %). Ulgselige
katekoler er aromatiske forbindelser med fenolgrupper bundet til seg og har en kjemisk struktur
sammenlignbar med lignin, en kjent aktivator for LPMO-katalyse. | denne oppgaven underspkes det
om lyseksponert finmalt kokongpulver av Hermetia illucens (FMC), med sitt innhold av ulgselige
katekoler, kan bista en celluloseaktiv LPMO, ScAA10C, med reduserende ekvivalenter og kosubstrat
(H20,) for katalyse av enzymatisk nedbrytning av mikrokrystallinsk cellulose, Avicel.
Aktivitetsanalyser ble gjennomfgrt med ulik mengde FMC, LPMO, Avicel samt ulik lysintensitet for &
adressere disse ulike variablenes effekt pa LPMO-aktivitet. For a vurdere superoksids rolle innen det
fotobiokatalytiske systemet, ble eksperimenter med superoksid dismutase gjennomfgrt. Videre ble
det foretatt amplex red analyser for 8 male pa akkumulert mengde H,0,. Til slutt ble nedbrytning av

kitin i FMC og B-kitin demonstrert ved bruk av en kitinaktiv LPMO, SmAA10A, fotokatalysert av FMC.

Resultatene viste at lyseksponert FMC er et utmerket fotosensibiliserende stoff for katalyse av
ScAA10C- og SmAA10A-aktivitet. Observasjonene viste at ved gkte FMC-konsentrasjoner og
lysintensiteter, gkte produksjonsraten og den totale produksjonen av LPMO produkter (dvs.
oksiderte sukre). | motsetning, viste ikke gkte LPMO-konsentrasjoner til noen effekt, hvilket vil si at
LPMO aktiviteten i det gjeldene systemet var begrenset av FMC og lys. LPMOen ble mindre aktiv ved

tilsetning av gkte mengder substrat som mest sannsynlig forklares av substratets lysattenuerende
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egenskaper, noe som begrenser produksjon av H,O,. Tilsetning av superoksid dismutase til
reaksjonene pavirket ikke produksjonen av oksiderte produkter, noe som indikerer at reduksjon av
0, til H,0; skjer i ett trinn, og ikke via superoksid. Inaktivering av SCAA10C ble observert i en reaksjon
tilsatt hgy (10 g/L) konsentrasjon av FMC eksponert med en lysintensitet tilsvarende 10 % av Imax.
Denne inaktiveringen kan mest sannsynlig forklares av en overproduksjon og opphopning av H,0;
som ikke LPMOene klarer a omsette. | tillegg viste SCAA10A til lysdrevet nedbrytning av kitin i FMC,
hvilket betyr at FMC kan fungere som en fotosensibilisator for sine egne oksidative
nedbrytningsreaksjoner. Observasjoner viste til lysdrevet FMC-katalysert effekt ved nedbrytning av
B-kitin i reaksjoner med SmAA10A, hvilket bekrefter potensialet om bruk av FMC som en generell

fotosensibilisator til & fremme LPMO-katalyse.
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1. Introduction

1.1 Renewable biomass

Renewable biomass has received much attention during this century due to higher demands on
sustainable energy sources as a result of global climate change. Climate change has led to an aim for
biofuels to account for 25% of all transport fuel by 2030 within the E.U. By the same year, the U.S.
Department of Energy wants 30% of all gasoline needs to be covered by biofuels (Himmel et al.,
2007). For this to become a reality, degradation of biomass, including recalcitrant polysaccharides
such as cellulose and chitin, is required. Using plant biomass instead of crude oil to produce fuels and
fine chemicals is considered a key technology in the 215 century and the characteristics of a (plant-
based) biorefinery are similar to those of an oil refinery (Htlsey, 2018). As crude oil is fractionated to
gasoline, petroleum gas and tar and further processed into fuel, chemicals and plastic materials.
Likewise, plant biomass is fractionated to sugars, lignin and fats, which can be used to produce the
similar products (Figure 1) (Hisley, 2018). However, there is one important difference between using
crude oil and plant biomass as a resource. When using crude oil, all produced CO; is directly emitted
to the atmosphere. Unlike crude oil, plants are able to take up the same amount of CO; as they
produce and are thereby part of a cycle (Figure 1). Therefore, use of cellulose, the world's most
abundant polymer and one of the main components in plants, offers a great potential for reduction

of greenhouse gas emissions.
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Figure 1. Schematic comparison of petroleum oil and plant biomass refinery. The figure illustrates the
pathway from crude oil and plant biomass to various products and further how CO, is emitted to the
atmosphere or taken up by plants. The figure is taken from Hiilsey, 2018.



Besides plant-based biomass, other sources of biomass may be useful to achieve the demand for a
greener economy. Chitin, which is the second most abundant polymer on Earth and the most
abundant nitrogen-containing biopolymer, can be obtained from insect exoskeletons and fishery
waste such as shrimps and crabs (Kramer et al., 1995; Li et al., 1992). By “shell biorefinery”, chitin can
be converted into nitrogen-rich chemicals for use as flocculating agents within water purification and

for applications in the textile and medicine industry (Husley, 2018; Hahn et al., 2020).

1.1.1 Lignocellulosic biomass

Lignocellulose refers to the primary building blocks of plant cell walls (Lee et al., 2014). This primarily
includes major polysaccharide polymers, cellulose (30-50%) and hemicellulose (20-30%), and an
aromatic polymer, lignin (20-30%). Cross-links between the tree types of polymers contribute to
stiffening the plant cell wall and mechanical protection against microbial attacks (Elumalai et al.,

2018; Ezeilo et al., 2017; Lee et al., 2014).

Cellulose is the most abundant polymer on Earth, built up by D-glucose units linked together by B-1,4
glycosidic bonds where every second unit is rotated 180° relative to its neighbor. The repeating units
of two D-glucose units are referred to as cellobiose (Figure 2) (Zhao et al., 2020). Hydrogen bonds
between the hydroxyl groups lead to inter-chain interactions between the polymer-chains, which
results in crystalline and amorphous regions. These regions make the cellulose insoluble in water and
resistant to depolymerization (Lindman et al., 2010). There are seven different forms of cellulose, so-
called polymorphs. Out of these, there are two which are common in nature, la and IB, also referred
to as native cellulose. la is synthesized in bacteria, while IB is the polymorph mainly produced in
plants. They have the same backbone conformation but differ in the way that the intermolecular
hydrogen bonds are oriented. By various chemical treatments, cellulose | can be transformed into

five other polymorphs, I, lll3, lll13, IV, and V11 (Goldberg et al., 2014; O'Sullivan, 1997).
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Figure 2. Cellulose structure. The figure illustrates how D-glucose units are linked together by B-1,4 glycosidic
bonds and rotated 180° relative to each other. Two D-glucose units linked together form the cellobiose units,
which is repeated n times to form a polymer-chain. The figure was taken from Akil et al., 2011, and modified
for the purpose of this thesis.

The term hemicellulose refers to a wide variety of non-cellulosic plant polysaccharides consisting of
various pentose and hexose monomers. Hemicelluloses have backbones composed of D-xylose, D-
mannose, D-glucose and/or D-galactose that may be substituted with a variety of sugars, including D-
xylose, D-galactose, L-arabinose and 4-O-methyl-D-glucoronic acid (Elumalai et al., 2017). Together
with lignin, hemicellulose forms a matrix that embraces cellulose fibers and contributes to the

compact and rigid structure of the plant cell wall (Hasanov et al., 2020).

The mechanical rigidity and strength of the plant is mainly provided by lignin. The hydrophobic
properties of lignin prevents transportation of water and nutrients through the plant cell wall
(Elumalai et al., 2017). Lignin is built up by three precursor monolignols which are derivatives of
benzene with various degrees of methoxylation: p-coumaryl alcohol, coniferyl alcohol, and sinapyl
alcohol (Figure 3). The chemical properties of lignin depend on the composition of the three
monolignols and how they are bound together by either ether or ester bonds. The relative amount of
each monolignol incorporated in lignin depends on the lignin source (Horn et al., 2012). For example,
softwood lignin consists almost exclusively of coniferyl alcohol, while hardwood lignin contains both
coniferyl alcohol and sinapyl alcohol. Grass lignin, on the other hand, consists of all three types of

monolignols (Hasanov et al., 2020).
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Figure 3. Chemical structures of different lignin units. A: Shows the structures of p-coumaryl alcohol, coniferyl
alcohol and sinapyl alcohol. B: shows the corresponding p-coumaryl, coniferyl, and sinapyl units. Colors help
identify the unit-specific structures, while arrows are pointing at sites that are involved in radical coupling
during lignification. Dashed arrows point at sites that are less prevalent than the sites that are pointed by
undashed arrows. The figure is taken from Hasanov et al., 2020.

1.1.2 Insect biomass

In addition to fishery waste of shrimps and crabs, insect biomass has become a relevant source of
chitin as reports have shown a chitin content of up to 40% of the insects' wet weight (Kramer et al.,
1995). Other than chitin, the insects consist of up to 30% catechols in addition to proteins and

minerals (Kramer et al., 1995).

Chitin is a polysaccharide made of repeating N-acetyl-D-glucosamine units linked together by B-1,4
glycosidic bonds and rotated 180° relative to the neighboring unit. In the N-acetyl-D-glucosamine
units, the second carbon (C2) of the glucose unit contains an N-acetyl group (Figure 4) (Jang et al.,
2004). Chitin occurs in different polymorphs, a-, B- and y-chitin. a-chitin is mainly found in hard
structures such as arthropod cuticles (Roberts, 1992) and exoskeletons of crustaceans (Hajji et al.,
2014; Rinaudo, 2006). B-chitin can be isolated from squid pen, and the rare variant y-chitin has been
detected in insects such as Lucanidae beetles and the cell wall of fungi (Jang et al., 2004). The three
polymorphs differ in the arrangement of the sugar chains. a-chitin has an anti-parallel chain
orientation, which leads to a more compact and less water-accessible structure as inter-chain
hydrogen bonds are favored. In contrast, B-chitin has its sugar chains oriented parallel to each other,
which leads to fewer inter-chain interactions (Hajji et al., 2014). The combination of anti-parallel and
parallel orientations of the polymer-chains describes the last polymorph, y-chitin. As both B- and y-

chitin can be converted to a-chitin, a-chitin is considered the most stable polymorph (Roberts, 1992).



Chitin can be converted to chitosan by deacetylation. Chitosan has an NH,-group available for
protonation and is soluble in acidic media (Rinaudo, 2006). Chitin is considered to be converted to

chitosan when the degree of deacetylation exceeds 50% (Rinaudo, 2006).

|
— Chitobiose - n

Figure 4. Chitin structure. The figure illustrates how N-acetyl-D-glucosamine units are linked together by B-1,4
glycosidic bonds and rotated 180° relative to each other. Two N-acetyl-D-glucosamine units linked together
form the chitobiose units, which is repeated n times to form a polymer-chain. The figure was taken from
Rinaudo, 2006, and modified for the purpose of this thesis.

Catechols are aromatic compounds with two neighboring hydroxyl groups that are abundant in
insect exoskeletons. Insect metamorphosis includes four life stages: egg, larva, pupa, and adult. As a
black solider fly (Hermetia illucens) develops from the pupa stage to the adult stage, the pupal
exoskeleton is shed. During the life cycle of the black soldier fly, the insect cuticle of the adult fly
undergoes sclerotization at which point protein molecules cross-link with chitin and catechols to
form the insect’s rigid exoskeleton (Kramer et al., 2000). The sclerotization process involves various
catechols such as N-acetyldopamine (NADA), N-B-alanyldopamine (NBAD), and 3,4-
dihydroxylphenylethanol (DOPET) (Figure 5) which become covalently bound to side-chain functional
groups of amino acids from insect proteins, mostly histidine (Kramer et al., 2000). Due to interactions
between the catechols and proteins, the exoskeleton becomes increasingly hydrophobic and
insoluble (Kramer et al., 2000). The composition of chitin, catechols, and proteins depends on the
region and functionality properties of the cuticle, but how these differences are obtained has not yet

been described (Andersen, 2010).
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Figure 5. Chemical structures of different catechols. The figure shows the chemical structures of N-
acetyldopamine (NADA), N-B-alanyldopamine (NBAD), and 3,4-dihydroxylphenylethanol (DOPET). These
structures are typically found in insect exoskeleton. The figure is taken from Andersen, 2010, and modified for
the purpose of this thesis.

1.2 Enzymatic degradation of recalcitrant polysaccharides

The CAZy database was created in 1998 to categorize the variety of enzymes involved in the
degradation or modification of complex carbohydrates based on their sequence and structure
(Levasseur et al., 2013). The CAZy database includes glycoside hydrolases (GHs), glycosyltransferases
(GTs), polysaccharide lyases (PLs), carbohydrate esterases (CEs), carbohydrate-binding modules
(CBMs), and auxiliary activities (AAs). Glycoside hydrolases (GHs) represent the most abundant group
of enzymes in the CAZy database with 128 different families that are distinguished based on amino
acid sequence similarities (Cantarel et al., 2009). For example, families GH5 and GH6 contain
hydrolases that specifically break down cellulose, also referred to as cellulases, while families GH18
and GH19 include chitinases, GHs that breaks down chitin. GHs cleave glycosidic bonds by a
hydrolytic reaction mechanism and when acting on polymers such as cellulose and chitin, they may
either randomly cleave internal bonds or attack the reducing or non-reducing chain ends (Horn et al.,
2012). The enzymatic activity of GHs on polymers is limited by the accessibility of the sugar chains
and will normally be highest for soluble substrates. GH domains may be appended to a carbohydrate-
binding modules (CBM), which are non-catalytic domains. They have carbohydrate-binding activity
and contribute as modules for larger enzymes to better attach to carbohydrates (Shoseyov et al.,

2006).



The CAZy database is continuously updated, and after the revolutionary discovery of lytic
polysaccharide monooxygenases (LPMOs) by Vaaje-Kolstad et al. in 2010, a new group of enzyme
families, referred to as auxiliary activity (AA), was introduced (Levasseur et al., 2013). The AA families
comprise 17 families where 7 of them include LPMOs. LPMOs are copper-dependent enzymes that
catalyze oxidative cleavage of the glycosidic bonds in recalcitrant polysaccharides such as cellulose
and chitin. The oxidative cleavages make the polysaccharide less crystalline and more available for

GHs to bind to further hydrolyze the polymer (Vaaje-Kolstad et al., 2005b).

1.2.1 Cellulose degradation

Enzymatic degradation of cellulose was, until recently, thought to accomplished through the
synergetic action of three enzyme types, all classified as glycoside hydrolases: Endo-1,4-B-glucanases,
Exo-1,4-B-glucanases, and B-glucosidases (Horn et al., 2012). Endo-1,4-B-glucanases, or
endoglucanases (EGs), hydrolyze glycosidic bonds randomly in the cellulose chain, which leads to
more reducing and non-reducing polysaccharide chain ends and more accessible sites for exo-1,4--
glucanases, also referred to as cellobiohydrolases. The cellobiohydrolases attack glycosidic bonds in
these reducing or non-reducing ends of the polysaccharide chains depending on enzyme specificity.
The activity of endo- and exo-glucanases results in oligosaccharides and disaccharides, respectively.
B-glucosidases act on these oligo- and disaccharides converting them into sugar monomers (Figure 6)
(Arantes et al., 2010). It is worth noting that different types of endo- and exo-hydrolases acts to

degrade the various polymorphs of cellulose.

The discovery of LPMOs represents a paradigm shift in the enzymatic deconstruction of recalcitrant
polysaccharides. LPMOs cut directly on the crystalline surface of polysaccharides to generate new
chain ends for the classical hydrolytic enzymes (Horn et al., 2012). LPMOs employ redox chemistry to
oxidize glycosidic bonds using O, or H,0, as co-substrate (see more details in section 1.3.3). To
become catalytically active, LPMOs require delivery of reducing equivalents and depend on other
enzymes or molecules to provide them reducing power and, if H,0; is being used, the co-substrate
(Bissaro et al., 2018). Commercial production of energy and biofuels from insoluble polysaccharides
has been hampered due to the inefficient conversion of insoluble polysaccharides to soluble,
fermentable sugars, but the use of LPMOs has improved this conversion process (Horn et al., 2012;

Costa et al., 2020).
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Figure 6. The synergy of LPMOs and cellulases degrading cellulose. The figure lllustrates how insoluble
cellulose chains are oxidized by LPMOs and further hydrolyzed step by step by the synergy of various glycoside
hydrolases. The reduction of the LPMO active site (1) activates the enzyme to oxidatively cleave crystalline
cellulose using H,0; as a co-substrate (2). Endoglucanases (EG) randomly cleave the more accessible parts of
cellulose (3), while cellobiohydrolases (CBHI and CBHII) cuts the chain from the reducing (4') or the non-
reducing end (4). Finally, B-glucosidases (BG) splits the oligomers into monomers (5). The endo- and exo-
glucanases may contain a carbohydrate-binding module (CBM) to promote the hydrolase activity. NR and R
indicate the non-reducing and the reducing chain end, respectively. Possible sources of H,O are discussed in
section 1.3.5. The figure was taken from Bissaro et al., 2018, and modified for the purpose of this thesis.

1.2.2 Chitin degradation

Chitin degradation is carried out by a mix of various enzymes. Among them are chitinases found in
the GH18 and GH19 families and LPMOs. The GH18 family includes well-studied powerful enzymes
such as ChiA, ChiB, and ChiC isolated from the same gram-negative bacterium, Serratia marcescens.
ChiA and ChiB are both considered exo-chitinases and attacks the reducing and non-reducing chain
ends, respectively, producing chitobiose units (Vaaje-Kolstad et al., 2013). To provide continuous
access to new reducing and non-reducing chain ends, ChiC catalyzes random cleavage in the more
amorphous regions of the chitin surface. Chitobiases act on the chitobiose units produced by ChiA
and ChiB converting them into sugar monomers (Figure 7) (Beier et al., 2013). LPMOs provide more
access point for chitinases to bind by oxidatively cleaving the most recalcitrant parts of chitin. These

enzymes are discussed in section 1.3.
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Figure 7. Synergy of LPMOs and chitinases when degrading chitin. The figure lllustrates how insoluble chitin
chains are oxidized by LPMOs (here exemplified by CBP21) and further hydrolyzed step by step by the synergy

of various glycoside hydrolases. The LPMOs oxidatively cleave the crystalline structure of chitin resulting in C1-
oxidized products which are converted into GIcNACA (grey circles). ChiC randomly cleaves in amorphous
regions of the substrate, while ChiA and ChiB cleaves chains into chitobiose units from the reducing (R) and the
non-reducing (NR) end, respectively. Finally, a chitobiase cleaves the chitobiose units into GIcNAc monomers
(white circles). The figure was taken from Vaaje-Kolstad et al., 2013.

