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Abstract: Melanin is a class of hetero-polymer pigments commonly
found in Nature and widely in fungi. Often referred to as the “animal
lignin“, melanin is a very abundant bioresource and features many
catalytically interesting properties. We conceived that, upon light
absorbance, the polymer could promote long-distance electron
donation to fuel redox enzymatic catalysis or controlled in-situ
generation of H,O,. Here, we report on a fungal photo-biocatalytic
system extracted from the commercially relevant A. nidulans, where
photoactivated melanin acts as an electron donor for the cellulose-
degrading AnAA9A and T{AA9E metalloenzymes. Furthermore, there
was a stable and significant accumulation of H,O, when melanin was
irradiated by visible light; having the peroxide functioning as a co-
substrate for the AA9 LPMO enzymes. Oxidized cellulose-derived
oligosaccharides were detected in the dark and under light conditions,
confirming the potential of melanin to reduce AA9s. When placed
under light conditions, they provided hydrogen peroxide as a co-
substrate for AA9s. The use of light to tune the in-situ generation of
H.O, by natural pigments might be pivotal to enable also another
peroxide-dependent enzymatic catalysis.

Introduction

Melanin is a natural pigment produced by a wide array of fungi,
bacteria, and helminths that cause disease in humans and plants.
Melanotic fungi have the particularity of being able to inhabit
inhospitable places and harsh-living environments such as dry
and hot deserts, earth poles (Arctic and Antarctic), extra-
terrestrial conditions (i.e., International Space Station),
environments polluted with metals, and areas with high radiation
(i.e., Chernobyl), among others.['? Melanins are found in contact
with the fungal cell wall, either internally or externally, mostly in
granule form. Their presence influences the structure,
architecture, and porosity of the cell wall, thus assisting the fungi
with environmental stress and, in some cases, increasing the
virulence of some fungi.!

Fungi are receiving increased attention in the industrial
biotechnology sector as potential workhorses through increasing
exploration and expansion of the nascent mycotechnology
sector.*5 Added to the growing demand for industrial enzymes,
with more than half of them of fungal origin (valued at $8.63 billion
in 2019), a remarkable increase in the intellectual properties
related to fungi arisel®”], with Novozymes, AB enzymes, Dupont,
DSM, Codexis and Toray Industries being key players for the
development of new technologies. The fungi commonly used for
these platforms encompass melanin producers (e.g., Aspergillus
spp.). The melanin synthesized by these fungi is commonly either
secreted or attached to the cell wall, making it a significant but
often overlooked by-product; and it is likely to be released into
wastewater. Recognizing the numerous applications of melanin [,
it presents itself as an abundant biological resource molecule with
the potential for use in the circular economy.

Fungi have two melanin biosynthesis pathways: the 1,8-
dihydroxy naphthalene (DHN) pathway, where acetyl-CoA or
malonyl-CoA are precursors and which most melanotic fungi
possess, and the L-3,4-dihydroxyphenylalanine (L-DOPA)
pathway, where tyrosine or L-DOPA is the precursors (Fig. 1).
Both paths involve several enzymatic steps. Pl Melanin is made
up of covalently polymerized indole and phenol-type compounds
forming building blocks. Those polymerize to form a negatively
charged hydrophobic pigment with a high molecular mass.®! To
date, the resolution of the polymeric network structure is a
challenge. X-ray analyses suggest that this polymeric network is
composed of planar structures that may differ in stacking
distances and also exhibit electronic properties typical of natural
photosensitizers due to the presence of m-electrons.®® The DHN
and L-DOPA melanin come from different building blocks, and
shared physical properties suggest a common structural core. But
studies showed that, after the excitation states of the electrons,
the excited-state deactivation can have different mechanisms.!%!
Thanks to these characteristics, melanin has the ability for energy
transduction, becoming an excellent photoprotective molecule.
One of its characteristics is to shield the organism against UV
irradiation, and as reported more recently, it also responds to
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radiation.['"l The response to radiation was evidenced by three
biological actions: i) radiotropism (the ability of fungi to grow
towards radioactivity), ii) enhanced growth triggered by exposure
to high energy levels, and iii) metabolic changes. These
observations arise from an in vitro observation that irradiated
melanin was able to reduce NAD to NADH, suggesting a possible
link between the conversion of electromagnetic energy to
chemical energy that could have utility in biological processes.!?!

