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Abstract: Lytic polysaccharide monooxygenases (LPMOs) are critical players in enzymatic decon-
struction of cellulose. A number of LPMOs have been identified at a genomics level; however, they
still need to be characterized and validated for use in industrial processes aimed at cellulose decon-
struction. In the present study, we biochemically characterized a new LPMO, a member of auxiliary
activities family 9 (AA9) from the filamentous fungus Aspergillus fumigatus (AfLPMO9D). This LPMO
demonstrated higher efficiency against amorphous cellulose as compared to more recalcitrant forms
of cellulose such as bacterial cellulose and Avicel. AfLPMO9D has a capacity to oxidize the substrate
at either the C1 or C4 positions, with pH-dependent regioselectivity. Photoactivation experiments
demonstrated that light-stimulated chlorophyllin triggers AfLPMO9D activation without require-
ments of an external electron donor. AfLPMO9D is capable of boosting phosphoric acid-swollen
cellulose depolymerization via GH7 endoglucanase and cellobiohydrolase. The results of the present
study might help to elucidate the role of different LPMOs in cellulosic fiber deconstruction.

Keywords: lytic polysaccharides monooxygenases; AA9; cellulose; Aspergillus fumigatus

1. Introduction

The high prices of fossil fuels and the urgent need to develop new energy matrices
with reduced greenhouse gas emissions have driven a search for the use of renewable
sources, such as lignocellulosic residues [1]. One of the principal bottlenecks in using plant
cell wall carbohydrates to produce renewable fuels is the inherent recalcitrance that arises
from several factors, including the presence of microbial and enzyme inhibitors such as
lignin [2] and the natural plant cell wall architecture that shields its cellulosic core with
hemicellulose/lignin, barring the accessibility of enzymes and microorganisms [3].

In addition to the natural recalcitrance in plant cell wall organization, cellulose fibers
have intrinsic recalcitrance [4]. The biochemical composition of cellulose is much simpler
than that of other structural polysaccharides such as xylan, which is built by different sugars
and contains side chains [5]. Cellulose, a β-1,4-D-glucopyranose homopolysaccharide with
a degree of polymerization ranging from 100 to 20,000 [6], tightly associates in fibers,
forming regions of high crystallinity and thus contributing to its resistance to enzymatic
deconstruction [7].

Although the primary cellulose-degrading enzymatic repertoire has been investigated
for more than 70 years [8], the development of cost-effective commercial enzymatic for-
mulations for efficient cellulose deconstruction is still in progress [9]. The basic cellulose
enzymatic degradation system comprises cellobiohydrolases, endo-β-1,4-glucanases, and
β-glucosidases [7]. Briefly, cellulose is deconstructed by the action of endo-β-1,4-cellulase
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(EC 3.2.1.4), which hydrolyzes the glycosidic bonds of amorphous regions, releasing short-
chain cello-saccharides. Cellobiohydrolases hydrolyze the crystalline portion from the
reducing (EC 3.2.1.176) and non-reducing (EC 3.2.1.91) termini of cellulosic fibers, releasing
cellobiose. Finally, short-chain cello-oligosaccharides and cellobiose are further hydrolyzed
to D-glucose by β-glucosidases (EC 3.2.1.21) [10].

More recently, other proteins with auxiliary activities have been identified as crucial
enzymes in cellulose solubilization. Lytic polysaccharide monooxygenases (LPMOs), for-
merly known as fungal glycoside hydrolases of the family 61 (GH61), are copper-dependent
enzymes with oxidative activity against cellulose [11]. LPMOs are categorized as Auxiliary
Activity (AA) in the CAZy database [12], and those classified as AA9 are fungal LPMOs that
are active in cellulose depolymerization. Oxidative cleavage of cellulose by lytic polysac-
charide monooxygenases can occur at the C1 or C4 positions, generating lactones and
4-keto-sugars, respectively [13]. Currently, in addition to cellulose, LPMOs are known to be
active against various carbohydrates, including chitin [14], xylan [15], and xyloglucan [16].