1.3 Lytic Polysaccharide Monooxygenases

1.3.1 Discovery

Before LPMOs were discovered, the classical view on enzymatic cellulose degradation was that
hydrolytic enzymes were responsible for depolymerizing cellulose (Horn et al., 2012). However, the
presence of an enzyme capable of converting native cellulose into a form that would be more
accessible for these hydrolytic enzymes was hypothesized in 1950 (Reese et al., 1950). The first
demonstration of surface disruption in an insoluble carbohydrate by a protein came in 2005, when it
was shown that a small chitin-binding protein from family 33 of carbohydrate-binding modules
(CBM33), CBP21 (today also referred to as SmAA10A), is essential for the ability of S. marcescens to
efficiently degrade chitin (Vaaje-Kolstad et al., 2005b). CBP21 was shown to bind to chitin, causing
structural changes in the chitin, leading to improved chitin depolymerization by chitinases (Vaaje-
Kolstad et al., 2005b). Although CBP21 was first described as a chitin-binding protein without
catalytic activity, Vaaje-Kolstad et al. showed in 2010 that CBP21 is capable to oxidatively cleave B-
1,4-glycosidic bonds in crystalline chitin using experiments with isotope labeled 20, and H,20.

Vaaje-Kolstad and colleagues noted the structural similarities between CBM33 and a fungal protein



at the time referred to as GH61 and hypothesized that GH61 most likely would have equivalent
oxidizing properties. This hypothesis was confirmed one year later by an experiment showing that a
GH61 oxidatively cleaved glycosidic bonds in cellulose (Quinlan et al., 2011). The latter study also
showed that the function of GH61 depends on Cu(ll) and that the LPMO reaction requires molecular
oxygen as a co-substrate, as well as an electron from a reducing agent (Quinlan et al., 2011). The
same year, a CBM33 protein isolated from Streptomyces coelicolor, CelS2, was demonstrated to
oxidative cleavage glycosidic bonds in cellulose (Forsberg et al., 2011). Following these discoveries,
proteins in the CBM33 and GH61 families were renamed as "Lytic Polysaccharide Monooxygenase"
(LPMO; Horn et al., 2012), and they were incorporated into the CAZy database, as Auxiliary Activities
(AA). GH61 and CBM33 thus became AA9 and AA10, respectively (Levasseur et al., 2013). Later, novel
LPMO families were discovered and the LPMO are currently divided into seven AA families, AA9-11

and AA13-16, based on sequence similarity (Vaaje-Kolstad et al., 2017).

1.3.2 Structure

The various LPMOs consist of varied sequences and are often substrate specific. Despite these
variations, structural similarities have been observed in the catalytic domains. These domains
typically consist of seven to nine B-strands oriented to form a B-sandwich, where varying loops and
helices connect the strands. The substrate specificity is thought to be determined in part by a "flat"
area between B-strands 1 and 2 in LPMOs in the AA9 family and between B-strands 1 and 3 for
LPMOs in the AA10 family (The red areas in Figure 8, labeled as L2), as this is the area that interacts
with the substrates (Zhou et al., 2020; Vaaje-Kolstad et al., 2017). This is also the area with the

biggest variation among the LPMOs, both in length and structurally (Dimarogona et al., 2012).

Figure 8. LPMOs structural fold and active site. The figure shows the typical structural folds and the active site
of LPMOs from families AA10, to the left, and AA9, to the right. Loops that vary and that may determine the
binding specificity (L2) and the shape of the LPMO (L3, LS, and LC) are indicated. Note that for the His-brace in
the active site of the LPMO of AA10, the N-terminal histidine is methylated at the Ne2 nitrogen. The figure was
taken from Vaaje-Kolstad et al., 2017, and modified for the purpose of this thesis.
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The catalytic center comprises two histidines (one of them being the N-terminal amino acid), which
form the His-brace motif. The His-brace is the only fully conserved feature among LPMOs (Bissaro et
al., 2018) and is where the essential copper atom binds and contributes to the oxidative properties of
LPMOs. In addition, a hydrophobic amino acid, phenylalanine or tyrosine, and in some LPMOs, an

alanine contributes to the copper coordinating sphere (Figure 8) (Forsberg et al., 2014).

1.3.3 Mechanism

LPMOs oxidatively cleave glycosidic bonds in insoluble polysaccharides using either O; or H,0; as co-
substrate (Bissaro et al., 2018). This requires a reduction of Cu(ll) to Cu(l) in the active site (Quinlan
et al., 2011). LPMOs were initially characterized as monooxygenases requiring the delivery of
molecular oxygen, two electrons and two protons per reaction cycle (R-H + O, + 2e” + 2H+ 2 R-OH +
H,0) (Figure 8, top) (Vaaje-Kolstad et al., 2010). More recently, hydrogen peroxide, H,0O,, has been
described as a co-substrate for LPMOs (Bissaro et al., 2016b; Bissaro et al., 2017) which entails a
peroxygenase reaction (R-H + H,0, = R-OH + H,0) (Figure 9, bottom). In a peroxygenase reaction,
only one transfer of an electron, to prime the enzyme by reducing Cu(ll) to Cu(l), is required, whereas
the reaction will follow the cycle shown in Figure 9 (bottom) until an eventual re-oxidation of the
copper ion occurs (Bissaro et al., 2017; Zhou et al., 2020). The peroxygenase activity of LPMOs has
been disputed but recent research confirms that hydrogen peroxide is the preferred co-substrate of
LPMOs and that catalysis is three orders of magnitude faster with hydrogen peroxide compared to
molecular oxygen (Bissaro et al., 2020a; Jones et al., 2020). It has been claimed that the apparent
monooxygenase activity of LPMOs may in fact be a peroxygenase reaction that is limited by the in
situ generation of H,0, (Bissaro et al., 2018). H,0, may be generated in situ by reactions between the
reductant and O or by a so-called futile LPMO reaction, meaning that the reduced LPMO reduces O3
to generate H,0; (Kittl et al., 2012). Importantly, studies have also shown that excessive amounts of
H,0, leads to inactivation of LPMOs (Bissaro et al., 2017). Thus, optimal LPMO catalysis requires

delivery of “appropriate” amounts of H,0; (see below).

LPMOs have been reported to cleave glycosidic bond with either C; or C4 oxidation. A few LPMOs
have the ability of both C; and C4 oxidation (Forsberg et al., 2016; Zhou et al., 2020). C; oxidation
results in a lactone which is spontaneously hydrolyzed to an aldonic acid (Figure 9, right), while Cs
oxidation results in a 4-ketoaldoses which is hydrolyzed to gemdiols (Phillips et al., 2011; Isaksen et

al., 2014; Zhou et al., 2020).
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Figure 9. Schematic comparison of O,-based and H,0,-based pathways of glycosidic bond cleavage by
LPMOs. The figure illustrates the reaction pathways of glycosidic bond cleavage by an LPMO based on the
monooxygenase paradigm (a), and the peroxygenase paradigm (b). a: In the O,-based reaction, the active site
is first reduced from Cu(ll) to Cu(l). O activates the LPMO and the reaction requires two external electron
transfers for each reaction cycle to cleave glycosidic bonds. b: In the H,0,-based reaction pathway, the active
site is first reduced from Cu(ll) to Cu(l). H,0, activates the LPMO and this pathway does not require any
external electron transfer. The right part of the figure illustrates C1 and C4 oxidation of cellulose to eventually
generate an aldonic acid and a 4-gemdiol-aldose, respectively. Figures was taken from Bissaro et al., 2018 and
Danneels et al., 2017, and modified for the purpose of this thesis.

1.3.4 Traditional LPMO reactions

An improved understanding of the catalytic properties of LPMOs is of major scientific and industrial
interest. LPMOs require activation by an electron donor to become catalytically active, and the
choice of LPMO reductant has been a topic of intense investigation (Hegnar et al., 2019; Stepnov et
al., 2021; Frommhagen et al., 2016; 2017; Kracher et al., 2016). Known reductants include small
molecules such as ascorbic acid (AscA), gallic acid (GA), and cysteine, and plant derived flavonoids
and lignin building blocks (Hegnar et al., 2019; Stepnov et al., 2021; Frommhagen et al., 2016; 2017
Kracher et al., 2016). AscA is the most commonly used LPMO reductant and is able to fuel LPMOs
with reducing equivalents in an apparent monooxygenase reaction, i.e., without exogenous H,0,;
addition (Stepnov et al., 2021). Stepnov et al. (2021) demonstrated that the amount of H,0,
produced by their model AA10 LPMO is negligible compared to the amount of H,0; produced by
autooxidation of AscA, and that it is in fact the H,0, generated by autooxidation of AscA that most

likely fuels the LPMO reaction (Stepnov et al., 2021). Recent studies also highlight the importance of
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controlling the amount of free copper in LPMO reactions as free copper can promote to enzyme-

independent H,0,-production (Kommedal et al., 2020; Stepnov et al., 2021).

Some studies have investigated the ability of plant and lignin-derived components to act as LPMO
reducing agents (Frommhagen et al., 2016; 2017; Kracher et al., 2016). In one study, three AA9s from
the fungus Myceliophthora thermophila C1 were assayed using 34 different plant-derived flavonoids
and lignin building blocks and it was found that molecules harboring either a 1,2-benzenediol or
1,2,3-benzenetriol moiety were best suited for promoting LPMO activity on cellulose (Frommhagen
et al., 2016). Lignin has also been shown to work as electron donor for LPMOs, where insoluble high-
molecular weight lignin serves as a reservoir of electrons that are shuttled to the LPMO via low-

molecular weight soluble lignin components (Westereng et al., 2015; Muraleedharan et al., 2018).

Another important aspect of LPMO catalysis relates to H,0,. Although it has been demonstrated that
LPMOs favor H,0, over O, as co-substrate (Bissaro et al., 2017; 2020a; Jones et al., 2020), too much
H,0, results in LPMO inactivation (Bissaro et al., 2017; Loose et al., 2018). Exogenous H,0, addition is
one way to provide LPMOs with their relevant co-substrate, either initially or by multiple additions at
regular intervals (Hegnar et al., 2019), but there are drawbacks to both of these options. Controlled
in situ H,0; generation would be a better option and would allow for a more fine-tuned production
to avoid LPMO inactivation. This can be accomplished enzymatically by glucose oxidase (Bissaro et
al., 2017) or photocatalytically using a photocatalyst to generate both reducing equivalents and

reactive oxygen species (Bissaro et al., 2020; Blossom et al., 2020).

1.3.5 Light-driven LPMO catalysis

The aim of photobiocatalysis is to merge the fields of photocatalysis and biocatalysis to harvest the
energy from the sun to perform chemical reactions using enyzmes. Photobiocatalysis draws
inspiration from the photosynthetic process in green plants and algae where CO, and H,0 are
converted to O, and carbohydrates. To convert sunlight into chemical energy available for enzymes,
photobiocatalytic reactions rely on a photosensitizer or photocatalyst (Macia-Agullo et al., 2015). The
photosensitizer absorbs light and excites an electron from its highest occupied molecular orbital to
the lowest unoccupied molecular orbital from which the electron can be transferred to a redox
enzyme, either indirectly, via a mediator or co-factor, or directly (Figure 10) (Schmermund et al.,
2019). To facilitate electron transfer and sustain multiple cycles of electron transfer, the
photosensitizer depends on sacrificial electron donors or acceptors to return to its ground state

(Figure 10). Sacrificial electron donors include AscA, ethylenediaminetetraacetate (EDTA), alcohols,
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and water depending on the type of photosensitizer (Schmermund et al., 2019). In aerobic
conditions, molecular oxygen is an efficient electron acceptor and can undergo a single electron
reduction to superoxide (O, + e = 0,"), or two-electron reduction to hydrogen peroxide (O, + 2e™ +

2H+ = H,0,) (Macia-Agullo et al., 2015).

The climate change issues have increased the “green” focus on renewable and sustainable energy
sources during the twenty-first century. As solar energy is the most accessible energy source on
Earth, principles from photosynthetic reaction mechanisms are utilized to transport electrons in
biocatalytic reactions (Verma et al., 2020; Lee et al., 2018). In most reported enzymatic reactions
involving light, a biocatalyst provides cofactors directly or indirectly via a mediator in an appropriate
redox state by excitation of electrons due to exposure of photons (Schmermund et al., 2019). The
cofactor will then allow activation of an enzymatic reaction by transporting the additional electron to
the active site of a redox enzyme (Macia-Agulld et al., 2015; Schmermund et al., 2019). With
continuous exposure to light and the presence of a sacrificial electron donor (e.g., AscA or
ethylenediaminetetraacetate (EDTA)), the mediator and the cofactor can be reused to fuel

subsequent reactions (Figure 10) (Schmermund et al., 2019).

redox
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Figure 10. Schematic reaction pathway of photocatalytic action of a redox enzyme using a

photocatalyst/photosensitizer. The figure illustrates how a photocatalyst/photosensitizer provides a redox
enzyme with an electron needed for enzymatic reactions. When the photocatalyst/photosensitizer is exposed
to light, an electron excites from its highest occupied orbital to its lowest unoccupied orbital. The excitation
leads to either a direct electron transfer between the photocatalyst/photosensitizer and the redox enzyme, or
an indirect electron transfer via a mediator or a cofactor. When the redox enzyme is reduced, the enzymatic
reaction can occur. The figure is taken from Schmermund et al., 2019.
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The first study to demonstrate water as a sacrificial electron donor for biocatalytic redox reactions,
employed a titanium dioxide-based photocatalyst to provide the Old Yellow Enzyme from Thermus
scotoductus SA-01 with reducing equivalents to convert ketoisophorone to (R)-levodione (Mifsud et
al., 2014). The activity of this enzyme showed a two-fold increase when vanadium-doped titanium
dioxide (V-TiO,) was used as photocatalyst compared to gold doped titanium dioxide (Au-TiO,)
indicating that the choice of photocatalyst matters (Mifsud et al., 2014). Light-driven water oxidation
by V-TiO, was later shown to drive oxidation of recalcitrant polysaccharides by LPMOs (families AA9
and AA10) without the need for an external reductant such as AscA, confirming that water could
serve as sacrificial electron donor in other photobiocatalytic reactions (Bissaro et al., 2016b). It was
clearly shown that LPMO activity was dependent on light intensity and the presence of the
photocatalyst; in the absence of either of these reaction components, no oxidized cello-

oligosaccharides were observed (Bissaro et al., 2016b).

After discovering that LPMOs prefer H,0, as co-substrate, Bissaro and colleagues revisited the study
from 2016 using V-TiO, to promote LPMO activity to investigate a potential role of the reactive
oxygen species (ROS) superoxide (0;") and hydrogen peroxide. Horseradish peroxidase (HRP) will
compete with the LPMO for H,0,, and it was shown that increased amounts of HRP in a reaction with
the LPMO resulted in increasing LPMO inhibition (Bissaro et al., 2020b). This showed that the light-
driven LPMO reaction was in fact limited by light-driven in situ generation of H,0,. To determine a
potential role for superoxide in reactions with V-TiO,, superoxide dismutase was added to the

reactions but did not alter LPMO activity (Bissaro et al., 2020b).

In 2016, Cannella and his research team observed a 100-fold increase in catalytic activity when an
LPMO from the AA9 family was incubated with photoexcited pigments, such as chlorophyllin (Chl),
combined with AscA or lignin. This observation influenced Mollers et al. to look at the role of ROS
when degrading phosphoric acid swollen cellulose (PASC) in the presence of Chl, AscA, and light.
When removing 0,° and H,0, by adding superoxide dismutase and catalase, respectively, Moéllers et
al. did not observe any difference in the amount of generated oxidized products (Moller et al., 2017).
Thereby, it was concluded that ROS did not play a role in photocatalytic oxidation of cellulose by
LPMOs. However, Bissaro et al. concluded otherwise in their study from 2020, as they studied LPMO

activity over time and were able to take LPMO inactivation into account (Bissaro et al., 2020b).

In a recent report, light-exposed lignin was shown to be able to oxidize H,O and use H,0 as an
electron donor in addition to generate H,0, by reduction of O, (Miglbauer et al., 2020). Thus, lignin

can function as a photocatalyst in redox reactions (Kim et al., 2021). Insoluble catechols embedded in
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the exoskeleton of insects have structural similarities to lignin (Kracher et al., 2016), and by analogy
to reported observations regarding the photocatalytic activity of lignin, these insoluble catechols
seems like a promising photosensitizer to catalyze LPMO activity towards recalcitrant

polysaccharides.

1.4 Aim of the study

The aim of this study was to see if insoluble catechols in pupal exuviae from Hermetia illucens can
provide LPMOs with the necessary reducing equivalents to oxidatively cleave recalcitrant
polysaccharides without addition of exogenous reductant and H,0,, and if exposing reactions to
visible light will boost the depolymerization. The study was performed in two steps where the first
step includes reaction assays with a cellulose-active model enzyme, SCAA10C, using a
microcrystalline cellulose substrate, Avicel. To assess the ability of FMC to provide ScCAA10C with the
reducing equivalents, reactions were performed with various amounts of FMC, and at varying pH, in
the presence or absence of light. Further characterization of the photobiocatalytic system was
carried out by varying the enzyme and substrate concentrations and by investigating the effect of the

light intensity on the reactions.

The second step of this study aimed at investigating the production of H,0; in the photobiocatalytic
system. Reactions were performed with and without SCAA10C and with different concentrations of
Avicel. Previous studies had shown superoxide (0,") to be involved in light-driven LPMO reactions,
which led to the hypothesis that H,O; is generated from O, in reactions with FMC. To assess the role
of O, in the photobiocatalytic system, reactions were supplemented with different concentrations

of superoxide dismutase (SOD), which forms H,0, from superoxide.