Within the 300 species of Aspergillus genus, the soil fungi
Aspergillus nidulans is recognized as a eukaryotic model for
fungal genetics and biology.['l A. nidulans mainly produce L-
DOPA melanin, which can be affected by pH, temperature, and
the availability of carbon sources. Indeed, for A. nidulans, the high
level of melanization indicates stress.'¥ The genome of A.
nidulans contains several genes encoding for lytic polysaccharide
monooxygenases (LPMOs)!"%. Specifically, the AA9 LPMO family
is represented by nine different enzymes with distinct
regioselectivity and affinity for substrates!'®l. LPMOs are critical
enzymes involved in lignocellulose conversion. The secretion of
the arsenal of AnLPMOs is subjected to the saprophytic lifestyle
of the fungi, which aims to degrade a complex lignocellulosic
substrate, thus being industrially relevant biocatalytic targets.!'®l
LPMOs have a single copper active site in a highly-conserved
structure populated by two histidine forming the peculiar T-shape
arrangement (His-brace). The precise mechanism of action of
LPMOs is still widely debated yet is currently accepted to describe
it by a dual mechanism: one following the monooxygenase
reaction involving molecular oxygen, and the second instead via
peroxygenase reactivity using hydrogen peroxide as co-substrate.
It was lately found that the peroxygenase activity takes place
through the auto-production of H.O, by the LPMO via the
activated Cu[l] (different from its resting state, Cu[ll]). These
reactive species facilitate the hydroxylation of substrates, leading
to the breakdown of glycosidic bonds. To reduce the Cu([ll] to Cul[l],
so to activate the catalytic cycle, LPMOs require external
electrons, and a wide range of molecules and proteins had been
described serving as electron donors. ['7]

HO]@/\(COOH
HO NH,

DOPAquinone

HO HO
N N
HO H HO H

5,6-dihydroxyindole (DHI) 5,6-dihydroxyindole-2-carboxylic acid (DHICA)

' '

DHI-based melanin DHICA-based melanin

Figure 1. Summary of L-DOPA melanin biosynthesis. Scheme based on Meyer
and co-workers.["8
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Broadening the spectrum of biocatalysis applications, one
recent field is emerging: photo-biocatalysis. In this domain, the
enzymatic catalyst is propelled by electrons donated from a
sacrificial molecule upon photoexcitation of the molecule itself or
an intermediate pigment molecule. One of the earliest successful
applications targeting the LPMO had seen the uses of
chlorophyllin as a mediator pigment and lignin as a sacrificial
molecule.l'¥ Later studies also confirmed the ability of lignin2°
and hematite®®'! to donate photoexcited electrons. Moreover,
together with the work from Bissaro and co-workers.??, these
works showed the involvement of the production of H.O. from the
pigment itself. Recent studies have described the functional
characterization of different LPMOs through photo-biocatalysis®?*-
27, indicating its potential as a trending hot topic.

Considering the intrinsic physicochemical characteristics of
melanin and its biological role in fungi, in this work, we tested
whether melanin would be a suitable reducing agent for AA9
LPMOs, especially in photo-inducing conditions. We show that
the L-DOPA melanin extracted from A. nidulans was able to act
as an electron donor for fungal AA9 LPMOs, especially when
irradiated by visible light. These findings shed light on a new
perspective on the biological role of L-DOPA melanin and AA9
enzymes.

Results and Discussion

Melanin production and characterization

It is known that under starvation or carbon depletion stress, A.
nidulans secret melanin. Melanization plays a role in protecting
cells from exogenous stress factors and protects living cells from
the ' autolysis process. In our experiments, we induced
melanization of the medium using a low glucose concentration
(0.5%). Over time, A. nidulans liquid culture medium became
darker. Twentieth days after, the dark pigment was extracted by
acid precipitation and characterized with NMR and UV-Vis
spectroscopy (Fig. 2 and Fig. S1, respectively). The melanin
extracted from the A. nidulans growth was marginally soluble in
water and citrate-phosphate buffer at pH 6.0, leaving a two-phase
separation. The precipitate contained insoluble dark melanin,
while the water phase contained certain amount of soluble
melanin molecules that we hypothesized being <1% yet enough
for turning the solution pale-yellowish. Yet, a complete
solubilization was achieved with 1 mM NaOH and 10 % DMSO at
80 °C, allowing further characterization. We used the commercial
melanin L-DOPA as a standard to quantify the melanin extracted
from the A. nidulans culture, corresponding to 1.384 mM.