Apergillus fumigatus is a well-known opportunistic human pathogen [17]; however,
more recently, it has been gaining biotechnological interest owing to its enzymatic arsenal
for plant cell wall deconstruction [18]. Earlier, our research group characterized two AA9
A. fumigatus AA enzymes [19]. In the present study, a novel AA9 containing a cellulose-
specific carbohydrate-binding module (CBM1), AfLPMO9D, was expressed in A. nidulans,
purified, and characterized. Biochemical parameters, such as the optimal temperature
and pH, were identified, and the LPMO specificity for different cellulosic substrates was
determined. Aiming to elucidate the role of AfLPMO9D in cellulose deconstruction, its
addition to monocomponent cellulases was evaluated. Moreover, a photoactivated system
using chlorophyllin as a photosensitizer was employed to assess AfLPMO9D light-driven
activation. The results of the present study will help us to understand the role of different
LPMOs in cellulose deconstruction.

2. Material and Methods
2.1. Bioinformatic Analysis

The A. fumigatus AfLPMO9D nucleotide sequence was retrieved from NCBI GenBank
using A. fumigatus AF293, locus tag AFUA_3G03870, and protein ID XP_748707.1. In
addition, a mature protein sequence was obtained from the transcript Afu3g03870_mRNA
deposited in MycoCosm [20]. Protein signal peptides were predicted using SignalP [21], and
protein glycosylation sites were determined using NetOGlyc 4.0 and NetNGlyc 1.0 [22]. An
initial search for similar proteins was conducted using the mature protein sequence in the
NCBI Blastp (protein–protein database). Protein sequence alignment was performed using
the ClustalW [23] program in Unipro UGENE 42.0 [24]. For protein alignment, sequences
of already characterized LPMOs from A. fumigatus [19] and other organisms, HiLPMO9B
H. irregulare [Uniprot:W4KMP1], LMPMO9A-2 G. trabeum [Uniprot:A0A1C9ZMC5], cel61g
AA9 G. trabeum [Uniprot:F8T947], LPMO9F N. crassa [Uniprot:Q6MGH2], eglD AA9 A.
nidulans [Uniprot:Q5BCX8], LsAA9A L. similis [Uniprot:A0A0S2GKZ1], and LPMO9D
N. crassa [Uniprot:Q1K8B6], were compared to AfLPMO9D; native signal peptides from
proteins were removed after in silico prediction before proceeding to protein alignments.
The three-dimensional model of the protein was predicted using AlphaFold [25], and
protein visualization was performed using PyMOL 2.5 [26].

2.2. AfLPMO9D Cloning and Expression in A. nidulans

Cloning and selection of A. nidulans A773 transformants carrying AfLPMO9D under
the control of the glucoamylase promoter were performed as previously reported [19]. The
protein expression was performed in static conditions during tray cultivation. Briefly, A.
nidulans transformants were cultivated in autoclaved (20 min, 121 ◦C 1.5 kgf/cm2) solid
minimal medium composed of 1% (w/v) glucose, 1.5% (w/v) agar, 1 × minimal mineral
solution, 1Xtrace element solution, and 1 mg/L pyridoxine for 48 h at 37 ◦C [27]. After
fungal growth, three agar plates were used to inoculate 500 mL of filter-sterilized (0.22 µm)
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liquid induction medium composed of 1% (w/v) glucose, 3% (w/v) maltose, 1X minimal
mineral solution, 1X trace elements solution, 1 mg/L pyridoxine, and pH adjusted to
6.5. The inoculated liquid medium was transferred to sterilized polypropylene trays and
cultivated for 40 h at 37 ◦C.

Next, 1 L of culture supernatant was filtered through miracloth tissue (Merck Millipore,
Darmstadt, Germany), centrifuged at 15,000× g at 4 ◦C for 30 min, and the clarified
supernatant was further ten-fold concentrated in a 5 kDa hollow-fiber membrane. After
concentration, the supernatant enriched with AfLPMO9D was analyzed using Coomassie
blue-stained 12% SDS-PAGE [24] and stored at −20 ◦C until further purification.