After these studies with cellulose, it was then assessed if chitin in the pupal exuviae of Hermetia
illucens (FMC) could be directly degraded by either a chitinase, SmChiA, or by SmAA10A, a chitin-
active LPMO and if LPMO action was light-sensitive. Furthermore, reactions were performed to
assess if synergy between SmChiA and SmAA10A can increase the degradation of chitin. This part of
the study included reactions with a model chitin substrate, B-chitin. Due to lack of time, these

reactions were analyzed in single replica as a proof-of-concept.
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2. Materials

2.1 Laboratory Equipment

Laboratory equipment used in the research described in this thesis is shown in Table 1.

Table 1: Laboratory equipment

Equipment

Affinity chromatography

equipment

Baffled shake flask
Blue-cap bottles

Centrifugal filters

Centrifuges

Centrifuge rotors

Centrifuge tube

Eppendorf tubes

Filters

HILIC equipment

HPLC equipment

Heating block
ICS Eluent flask

IEX equipment

Specifications

BioLogic LP chromatography system
Econo-column®, 1.0 x 10 cm
Econo-column® flow adapter

Chitin resin

2000 mL

1000 mL, 500 mL, 100 mL

Vivaspin 20, 10.000 MWCO PES
Amicon® Ultra-15, 10.000 MWCO
Avanti™ J-25 centrifuge

Heraeus™ Multifuge™ X1 Centrifuge
JA-10

500 mL

1.5 mL - Axygen®

Filter upper cup PES membrane 0.20 and
0.45 um

Syringe filters 0.20 and 0.45 pum

Agilent Infinity 1290 UPLC system

Acquity BEH Amide column, 130 A, 1.7 pm,
2.1x150 mm

VanGuard precolumn

Dionex™ ICS-5000 system

Dionex™ CarboPac™ PA200 column

2L
AKTA Pure™ chromatography system

HiTrap® DEAE Sepharose FF, 5 mL column

Distributor

BioRad

BioRad

BioRad

New England Biolabs
Nalgene

VWR

Sartorius

Merck Millipore
Beckman Coulter Inc
Thermo Scientific
Beckman Coulter Inc
Nalgene

VWR

VWR

Sarstedt

Agilent

Waters

Waters

Thermo Scientific
Thermo Scientific
Thermo Scientific
VWR

GE Healthcare

GE Healthcare
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LDS-PAGE equipment

Nunc™ MicroWell™ 96-

Well

RSLC equipment

SEC equipment

Serological pipette
Snap ring cap
Snap ring micro vial

Spectrophotometer

Spot light source

Syringes

Thermomixer
Ultrasonic bath
Uvette® disposable
cuvettes

Varioskan™ LUX

multimode microplate

reader

Volumetric flask
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Mini PROTEAN® TGX Stain-Free™ Gels
Mini-PROTEAN® Tetra Cell vertical mini gel
electrophoresis system

PowerPac 300, power supply

Stain-Free Sample Tray

Gel Doc™ EZ Imager

BenchMark™ Protein Ladder

Black, Clear

Dionex™ Ultimate™ 3000 RSLC system
Rezex™ RFQ-Fast Acid H+(8 %) column, 7.8
x 100 mm

AKTA™ Purifier chromatography system
HiLoad™ 16/600 Superdex™ 75 grep grade
column, 120 mL

10 mL

11 mm (blue, red)

0.3 mL

BioPhotometer® D30

Cary 60 UV-Vis

Lightning Cure Spotlight source LC8 model
L9588

50mL, 20 mL, 1 mL

5mL

10 mL (12 mL)

ThermoMixer® C

Branson 3510 DTH

1x1cm

1L

BioRad
BioRad

BioRad
BioRad
BioRad
Invitrogen

Thermo Scientific

Thermo Scientific

Phenomenex

GE Healthcare

GE Healthcare

Sarstedt

VWR

VWR

Eppendorf

Agilent Technologies

Hamamatsu

BD Plastipak

BD Emerald
Henke Sass Wolf
Eppendorf
Sigma-Aldrich

Eppendorf

Thermo Scientific

VWR



2.2 Chemicals and buffers

Chemicals and buffers used in the research described in this thesis is shown in Table 2.

Table 2: Chemicals and buffers
Compound
Acetonitrile
Ammonium Sulfate
Amplex® Red
Bacto™ Tryptone
Bacto™ Yeast extract
Copper sulfate
Ethanol
Ethylenediaminetetraacetic acid (EDTA)
Hydrochloric acid, 37 %
Sodium Acetate
Sodium Chloride
Sodium hydroxide, 50% (w/v)
Sodium Phosphate
Disodiumhydrogenphosphate (dihydrate)
NuPAGE™ LDS Sample Buffer (4x)
NuPAGE™ Sample Reducing Agent (10x)
Tris-Glycine-SDS buffer (10x)

2.3 Proteins and enzymes

Specifications Distributor
ACN VWR
(NH,4),S04 Supelco
Sigma-Aldrich
Gibco
Gibco
Cu(I1)SO4 VWR
EtOH VWR
CioH16N20s Merck
HCl VWR
NaOAc Sigma-Aldrich
NaCl VWR
NaOH Sigma-Aldrich
NaH,PO4 Sigma-Aldrich
Na,HPOQO, - 2H,0 Sigma-Aldrich

Thermo Fisher
Thermo Fisher

Bio-Rad

Proteins and enzymes used in the research described in this thesis is shown in Table 3.

Table 3: Proteins and enzymes
Proteins and enzymes
BenchMark™ Protein Ladder
ScAA10C
SmAA10A
SmChiA
TfCel6A
SOD
HRP

Supplier

Thermo scientific

Self-made (see sections 3.1-3.6)

Self-made (see sections 3.1-3.6)

Self-made (see sections 3.1-3.4 & 3.6)
Self-made (a kind gift of Eirik G. Kommedal)
Sigma-Aldrich (Prod. nr.: S$5639)
Sigma-Aldrich (Prod. nr.: P8250)
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2.4 Substrates and standards

Substrates and standards used in the research described in this thesis is shown in Table 4.

Table 4: Substrates and standards

Substrates and standards Specification Supplier

Avicel Sigma-Aldrich

B-chitin Extracted from squid pen (batch France chitin, Orange,
20140101) particle size < 0.8 mm France

Cellotrionic acid (GlcGic1A) C12H,2012 Self-made (a kind gift of

Eirik G. Kommedal)
Cellotrionic acid (Glc2Glc1A) C1sH3,017 Self-made (a kind gift of
Eirik G. Kommedal)

Cellotriose, CisH32016 Megazyme
Cellotetraose, C24H42021

Cellopentose C30Hs2026

Chitobionic acid, Ci6H28N2011 Self-made (a kind gift of
Chitotrionic acid, C24H41N3016 Tina Tuveng)
Chitotetraonic acid, C32H54N4051

Chitopentaonic acid, Cs0Hg7NsO46

Chitohexaonic acid Cs8HgoN6O31

Glucose CeH1206 Sigma-Aldrich
Cellobiose C12H22011

Hydrogen Peroxide H,0, VWR

Pupal exuviae from Hermetia Dr. Thomas Hahn,
illucens Fraunhofer Institute
N-acetylglucosamine, CsH1sNOg Megazyme
N,N'-diacetylglucosamine C16H28N2011
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2.5 Bacterial strains and antibiotics

Bacterial strains and antibiotics used in the research described in this thesis is shown in Table 5.

Table 5: Bacterial strains and antibiotics
Bacterial strains and antibiotics
Ampicillin stock solution, 100 mg/mL
E. coli One Shot® BL21 Star™ (DE3), containing the expression
plasmid pRSET-B_CelS2, coding for SCAA10C
E. coli One Shot® BL21 Star™ (DE3), containing the expression
plasmid pRSET-B_CBP21, coding for SmAA10A
E. coli One Shot® BL21 Star™ (DE3), containing the expression

plasmid pRSET-B_ChiA, coding for SmChiA

2.6 Software

Supplier
Sigma-Aldrich
Self-made (Forsberg et al., 2014)

Self-made (Vaaje-Kolstad et al.,
2005a)

Self-made (ChiA was recloned in
pPRSET-B for expression; Brurberg
et al., 1994)

Software used in the research described in this thesis is shown in Table 6.

Table 6: Software
Software
Chromeleon, version 7.2.9 Software, Chromatography Data
Systems
Image Lab™ Version 6.0.0 Standard Edition software
Skanlt™ Software for Microplate Readers

Unicorn™ 6.4 Software

Supplier

Chromeleon

Bio-Rad

Thermo Scientific

GE Healthcare
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2.7 Self-made buffers and solutions

Self-made buffers and solutions used in the research described in this thesis is shown in Table 7.
All buffers and solutions were stored at room temperature unless otherwise specified.

Table 7: Self-made buffers and solutions

Buffers and solutions Reagents/Preparations Total
volume
Acetic acid, pH 3.6, 20mM A kind gift of Eirik G. Kommedal
EDTA solution, pH 8.0, 0.5 M 18.6 g EDTA 100 mL
dH,0

pH was adjusted with 50% NaOH and 1M HCI
Filtered through 0.20 um PES membrane

syringe filter

MgCl; solution, 10 mM A kind gift of Eirik G. Kommedal
NaH;PO, solution, 0.5 M 30 g NaH;PO,4 500 mL
dH,0

Filtered through a 0.45 um PES membrane
Na;HPO; - 2H,0 solution, 0.5 M 44.5 g Na,HPO, - 2H,0 500 mL
dH,0

Filtered through a 0.45 um PES membrane
Sodium Phosphate buffer, pH 6, NaH,PO4 solution, 0.5 M 250 mL
05M Na,HPO;, - 2H,0 solution, 0.5 M

NaH,PO, solution and Na;HPO, - 2H,0 solution

were mixed and adjusted to pH 6 by adjusting

the volume of the respective solutions

Diluted to the desired concentration with dH,0
Spheroplast buffer 85.5 g Sucrose 500mL

50 mL Tris-HCI buffer, pH 8.0, 1M

0.5 mL EDTA solution, pH 8.0, 0.5M

dH,0
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Tris-HCI buffer, pH 7.5, 1M

Tris-HCI buffer, pH 8.0, 1M

2.7.1 Cultivation medium

LB - medium

e 20 g Bacto™ Tryptone

e 10 g Bacto™ Yeast Extract

e 20g NaCl
o deO

Filtered through a 0.20 um PES membrane

Stored at 4°C

12.1 g Trisma base 100 mL
dH,0

pH was adjusted with 37% HCI

Filtered through 0.20 um PES membrane

syringe filter

12.1 g Trisma base 100 mL
dH,0

pH was adjusted with 37% HCI
Filtered through 0.20 um PES membrane
syringe filter

Diluted to the desired concentration with dH,0

The solids were dissolved in 2 L dH,0 and distributed to two 1 L blue-cap bottles before autoclaving

at 121 °C for 20 min. The medium was stored at room temperature.
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2.7.2 Buffers for ion exchange chromatography

Buffer A: 50 mM Tris-HCI, pH 7.5

e 6.06 g Trisma base
o deO

Buffer B: 50 mM Tris-HCl with 1 M NaCl, pH 7.5

e 6.06 g Trisma base
e 58.55g NaCl
o deO

Buffer A and B were prepared by dissolving the solids in approximately 0.8 L dH,0 using a magnet
stirrer. The pH was adjusted to 7.5 by adding 37% HCI. dH,0 was added to a total volume of 1 L
before the solutions were filtered through a 0.20 um PES membrane. The buffers were stored in

room temperature.

2.7.3 Buffer for size exclusion chromatography

Running buffer: 50 mM Tris-HCl with 150 mM NaCl, pH 7.5

e 6.06 g Trisma base
e 8.77 g NaCl
o deO

Running buffer was prepared by dissolving the solids in approximately 0.8 L dH,0 using a magnet
stirrer. The pH was adjusted to pH 7.5 by adding 37% HCI. dH,O was added to a total volume of 1 L
before the solution was filtered through a 0.20 um PES membrane. The buffer was stored in room

temperature.

24



2.7.4 Buffers for affinity chromatography

Buffer A: 50 mM Tris-HCl, pH 8.0 with 1M Ammonium sulfate

e 25 mL Tris-HCl buffer, pH 8.0, 1M
e 66.07 g Ammonium sulfate

° deO

Buffer B: 20 mM acetic acid, pH 3.6

e Akind gift of Eirik G. Kommedal

Buffer A was prepared by dissolving the solids in approximately 0.4 L dH,0 using a magnet stirrer.
The pH was adjusted to pH 8.0 by adding 37 % HCI. dH,O was added to a total volume of 0.5 L before
the solution was filtered through a 0.20 um PES membrane. The buffer was stored in room

temperature.

2.7.5 Eluents for High-Performance Anion-Exchange Chromatography with Pulsed

Amperometric Detection

Eluent A: 0.1 M NaOH

e 10.4 mL50% (w/v) NaOH

® deO

Eluent B: 1 M NaOAc + 0.1 M NaOH

e 82.03 g NaOAc
e 5.2mL50% (w/v) NaOH

® deO

Eluent C: dH20

® 2 LdeO

Eluents A and C were prepared by adding 2 L dH,0 using a volumetric flask to separate ICS eluent

bottles. The eluents were degassed for 20 min prior to adding 10.4 mL 50% (w/v) NaOH to eluent A.
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Eluent B was prepared by dissolving 82.03 g NaOAc in 1 L dH,0 using a volumetric flask. The NaOAc
solution was filtered through a 0.2 um PES membrane. 5.2 mL 50% (w/v) NaOH were added to eluent

B, before all eluents were placed under N; gas.

2.7.6 Eluents for Hydrophilic Interaction Liquid Chromatography

Eluent A: 15mM tris-HCI pH 8

e 15 mL Tris-HCl buffer, pH 8.0, 1M
° deO

Eluent B: 100% acetonitrile

e 100% acetonitrile, HPLC grade

Eluent A was prepared by mixing 15 mL 1 M Tris-HCI buffer, pH 8.0, with 985 mL dH,0 in a 1000 mL

blue-cap bottle. Eluent B was purchased from VWR.

2.7.7 Eluents for High Pressure Liquid Chromatography with Rezex Fast Acid H+

Running buffer: 5 mM H,SO,

e Akind gift of Heidi @stby
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3. Methods

3.1 Expression of enzymes in E. coli

Materials

e LB-medium (see section 3.7.1)
e Ampicillin stock solution (100 mg/mL)

e Glycerol stock of bacterial culture (E. coli OneShot® BL21 Star (DE3) with variants of the

PRSET-B plasmid) generated for expression of SCAA10C, SmAA10A, or SmChiA

Method

0.5 L LB-medium was added to a sterile 2 L baffled Erlenmeyer flask under sterile conditions. Prior to
inoculating the LB-medium with the bacterial glycerol stock coding for the enzyme of interest,
ampicillin was aseptically added to a final concentration of 100 ug/mL. The bacterial culture was

incubated for ca. 19 h at 37 °C and 200 rpm in a shaking incubator.

3.2 Periplasmic extraction

The periplasm is the space between the inner and out membrane in a gram-negative bacterium, and
a periplasmic extraction enables isolation of the proteins found in the periplasm. A sequence
encoding the enzyme of interest and an N-terminal signal peptide are cloned in a pRSET-B plasmid.
The N-terminal signal peptide directs the enzymes to the periplasm, and the signal peptide gets
cleaved off. The periplasmic proteins are extracted from the bacterial cells by rupturing the outer
membrane of the cell using osmotic shock. Cells are first resuspended in an ice-cold spheroplast
buffer causing water to diffuse out of the cell due to the high sugar concentration in the spheroplast
buffer. This step is followed by an incubation in room temperature of the pellet before resuspension
in ice-cold water to generate the osmotic shock. As a consequence of the rapid change to a lower

osmotic pressure, water will rapidly diffuse into the cell causing the outer cell membrane to rupture.
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Materials

e Overnight culture (see section 3.1)

e Avanti™ J-25 High-Performance Centrifuge, with a JA-10 rotor
e Spheroplast buffer, ice-cold (see section 2.7)

e 10 mM MgCl, (see section 2.7)

e 1 M Tris-HCl buffer, pH 7.5 (see section 2.7)

e dH,0, ice-cold

Method

0.5 L overnight culture (see section 3.2) was equally distributed in two centrifuge tubes and
centrifuged by an Avanti™ J-25 High-Performance centrifuge with a JA-10 rotor for 12 min at 6500
rpm and 4 °C. After discarding the supernatant, the pellets were resuspended in 50 mL ice-cold
spheroplast buffer each. The spheroplast suspended cells were centrifuged at 8000 rpm for 12 min at
4 °C, and the supernatant was transferred to a 100 mL blue-cap bottle (sugar fraction) and stored at
4 °C. The pellets were resuspended in a total volume of 25 mL ice-cold dH,0 and 700 pl 10mM MgCl,
after 30 minincubation at room temperature. The suspension was centrifuged for 12 min at 8000
rpm and 4 °C, and the supernatant was filtered through a 0.45 um syringe filter to a 50 mL Falcon
tube. The periplasmic extract was adjusted to 10 mM Tris-HCI pH 7.5 by adding 1 M Tris-HCl pH 7.5

prior to storage at 4 °C.

Samples from the sugar fraction, periplasmic extract, and the pellet were analyzed by lithium dodecyl
sulfate-polyacrylamide gel electrophoresis (LDS-PAGE) to verify that the enzyme of interest indeed

was in the periplasmic extract.

3.3 Lithium dodecyl sulfate-polyacrylamide gel electrophoresis (LDS-PAGE)

Lithium dodecyl sulfate-polyacrylamide gel electrophoresis (LDS-PAGE) is a method to separate
proteins according to their molecular mass and assess protein purity. Protein separation by LDS-
PAGE require denaturing conditions which is achieved by adding a reducing agent, dithiothreitol
(DTT), and an anionic detergent, lithium dodecyl sulfate (LDS), to the protein solution and boiling the
resulting solution. DTT reduces disulfide bonds and in combination with boiling the protein sample in
presence of LDS, the protein becomes denatured and LDS binds to the protein conferring a negative
charge that is proportional to the size of the protein. Large proteins have lower mobility through the

polyacrylamide pores of the gel and separation occurs as the negatively charged proteins migrate
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towards the anode. Protein size is determined by comparing the sample to a marker (BenchMark™

Protein Ladder) with proteins of known size. The gels used in this thesis are stain-free gels containing
trihalo components that react with tryptophan residues in the protein and emit fluorescence when

exposed to UV-light.