The natural structure of melanin is rarely reported due to the
challenge of obtaining homogeneous and soluble components.
Although determining the structure of melanin is beyond the
scope of this work, the 'H NMR spectroscopy signature (Fig. 2) of
melanin extracted from A. nidulans was compared with the
signature of commercial L-DOPA melanin and the available data
in the literature. In order to achieve adequate solubility for the
NMR analyses, the melanin samples were prepared in DMSO-ds
or DO and sonicated. Nevertheless, a precipitate was still
present in each case. The commercial L-DOPA melanin led to a
broadened 'H NMR signature, characteristic of high molecular
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weight polymers (Fig. 2a). The spectra recorded for the extract of
A. nidulans showed both sharp and broad lines (Fig. 2b and c).
This indicates that the samples are mixtures of small molecules
(sharp lines) and species of higher molecular weight that may be
related to the presence of oligomeric and polymeric melanin
structures. It is interesting to note that after two D,O
washes/extractions of the remaining precipitate of the extract, a
broader 'H NMR signature was obtained, closer to the signature
of the commercial L-DOPA melanin (Fig. 2d). These results are in
agreement with '"H NMR data previously reported for melanin
extracts and commercial melanin.?8-31

The UV-Vis spectrum showed the typical peak (Fig. S1),
ranging from 200 to 300 nm in different concentrations. It is a
specific light absorption profile for aromatic compounds and tends
to decrease in absorbance with increasing wavelength. Studies
that characterized melanin extracted from different fungi showed
similar spectrum patterns.323

Finally the ground state redox potential of the so extracted
melanin was characterized and a midpoint potential of 227 mV vs
RHE (Reversible Hydrogen Electrode), was found (Fig. S2). This
value is very close to the average redox potential of LPMO
enzymes reported in literature (aroun 200-220 mV).
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Figure 2. 'H NMR spectra (298 K, 600 MHz) of (a) commercial L-DOPA
melanin in DMSO-ds, (b) extracted melanin in DMSO-d, (c) extracted melanin
in D20, (d) extracted melanin in D20 after two D20 washing with 30 min
sonication of the remaining precipitate, *: impurities, w: water, s: solvent, g:
grease. A similar vertical scaling was applied for spectra a) and b), as well for
spectra c) and d).

Light-induced electron transfer from melanin to LPMO
(AnAA9 and TtAA9)

The ability of melanin to reduce and activate a C4-oxidizing
AnAAQAIS! and C1/C4-oxidizing TtAA9ER4 enzymes during
photo-sensitized incubation on phosphoric acid swollen cellulose
— PASC, was investigated (Fig. 3). These were benchmarked
against incubations containing the standard condition for
activation of LPMO, i.e., AscA at 1 mM, dark-yellow
chromatograms (Fig. 3a, 3e). The reactions were carried out in
three hours, and a concentration of 0.1 mM of melanin was
sufficient to trigger the LPMOs activity in the absence of ascorbic
acid (AscA) in photosensitized conditions. After quantification of
the soluble cello-oligosaccharides produced by the TtAASE
enzyme (Fig. 3b), it was found that incubation with 1 mM of AscA
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had produced 102 mg/L, instead with 0.1 mM of melanin the same
enzyme produced 14 mg/L of the oligosaccharides. Even in dark
conditions (black line in Fig. 3a, 3e) a certain level of LPMO
activation was detected. Control reactions performed in the
absence of the AA9 enzymes under illumination (gray lines in Fig
3a, 3e) or in darkness showed the inability of the melanin itself or
in combination with copper, ascorbate or hydrogen peroxide to
oxidatively cleave the cellulose (Fig. S3). The high-performance
anion-exchange chromatography (HPAEC) analysis relative to
the oligosaccharides released from LPMOs confirmed the same
pattern for both AscA and melanin Fig. 3b; therefore, the
regioselectivity of the enzymes was not affected using a different
reducing agent, as it was previously observed® for the TtAA9E.
Photo-sensitized natural melanin achieved approximately 13% of
LPMO activity with only a tenth of the reducing power in molar
amount compared to ascorbic acid. These results prompted us to
set up a comparative time-course experiment where the TtAA9E
was incubated with same molar amount of reductant (0.1 mM of
AscA, or 0.1 mM of melanin, or combination of both) and sampled
many times during 16 hours incubation (960 minutes). In Fig 3¢
the chromatograms are reported at the endpoint (16 hours) and
can be noted that incubation with melanin outperformed AscA in
amount of oligosaccharides released: 17 mg/L compared to 12
mg/L respectively (Fig. 3d), approximately 40% more
oligosaccharide. Instead, looking at earlier time points (30’, 60’
and 180’ minutes) an opposite scenario would have been found,
having the AscA a faster release of oligosaccharides compared to
melanin. Noteworthy is also the incubation with both AscA and
melanin together (summing 0.2 mM of reducing power), which
saturated the maximum activity of the LPMO earlier then both
reductants applied alone, leading to a very fast release of
oligosaccharide in the first 60 minutes (80% of the total obtained
in 960 minutes). In supplementary figure Fig. S4, are reported the
HPAEC chromatograms relative to the oligosaccharides released
for all the incubations at each time point.