2.3. AfLPMO9D Purification

The ten-fold concentrated supernatant enriched with AfLPMO9D was subjected to
overnight 70% (NH4)2SO4 precipitation, centrifuged at 15,000× g at 4 ◦C for 30 min, and the
resulting protein pellet was resuspended in 50 mM Tris-HCl pH 8.0, with 1 M (NH4)2SO4.
Finally, the supernatant was applied to a hydrophobic interaction column (Hiprep Phenyl
FF 16/10, GE Healthcare, Waukesha, WI, USA) pre-equilibrated in 50 mM Tris-HCl buffer
pH 8.0 and 1 M (NH4)2SO4, and protein was eluted in a descending (NH4)2SO4 linear
gradient. Fractions without ammonium sulfate containing the recombinant protein of
interest were further collected and concentrated in a 10 kDa polyethersulfone membrane
(GE Healthcare) [28,29]. The partially purified AfLPMO9D was further separated into a
Superdex G75 column using 50 mM sodium acetate (pH 5) with 150 mM NaCl as the eluent,
and the corresponding purified samples were analyzed using Coomassie blue-stained 12%
SDS-PAGE. Chromatography was performed in an ÄKTA purifier (GE Healthcare) using a
1 mL/min flow rate, and protein elution was monitored by UV absorbance at 280 nm. Pro-
tein quantification was performed using a NanoDrop 2000 UV Visible spectrophotometer
(Thermo Scientific, Waltham, MA, USA).

After purification, AfLPMO9D was three-fold saturated with CuSO4 on a molar basis;
to remove the excess copper, the purified protein was subjected to ultrafiltration in a
10 kDa polyethersulfone membrane. To eliminate possible contamination of A. nidulans’
native cellulases, heat treatment was performed as previously reported by our research
group [28], and p-nitrophenyl-β-D-cellobioside and p-nitrophenyl-β-D-glucoside were
used as chromogenic substrates to evaluate cellulase contamination.

2.4. Soluble Products Detection by HPAEC

Soluble oligosaccharides were analyzed via high-performance anion exchange chro-
matography with pulsed amperometric detection (HPAEC-PAD), using a Dionex ICS-
5000 system coupled with an ion exchange column CarboPAC PA1 (250 mm × 2 mm)
(Thermo Scientific). A total of 100 mM NaOH (buffer A) and 500 mM sodium acetate with
100 mM NaOH (buffer B) were used as eluents, and the running conditions were as reported
elsewhere [29]. Non-oxidized cello-oligosaccharides with degree of polymerization 1-6
(Sigma Aldrich, Darmstadt, Germany), glucuronic acid (Sigma Aldrich), and C1-oxidized
cello-oligosaccharides (DP from 2 to 6, prepared as described in [30]) were used as stan-
dards. Prior to HPAEC-PAC analysis, reaction supernatant was filtered with the 0.22 µm
CHROMAFIL Xtra PTFE-20/25 syringe filter (Macherey-Nagel, Düren, Germany) in order
to separate the soluble products liberated by the LPMO from the insoluble substrate.

2.5. Specificity to Different Substrates

The enzymatic activity of AfLPMO9D was evaluated against different cellulosic sub-
strates; briefly, reactions were carried out in 300 µL containing 1 µM of AfLPMO9D, 0.3%
(w/v) cellulosic substrate, and 1 mM ascorbic acid, and the reactions were prepared in
50 mM sodium acetate pH 5.0 and performed for 16 h at 50 ◦C with 1000 rev·min−1 in a
thermomixer (Eppendorf® ThermoMixer® C, Hamburg, Germany), similar to described
elsewhere [29]. The final reaction was stopped by boiling at 95 ◦C for 5 min and cen-
trifuging at 13,000× g for 10 min at room temperature. Supernatant was used for soluble
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sugar detection analysis using HPAEC-PAD. The enzymatic reactions were performed in
duplicate, and the control reactions used only the substrate or enzyme.

Cellulosic substrates, Avicel® PH-101 (Sigma Aldrich), phosphoric acid-swollen cellu-
lose (PASC), and bacterial cellulose were mixed in deionized water before use in enzymatic
assays. The filter paper was then cut into fine pieces and added to the final reaction. PASC
was produced from Avicel® PH-101, according to a previously reported procedure [31],
and bacterial cellulose, as described elsewhere [32].

2.6. Biochemical Characterization

To access effect of pH on AfLPMO9D oxidative activity, enzymatic assays were carried
out as described above, replacing the buffer system with 50 mM citrate phosphate in a pH
range from 3 to 8. The temperature effect was also carried out under standard enzymatic
conditions using 50 mM sodium acetate (pH 5) and varying the temperature from 30 to
70 ◦C. The effects of different reducing agents were evaluated by replacing 1 mM ascorbic
acid with 1 mM L-cysteine, glutathione, or pyrogallol (2,3-dihydroxy phenol). Biochemical
characterization was performed using PASC as a standard substrate, and the results are
reported with standard deviation from two independent experiments. Soluble sugars
were analyzed using HPAEC-PAD, and peaks of cello-oligosaccharides of interest were
integrated into the chromatograms (nC·min) and summed up in order to allow a more
direct comparison of the data. This approach was used to study several C1-C4-oxidized
LPMOs [28,33].