Materials

Samples containing protein
e LDS buffer (2x)
o 5 mL NuPAGE™ LDS sample buffer (4X)
o 2 mL NuPAGE™ Sample Reducing Agent (10X)
o 3mLdH,0
e  Mini PROTEAN® TGX Stain-Free™ Gels
e  Mini PROTEAN® Tetra Cell vertical mini gel electrophoresis system
e  Tris-Glycine-SDS buffer (10x)
e PowerPac 300, power supply
e Stain-Free Sample Tray
e Gel Doc™ EZ Imager

BenchMark™ Protein Ladder

Method

LDS-PAGE was performed using a Mini PROTEAN® TGX Stain-Free™ Gel mounted in a Mini PROTEAN®
Tetra Cell vertical mini gel electrophoresis system. Prior to the analysis, LDS buffer was added, at a
ratio of 1:1, to all protein samples before they were incubated at 98 °C for 5 min. A Mini PROTEAN®
TGX Stain-Free™ Gel were loaded with 20 pL of boiled protein samples. Depending on how many
samples were to be analyzed, one or two wells were loaded with 10 uL Benchmark™ Protein Ladder.
The gel was placed in a The Tetra Cell vertical mini gel electrophoresis chamber, which was filled with
Tris-Glycine-SDS (TGS) buffer diluted 1:10 with dH,0. The electrophoresis system was connected to a
Power Pac 300 power supply set to run for 19 min at 270 V. To image the gel in the Gel Doc™ EZ
Imager, the gel was removed from the chamber and transferred to a Stain-free sample tray and

inserted to a Gel Doc™ EZ Imager with UV illumination.
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3.4 Protein Purification

Column chromatography is a commonly used protein purification technique which is based on
mobility or affinity of a protein towards the stationary phase. The stationary phase contains polymer
beads made of, e.g., agarose or acrylamide to which a functional group is attached. The functional
group determines the type of interaction between the protein and the stationary phase, and specific

proteins may show high affinity for the stationary phase at specific conditions.

3.4.1 lon-Exchange Chromatography

lon-Exchange Chromatography (IEX) separates proteins based on their net surface charge and allows
separation of proteins with small charge differences providing high-resolution separation. The
technique relies on reversible adsorption of charged proteins to a resin of opposite charge. The
properties of the functional group determine the type and strength of interaction between the protein
and the resin. lon-exchange resins can be either cation exchangers, binding positively charged cations
to a negatively charged resin, or anion exchangers, binding negatively charged anions to a positively
charged resin. Depending on the protein’s isoelectric point, pl, which is the pH where the net charge
of the protein is zero, the conditions can be controlled to favor interaction between the protein and
the stationary phase of the column. If the pH of the buffer is higher than the pl, the protein’s net
surface charge becomes negative and the protein can bind an anion-exchange resin while if the pH is
lower than the pl, the protein’s net surface charge becomes positive, and the protein will bind to an
anionic resin used in cation-exchange. Proteins are separated based on the strength of their interaction
with the resin and elution of the bound proteins is done by increasing the salt concentration in the
buffer to elute the loosely bound proteins at low salt concentration and tightly bound proteins at high

salt concentration.

Materials

e Periplasmic extract containing SCAA10C (see section 3.2)

e AKTA Pure™ chromatography system

e HiTrap® DEAE Sepharose FF, 5 mL column

e Buffer A: 50 mM Tris-HCI, pH 7.5 (see section 2.7.2)

e Buffer B: 50 mM Tris-HCl with 1 M NaCl, pH 7.5 (see section 2.7.2)

e Fraction collector
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Method

ScAA10C was purified from the periplasmic extract on a 5 mL HiTrap® DEAE Sepharose FF column using
an AKTA Pure™ chromatography system. The AKTA Pure™ system has a built-in flow cell with UV
detection that continuously monitors protein elution at 280 nm. Before connecting the column, the
system was washed with water. After connecting the column, it was washed with water and then
equilibrated with buffer A to provide SCAA10C with conditions favoring binding to the stationary phase.
The protein solution was applied to the column using the system’s sample pump at a flow rate of 1
mL/min. After the protein solution had been applied to the column, the system was returned to buffer
A at a flow rate of 3 mL/min to elute non-binding proteins. When the UV signal stabilized, a linear
gradient of NaCl from 0 M to 0.5 M NaCl over 100 min was applied using buffer B. 3 mL fractions were
collected using a fraction collector and analyzed by LDS-PAGE. Fractions containing SCAA10C were
pooled and concentrated to less than 1 mL using an Amicon® Ultra-15 Centrifugal Filter with a
molecular weight cut-off of 10 kDa, followed by Size-Exclusion chromatography as described in section

3.4.2.

3.4.2 Size-Exclusion Chromatography

Size-Exclusion Chromatography (SEC) separates proteins based on their size. The stationary phase is
made up by tightly packed spherical beads containing pores of various sizes. The stationary phase
provides a porous matrix where small proteins diffuse into small pores which are not accessible to
larger proteins and are retained in the stationary phase longer than large proteins. In SEC, large

proteins elute first and small proteins elute last.

Materials

e Concentrated protein sample from IEX (see section 3.4.1)

e AKTA™ Purifier chromatography system

e HiLoad™ 16/600 Superdex™ 75 grep grade column, 120 mL

e Running buffer: 50 mM Tris-HCI pH 7.5 supplemented with 150 mM NaCl (see section 2.7.3)

Method

ScAA10C was purified in a second step using an AKTA Purifier equipped with a HiLoad™ 16/600
Superdex™ 75 grep grade column. The column was equilibrated with running buffer corresponding to
at least two column volumes before loading the concentrated protein solution obtained after IEX onto

the column via a 2 mL sample loop using a 1 mL syringe. After applying the protein sample to the
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column, the flow of the running buffer was set to 1 mL/min. Protein elution was monitored at 280 nm
using the built-in UV detector, and 2 mL fractions were collected using the fraction collector. Eluted
fractions were analyzed by LDS-PAGE and fractions containing SCAA10C were pooled and concentrated
to less than 2 ml using an Amicon® Ultra-15 Centrifugal Filter MWCO. The solution with purified protein

was stored at 4°C.

3.4.3 Chitin Affinity Chromatography

Chitin Affinity Chromatography utilizes chitin-binding enzymes to interact with a stationary phase
consisting of chitin beads. Prior to purification, the enzyme solutions are treated with ammonium
sulfate, which dehydrates the proteins to bind better to the chitin beads. By using acetic acid as
elution buffer, the affinity between the chitin-binding proteins and the stationary phase is reduced,
and the proteins elute. Affinity chromatography with chitin beads was performed to purify SmAA10A
and SmChiA.

Materials

e Periplasmic extract containing SmMAA10A or SmChiA (see section 3.2)

e Biologic LP chromatography system

e Econo-column®, 1.0 x 10 cm, packed with chitin beads (New England Biolabs, NEB)
e Econo-column® flow adapter

e Ammonium sulfate (see section 2.2)

e Buffer A: 50 mM Tris-HCI, pH 8.0 with 1M Ammonium sulfate (see section 2.7.4)

e Buffer B: 20 mM acetic acid, pH 3.6 (see section 2.7.4)

e Falcon tube

Method

Affinity Chromatography was performed using a low-pressure BioLogic LP chromatography system
with a Econo-column®, 1.0 x 10 cm, packed with chitin beads connected to a Econo-column® flow
adapter. Prior to the separation, the periplasmic extract (see section 3.2) was supplemented with
ammonium sulfate corresponding to 1 M. The column was equilibrated with buffer A using a flow
rate of 2 ml/min. The flow rate was changed to 1 ml/min while the periplasmic extract was loaded
onto the column with buffer A as a mobile phase. As the chromatography system has an inbuilt Aso
detector, the absorption of flow-through material was measured during the purification. When the
detector showed a stable signal, Buffer B was added to elute the proteins and the eluate was

collected in a falcon tube. The purified proteins were analyzed by LDS-PAGE (see section 3.3) and
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further concentrated to less than 10 ml using an Amicon® Ultra-15 Centrifugal Filter. The
concentrated protein solution was buffer exchanged with 20 mM sodium phosphate pH 6.0. The

concentrated protein solutions were stored at 4°C.

3.5 Copper saturation of SCAA10C and SmAA10A

LPMOs are copper-dependent metalloenzymes with a histidine brace active site which requires a
copper co-factor for catalytic activity. To ensure that all active sites harbor a copper atom, LPMOs were
copper saturated using Cu(l1)SO, in a three-fold molar excess to the protein. The unbound copper was

removed from the protein fraction in a desalting step, using a desalting column.

Materials

e Purified SCAA10C or SmAA10A (see section 3.4)

e PD MidiTrap™ column with Sephadex G-25 resin

e Equilibration buffer: 20 mM sodium phosphate, pH 6.0 (see section 2.7)
e 15 mM Cu(ll)SO4 (see section 2.2)

e 20% EtOH

e dHO

Method

The copper saturation protocol was performed similarly for SCAA10C and SmAA10A. Cu(11)SO, was
added in a 3:1 molar ration to a 100 puL LPMO solution followed by incubation for 15 min at room
temperature. Then, the excess unbound copper was removed by desalting using a PD MidiTrap™ G-
25 column. Prior to loading the copper saturated protein solution, the column was washed with
three column volumes (CVs) of equilibration buffer (15 mL). After the equilibration buffer had
completely entered the column material, the copper saturated protein solution (approximately 110
uL) was applied to the column. Once the protein solution had completely entered the packed bed,
890 uL of the equilibration buffer was applied as the PD MidiTrap™ G-25 columns require a total
sample volume of 1 mL. The protein was eluted in 1 mL equilibration buffer and collected in an

Eppendorf tube. The protein concentration was determined by Axgo (see section 3.6).
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3.6 Protein concentration determination by Ajso

Protein concentration determination by Axsois an effective and convenient method for proteins
containing tryptophan and tyrosine, as the method utilities the ability of these residues to absorb
light at a wavelength of 280 nm. A light source emits light energy through the samples, and further
into a detector that calculates the amount of light passing through the sample. Beer-Lambert's law
helps determining the protein concentration. This law states that the protein concentration of a

sample is proportional to the absorbance and is given in equation 1,

A= ¢'l-c (1)

where A is referred to as the absorbance, ¢ is the extinction coefficient of the solute (proteins in this

case; Table 8), | is the optical path length and c is the protein concentration.

Table 8: Theoretical extinction coefficients for SCAA10C, SmMAA10A, and SmChiA

Protein Extinction coefficient, Mlcm™®
ScAA10C 75775
SmAA10A 35200
SmChiA 107500
Materials

e BioPhotometer® D30
e Uvette® disposable cuvettes, 1 cm

e Protein solution of interest

Method

The protein concentration determining protocol was performed similarly for SCAA10C, SmAA10A,
and SmChiA. Protein solutions were diluted with 20 mM sodium phosphate buffer to ensure an A
below 1.0. Then the same buffer was transferred to an Uvette® disposable cuvette and measured as
a blank sample by BioPhotometer®. Thereafter, protein samples were transferred to Uvette®
disposable cuvettes and inserted into the BioPhotometer®. All samples were measured at A,sp and
the protein concentrations were calculated using equation 1 and the extinction factor for the

respective protein shown in Table 8.
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3.7 Photocatalyst preparation

Pupal exuviae obtained from Dr. Thomas Hahn at the Fraunhofer Institute (Stuttgart, Germany) were
used as photocatalyst in photobiocatalytic reactions with LPMOs. The raw material contains
approximately 1% lipids, 23-25% chitin, 10% catechols, 16% minerals and 23-30% proteins as
determined by Dr. Thomas Hahn. The pupal exuviae had been milled and sieved (0.85 mm) by Eirik G.
Kommedal prior to the work presented in this thesis and further referred to as FMC, for Fine Milled

Cocoon.

To ensure that only the insoluble component of FMC was added to the photobiocatalytic reactions,
the FMC was washed to remove soluble components. To determine the amount of washing steps
required, the absorbance of the supernatant after washing was measured spectrophotometrically in
the range of 240 — 800 nm and washing was determined as sufficient when the absorbance spectra

were superposed.

Materials
e Cary 60 UV-Vis
e Glass cuvette, 1 cm

e Fine Milled Cocoon (FMC) powder

Method

50 g/L FMC was prepared by suspending 50 mg FMC powder in 1 mL dH,0. Then 200 pL 50 g/L FMC
was transferred to an Eppendorf tube to which 800 puL 50 mM sodium phosphate pH 6.0 was added
before centrifuging at 15000 g for 2 min. The absorbance of the supernatant was measured by Cary
60 UV-Vis in the range of 240 — 800 nm (50 mM sodium phosphate was measured as a blank sample).
The remaining pellet was resuspended in 1 mL 50 mM sodium phosphate pH 6.0 and centrifuged at
15000 g for another 2 min. This procedure was repeated until the absorbance spectra of the
measurements were superposed, i.e., four times. The pellet obtained after the last centrifugation

step was resuspended in dH,0 to 20 g/L. Stock suspensions of FMC were prepared fresh every day.
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3.8 Activity assays — Degradation of cellulose

Previous studies have used ScCAA10C as a model enzyme for photobiocatalytic cellulose degradation.
Chlorophyllin, V-TiO; and lignin have been used as photocatalysts to boost the enzymatic activity of
ScAA10C on cellulose (Canella et al., 2016; Bissaro et al., 2016b). In this study, reactions were
performed with fine milled cocoon powder (FMC) from pupal exuviae of Hermetica illucens to
investigate if its content of insoluble catechols could drive SCAA10C activity on Avicel. Reaction
conditions were varied to observe the effect of individual reaction parameters on LPMO activity,
including the light intensity, and the concentrations of FMC, ScAA10C, and Avicel. Reactions
containing superoxide dismutase (SOD) were performed to probe the role of superoxide in these
reactions. All reactions were performed in triplicates except for the reactions with SOD which were

performed as single replicates.

3.8.1 Standard reaction conditions

Hamamatsu Lightning Cure Spotlight source LC8 model L9588, equipped with an L9588-03 filter was
used as light source in this work. This filter only allows light between 400 and 700 nm to pass. All
reactions, unless otherwise specified, were carried out as 500 pL reactions at 40°C in 1 mL glass vials
(Reacti-Vial™) with magnetic stirring and illuminated by visible light from an optic fiber cable
positioned approximately 1 cm above the liquid in the reaction vial. Reactions were pre-incubated for
15 min before addition of ScCAA10C or turning on the light to start the reactions. The standard
conditions used, unless otherwise specified, were 0.5 uM ScAA10C, 50 mM sodium phosphate buffer
pH 6.0, 1 g/L FMC, 10 g/L Avicel and a light intensity of 10% Imax (approx. 16.8 mW.cm2). 60 pL sample
aliquots were taken at regular intervals and filtered, using a 96- well filter plate operated with a
vacuum manifold, to stop the reactions. Filtered samples (35 pL) were stored at -20°C prior to High-
Performance Anion-Exchange Chromatography with Pulsed Amperometric Detection (HPAEC-PAD) for

product analysis (section 3.9).

Before characterizing FMC as photocatalyst in reactions with SCAA10C as model cellulolytic enzyme,
reactions at different pH (6.0, 7.0, 8.0) for different FMC concentrations (0.1, 1, 10 g/L) were performed
with and without light-exposure (In contrast to all other reactions, the FMC used in reactions for
determining pH effect was unwashed). The pH that resulted in the largest increase of produced LPMO
products in light-exposed reactions compared to reactions performed in dark, were chosen as the
standard pH for further studies. These reactions were carried out in sodium phosphate buffer (50 mM,

varying pH) with FMC (varying concentrations), SCAA10C (0.5 uM), and Avicel (10 g/L), and were
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exposed to 1=10% Imax (approx. 16.8 mW.cm™). In addition, negative control reactions without LPMO

were performed for the highest photocatalyst concentration, 10 g/L FMC, for each pH condition.

3.8.2 The effect of the FMC concentration

To determine the effect of FMC on LPMO activity, reactions with increasing concentrations of FMC
(0,0.5,1, 2.5, and 5 g/L) were performed in triplicate. 600 pL was used as the total reaction volume,
and 60 L sample aliquots were removed and filtrated after 1, 2, 4, 8, and 24 h. 35 pL filtrate was
recovered and stored in Eppendorf tubes at -20°C. Before HPAEC-PAD analysis, the samples were
thawed on ice and treated with TfCel6A to convert soluble oxidized cello-oligosaccharides to a

mixture of cellobionic acid and cellotrionic acid. See section 3.9 for details.

3.8.3 The effect of the LPMO concentration

To determine the effect of LPMO concentration towards LPMO activity, reactions with increasing
concentrations of LPMO (0, 0.05, 0.1, 0.25, and 2.5 uM) were performed in triplicate. 600 uL was
used as the total reaction volume, and 60 pL sample aliquots were removed and filtrated after 1, 2,
4, 8, and 24 h. 35 L filtrate was recovered and stored in Eppendorf tubes at -20°C. Before HPAEC-
PAD analysis, the samples were thawed on ice and treated with TfCel6A to convert soluble oxidized

cello-oligosaccharides to a mixture of cellobionic acid and cellotrionic acid. See section 3.9 for details.

3.8.4 The effect of the Avicel concentration

To determine the effect of Avicel on LPMO activity, reactions with increasing concentrations of Avicel
(0, 5, 20, and 40 g/L) were performed in triplicate. 600 puL was used as the total reaction volume, and
60 pL sample aliquots were removed and filtrated after 1, 2, 4, 8, and 24 h. 35 pL filtrate was
recovered and stored in Eppendorf tubes at -20°C. Before HPAEC-PAD analysis, the samples were
thawed on ice and treated with TfCel6A to convert soluble oxidized cello-oligosaccharides to a

mixture of cellobionic acid and cellotrionic acid. See section 3.9 for details.