Moreover, given the broad spectrum of light absorbance
properties of melanin, an attempt to activate the pigment using
UV light, and thus the LPMO reaction, was performed. After 30
minutes of UV irradiation, the melanin precipitated, compromising

the feasibility of the assay, and probably unfolding the enzyme too.

Furthermore, other LPMOs available in our lab have been
tested to prove the non-specificity of the photosensitization driven
by melanin. In Fig. S5 chromatograms of oligosaccharides are
shown from the melanin-mediated photosensitization of LPMOs
from Thermoascus aurantiacus (TaAA9A) and Myceliophthora
thermophila (MtAA9I), proving the non-specificity of the melanin-
mediated photosensitization.
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Figure 3. LPMOs incubations with melanin in different settings. a) HPAEC-PAD
chromatographic profile of soluble cellulose oligosaccharides by 1uM of TtAASE
with 1 mM AscA (dark-yellow); 0.1 mM photoinduced melanin (red); 0.1 mM
melanin in darkness (black). Incubation time 3 hours. b) Quantification of the
oligosaccharides from a) using purified standard for cellobiose (Glc2),
cellotriose (Glc3), cellotetraose (Glc4) and cellopentaose (Glc5). The oxidized
version were obtained by end-point incubation with CDH enzymes so
generating cellobionic acid (GlcGlc1A), cellotrionic acid (Glc2GIc1A),
cellotetraonic acid (Glc3Glc1A), cellopentaonic acid (Glc4Glc1A). c) HPAEC-
PAD chromatographic profile of oligosaccharides produced by TtAA9E with 0.1
mM AscA (dark-yellow); 0.1 mM melanin (red); 0.1 mM melani + 0.1 mM of AscA
(blue); no-enzymes control containing cellulose, melanin and AscA (black); 16
hours incubation. d) Quantification of the oligosaccharides from c) plus other
time points of same conditions (30°, 60’, 180’ minutes). e) HPAEC-PAD
chromatographic profile of cellulose solubilized oligosaccharides by 1uM of
AnAA9A with 1 mM AscA (dark-yellow); 0.1 mM photoinduced melanin (red);
0.1 mM melanin in darkness (black); Grey line shows the negative control:
cellulose with AscA and Melanin irradiated by light. Incubation time 3 hours.
General conditions for all incubations (if not differently indicated): 0.5% (w/v)
PASC, 50 mM sodium acetate buffer pH 6.0; 50 °C with shaking at 1000 rpm;
irradiation with white light (210 pumol photons/m?/s) was provided by LED diodes
or kept in the dark. All experiments were done in triplicates.

Hydrogen peroxide

Evidence that natural photosensitizer molecules like lignin
or quinones can generate H>Oz alongside promoting long-range
light-induced electron transfer (LIET) advocates for its careful
detection and/or quantification. ['®341 Figures 4 and 5 present data
on the quantification of HoO2 evolved by photosensitized melanin
(derived from A. nidulans) and detected using the horseradish
peroxidase (HRP) method based on the Amplex™ Red reagent.
Due to the nature of the assay, exposure of the samples to light
was done before mixing with the detection solution to avoid
artificial resorufin formation by exposing the reagent to light.