2.7. Light-Driven Activation

The light-mediated oxidative activity of AfLPMO9D was evaluated against PASC
following standard enzymatic assays at pH 7 using 50 mM citrate phosphate buffer. The
light-activated reactions were performed in two different experimental sets. First, 1 mM
chlorophyllin was utilized to replace the reducing agent ascorbic acid, and the second set of
experiments used both the reducing agent and chlorophyllin. Control reactions consisted
of using 1 mM chlorophyllin in the absence of light and performing light activation using
1 µM LPMO9H as an enzyme model, previously reported to be activated by light [28].
Light-activated reactions were performed in a dark room with an unsealed thermomixer; a
red LED light was directly applied above the reaction tubes (2 mL colorless polypropylene
tubes, Eppendorf Tubes®, Hamburg, Germany) with an average photon irradiance of
220.8 µmol photons·s−1·m−2.

2.8. Cellulose Hydrolysis

PASC and Avicel hydrolysis were performed by adding AfLPMO9D to different cel-
lulases. Briefly, 1 µM or 0.1 µM of AfLPMO9D was added to 10 µg of cellobiohydrolase
(GH7 CBHI from Trichoderma reesei) or endoglucanase (GH7 endo-β-1,4-cellulase from
Thielavia terrestris) in a 300 µL reaction containing Avicel or PASC (0.3% w/v). Reac-
tions were prepared in 50 mM sodium acetate pH 5.0 with 1 mM Asc and carried out at
50 ◦C for 24 h at 1000 rev·min−1 in a thermomixer (Eppendorf® ThermoMixer® C). After
hydrolysis, the reactions were boiled at 95 ◦C for 5 min, and the total reducing sugar con-
tent was determined using the 3,5-dinitro salicylic acid method [34] employing a glucose
standard curve.

3. Results and Discussion
3.1. Protein Sequence Alignment and Heterologous Expression

Nowadays, lytic polysaccharide monooxygenase genes with an active role in plant
carbohydrates deconstruction have been annotated for several microorganisms. In this
category of enzymes with auxiliary activity, those of fungal origin classified as AA9 fam-
ily are the most studied for cellulose deconstruction processes [35,36]. A search of the
AfLPMO9D protein sequence against protein databases revealed its high identity (>90%)
with proteins of Aspergillus species closely related to A. fumigatus [37], including As-
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pegillus fischeri (90.52% identity, XP_001259147.1), Aspergillus fumigatiaffinis (89.91% identity,
KAF4251698.1), and Aspergillus lentulus (90.21% identity, GAQ04932.1).

AfLPMO9D showed only high similarity with proteins of Aspergillus species in the Fu-
migati, and none of these proteins have been validated and annotated as glycosyl hydrolase
GH61 or putative endo-β-1,4-glycosidases. Indeed, only A. fumigatus has been explored as
a source of plant cell wall-degrading enzymes; other related species have only been studied
with a focus on their human pathogenicity traits [38].

Protein alignment with characterized LPMOs displayed the two conserved histidines
that are typical for the catalytic domain of LPMOs (Supplementary Figure S1). In addition to
the AA9 catalytic domain, AfLPMO9D harbors a C-terminal cellulose-specific carbohydrate-
binding module from family 1, which is typically found in cellulases and other LPMOs [28]
(Supplementary Figure S1c,d). Although in silico modeling of AfLPMO9D could result
in a structure similar to other LPMOs, the positioning of the CBM 1 domain was closely
associated with the AA9 domain of the LPMO, probably due to hydrophobic interactions
which biased the in silico protein structure prediction. Indeed, previous studies employing
small-angle X-ray scattering models have demonstrated the flexibility of linker regions in
multi-domain LPMOs [28].