3.8.5 The effect of light intensity and SOD

To determine the effect of light on LPMO activity, reactions with increasing light intensities (0, 1, 3,
10, and 30% of Imaxcorresponding to 0, 1.7, 5.0, 16.8, 50.4 W/cm?, respectively.) were performed in
triplicate. 600 uL was used as the total reaction volume, and 60 uL sample aliquots were removed
and filtrated after 1, 2, 4, 8, and 24 h. 35 pL filtrate was recovered and stored in Eppendorf tubes at -

20°C. Before HPAEC-PAD analysis, the samples were thawed on ice and treated with TfCel6A to
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convert soluble oxidized cello-oligosaccharides to a mixture of cellobionic acid and cellotrionic acid.

See section 3.9 for details.

To determine the role of superoxide in LPMO reactions, additional reactions including 0.5 uM SOD
were performed in single replicas for each light intensity. 600 pL was used as the total reaction
volume, and 60 pL sample aliquots were removed and filtrated after 1, 2, 4, 8, and 24 h. 35 pL filtrate
was recovered and stored in Eppendorf tubes at -20°C. Before HPAEC-PAD analysis, the samples
were thawed on ice and treated with TfCel6A to convert soluble oxidized cello-oligosaccharides to a

mixture of cellobionic acid and cellotrionic acid. See section 3.9 for details.

3.8.6 Control reactions

As described in section 3.7, FMC was washed to ensure that oxidized products upon decomposition
of cellulose occurred only due to insoluble components from the powder. Triplicate control reactions
were performed where the washed FMC was replaced with "washing water" (i.e., the centrifugate)
from the first round of centrifugation in step 3.7. The reactions were performed to investigate if any
soluble component from the powder possibly could contribute to LPMO activity. Another reaction

with the same “wash water” was performed without LPMO as a negative control reaction.

To investigate if the “washing water” from the fourth round of centrifugation would contribute to
LPMO activity, an additional reaction using the fourth supernatant was performed in a single replica.
Another single reaction with free copper replacing the LPMOs was performed to confirm that free
copper alone does not degrade cellulose. 600 pL was used as the total reaction volume for all
reactions, and 60 pL sample aliquots were removed and filtrated after 1, 2, 4, 8, and 24 h. 35 uL
filtrate was recovered and stored in Eppendorf tubes at -20°C. Before HPAEC-PAD analysis, the
samples were thawed on ice and treated with TfCel6A to convert soluble oxidizedncello-

oligosaccharides to a mixture of cellobionic acid and cellotrionic acid. See section 3.9 for details.
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3.9 High-Performance Anion-Exchange Chromatography with Pulsed Amperometric
Detection analysis

3.9.1 Preparation of samples

Filtrated samples from ScAA10C reactions were analyzed using High-Performance Anion-Exchange
Chromatography with Pulsed Amperometric Detection (HPAEC-PAD) to determine the content of
oxidized products. The samples only contained soluble oligosaccharides produced during the reaction
time as the reactions were stopped by filtration. To convert the oligosaccharides of various degree of
polymerization to di- and trisaccharides, the samples were treated with a solution of an
endoglucanase (TfCel6A). TfCel6A fragmentates oxidized LPMO products to smaller oxidized
oligomers (GlcGlc1A and Glc,Glc1A; Courtade et al., 2018). Peaks of GlcGlc1A and Glc,GIc1A were
analyzed using the Chromeleon® 7 Chromatography Data system software, integrated and converted
to concentrations by using a standard curve (see below). The treatment with TfCel6A produces large
amounts of cellobiose, but these will not be detected during the HPAEC-PAD as they do not have the

same acidic properties as the oxidized products.

Standard solutions of GlcGlc1A with known concentrations (10, 20, 50, 100, and 200 uM) were used
to generate a standard curve needed to calculate and quantify the concentrations of cellobionic acid
(GlcGlc1A) in samples from ScAA10C reactions. The concentration of cellotrionic acid (GlcaGlc1A) was
qguantified by using a single point from a standard solution of Glc,Glc1A with known concentration
(50 uM). A standard solution with Glc;-Glcs (0.001 g/L) was analyzed to verify that the HPAEC-PAD
system separated the products in solution properly. Depending on how many samples were to be

analyzed in the same sequence, the standards were analyzed in duplicates or triplicates.

Materials

Filtered samples from ScAA10C reactions (see section 3.8)
e 2 uM TfCel6A

e 50 mM sodium phosphate, pH 6.0 (see section 2.7)

e  Glci-Gles standard solutions (0.001 g/L)

e  GlcGIcl1A standard solution (10, 20, 50, 100, 200 uM)

e GlcyGlcl1A standard solution (50 uM)
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Method

Filtrated samples from ScAA10C reactions (see section 3.8) were thawed on ice. TfCel6A diluted in 50
mM sodium phosphate, pH 6.0 was added to the reaction sample to a final concentration of 1 uM
and a total volume of 70 uL. The solutions were centrifuged for 2 min at 15000 g and incubated
overnight at 37 °C. The next day, 60 uL of incubated samples were transferred to separate snap ring
micro vials. dH,0 and standards with known concentrations of GlcGlc;A (10, 20, 50, 100 and 200 uM),
GlcyGleiA (50 M) and Glei-Gles (0.001 g/L) were thawed on ice and transferred to snap ring micro
vials (120 or 170 pL depending on the number of samples to be run). All vials were sealed with a blue
snap ring cap and placed in an ICS tray and inserted to the chromatograph. Samples from 24 h

reactions were diluted 1:7 prior to adding the TfCel6A solution.

3.9.2 High-Performance Anion-Exchange Chromatography with Pulsed Amperometric
Detection analysis

High-Performance Anion-Exchange Chromatography (HPAEC) was used to analyze oxidized products
from LPMOs (see section 3.8). This method is based on the weak acid properties of carbohydrates.
Usually, carbohydrates display pK, values around 12-14. By exposing carbohydrates to a pH in this
alkaline range, the carbohydrates achieve a negative charge in that the hydroxyl groups release a
proton and become oxyanions. As a negatively charged molecule, the carbohydrate will bind to a
positively charged column material. To maintain affinity for the column, HPAEC is usually runin 0.1 M

NaOH. Elution is achieved by adding NaOAc, which decreases carbohydrate affinity to the column.

The Pulsed Amperometric Detection (PAD) system can be applied to HPAEC to detect
oligosaccharides by size. Detection involves a gold electrode that oxidizes the negatively charged
groups on the carbohydrates, while generating a measurable current. The current generated is
proportional to the concentration of oxidized polysaccharides. It can thus be directly converted to

the concentration of products.

Materials

e Dionex™ ICS-5000 system

e Dionex™ CarboPac™ PA200 column

e Eluent A: 0.1 M NaOH (see section 2.7.5)

e EluentB: 1 M NaOAc + 0.1 M NaOH (see section 2.7.5)

e Eluent C: dH,0 (see section 2.7.5)
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Method

Oxidized products from ScAA10C reaction samples were analyzed using DionexTM ICS-5000 system
coupled to a PAD detection system. Prior to the analysis, the column was washed with eluent C and
equilibrated with eluent A. The operating flow rate was set to 0.5 mL/min and the sample injection
was set to 50 pL. All runs had a run time of 18 min where oligosaccharides were separated by
applying a gradient of eluents A (0.1 M NaOH) and B (1 M NaOAc + 0.1 M NaOH), as follows: After
sample injection (at 100 % A), 100 % A was linearly adjusted to 90 % A and 10 % B over 5 min. Over
the next 5 min, the eluents were linearly adjusted to 82 % A and 18 % B and further to 70 % A and 30
% B over the next 0.5 min. Then, the eluent was adjusted to 100 % B over 0.5 min, before returning
to 100 % A over 0.05 min, after which the gradient was held for 6.95 min, for equilibration prior to
the next injection. Eluted products were detected by the PAD detection system and recorded using

the Chromeleon® 7 Chromatography Data system software.

3.10 Amplex red assay for detection of H,0,

The amplex red assay, used to measure the amount of H,0, generated by light-exposed FMC under
various conditions was based on the approach described by Kittl et al. (2012). In the presence of
amplex red and hydrogen peroxide, horseradish peroxidase (HRP) converts amplex red to resorufin
stoichiometrically (Kittl et al., 2012). Resorufin is a fluorescent molecule and can be monitored
spectrophotometrically by fluorescence, with 590 nm as emission wavelength and 530 nm as

excitation wavelength.

3.10.1 Standard reaction conditions

Hamamatsu Lightning Cure Spotlight source LC8 model L9588, equipped with an L9588-03 filter was
used as light source in this work. All reactions, unless otherwise specified, were carried out as 600 uL
reactions at 40°C in 1 mL glass vials (Reacti-Vial™) with magnetic stirring and illuminated by visible
light from an optic fiber cable positioned approximately 1 cm above the liquid in the reaction vial.
Reactions were pre-incubated for 15 min before addition of SCAA10C or turning on the light to start
the reactions. The standard conditions used, unless otherwise specified, were 0.5 uM ScAA10C, 50
mM sodium phosphate buffer pH 6.0, 1 g/L FMC, 10 g/L Avicel and a light intensity of 10% |max
(approx. 16.8 mW.cm2). The total reaction volume was 600 pL and 125 uL sample aliquots were
taken after 0.5 and 1 hour, using a 96-well filter plate operated with a vacuum manifold, to stop the

reactions. All reactions were performed in triplicates and in the presence of light.
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In addition, one reaction sample for each triplicate was performed with the same content except
from the FMC concentration, which was 5 g/L. These reactions were not exposed to any light source,
and the whole reaction solution was filtered after 2 min. These samples were used when analyzing

the H,0; standards to maintain similar conditions as the analyzed reactions.

3.10.2 The effect of LPMO, in the presence or absence of Avicel

To determine the effect of LPMO and Avicel on generation of H,0,, reactions were performed in the
presence or absence of Avicel, in triplicate. 600 pL was used as the total reaction volume, and 125 plL
sample aliquots were removed and filtrated after 0.5 and 1 h. 100 pL filtrate was directly used to
prepare samples for detection of H,0, by the amplex red assay, using a Varioskan™ LUX multimode

microplate reader for signal detection. See section 3.10.6 for details.

3.10.3 The effect of free Cu(ll), in the presence or absence of Avicel

To determine the effect of free copper and Avicel on generation of H,0,, reactions were performed
in the presence or absence of Avicel replacing SCAA10C with 0.5 uM Cu(I1)SOy, in triplicate. 600 uL
was used as the total reaction volume, and 125 uL sample aliquots were removed and filtrated after
0.5 and 1 h. 100 pL filtrate was directly used to prepare samples for detection of H,O, by the amplex
red assay, using a Varioskan™ LUX multimode microplate reader for signal detection. See section

3.10.6 for details.

3.10.4 The effect of the Avicel concentration

To determine the effect of Avicel on generation of H,0,, reactions were performed with increasing
concentrations of Avicel (0, 5, 10, and 20 g/L) in the absence of SCAA10A, n triplicate. 600 pL was
used as the total reaction volume, and 125 pL sample aliquots were removed and filtrated after 0.5
and 1 h. 100 pL filtrate was directly used to prepare samples for detection of H,O, by the amplex red
assay, using a Varioskan™ LUX multimode microplate reader for signal detection. See section 3.10.6

for details.

3.10.5 The effect of SOD

To determine the role of SOD on H,0, generation, reactions were performed with 0.1 uM and 1 uM
SOD in the absence of SCAA10A, in triplicate. 600 uL was used as the total reaction volume, and 125
uL sample aliquots were removed and filtrated after 0.5 and 1 h. 100 L filtrate was directly used to
prepare samples for detection of H,0, by the amplex red assay, using a Varioskan™ LUX multimode

microplate reader for signal detection. See section 3.10.6 for details.
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3.10.6 Sample preparation and Amplex red analysis
Filtered samples were immediately mixed, directly in the microtiter plate, with a premix containing
HRP and Amplex Red. After the mixing plate was analyzed using Varioskan™ LUX, the concentration

of H,0, was determined using an H,O, standard curve.

Materials

Reaction samples from 3.10.1-3.10.5

e Varioskan™ LUX multimode microplate reader

e Nunc™ MicroWell™ 96-Well, black

e H,0; standard solutions (0, 1, 2, 5, and 10 uM)

e Amplex® Red (10 mM stock solution)

e HRP (1 g/L stock solution)

e 0.5 M Sodium Phosphate buffer, pH 6.0 (see section 2.7)

Method

Samples were prepared in a black Nunc™ MicroWell™ 96-Well plate. 100 pL of reaction sample
filtrate were added to separate wells with 20 pL dH,O. Five wells were prepared by adding 20 uL of
filtrated sample with 5 g/L FMC performed in dark (associated to the reaction samples) and 100 pL
H,0, standard solutions (0, 1, 2, 5, and 10 uM). Finally, 80 pL of a premix of Amplex® Red, HRP and
sodium phosphate pH 6.0 were added to all wells to the final concentrations of 0.1 mM, 19 mg/L,
and 50 mM, respectively. The Nunc™ MicroWell™ 96-Well was placed in the Varioskan™ LUX
multimode microplate reader which was set to measure fluorescence emitted at 590 nm from
excitation at 530 nm. Prior to recording fluorescence, the plate was shaken at 600 rpm for 30 s and
incubated for 5 min. Each sample was measured every 30 s for 10 min using Skanlt™ Software for

Microplate Readers. The H,0; standard solutions made the basis of a standard curve, which

was used to determine the concentrations of H,0; in samples.
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3.11 Activity assay — Degradation of chitin
Due to limited time, single replicate reactions containing either SmMAA10A or SmChiA were performed
using FMC or B-chitin as substrate. In addition, reactions containing both SmMAA10A and SmChiA were

set up to investigate a synergy.

3.11.1 Standard reaction conditions

Hamamatsu Lightning Cure Spotlight source LC8 model L9588, equipped with an L9588-03 filter was
used as light source in this work. This filter only allows light between 400 and 700 nm to pass. All
reactions were carried out as 500 pL reactions at 40°C in 1 mL glass vials (Reacti-Vial™) with magnetic
stirring and illuminated by visible light from an optic fiber cable positioned approximately 1 cm above
the liquid in the reaction vial. The standard conditions used in the reactions were 50 mM sodium
phosphate buffer pH 6.0, 5 g/L FMC, 1 uM enzyme (SmAA10A/SmChiA), 5 g/L B-chitin, and a light
intensity of 10% Imax (approx. 16.8 mW.cm?). Reactions were pre-incubated for 15 min before addition
of SmMAA10A and/or SmChiA and turning on the light to start the reactions. All reactions were carried

out in the presence and absence of light.

3.11.2 Reactions with SmMAA10A

To investigate if FMC is able to drive oxidative degradation of chitin by SmAA10A, four reactions
were performed with one replicate. One reaction contained FMC, SmAA10C, and B-chitin. The other
three reactions were performed in the absence of SmMAA10A, B-chitin, or both. All reactions were
carried out in the presence and absence of light. 500 pL was used as the total reaction volume, and
50 pL sample aliquots were removed and filtrated after 1, 2, 3, and 4 h. The filtrates were recovered
and stored in Eppendorf tubes at -20°C. Before product analysis by HILIC (see below), the samples

were thawed on ice. See section 3.12 for details.

3.11.3 Reactions with SmChiA

To investigate the capability of SmChiA to degrade chitin, four reactions were performed with one
replicate. One reaction contained FMC, SmChiA, and B-chitin. The other three reactions were
performed in the absence of SmChiA, B-chitin, or both. All reactions were carried out in the presence
and absence of light. 500 pL was used as the total reaction volume, and 50 pL sample aliquots were
removed and filtrated after 1, 2, 3, and 4 h. 25 puL filtrate were recovered and stored with 25 pL
50mM H,S0, in Eppendorf tubes at -20°C. Before product analysis by HPLC (see below), the samples

were thawed on ice. See section 3.13 for details.

44



3.11.4 Synergy reactions with SmAA10A and SmChiA

To investigate the synergetic effect of SMAA10A catalyzed by FMC and SmChiA to degrade chitin, two
reactions were performed with one replicate. One reaction contained FMC, SmAA10C, SmChiA and B-
chitin. The other reaction was performed in the absence of B-chitin. All reactions were carried out in
the presence and absence of light. 500 pL was used as the total reaction volume, and 50 pL sample
aliqguots were removed and filtrated after 1, 2, 3, and 4 h. 25 pL filtrate were recovered and stored
with 25 pL 50mM H,S0O, in Eppendorf tubes at -20°C. Before product analysis by HPLC (see below),

the samples were thawed on ice. See section 3.13 for details.

3.12 Hydrophilic Interaction Liquid Chromatography

3.12.1 Preparation of samples

Samples from the photobiocatalytic reactions containing only SmAA10A (see section 3.11.2) were
qualitatively analyzed by Hydrophilic Interaction Liquid Chromatography (HILIC) to analyze oxidized
chito-oligosaccharides. Only solubilized oxidized chito-oligosaccharides were analyzed since the
reactions were filtrated to stop the reaction. Prior to analysis, the filtered samples were adjusted to
74% acetonitrile. The chromatogram for each sample was compared to a chromatogram containing a
mixture of oxidized chito-oligosaccharides with a degree of polymerization ranging from 2 to 6
(kindly provided by Tina Tuveng). A sample containing only the reaction buffer was also prepared to
provide baseline subtraction. The chito-oligosaccharide standard and the sodium phosphate buffer

were analyzed four times during the HILIC analysis.

Materials

e Filtered samples from SmAA10A reactions (see section 3.11.2)
e 100 % Acetonitrile

e NAG;**-NAG* standard solution (50 uM)

Method

Filtered samples from SmAA10A reactions were thawed on ice, and 26 pL sample was mixed with 74
pL 100 % acetonitrile before being transferred to snap ring micro vials. In addition, dH,0, 50 mM
sodium phosphate buffer pH 6.0, and a NAG,**-NAGs** standard solution were added to snap ring
micro vials and adjusted with 100 % acetonitrile to 74 % acetonitrile, as for the samples containing
LPMO reaction products. All vials were sealed with a red snap ring cap, placed in an UPLC tray, and

inserted to the chromatograph
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3.12.2 Hydrophilic Interaction Liquid Chromatography

Hydrophilic Interaction Liquid Chromatography (HILIC) is a method used to separate and identify
hydrophilic components in solution. The method is based on the affinity of hydrophilic components
to bind to a column and adding a hydrophobic mobile phase. Increased polarity of analytes increases
the affinity and the retention time. A UV-detector records the absorbance of the eluting samples,
which forms a chromatogram in Chromeleon® 7 Chromatography Data system software. When
performing quantitative analysis, peaks from the chromatogram are integrated and solute

concentrations are calculated using chromatograms for standard solutions of known concentrations.