The time course experiment (Fig. 4, 5 and supplementary
material S6) shows that in dark conditions, melanin did not
accumulate a detectable amount of H>O, (detection limit <0.3 uM).
One cannot exclude that if a minor amount had been produced, it
could have been decomposed by the melanin itself, due to its
reactive oxygen species (ROS) scavenger ability.8l Therefore an
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exogenous amount of hydrogen peroxide (15 uM) was added to
the melanin in darkness, yet it was not degraded for the entire
length of the measurements (960 minutes, Fig. S6). This result
also confirms the role of melanin as a compatible reducing agent
(electron donor) for LPMO since cellulose oxidation was obtained
when melanin and the enzyme were incubated in dark conditions
(Fig. 3), although the oligosaccharides produced by both TtAA9E
and AnAA9A were in a basal-minimal amount. Yet, when melanin
was exposed to white light, a constant accumulation of H>O, was
detected over time in a linear trend: reaching a concentration of
~14 uM of H>O2, corresponding to 2,9 uM/h production rate for
the first 300 minutes (Fig. 4). The latest detection points at 960
min showed around 23 uM of H>O2, corresponding to an hourly
production of 1.1 uM/h, assuming that it was produced
continuously. The same experiment was conducted in the
presence of AscA, a reducing molecule known to interact with
photoexcited melanin, working as ultimate sacrificial molecule so
donating electron eventually leading to higher production of H2Op,
as also earlier demonstrated by Wielgus and Sarna for melanin
derived from bovine eyes B9, and for other natural
photosensitizers i.e. phycobilisomes, chlorophyllin %23 and
catecholamines from insects 8. Indeed, when melanin was
exposed to light and in the presence of 0.5 mM AscA, the hourly
production of H2O2> was 10,5 uM/h for the first 180 minutes.
Interestingly the final time point at 960 min showed a lower
residual amount of H>O; (about 45 uM), determining a decrease
of the hourly production to 2,75 uM/h (Fig. 4). This suggests an
intrinsic ROS scavenger activity of melanin and ascorbate after a
first prooxidant burst induced by light. Overall, the amount of
hydrogen peroxide produced by melanin in this setting is
compatible with previous experiments where it was added
exogenously to keep constant activation of LPMO by Bissaro and
co-workers.??
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Moreover, in Fig. 5 the LPMO enzymes and the cellulose
substrate were added to the photoactivated melanin setup
resulting in the absence of hydrogen peroxide formation,
indicating the ability of the enzymes to efficiently utilize H.O, as
a co-substrate for the lytic oxidation of cellulose. At each tested
sampling point, the amount of H-O» was kept below the detection
limit, indicating that LPMO enzymes had enough activity and
dosage to consume it.
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Figure 4. Photocatalytic melanin-related H202 production over time. All samples
were exposed to light. Black bars: melanin 0.1 mmol exposed to white light.
Grey bars: melanin 0.1 mM and AscA 0.5 mM exposed to white light. White
bars: AscA 0.5 mM exposed to white light (no melanin control). Error bars
indicate the standard deviation of 3 different replicas.
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Figure 5. Photocatalytic melanin-related H202 production with LPMO at
selected time points. Melanin is presented in dark and light conditions, all the
other conditions are instead performed only in light. Black bars: 960 minutes
reaction time. Grey bars: 180 minutes. White bars: 60 minutes. Error bars
indicate the standard deviation of 3 different replicas.
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Figure 6. HPAEC-PAD chromatographic profile of soluble cellulose
oligosaccharides by 1 pM of TtAA9E incubated with 0.1 mM (dark-yellow); to
this setting an increasing amount of H2O> was added: 12 pM light-blue; 25 pM
medium-blue; 50 pM dark-blue. Black line represent the negative control lacking
the enzyme. General conditions for all incubations: 0.5% (w/v) PASC, 50 mM
sodium acetate buffer pH 6.0; 180 minutes at 50 °C with shaking at 1000 rpm
in darkness.
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Finally to prove that the melanin has sufficient reducing ability to
activate the Cu[ll] to Cu[l] an experiment in darkness was
performed where TtAA9E was incubated with melanin and
exogenous amount of H.Oz in a range of 12 to 50 (uM), Fig. 6.
The results show increasing solubilization of cellulose at
increasing dosages of hydrogen peroxide confirming the ability of
melanin to serve as reducing agent for LPMO also in darkness.