Materials

e Samples from SmAA10A reactions adjusted to 74 % acetonitrile (See section 3.12.1)

e Agilent Infinity 1290 UPLC system

e Acquity BEH Amide column (130 A, 1.7 um, 2.1x150 mm) combined with a VanGuard
precolumn

e Eluent A: 15mM Tris-HCI, pH 8.0 (see section 2.7.6)

e Eluent B: 100 % Acetonitrile (see section 2.7.6)

Method

Qualitative analysis of LPMO reaction products was performed using an Agilent Infinity 1290 UPLC
system equipped with an Acquity BEH Amide column combined with a VanGuard precolumn. The
operating flow rate was set to 0.4 mL/min and the sample injection was set to 10 pL. All runs had a
run time of 12 min and the oxidized chito-oligosaccharides were separated by size using a gradient of
eluents A (15mM Tris-HCI, pH 8.0) and B (100 % acetonitrile) according to the following steps:
starting conditions, 26 % A, 74 % of B, for 5 min. For the next 2 mins, eluent B was linearly decreased
to 62 % and kept at 62 % for 1 min before increasing back to 74 % B over 2 min. 74 % B was kept for 2
min to prepare the column for the next injection. Eluted products were detected by A.os and signals

were recorded and analyzed using the Chromeleon® 7 Chromatography Data system software.
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3.13 High Pressure Liquid Chromatography with Rezex Fast Acid H+

3.13.1 Preparation of samples

Filtered samples from SmChiA and SmChiA with SmMAA10A reactions were analyzed using Rapid
Separation Liquid Chromatography (RSLC) with a Rezex Fast Acid H+ column to determine the
content of non-oxidized products from chitin degradation. Reactions were stopped at regular
intervals by filtration to separate the insoluble fraction from the soluble fraction, and H,SO4 was
added to the filtrate (see section 3.11.3 and 3.11.4). Reactions with SmChiA yield a mixture of native
NAG and NAG;. NAG and NAG; were injected as separate standards to which the chromatograms
from the enzymatic reactions were compared. Peaks corresponding to NAG and NAG; were
integrated and summed up to estimate the total amount of solubilized NAG equivalents. LPMO
reactions were performed with one replicate, while the standards used for identifying reaction
products were analyzed as triplicates. Samples from reactions containing SmChiA and B-chitin were

diluted ten-fold prior to analysis.

Materials

e Filtered samples from SmChiA / SmChiA and SmAA10A reactions (see section 3.11.3-3.11.4)
e 10 uM NAG standard solution
e 20 uM NAG; standard solution

Method

Filtered samples from SmChiA reactions with or without SmAA10A reactions (see section 3.11.3 and
3.11.4) were thawed on ice and transferred to snap ring micro vials. In addition, 60 uL dH,0 and
standards containing NAG and NAG; were thawed on ice and transferred to snap ring micro vials. All
vials were sealed with a red snap ring cap and placed in an RSLC tray. Samples containing B-chitin and

SmChiA were diluted in a 1:10 ratio.

47



3.13.2 Rapid Separation Liquid Chromatography with Rezex Fast Acid H+

Rapid Separation Liquid Chromatography (RSLC) with a Rezex column is a fast and suitable method to
analyze monomers and dimers of NAG. lonic and non-ionic analytes in solution are separated as a
charged Rezex column repels ionic species, leading to an early elution. Non-ionic components, such
as NAG and NAG;, are more retained by the column and will have a higher retention time. The
elution of analytes is isocratic, meaning that the mobile phase is constant. In this study, eluted

analytes were detected by UV absorption.

Materials

Prepared samples from SmChiA / SmChiA and SmAA10A reactions (see section 3.13.1)

e Dionex™ Ultimate™ 3000 RSLC system

Rezex™ RFQ-Fast Acid H+(8 %) column, 7.8 x 100 mm

Running buffer: 5 mM H,SO, (see section 2.7.7)

Method

Native chito-oligosaccharide products from reactions with SmChiA with or without SmMAA10A were
analyzed using a Dionex Ultimate 3000 RSLC system equipped with a 7.8 x 100 mm Rezex RFQ-Fast
Acid H+(8%) column. The operating flow rate was set to 1 mL/min, the column temperature was set
to 85 °C and sample injection was set to 8 L. All runs had a runtime of 6 min with a constant flow of
5 mM H,SO0.. Eluted products were detected by Ais4 and signals were recorded and analyzed using

the Chromeleon® 7 Chromatography Data system software.
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4. Results

4.1 Periplasmic extraction

LB-medium supplemented with 100 pg/ml ampicillin was inoculated with bacterial strains expressing
either SCAA10C, SmAA10A, or SmChiA and incubated overnight at 37 °C with shaking in a baffled
Erlenmeyer flask. The cells were harvested by centrifugation and the resulting cell pellet was subject
to a periplasmatic extraction resulting in a periplasmic extract and a pellet. The periplasmic extract
and the associated pellet were analyzed by LDS-PAGE to verify that the enzymes were primarily
present in the periplasmic extract. Figure 11 A and B display marked protein bands at approximately
40 kDa for ScAA10C, 18 kDa for SmAA10A, and 60 kDa for SmChiA in the periplasmic extracts, while

these bands are absent in the pellet fraction, indicating a successful protein extraction.
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Figure 11. LDS-PAGE analysis of periplasmic extracts. The right lane in both gel images contains the
Benchmark™ Protein Ladder, which helps estimate protein size in other samples from the same gel. A: the well
with PPE represents the supernatant obtained after periplasmic extraction and displays a clear protein band
around 40 kDa, which corresponds to SCAA10C, and is indicated by a red square. B: PPE from SmChiA and
SmAA10A represent the supernatants from the respective periplasmatic extractions and display clear bands
around 60 kDa and 18 kDa, respectively, as indicated by red squares. The PPE from both SmChiA and SmAA10A
were diluted 10 times. Sample buffer was added to all samples before application to the gel.
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4.2 Purification of SCAA10C

After periplasmic extraction, SCAA10C was purified in two steps, using lon-Exchange Chromatography
(IEX), followed by Size-Exclusion Chromatography (SEC). During IEX proteins were eluted by applying
an NaCl gradient from 0 to 50 % over 100 min. Protein elution was monitored continuously, and
fractions were collected. A selection of fractions from the second peak, indicated by a blue arrow in
Figure 12A were analyzed by LDS-PAGE (Figure 12B). The collected fractions all contained ScAA10C
but co-eluting impurities were also present (Figure 12B). Based on the chromatogram (Figure 12A)
and the LDS-PAGE analysis (Figure 12B), fractions 12-18 were pooled and concentrated by

ultrafiltration to a final volume of approximately 1 mL prior to the second purification step, SEC.
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Figure 12. Purification of SCAA10C by lon-Exchange Chromatography. Panel A shows the chromatogram for
ScAA10C monitored by A,g0.The x-axis represents the number of mL solution passed through the column and
shows fraction number, and the y-axis covers absorbance measured at Ago (blue graph). The blue arrow
indicates the peak containing SCAA10C. The red numbered lines refer to collected fractions. The light green line
represents the gradient of NaCl that is gradually added (with 0-50% buffer B over 100 min with a 3 mL/min
flow). The dark green line refers to the conductivity of the etute. The chromatogram was recorded and
exported using Unicorn™ 6.4 Software. Panel B Shows the gel image from LDS-PAGE analysis of fractions
collected during IEX. The right lane contains Benchmark™ Protein Ladder, which helps estimate protein size in
other samples from the same gel. All fractions contain a clear protein band at about 40 kDa, which corresponds
to ScAA10C. The bands are marked with a red square. Fractions 12 and 17 were diluted 4 times, and fractions
13 and 16 were diluted 10 times. Sample buffer was added to all samples prior to application to the gel.

The concentrated ScAA10C solution obtained after IEX purification was loaded onto the SEC column
and eluted within one column volume of running buffer (Figure 13A). Fractions were collected
continuously and analyzed by LDS-PAGE (Figure 13B), and fractions 5-9 were pooled and

concentrated by ultrafiltration to a final volume of approximately 1 mL, before storing at 4°C.
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Figure 13. Purification of SCAA10C by Size-Exclusion Chromatography. Panel A shows the chromatogram for
ScAA10C monitored by A,so. The x-axis represents the number of mL solution passed through the column and
shows fraction numbers. The y-axis covers absorbance measured at A,so (blue graph) The blue arrow indicates
the peak containing SCAA10C. The red numbered lines refer to collected fractions. The brown line refers to the
conductivity of the eluate. The chromatogram was recorded and exported using Unicorn™ 6.4 Software. Panel
B shows the gel image from LDS-PAGE analysis of fractions collected during SEC. The right lane contains
Benchmark™ Protein Ladder, which helps estimate protein size in other samples from the same gel. All
fractions contain a clear protein band at about 40 kDa, which corresponds to SCAA10C. The bands are marked
with a red square. Fractions 6-8 were diluted 10 times. Sample buffer was added to all samples before
application to the gel.

4.3 Purification of SMAA10A and SmChiA

After periplasmic extraction, affinity chromatography was used to purify both SmMAA10A and SmChiA

separately. The periplasmic extract was applied to a column of chitin beads, and proteins were

eluted by applying diluted acetic acid to the column. Eluted SmMAA10A and SmChiA indicated by peaks

pointed by a blue arrow in the Figures 14A and 15A, respectively, were collected in a falcon tube
(two with SmChiA) and analyzed by LDS-PAGE (Figures 14B and 15B). The sample containing purified
SmAA10A displays a protein band at 18 kDa, and both fractions with purified SmChiA display a band
at 60 kDa, as indicated by the red squares in Figures 14B and 15B. Both protein solutions were buffer
exchanged with 20 mM sodium phosphate pH 6.0 and concentrated to a final volume of less than 10

mL, before storing at 4°C.
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Figure 14. Purification of SmAA10A using Affinity Chromatography. Panel A show the chromatogram for
SmAA10A monitored by Azso. The x-axis represents the time of solution passing through the column, and the y-
axis covers absorbance measured at Ao (blue graph). The blue arrow indicates the peak containing SmAA10A.
The orange line refers to the conductivity of the eluate. The chromatogram was recorded and exported using
Unicorn™ 6.4 Software. Panel B shows the gel image from LDS-PAGE analysis of the eluted protein solution.
The right lane contains Benchmark™ Protein Ladder, which helps estimate protein size in other samples from
the same gel. The purified protein solution contains a clear protein band at about 18 kDa, which corresponds to
SmAA10A. The band is marked with a red square. Sample buffer was added to the sample before application to

the gel.
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Figure 15. Purification of SmChiA using Affinity Chromatography. Panel A show the chromatogram for SmChiA
monitored by A,go. The x-axis represents the time of solution passing through the column, and the y-axis covers
absorbance measured at A;so (blue graph). The blue arrow indicates the peak containing SmChiA. The orange
line refers to the conductivity of the eluate. The chromatogram was recorded and exported using Unicorn™ 6.4
Software. Panel B shows the gel image from LDS-PAGE analysis of the eluted protein solution. The right lane
contains Benchmark™ Protein Ladder, which helps estimate protein size in other samples from the same gel.
The purified protein solution contains a clear protein band at about 60 kDa, which corresponds to SmChiA. The
bands are marked with a red square. Fraction 1 were diluted 4 times. Sample buffer was added to both

samples before application to the gel.
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4.4 Determination of protein concentrations by optimeasuring Axso

All the purified and concentrated protein solutions were analyzed spectrophotometrically to
determine the absorbance of ultraviolet light at a wavelength of 280 nm (A2s0) which was used to
calculate the protein concentrations (see section 3.6). As SCAA10C and SmAA10A are copper-
dependent LPMOs, these enzymes were subjected to a copper saturating and desalting step (see
section 3.5), before the measurement. Two batches of SCAA10C were analyzed, and the
concentrations were determined to 25 uM and 19 uM. For SmAA10A, the concentration was
determined to 14 uM. The concentration of the concentrated SmChiA solution was measured directly

after purification and determined to be 39 uM.

4.5 Photocatalyst preparation

Prior to use in enzymatic reactions, FMC was washed five times with 50 mM sodium phosphate
buffer, pH 6.0, to remove soluble components. The UV-Vis absorption spectra of the washing buffer
were measured after each centrifugation step (Figure 16). These spectra indicated that four washing
steps were required to remove the soluble compounds in FMC, since the superposed absorption
spectra of the supernatants obtained after the fourth and the fifth washing step were very similar

(Figure 16).

4,5 Wash 1 Wash 2 Wash 3 Wash 4 Wash 5

Absorbance

240 340 440 540 640 740
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Figure 16. Removal of soluble compounds from FMC. The figure shows the UV-Vis absorption spectra of
supernatants obtained from successive washing steps of FMC. The absorbance of light was measured with
wavelengths in the range 240 - 800 nm. 50 mM sodium phosphate pH 6.0 solution was initially measured as a
blank. Each line represents a round of washing in which 20 g/L FMC was suspended in 50 mM sodium
phosphate pH 6.0 and centrifuged for 2 min at 15000 g. The supernatant was transferred to a quartz cuvette
and measured spectrophotometrically. The remaining pellet was then re-suspended in 1 mL 50 mM sodium
phosphate pH 6.0 for the next washing step.
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4.6 Photocatalytic reactions with SCAA10C

4.6.1 The effect of the FMC concentration and the pH, in the presence and absence of light
Photocatalytic reactions with SCAA10C and Avicel were performed with different concentrations of
FMC (0.1, 1, and 10 g/L), in the presence and absence of light, and at various pH 6.0, 7.0, and 8.0 to
assess the effect of pH and FMC concentration on LPMO catalysis. Figure 17 shows a clear effect of
the FMC concentration on LPMO performance, both in the presence (Figure 17B, D, and F) and
absence of light (Figure 17A, C, and E). Reactions in the dark showed similar LPMO activity at pH 7.0
and 8.0, which was much higher than the activity at pH 6.0 for all FMC concentrations (0.1, 1, and 10
g/L) (Figure 17A, C, and E). For the reactions with the two lowest FMC concentrations, exposure of
light resulted in an increase in product formation by one order of magnitude, while the dose-
response effect was maintained (i.e., product formation at 1 g/L FMC was higher compared to 0.1 g/L
FMC). In this case reactions at pH 7.0 showed the lower product formation rates. For the reactions at
0.1 g/L FMC, no oxidized products were detected for the reaction at pH 7.0 (Figure 17B and D). At pH
8.0, LPMO activity was approximately two-fold higher compared pH 6.0 (Figure 17B). For reactions
containing 1 g/L FMC, the effect of pH became smaller and product formation was also observed at
pH 7.0 (Figure 17D). Interestingly, the reactions carried out with 10 g/L FMC and light showed non-
linear progress curve, with a rapid initial product formation phase followed by almost complete
cessation of product formation after 3 — 6 h (the slight increase in product levels between 6 h and 24
h is most likely due to evaporation from the reaction vial). In this case, the effect of light on the initial
rate of product formation was limited (compare Figures 17E and 17F) and the effects of the pH were
small (Figure 17F). The apparent enzyme inactivation observed in this experiment may indicate that
the LPMO suffers from autocatalytic inactivation, as has been observed when LPMOs are exposed to
(too) high concentrations of reductant of H,0; (Bissaro et al., 2017; Loose et al., 2018). All control

reactions in the absence of LPMO show no formation of oxidized products (Figure 17).

Overall, the results depicted in Figure 17 show that LPMO activity is clearly dependent on FMC
dosage and on light. The effect of pH varies between the conditions, but the overarching picture is
that the effect of light is most prominent for reactions at pH 6.0. In other words, the ratio of the level
of oxidized products when the reaction is exposed to visible light compared to reactions in the dark is

highest at pH 6.0 (Figure 17). Therefore, pH 6.0 was used in further experiments.
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Figure 17. The effect of pH and FMC concentration on photocatalytic activity of SCAA10C. The figure shows
how the photocatalytic reaction with SCAA10C and Avicel is influenced by different concentrations of FMC (0.1
(A and B), 1 (C and D), and 10 g/L (E and F)) and pH (6.0, 7.0, and 8.0) in the presence (B, D, and F) and absence
(A, C, and E) of visible light (1= 10 % of Imax, approximately 16.8 W-cm). All reactions were performed with 10
g/L Avicel in 50 mM sodium phosphate pH 6.0. During the total reaction time of 23 h, all reactions were
incubated at 40 °C with magnet stirring. Samples were taken after 1, 3, 6, and 23 h and filtrated before
treatment with TfCel6A to convert oxidized oligosaccharides to oxidized oligomers with a degree of
polymerization of 2 (GlcGlc1A) and 3 (Glc,GIc1A). The graphs show the sum of the total amounts of GlcGIc1A
and Glc,GlIc1A. Neg ctrl. indicates product formation in control reactions lacking light-exposure. For these
reactions sampling was only done at 19 hours and all samples showed no products. Thus, the green point are in
fact three overlapping points (green, yellow, light blue). Note the variation in the values on the Y-axes.
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4.6.2 Further analysis of the effect of the FMC concentration

To further investigate whether the amount of a photosensitizer was limiting the reactions, the
impact of the FMC concentration on the production of oxidized products was studied. Thus, reactions
with various concentrations of FMC (0, 0.5, 1, 2.5, and 5 g/L) were performed in the presence of light.
The generation of oxidized products over time in each reaction in presented in Figure 18, which
shows linear progress curves for all reactions. The results confirm that increased concentrations of
FMC increase the generation of oxidized products (Figure 18). Of note, Figure 18 also shows that a

control reaction with no FMC did not yield any oxidized products.
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Figure 18. The effect of the FMC concentration on photocatalytic activity of SCAA10C. The figure shows how
the photocatalytic reaction with SCAA10C and Avicel is influenced by different concentrations of FMC (0, 0.5, 1,
2.5,and 5 g/L). 0.5 uM ScAA10C was added to all reactions and the reactions were exposed to visible light (I=
10 % of Imax, approximately 16.8 W-cm™). All reactions were performed with 10 g/L Avicel in 50 mM sodium
phosphate pH 6.0. All reactions were incubated at 40 °C with magnet stirring. Samples were taken after 1, 2, 4,
8, and 24 h and filtrated before treatment with TfCel6A to convert oxidized oligosaccharides to oxidized
oligomers with a degree of polymerization of 2 (GlcGlc1A) and 3 (Glc,Glc1A). The graphs show the sum of the
total amounts of GlcGIc1A and Glc,Glc1A.
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4.6.3 The effect of the LPMO concentration

To study whether the amount of enzyme was limiting the reactions, the impact of the LMPO
concentration on the production of oxidized products was studied. Thus, reactions with various
concentrations of ScCAA10C (0, 0.5, 1, 2.5, and 5 g/L) were performed in the presence of light. The
results (Figure 19) show that the generation of oxidized products increased approximately linearly
over time in all reactions. Reactions containing LPMO produced the same number of oxidized
products in the initial phase (0 — 8 h) of the reaction regardless of the LPMO concentration (Figure
19). The data indicated more variation between the various reactions at the later timepoint (24 h).
These differences were not statistically significant and did not show a clear trend in terms of LPMO
concentration-dependency (Figure 19). The initial rates depicted in Figure 19 clearly show that under
the conditions used here, the LPMO reaction is limited by one of the reactants and not by the

enzyme.
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Figure 19. The effect of the LPMO concentration on photocatalytic activity of SCAA10C. The figure shows how
the photocatalytic reaction with SCAA10C and Avicel is influenced by different concentrations of SCAA10C (O,
0.5, 0.1, 0.25, 0.5, and 2.5 uM). ScAA10C was added to all reactions and the reactions were exposed to visible
light (I= 10 % oOf Imax, approximately 16.8 W-cm). All reactions were performed with 10 g/L Avicel and 1 g/L
FMC in 50 mM sodium phosphate pH 6.0. All reactions were incubated at 40 °C with magnet stirring. Samples
were taken after 1, 2, 4, 8, and 24 h and filtrated before treatment with TfCel6A to convert oxidized
oligosaccharides to oxidized oligomers with a degree of polymerization of 2 (GlcGIc1A) and 3 (Glc,Glc1A). The
graphs show the sum of the total amounts of GlcGlc1A and Glc,GIc1A.
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4.6.4 The effect of Avicel concentration

To study whether the amount of substrate was limiting the reactions, the impact of the Avicel
concentration on the production of oxidized products was studied. Thus, reactions with various
concentrations of Avicel (0, 5, 10, 20, and 40 g/L) were performed in the presence of light. The
results, depicted in Figure 20, show that the progress curve for LPMO reactions with 5 and 10 g/L
Avicel were very similar. A further increase in the concentration of Avicel decreased the production
of oxidized products (Figure 20). Thus, it would seem that with the substrate concentration (10 g/L)

used above, and further below, the substrate concentration is not limiting the reaction.