Hydrogen peroxide intracycle

Light-driven enzymatic processes for AA9 have been
described previously using thylakoids isolated from
photosynthetic microorganisms, chlorophyllin, ligninl'9, quinones
from insect's exoskeleton®! hematite®'l, and a vanadium-doped
titanium dioxide (V-TiO) systemP7l, Bissaro and co-workersi??
have also shown that light could tune in situ generation of HOg,
which would fuel the oxidation of polysaccharides. Essentially,
natural phenols can donate and accept electrons with appropriate
mediators through a mechanism that varies the oxidation and
reduction state of phenols.

The electron transfer properties of melanin have been
known for a long time.®® Exposure to ionizing radiation and other
radiation sources (such as visible light) has boosted this property,
as demonstrated in the double reaction system of NADH oxidation
and ferrocyanide reduction, where melanin acts as an electron
transfer agent.[® Figure 7 depicts a possible mechanism of how
melanin can be involved in a light-driven enzymatic system. In the
photoreduction process and oxygenated situations, melanin can
reduce Oz to H2O2 as shown by our results and in agreement with
literaturel*® and the latter is used as co-substrate by the AA9
LPMOs after a successful reduction of Cu(ll) to Cu(l). In this
regard, we speculate on the possible direct electron transfer from
melanin to the AA9 LPMO (as proven by the successful cellulose
oxidation observed in dark conditions for THLPMO9E [Fig. 3A]
also in presence of H.O, [Fig. 6]), perhaps accelerated by
photoexcitation. Whether a more efficient electron transfer would
be possible due to light absorbance is demonstrated only at the
level of H2O2 evolution (Fig. 4). The addition of a second reducing
species, such as ascorbate, drove melanin to an even higher rate
(and amount) of H.O2 production, preventing the expected natural
melanin auto-oxidation after many cycles of electron donation, as
it has already been described that melanin auto-oxidation
competes with donor oxidation.*'l Although delayed, the
autooxidation of melanin will occur and can lead to further
polymerization and precipitation; moreover, the production of
H20; also accelerates photo-bleaching.*? Finally, the bleaching
of melanin is also accelerated by binding to Cul[ll], suggesting a
possible involvement of Fenton-like processes.*?! This reaction
would produce ROS such as hydroxyl and hydroperoxyl radicals
and superoxide anions, yet in our control experiments with Cu[ll],
melanin and H>O, these had not caused oxidation of cellulose
without the LPMO enzymes.
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Figure 7. Possible mode of photosensitization from melanin to LPMO-AA9
based on the presented results and literature. (a) Melanin can reduce LPMO
enzymes via donation of electron due to a favorable reduction potential, also in
darkness. b) Upon UV or visible light irradiation melanin can also reduce Oz to
H202, a co-substrate of LPMO. c) Both options lead to the autooxidation of
melanin (causing bleaching or precipitation). d) By the use of ascorbic acid as
sacrificial molecule or reducing agent, an electron can be transferred to the
melanin filling the hole vacated by the previous transfer of the photoexcited
electron. This also prevent the oxidation of melanin that remain reduced for
longer period at the expenses of the ascorbate. Eventually after having spent
all the molecules of ascorbic acid, the melanin will start oxidizing.

Conclusion

The discovery of melanin as photo-excitable natural pigment
confirms the intriguing synergism between the biotic

photodegradation of plant cell walls through biocatalytic strategies.

Furthermore, we provide evidence on the ability of melanin to
efficiently sustain the catalytic cycle of the bioresources-
degrading LPMO enzymes at dosages 10-fold lower than the
normal state of the art for similar applications based on ascorbate.
Moreover, the biochemical implications are various: melanin
could activate several AA9 LPMO enzymes not only the one
produced by the same organism (A. nidulans) from which it was
extracted. Therefore, proving non-specificity towards the
enzymatic partner. This, coupled with the abundance and ease of
extraction for melanin compared to lignin heteropolymer
represents an interesting bio-derived, photoactivable solution for
in-situ hydrogen peroxide generation i.e. for application with redox
enzymes. Nowadays the ‘bioeconomy sector based on
lignocellulose is looking for alternatives for greener productions,
and redox enzymes depended on hydrogen peroxide are
considered the most attractive for the production of biochemicals
i.e. UPO, peroxidases, lignin-peroxygenases to name few.

The ability to perform double electron donation (reduction of
Cu[ll] to Cull]) for the activation of the LPMO, plus the supply of
electrons for the photo-reduction of oxygen into hydrogen
peroxide, makes fungal melanin an ideal platform to be further
exploited for the sustainable biocatalysis. An interesting approach
would be to test the redox complexity of melanin from different
fungi to screen its potential uses as an inexpensive sacrificial
molecule for the nascent photo-biocatalysis field.
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Experimental Section

Fungal melanin extraction and quantification

For extracting fungal L-DOPA melanin, Aspergillus nidulans A773 (genotype:
pyrG89;wA3;pyroA4) obtained from the Fungal Genetics Stock Center (FGSC,
St Louis, MO) was plated into Potato-Dextrose-Agar (PDA) and incubated at
25 °C for five days with a photoperiod of 12 h light/12 h darkness. 11-mm discs
were made in the solid medium with a cork borer for the inoculum. One disc was
added to 150 mL of an A. nidulans liquid minimal medium described by Segato
et al.l*y but containing 0.5 % (w/v) of glucose as a carbon source. The fungus
was incubated for 20 days at 28 °C at 200 rpm with a photoperiod of 12 h light/12
h darkness. The liquid medium was filtrated on Whatman paper n°1, 0.02 %
(w/v) of sodium azide was added to the supernatant and stored at 4 °C for later
use. The mycelium was discarded. The pigment was extracted as described by
Gongalves et all®® Briefly, the supernatant samples were acidified to pH 1.5
with 6 mol/L HCI and incubated overnight at room temperature for the melanin
precipitation. After this, the precipitate was centrifuged at 4500 g for 15 minutes,
and the supernatant was discarded. Next, the pellet was washed with 40 mL
deionized H,O, centrifuged at 4500 g for 15 minutes, and the supernatant was
discarded. This step was repeated two more times to deacidify the melanin. The
residual pellet was resuspended in 40 mL of citrate-phosphate buffer pH 6.0. L-
DOPA melanin (Sigma ref. M8631) was used as a standard for quantification.
Solubilization of all melanin samples and the synthetic one was adapted from
the protocol described by Fernandes et al.5 The melanin sample was dissolved
in a solution of 1 mol/L NaOH (w/v) with 10% DMSO (v/v) for 1 h at 80 °C and
then centrifuged at 3000 g for five minutes. The supernatant was used for
quantification. The synthetic melanin used for the standard curve varied its
concentration from 0.0005 to 0.1 mg/mL The samples were read on 405 nm in
the UV-Vis spectrophotometer Lambda 25 (PerkinElmer®). The supernatant
melanin was also submitted to a scan in the range of 200-800 nm. For this, the
extracted melanin was diluted 25-fold, 50-fold, and 70-fold in citrate-phosphate
buffer pH 6.0.

Nuclear Magnetic Resonance spectroscopy

'"H NMR analyses of the commercial L-DOPA (Sigma ref. M8631) and the
melanin extracted from A. nidulans were performed at 25 °C using a JEOL JNM-
ECZ600R/S3 spectrometer operating at 14.1 T (600.17 MHz for 'H) equipped
with a double resonance ROYAL™ probe. Samples were in 600 pL D20 or
DMSO-ak (7.3 mg of commercial L-DOPA and 31.5 mg of extracted melanin)
and sonicated for 2 h to improve the solubility of the melanin samples. In each
case, a solid deposit remained visible at the bottom of the tube. The spectra
were recorded using a spectral width of 20.0 ppm centered at 5.0 ppm, 4 s
relaxation delay, 2.6 ps high-power RF pulse width (flip angle of 30°), 2.2 s
acquisition time, and 512, 1024 or 4000 scans. Processing was performed using
MestReNova 14.3.0-30573. It comprised zero-filling (total of 256k points),
cosine square multiplication of the free induction decay and Fourier transform,
phase correction, baseline correction, and chemical shift referencing of the
spectrum. The 'H spectra were referenced using the residual signal of the
solvent (HDO: 4.79 ppm; DMSO-ds: 2.50 ppm).