0g/L —e—5g/L 10g/L 20g/L 40g/L

600

500
% 400 T
=
8
=]
©
S 300
o
e}
S
2 200 T
S L

100 /_.

0 b
0 4 8 12 16 20 24

Time (h)

Figure 20. The effect of the Avicel concentration on photocatalytic activity of SCAA10C. The figure shows how
the photocatalytic reaction with SCAA10C and Avicel is influenced by different concentrations of Avicel (0, 5,
10, 20, and 40 g/L). 0.5 uM ScAA10C was added to all reactions and the reactions were exposed to visible light
(1= 10 % of Imax, approximately 16.8 W-cm™). All reactions were performed with 1 g/L FMC in 50 mM sodium
phosphate pH 6.0. All reactions were incubated at 40 °C with magnet stirring. Samples were taken after 1, 2, 4,
8, and 24 h and filtrated before treatment with TfCel6A to convert oxidized oligosaccharides to oxidized
oligomers with a degree of polymerization of 2 (GlcGlc1A) and 3 (Glc,Glc1A). The graphs show the sum of the
total amounts of GlcGIc1A and Glc,GlclA. There is no data point for reactions containing 40 g/L Avicel after 24
hours as the reaction sample had evaporated almos completely.
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4.6.5 The effect of light intensity and SOD

Light-driven SCAA10C catalyzed depolymerization of Avicel was performed with different light
intensities (0, 1, 3, 10, and 30% of Imax corresponding to 0, 1.7, 5.0, 16.8, 50.4 W/cm?, respectively) in
the presence and absence of SOD to assess the effect of light and SOD on the production of oxidized
products. The production of oxidized products in reactions without SOD is illustrated in Figure 21A.
The results show that increased light intensity increases the production of oxidized products, and all
reactions exposed to light show a linear progress curve. Thus, the LPMO activity is limited by the
light. Reactions with SOD are depicted in Figure 21B. These reactions have very similar progress

curves compared to reactions without SOD (Figure 21A).
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Figure 21. The effect of the light intensity and SOD on photocatalytic activity of SCAA10C. The figure shows
how the photocatalytic reaction with SCAA10C and Avicel is influenced by different light intensities (0, 1, 3, 10,
and 30% of Imax corresponding to 0, 1.7, 5.0, 16.8, 50.4 W/cm?, respectively) with (B) and without SOD (A). 0.5
UM ScAA10C was added to all reactions and exposed to visible light. All reactions were performed with 10 g/L
Avicel and 1 g/L FMC in 50 mM sodium phosphate pH 6.0. All reactions were incubated at 40 °C with magnet
stirring. Samples were taken after 1, 2, 4, 8, and 24 h and filtrated before treatment with TfCel6A to convert
oxidized oligosaccharides to oxidized oligomers with a degree of polymerization of 2 (GlcGIc1A) and 3
(GlcaGlc1A). Reactions without SOD were performed in triplicates, and the standard deviations are referred to
as error bars.

4.6.6 Control reactions

As FMC powder was suspended in dH,0 and may contain soluble components that affect the
photocatalytic activity, the FMC was washed prior to use (see section 3.7). To investigate if the
soluble components would lead to activity, the supernatant from the first washing step was added to
a single standard reaction replacing FMC. An additional reaction with the same supernatant was
performed with no SCAA10C as a negative control. The results are illustrated in Figure 22 and show

activity in the reaction containing the supernatant and ScAA10C. The reaction with no ScAA10C had
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no activity. The same procedure was done with the supernatant from the fourth round of washing
and ScAA10A. This reaction had some activity, approximately ten times lower than the reaction from
the first wash. The amount of supernatant added corresponded to an FMC concentration of 7.8 g/L.
This means that product formation after 19 h in the reaction with the supernatant from the first
wash was about one magnitude times lower than the corresponding reaction with FMC (Figure 18).

Note that the highest FMC concentration in Figure 18 is 5 g/L.

Another control reaction was performed with free copper (Cu(ll)) replacing SCAA10C. The purpose
was to demonstrate that SCAA10A is necessary to achieve photocatalytic activity and that product
formation is not due to the possible presence of free copper itself. As Figure 22 shows, reactions with

free copper did not show formation of oxidized products.
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Figure 22. Photocatalytic activity in control reactions. The figure shows how the photocatalytic reaction with
ScAA10C and Avicel are influenced by the supernatant from the first and the fourth washing step of FMC
preparation (see section 3.7), and in reaction with free Cu(ll) in the lack of SCAA10C. 0.5 uM ScAA10C were
added to reactions with the first and the fourth supernatant, while 0.5 uM free Cu(ll) and 5 g/L FMC was added
to the reaction with Cu(ll). One reaction with supernatant from the first washing step was performed without
ScAA10C as a negative control. All reactions were exposed to visible light (I= 10 % of Imax, approximately 16.8
W-cm2) and performed with 10 g/L Avicel in 50 mM sodium phosphate pH 6.0. All reactions were incubated at
40 °C with magnet stirring. Sample were taken after 19 or 24 h (indicated for each sample) and filtrated before
treatment with TfCel6A to convert oxidized oligosaccharides to oxidized oligomers with a degree of
polymerization of 2 (GlcGlc1A) and 3 (Glc,Glc1A).
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4.7 Assessing H,0, production using the Amplex red assay

4.7.1 The effect of LPMO and free copper, in the presence or absence of Avicel

To investigate H,0, accumulation by 1 g/L FMC in the experimental setup used for ScCAA10C catalyzed
oxidation of Avicel, similar reactions with and without Avicel were performed in the presence of
either SCAA10C or free copper. Measurements were performed after 30 and 60 min of incubation
time. The highest amount of H,0, was observed in the reaction without LPMO, free copper, and
Avicel (Figure 23). In the same reaction with Avicel present, the accumulation of H,0, was slightly
lower. In reactions with the LPMO and Avicel, accumulation of H,0, was not observed, but in
absence of Avicel, low levels of H,O, were detected (Figure 23). In the last set of experiments,
ScAA10C was replaced by free copper and the amount of accumulated H,0, was slightly lower
compared to the reaction without LPMO and copper, but H,0, levels were still much higher
compared to the reaction with LPMO present (Figure 23). Also in this case, H,0; levels were lower in
reactions with Avicel. Taken together, these results show redox activity of FMC producing H,0; in the
photobiocatalytic reaction system, and that the production of H,0, is higher in reactions lacking

substrate (Avicel). It must be noted that no control reactions were performed in this part of the

research.
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Figure 23. Accumulation of H,0, in photocatalytic reactions with SCAA10C or free copper in the presence and
absence of Avicel. The reactions contained 0.5 uM ScAA10C or free copper and all reactions were exposed to
visible light (1= 10 % of Imax, approximately 16.8 W-cm). 10 g/L Avicel was added to some of the reactions, as

IM

indicated (“w/Avicel”). All reactions were performed with 1 g/L FMC and 50 mM sodium phosphate pH 6.0 and
incubated at 40 °C with magnet stirring. Sample aliquots were taken after 0.5 and 1 h, filtrated and added to a
premix containing HRP and Amplex Red. H,0,-driven formation of resorufin was detected using a Varioskan™

LUX multimode microplate reader.
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4.7.2 The effect of the Avicel concentration

To investigate how the Avicel affects H,O, production in the reaction system, reactions with various
concentrations of Avicel (0, 5, 10, and 20 g/L) were performed in the presence of light and the
absence of SCAA10C. The results, illustrated in Figure 24, show that increasing the Avicel

concentration decreases the generation of H,O, (Figure 24).
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Figure 24. Accumulation of H,0, in photocatalytic reactions with different concentrations of Avicel. The
reactions contained different concentrations of Avicel (0, 5, 10, and 20 g/L) and all reactions were exposed to
visible light (1= 10 % of Imax, approximately 16.8 W-cm2). All reactions were performed with 1 g/L FMC and 50
mM sodium phosphate pH 6.0 and incubated at 40 °C with magnet stirring. Sample aliquots were taken after
0.5 and 1 h, filtrated and added to a premix containing HRP and Amplex Red. H,0-driven formation of
resorufin was detected using a Varioskan™ LUX multimode microplate reader.
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4.7.3 The effect of SOD

Different concentrations of superoxide dismutase (0, 0.1, and 1 uM) were added to standard
reactions without ScCAA10C to investigate if the presence of this enzyme would lead to generation of
additional H,0, in the reaction system. Figure 25 shows that slightly less H,O, was generated in the
reactions containing SOD compared to the reaction without SOD. The figure also tells that the

concentration of SOD does not influence any difference in H,0, concentration.
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Figure 25. Accumulation of H,0; in photocatalytic reactions with different concentrations of SOD. The
reactions contained different concentrations of SOD (0, 0.1, and 1 uM) and all reactions were exposed to visible
light (1= 10 % of Imax, approximately 16.8 W-cm™2). All reactions were performed with 1 g/L FMC, 10 g/L Avicel,
and 50 mM sodium phosphate pH 6.0 and incubated at 40 °C with magnet stirring. Sample aliquots were taken
after 0.5 and 1 h, filtrated and added to a premix containing HRP and Amplex Red. H,0,-driven formation of
resorufin was detected using a Varioskan™ LUX multimode microplate reader.
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4.8 Photocatalytic reactions with SmAA10A and SmChiA

Photocatalytic reactions with chitin-active SmMAA10A were performed with (chitin-containing) FMC,
with or without B-chitin, and the presence or absence of visible light. The purpose of the experiment
was to qualitatively demonstrate the ability of light-exposed FMC to catalyze a chitin-active LPMO,
SmAA10A, which would be expected to depolymerize the chitin in FMC as well as B-chitin. The results
showed no generation of oxidized products in reactions where SmAA10A (Figure 26A and B) or
visible light were absent (Figure 26). In the light-exposed sample containing FMC in the presence of
SmAA10A, the chromatograms clearly show production of oxidized chito-oligosaccharides (Figure
26C). Generation of oxidized chito-oligosaccharides was also observed for light-exposed reactions

containing both FMC and B-chitin in the presence of SmMAA10A (Figure 26D).
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Figure 26. photocatalytic activity of SmAA10A. The figure shows chromatograms of photocatalytic reactions
containing FMC (A), FMC and B-chitin (B), FMC and SmAA10A (C), and FMC, B-chitin and SmAA10A (D) in the
presence or absence (dark blue line) of visible light. 1 uM SmAA10A were added to reactions shown in panel C
and D and 5 g/L B-chitin were added to reactions shown in panel B and D. All reactions were performed with 5
g/L FMC in 50 mM sodium phosphate pH 6.0. All reactions were incubated at 40 °C with magnet stirring.
Samples were taken after 1, 2, 3, and 4 h and filtrated. The green line in all panels illustrates the chromatogram
of a standard solution containing NAG;°*-NAGs®*. The peaks of NAG,°*-NAGs are indicated by red squares.
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Further photobiocatalytic reactions with SmChiA with and without SmMAA10A were performed to
investigate the synergy between the two enzymes when degrading the chitin in FMC in the presence
and absence of visible light. In this case, chitin degradation was assessed by measuring native
products, N-acetylglucosamine (NAG) and N,N'-diacetylglucosamine (NAG,) , as described in section
3.13. Reactions without enzymes were performed as control reactions and did not yield any chitin
degradation products regardless of the presence of light (Figure 27, FMC). While product formation
in reactions with FMC and SmChiA was not affected by light (Figure 27, FMC + SmChiA), light
increased product formation in reactions with FMC, SmChiA and SmAA10A, (Figure 27, FMC +
SmChiA + SmAA10A). The boosting effect of the LPMO, SmAA10A, on chitin degradation by SmChiA,
was not noticeable in reactions in the dark (Figure 27, - Light), when the LPMO is hardly active

(Figure 26), whereas the LPMO affect was clear when applying light (Figure 27, + Light).
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Figure 27. The synergy between SmChiA and SmAA10A to produce native products from FMC in the presence
or absence of visible light. The figure shows how chitin in FMC are depolymerized by SmChiA with and without
the addition of SmMAA10A in the presence or absence of visible light. 1 uM enzyme (SmChiA/SmAA10A) were
added to the associated reactions and samples exposed to visible light were exposed by 1= 10 % Of Imax,
approximately 16.8 W-cm™. All reactions were performed with 5 g/L FMC in 50 mM sodium phosphate pH 6.0.
All reactions were incubated at 40 °C with magnet stirring. Samples were taken after 1, 2, 3, and 4 h and
filtrated before addition of 25 uL 50mM H,SO, to ensure the reaction to stop. The graphs show the sum of the
total amounts of NAG and NAG,.
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Corresponding photobiocatalytic reactions with SmChiA with and without SmMAA10A were performed
with FMC and the addition of B-chitin. The results show a low content of native products in reactions
with only FMC and B-chitin in the presence and absence of light (Figure 28, FMC + B-chitin). As for
reactions with only FMC (Figure 27), there are also here observed the same production of native
products in reactions with FMC, B-chitin, SmChiA, and SmAA10A compared to reaction containing
FMC, B-chitin, and SmChiA performed in darkness (Figure 28, - Light). There is also an increase of
produced native products between the corresponding reactions performed in visible light (Figure 28,
+ Light). The reactions with FMC and B-chitin (Figure 28) show a 10-fold increase in production of

native products compared to the reactions with only FMC as a chitin source (Figure 27).
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Figure 28. The synergy between SmChiA and SmAA10A to produce native products from FMC and B-chitin in
the presence or absence of visible light. The figure shows how chitin from FMC and B-chitin are degraded by
SmChiA with and without the addition of SmMAA10A in the presence and absence of visible light. 1 UM enzyme
(SmChiA/SmAA10A) were added to the associated reactions and samples exposed to visible light were exposed
by I= 10 % of Imax, approximately 16.8 W-cm. All reactions were performed with 5 g/L FMC and 5 g/L B-chitin in
50 mM sodium phosphate pH 6.0. All reactions were incubated at 40 °C with magnet stirring. Samples were
taken after 1, 2, 3, and 4 h and filtrated before addition of 25 pL 50mM H,SO4 to ensure the reaction to stop.
The graphs show the sum of the total amounts of NAG and NAG;.
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5. Discussion

The main purpose of the work described in this thesis was to investigate if pupal exuviae from
Hermetia illucens (FMC) can provide LPMOs with reducing equivalents and be used as a
photosensitizer for in situ generation of H,0, when irradiated by visible light due to its content of
insoluble catechols. During the last decade, after H,0, was discovered to be the preferred co-
substrate to LPMOs, scientists have intensively studied various combinations of light and
photosensitizers to drive LPMO reactions. The most used reductant is AscA, which is able to provide
the LPMOs with reducing equivalent and may also generate H,0, (Stepnov et al., 2021). Other
studies have shown LPMO activity by addition of chlorophyllin (Bissaro et al., 2020b; Cannella et al.,
2016) and V-TiO; (Bissaro et al., 2016b) as photocatalysts, and recent studies have demonstrated
lignin’s ability to reduce O,to H,0; in the presence of light (Miglbauer et al., 2020; Kim et al., 2021).
Lignin-derived compounds have been shown to be good reductants for LPMOs due to their high
content of hydroxyl groups (Frommhagen et al., 2016; Muraleedharan et al., 2018). It is important to
note that most studies of LPMO reductants have not explicitly taken into account that these
reductants may have two functions. Originally, reductants were thought to act by supplying electrons
to the LPMO, fueling a monooxygenase reaction. It is however very likely that the reductants
promote LPMO-independent production of H,0; to drive enzymatic activity. This “mixed effect” of

reductants complicates the interpretation of experimental results.