Cyclic Voltammetry
CV for melanin, was performed at room temperature using PGSTAT30
Potentiostat (Autolab) at ambient temperature with a normal three-electrode
configuration consisting of an edge plane pyrolytic graphite (EPPG) as a
working electrode (ProSense, 3.0-mm diameter), an Ag/AgCl electrode
(Metrohm) as a reference electrode, and a platinum-wire auxiliary electrode.
The electrode was soaked in 1 mM melanin suspension in 50 mM sodium
acetate buffer pH 6.0 and kept under dark condition. Prior the CV analysis, the
sample was purged for 10 minutes with N2 for oxygen depletion and kept
under N2 overpressure all along the measurement. The CV is recorded using
a scan rate of 100 mV. The midpoint ground state redox potential is converted
to mV vs RHE (reversible hydrogen electrode) using the following equation:
E(RHE) = E(Ag/AgCl) +0.199 + 0.059 * pH

AA9 LPMO assay

The enzymes used in this work, AnLPMO9A from A. nidulans, TLPMO9E from
Thielavia terrestris, MtAA9I from M. thermophila, and TaAA9A from T.
auranticus, were obtained as described by Kadowaki et al.l*®! and Zarattini et
al.“”l For the assay the generic reaction mixture contained 1 uM of LPMO, 0.5 %
(w/v) PASC, and 50 mM of sodium acetate buffer pH 6.0. As a reducing agent,
1 mM ascorbic acid (AscA) or 0.1 mmol/L melanin was used. Reactions were
incubated at 50 °C with shaking at 1000 rpm with visible light (210 pmol
photons/m?/s) or darkness. Different incubations time were applied as specified
in each figure. Also some samples contained 0.1 mM of AscA also specified
were meaningful. At the end of incubation, the samples were centrifuged at
15.000 g for 3 min. The supernatant was filtrated through an Amicon Ultra 0.5
mL filter with a cut-off of 3 kDa to retain the melanin. Native and oxidized
oligosaccharides were analyzed by high-performance anion-exchange
chromatography HPAEC on a Dionex 1CS-6000 system equipped with pulsed-
amperometric detection (PAD) and a CarboPac PA1 analytical column (2 x 250
mm), with the elution performed as described by Kadowaki et al.*f! The
detection and quantification of native oligosaccharides from DP2 to DP5 was
done by using pure standards from Megazymes Ltd, while the relative C1-
oxidized version were obtained by end point incubation with cellobiose
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dehydrogenase enzyme MtCDH until disappearing of the native oligosaccharide
was reached accordingly to previous literature protocol.[4!

Careful consideration should be given to the melanin injection into the HPAEC,
particularly if in the presence of soluble melanin. This is able to pass the usual
filters used for sample preparation and eventually when injected will
permanently coat the PA1 column resin causing possibly a shift in the retention
times of the oligosaccharides. It is recommended to first condition the column
with blank samples containing melanin to achieve consistent retention shift
through the entire experiment.

H202 production assay
The rate of H202 production was assessed using MyQubit Amplex™ Red

Peroxide Assay (Thermo Fisher Scientific) following the manufacturer's protocol.

The working solution contained 100 umol/L Amplex™ Red reagent, 0.2 umol/mL
of horseradish peroxidase (HRP), and 1X PBS buffer pH 7.4 in a final volume
of 240 pL. The fluorescent emission from the resorufin was measured after 5
min of incubation. For each condition, three independent replicates were done.
The experiments were set as follows: 0.1 mM melanin, and where indicated 0.5
mM AscA, or 1 uM of TLLPMOO9E, or 1% w/w PASC. Visible light was provided
at 210 umol photons/m?%s in continuous, dark conditions were achieved by
working in a dark room.3

Keywords: AA9 LPMO - photobiocatalysis ¢« L-DOPA melanin ¢
Bioresources ¢ Biorefinery
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Photosensitation of fungal melanin provides photo-excited electrons and H>O»-cosubstrate to fungal
AA9-LPMO enzymes. An example of natural photobiocatalytic system with component sorted all from
the same organism.
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