As insoluble catechols are chemical structures comparable to lignin (Kracher et al., 2016), it was
hypothesized that FMC, which contains ca. 10 % insoluble catechols, can reduce and catalyze activity
of LPMOs. The first experiments performed in this thesis aimed at investigating if FMC could provide
a model enzyme, ScCAA10C, with the necessary reducing equivalents to oxidize cellulose. Single
reactions were performed with different pH and FMC concentrations in the presence and absence of
visible light. The combination of pH and FMC concentration that resulted in the highest increase by
light-exposure compared to the equivalent reactions in dark (i.e., the reaction conditions where light
had the most limiting effect), was chosen as standards for use in further reactions. After having
determined the pH to use for characterizing FMC as a photosensitizer in LPMO reactions, the effect
of the following reaction parameters was investigated: FMC concentration, light intensity, LPMO
concentration, Avicel concentration and the addition of SOD. As chitin represents a renewable source
of polysaccharides, experiments were also conducted to assess the depolymerization of the chitin

content in the pupal exuviae using either SmChiA or SMAA10A or a combination of both.
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5.1 FMC acts as a photosensitizer towards SCAA10C

To investigate if FMC was able to drive LPMO reactions, reactions were performed with FMC, a
cellulose active LPMO, ScAA10C, and Avicel in the presence or absence of visible light. The overall
findings presented in Figure 17 clearly show production of oxidized products, confirming FMC's
ability to promote ScAA10C activity on Avicel. Figure 17 show a clear observation of that the
production of oxidized products is higher when visible light is present compared to reactions

performed in dark. This observation occurs at all pH and FMC concentrations tested.

The theoretical explanation of how FMC contributes to LPMO activity, is that photons hit insoluble
catechols where an electron excites from its highest occupied orbital to its lowest unoccupied orbital
(Schmermund et al., 2019). The excitation may result in an electron transfer between the catechols
in FMC and the active site of LPMOs. When the active-site Cu(ll) is reduced to Cu(l), a co-substrate,
either O, or H,0,, is needed to activate cleaving of glycosidic bonds. The use of H,0, as a co-
substrate have shown a 2000-fold more efficient LPMO activity compared to reactions with O,
(Bissaro et al., 2020a), thus, H,0, is considered the preferred co-substrate towards LPMO activity.
Recent studies have demonstrated lignin-based reduction of O, to H,0, (02 + 2H* + 2e” = H,0,)
(Miglbauer et al., 2020; Kim et al., 2021) and it was hypothesized that FMC could do the same
(meaning that FMC would reduce the LPMO and produce its preferred co-substrate). Indeed light-

driven generation of H,0; in a reaction with FMC was observed in this study (Figure 23).

When the LPMO reaction occurs in a more acidic environment, the hydroxyl groups of the catechols
get deprotonated and followingly become better reductants to reduce O, to H,0,. When more H,0,
is available in a reaction solution with reduced LPMOs, it will boost the degradation of
polysaccharides, or even lead to inactivation due to oxidative damage to the active-site histidines
(Bissaro et al., 2017). This might explain the observation from Figure 17, showing that the reactions
performed in dark have a higher production of oxidized products at pH 8.0 and 7.0 compared to the
reactions in pH 6.0. In the corresponding reactions performed in visible light, progress curves of
reactions in pH 6.0 show more similarity to reactions in pH 7.0 and 8.0. Thus, the light is a more
limiting parameter in reactions with pH 6.0. Figure 17 show a higher generation of oxidized products
in reactions with 1 g/L FMC (Figure 17D) compared to 0.1 g/L FMC (Figure 17B). However, the total
generation of oxidized products in the light-exposed reaction with 10 g/L FMC (Figure 17F) did not
reach the same levels as the reaction with 1 g/L FMC (Figure 17D). Nor is the progress curve linear, as
it stagnates somewhere between 3 and 6 h (Figure 17D). This is most likely due to an overproduction

and accumulation of H,0, which has led to oxidative damage and inactivation of the LPMOs. This
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may be verified by adding more LPMO to the reactions and observe if that would lead to additional

production of oxidized products.

In the reactions with 10 g/L FMC, showing enzyme inactivation, the progress curve after 6 h still
shows a slight increase between 6 h and 24 h which is an unexpected observation considering the
LPMO inactivation (Figure 17F). This apparent increase is most likely caused by evaporation from the
sample (increasing the apparent product concentration) and not by degradation of Avicel by

ScAA10C.

FMCs effect on LPMO activity was further investigated as reactions were performed with various
concentrations of FMC. The results clearly show a correlation between the progress curve of oxidized
products and the FMC concentration, where increased concentrations of FMC increase the total
generation of oxidized products (Figure 18). This is the same observation as shown in Figure 17B and
D. Higher concentrations of FMC will most likely lead to more formation of H,0, and may also lead to
more efficient reduction of the LPMO. The latter factor was likely not limiting, since reactions with
varying LPMO concentrations showed that product formation was independent of the enzyme
concentration. Thus, it seems safe to assume that the dose-response effects observed for FMC relate
to H,0; production. As the formation of H,0, most likely is limiting the LPMO activity, more
production of oxidized products is expected when increasing the FMC concentration, which was the
case presented in Figure 17B and D and Figure 18. When the level of accumulated H,0, gets too
high, LPMOs become inactivated, which was observed in the reaction illustrated by Figure 17F. The
light-exposed reactions with varying concentrations of FMC (Figures 17 (B, D, and F) and 18), indicate
that the combination of FMC concentrations up to at least 5 g/L and light intensity corresponding to
10 % of Imaxleads to a level of H,0, formation which the LPMOs are able to use without getting
inactivated. When increasing the FMC concertation to somewhere between 5 g/L and 10 g/L, the

high level of H,0, will lead to oxidative damage and inactivation of the LPMO.

To study the effect of light exposure, reactions were performed with different light intensities from 1
% to 30 % of Imax. When increasing the light intensity, more photons will interact with the insoluble
catechols in solution and lead to more reduction of the active-site copper and of O, to form H,0,.
More efficient reduction of O, to H,0, will lead to more efficient LPMO activity, which was the case
in Figure 21A, showing a clear correlation between increased light intensities and increased progress
curves of oxidized products. The generation of oxidized products in light exposed reactions (Figure
21A) is clearly higher compared to reactions performed in dark (Figure 17A, C, and E), indicating light

exposure as a limiting parameter towards ScCAA10C activity. There were no signs of inactivation due
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to overproduction of H,0,, not even in reactions exposed to 30 % of Imax (Figure 21A, yellow line).
Given the standard parameters set for light-driven SCAA10C reactions toward Avicel catalyzed by
FMC, it would be interesting to further investigate if there is any upper limit in light intensity before

occurrence of LPMO inactivation.

As noted above, the experiment with different concentrations of SCAA10C showed that LPMO
activity was independent of the LPMO concentration (Figure 19), which can be taken to show that
H,0; production is limiting the enzymatic activity. A study performed by Kittl et al. in 2012
demonstrated that H,0, indeed may be generated by LPMOs. However, the unaffected progress
curves shown in Figure 19 may be explained by that the same amount of generated H,0, are used as
a co-substrate to activate LPMOs, which prevent accumulation and further increased production of
oxidized products. The lack of effect indicates that the LPMO concentration are not a limiting

parameter to LPMO efficiency towards degradation of Avicel.

The effect of substrate on LPMO activity was investigated by adding different concentrations of
Avicel to light exposed reactions with SCAA10C. Here, the progress curve and total generation of
oxidized products decreased by increasing the Avicel concentration (Figure 20). The Avicel particles
make the reaction solution less transparent, which most likely will decrease the access of
interactions between the insoluble catechols in FMC and the light. A further discussion of how Avicel

particles may affect the LPMO activity is provided in section 5.2.

The overall findings from the experiments described above, are that H,0, generation by light
exposed FMC is limiting the ScCAA10C activity towards Avicel. Increased FMC concentration and light
intensity led to increased progress curves of oxidized products. Thus, the limiting parameters
detected in this study are the concentration of FMC and the light intensity. In contrast, the enzyme
concentration did not affect the progress curve, or the total generation of oxidized products. Avicel
seems to limit the interaction between photons and the photosensitizing molecules, which hampers

the formation of H,0, to boost LPMO activity.
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5.2 H,0;, generation from light-exposed FMC fuels LPMO activity

Amplex red assays were performed to assess the accumulation of H,0, in the photobiocatalytic
reaction system. The purpose of the first reactions performed, shown in Figure 23, was to compare
the accumulation of H,0; in reactions with FMC in the presence and absence of Avicel. Furtherly, the
effects of SCAA10C and free copper were assessed in separate reactions. Free copper can catalyze
Fenton chemistry and convert H,0O, into hydroxyl radicals (Bissaro et al., 2018), while reduced LPMOs
use H,0, as a co-substrate when depolymerizing sugars (Bissaro et el., 2017) and may also react with
H,0: in futile turnover reactions, possibly leading to enzyme inactivation. The overall results show
that H,0, accumulates over time in reactions with FMC and light and that the presence of Avicel
decreases the level of H,0, (Figure 23). There was a slight decrease in H,0, levels in reactions with
free copper compared to the reaction without free copper and ScAA10C, indicating occurrence of
Fenton chemistry (Figure 23). In reactions containing SCAA10C and Avicel, H,0, was not detected,
which likely reflects that SCAA10C use H,0; as a co-substrate to promote degradation of cellulose.
The reaction with ScCAA10C in the absence of substrate (Avicel) generated amounts of H,0, that were

lower compared to reactions without SCAA10C (Figure 23).

When LPMOs were first discovered, it was thought that molecular oxygen was the relevant co-
substrate for catalytic activity, hence the name monooxygenase (Vaaje-Kolstad et al., 2010).
However, in 2017, LPMOs were shown to prefer H,O; over O, in competition experiments and it
became clear that LPMOs are more efficient when using H,O, (Bissaro et el., 2017). A reduced LPMO
can react with H,0; in the absence of substrate, and this may lead to inactivation of the enzyme by
reactive oxygen species (Hegnar et al., 2019), which is the likely explanation for why there is less
H,0; in the reaction with SCAA10C and FMC in absence of substrate, compared to the reaction with

only FMC (Figure 23).

To elucidate the effect of Avicel on H,0, accumulation, further experiments were performed with
different concentrations of Avicel. The observations illustrated in Figure 24, show that the level of
H.0, decreases at higher concentrations of Avicel. This explains the observations shown in Figure 20,
where increased Avicel concentrations led to decreased generation of oxidized products. A recent
study has shown that light is attenuated by Avicel particles (Blossom et al., 2020), where increased
concentrations of Avicel in solution led to decreased amounts of light being transmitted. This
explains the decreased enzymatic activity shown in Figure 20, as the Avicel particles scatters the
light, which leads to less photons, or photons with lower energy levels, to interact with FMC and

generate H,0,.
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5.3 No apparent production of superoxide from light-exposed FMC

To assess the role of superoxide in the photobiocatalytic reaction system, reactions with superoxide
dismutase (SOD) were performed. If O," is produced when FMC is exposed to visible light, SOD will
convert O,°” to H,0; and boost the LPMO activity. There was no significant difference in the
generation of oxidized products observed in reactions with SOD compared to the reactions where
SOD was absent (Figure 21). This observation is supported by the observations depicted in Figure 25,
which show no significant change in accumulated H,0, (regardless of the SOD concentration)
compared to the reaction without SOD. Thus, there is no O, for SOD to convert to provide SCAA10C

with more H,0; to boost LPMO activity.

A recent study performed by Kim et al. described lignin as a photocatalyst to form H,0, by reduction
of O, through two single-electron reductions: (O2+2H" + 2e" = 0,"" + 2H" + e > H,0,) (Kim et al.,
2021). The same study further described how this reduction could proceed in one step (i.e., O, + 2H*
+2e” > H,0,). Based on experiments with a O,°~ scavenger, Kim et al. concluded that the one-step
reduction of O, into H,0; rarely occurred in reactions photocatalyzed by lignin. As lignin has
structural similarities to catechols (Kracher et al., 2016), the lack of effect when adding SOD is
unexpected. However, the one-step reduction route of O, into H,0; is most likely the reason why the
reactions fueled by light-exposed FMC were unaffected by SOD. It must be noted that the LPMO
reactions containing SOD were performed in single replicas and that more investigation is needed to

completely exclude the role of superoxide in SCAA10C reactions photocatalyzed by FMC.

5.4 Light-exposed FMC can drive SmAA10A activity towards its own chitin content
To demonstrate FMCs ability to drive enzymatic activity of a chitin active LPMO (i.e., SmAA10A),
additional experiments were performed. The main purpose of these experiments was to investigate
if SmMAA10A could contribute to direct degradation of the chitin content in FMC, and if synergy
between SmChiA and SmAA10A would increase production of native products compared to reactions

with only SmChiA. Due to limited time, these experiments were only performed in single replicas.

The experiments were performed qualitatively, first through HILIC analysis, to demonstrate chitin
degradation of both FMC and FMC with B-chitin in light-exposed SmAA10A reactions with FMC as a
photosensitizer. As expected, the results showed light-dependent generation of oxidized products in
form of absorbance tops in the chromatogram corresponding to NAG;** — NAG¢®™ in both samples
where SmMAA10A was added (Figure 26C and D), while no absorbance of oxidized products were

detected in samples without SmMAA10A (Figure 26A and B).The results indicate that FMC can be used
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as a photosensitizer to degrade its own chitin (in addition to B-chitin), meaning that the chitin in FMC

is available for LPMOs to bind.

Further experiments were performed to investigate the effect of SmChiA and the synergy between
SmAA10A and SmChiA when degrading chitin. These experiments were performed with and without
B-chitin added to the reactions. Figures 27 and 28 display the generation of native products in
reactions without (Figure 27) and with (Figure 28) B-chitin. Both figures show that SmChiA is
necessary to produce native products, as native products are not detected in any samples only
containing FMC (Figures 27 and 28). Both figures display a higher generation of native products in
samples with SmChiA and SmAA10A in the presence of visible light compared to the reaction only
containing SmChiA, which confirms that the synergy between the two enzymes requires (in this case
light-driven) activation of LPMO. Comparison of Figures 27 and 28 shows a 10-fold higher production
of native products in samples containing B-chitin and FMC (Figure 28) compared to samples with only
FMC (Figure 27). This observation makes sense, as there is more available chitin for the enzymes to
degrade when B-chitin is added. As there is available chitin in FMC for LPMOs to bind, it would be
interesting to see if any kind of pretreatment of the pupal exuviae would lead to more chitin

degradation when using SmMAA10A and SmChiA.
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6. Conclusion and further perspectives

The aim of this study was to investigate if fine-milled cocoon powder from Hermetia illucens could
provide LPMOs with reducing equivalents to drive enzymatic degradation of recalcitrant
polysaccharides. Light-driven ScCAA10C reactions were performed with different concentrations of
FMC, ScAA10C, and Avicel and exposed to various light intensities to characterize the effects of these
parameters on LPMO activity towards Avicel. To assess the role of superoxide (0,*) in the
photobiocatalytic reaction system, superoxide dismutase was added and the activity of SCAA10C
towards Avicel was measured. Amplex red assays was used to investigate the accumulation of H,0,
in the presence of SCAA10C and free copper in separate reactions. In addition, the accumulation of
H,0, were measured in reactions with different concentrations of Avicel and SOD in the absence of
ScAA10C. Furthermore, this thesis aimed to investigate if SmChiA could produce native products
from chitin in FMC with and without B-chitin and if FMC could drive SmAA10A activity on its own
chitin content. Finally, reactions with both SmChiA and SmAA10A were performed to investigate

possible synergistic effects when degrading chitin.

In conclusion, FMC can fuel SCAA10C and SmAA10A reactions towards cellulose and chitin,
respectively, and this effect is drastically enhanced by light, especially at low pH. In light-driven
ScAA10C reactions on Avicel with FMC as a photosensitizer, the FMC concentration and the light
intensity are the parameters that limits the generation of oxidized products, most likely explained by
their effect on the production of H,0,. Increased concentrations of Avicel had a negative effect on
reaction efficiency, likely because the Avicel prevents interactions between the insoluble catechols in
FMC and photons. The experiments with SOD indicated that O," plays no role in this
photobiocatalytic reaction system, suggesting that reduction of O, to H,0, happens in one step.

However, further research is necessary to rule out the reduction of O, to H,0; in two steps.

ScAA10C reactions combining 10 g/L FMC and light intensity corresponding to 10 % of Imax led to
oxidative damage and inactivation of the enzymatic activity, most likely caused by overproduction of
H,0.. To investigate if H,0, accumulation inactivates the LPMO activity, further experiments should
focus on corresponding reactions with addition of more ScAA10C after the inactivation to observe
any increase in generation of oxidized products. Overall, the results indicate that the generation of
oxidized products in SCAA10C reactions towards Avicel with light-exposed FMC as a photosensitizer is

related to the generation of H,0..
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The experimental degradation of chitin in FMC with and without B-chitin in SmAA10A reactions,
showed generation of oxidized product in samples when SmMAA10A and visible light were present.
Native products were produced by SmChiA in reactions with FMC with and without the addition of B-
chitin. There was also a clear synergetic effect between SmChiA and SmAA10A in the sample exposed
to light, as more native products were detected compared to the reactions with only SmChiA. This
observation occurred both in the sample with only FMC and in the sample with FMC and B-chitin. In
conclusion, the results indicate that light-exposed FMC can drive SmAA10A activity on its own
content of chitin. Reactions with both SmChiA and SmAA10A indicateed a synergistically increase in
the generation of native products from FMC and B-chitin when light was present. Further work
should qualitatively confirm the SmAA10A efficiency towards chitin in FMC and investigate if any
pretreatment of the pupal exuviae from Hermetia illucens can increase the production of native
products. The fact that a chitin rich waste material (i.e., FMC) can catalyze degradation of itself is
promising to the focus of a “greener” use of resources and inspiring towards further research on

other chitin rich waste materials.

In a broader perspective, the current findings add to the notion that the presence of large amounts
of redox active compounds in biomass (lignin, catechols) may make the degradation of such biomass
light-dependent in Nature. The interplay between light-exposed lignin and LPMOs isolated from the
soil bacteria Streptomyces coelicolor might explain how plant biomass in Nature are degraded more

efficiently upon solar radiation (Austin et al., 2006; 2015)
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