AfLPMO9D was successfully expressed and secreted into the culture media upon
induction by A. nidulans carrying the full-length gene sequence coding for the protein
under the α-glucosidase promoter. Although the primary protein sequence results in a pre-
dicted molecular weight of 33.22 kDa, after protein expression, a higher molecular weight
was observed, ~45 kDa (Supplementary Figure S2). These results are aligned with other
eukaryotic LPMOs heterologously expressed in eukaryotic hosts, such as Pichia pastoris
and [39] A. nidulans [19]. The prediction of N- and O-glycosylation indicated 38 putative
O-glycosylation and two N, which might explain the discrepancy between the observed and
predicted molecular weights of AfLPMO9D. Furthermore, the expression of AfLPMO9D
in a phylogenetically related eukaryotic system as a host organism must contribute to
more accurate post-translational modifications; for instance, eukaryotic LPMOs have their
N-terminal copper coordinating histidine methylated, which protects the protein against
oxidative damage [40].

3.2. AfLPMO9D Specificity for Different Cellulosic Substrates

After protein purification and thermal treatment to remove native A. nidulans cellu-
lases, AfLPMO9D was screened for oxidative activity against Avicel, PASC, filter paper, and
bacterial cellulose. AfLPMO9D was capable of cleaving all the investigated substrates by
employing C1 and C4 oxidation, generating either C1, C4, or C1–C4, and non-oxidized prod-
ucts (Figure 1). Although the enzyme could oxidize different cellulose-based substrates, it
displayed contrasting efficiency against cellulosic substrates with higher crystallinity. For
instance, products obtained from PASC enzymatic oxidation were almost five-fold higher
than those generated using bacterial cellulose and Avicel as substrates.

Some lytic polysaccharide monooxygenases are reported to be very active against
cellulosic substrates with a high crystallinity [41,42]; however, the present report shows that
AfLPMO9D displays better efficiency against a non-crystalline substrate, namely, PASC.
Recently, it has been reported that Thermothielavioides terrestris possesses different AA
enzymes with a distinctive role in cellulose-based material deconstruction. For example,
TtLPMO9A displayed the highest activity against PASC compared to Avicel and pulp
fibers [43]. For A. fumigatus, two other AA9s have been fully characterized [19], and they
displayed at least a five-fold difference in their oxidative activity against Avicel. These
reports, along with the data presented in this study, highlight that A. fumigatus has AA9s
specialized in cellulosic substrates with diverging crystallinity. This strategy may enhance
the cellulose deconstruction and therefore facilitate lignocellulose colonization by fungi.
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Figure 1. HPAEC-PAD chromatogram profile of soluble products released by 1 µM AfLPMO9D after
activity against 0.3% (w/v). Samples were incubated with 50 mM sodium acetate buffer pH 5.0 and
1 mM Asc and maintained at 50 ◦C and 1000 rev·min−1 for 16 h. Control reactions (black lines) were
performed in the absence of a reductant.

3.3. AfLPMO9D Biochemical Properties
3.3.1. pH Effect

The effect of pH on AfLPMO9D activity was demonstrated over a broad pH range,
with maximum activity at pH 7 and 8. At pH 5, which is typically employed in cel-
lulose hydrolysis by fungal enzymes, the enzyme exhibited >50% of its maximum ac-
tivity (Figure 2). The effect of pH also revealed a particular effect on the type of cello-
oligosaccharides released upon enzymatic oxidation. For non-oxidated and C1–C4 oxidized
cello-oligosaccharides, there is a linear increment from the acidic to the basic pH range; on
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the other hand, peak C4 oxidizing activity occurs at pH 5 and sharply decreases at a neutral
pH (Figure 3).
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Figure 2. (a) pH effect on AfLPMO9D oxidative activity against 0.3%(w/v) PASC using 1 mM
ascorbic acid as a reducing agent; (b) total non-oxidized, (c) C4-oxidized, and (d) C1–C4-oxidized.
Samples were analyzed using HPAEC-PAD, and peak areas (nC·min) were summed for non-oxidized,
C4-oxidized and/or C1–C4-oxidized cello-saccharides. Relative activity was calculated based on
the total amount of soluble sugars released by the enzyme under different pH conditions. Vertical
bars represent the standard deviation from two separate experiments. Reactions were incubated at
50 ◦C and 1000 rev·min−1 for 16 h with 1 µM LPMO in 50 mM citrate phosphate buffer (pHs from 3.0
to 8.0).
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Figure 3. pH effect in AfLPMO9D oxidative activity against 0.3%(w/v) PASC using 1 mM pyro-
gallol as a reducing agent. (a) Total products released, (b) total non-oxidized, (c) C4-oxidized, and
(d) C1–C4-oxidized. Samples were analyzed using HPAEC-PAD, and peak areas (nC·min) were
summed for non-oxidized, C4-oxidized and/or C1–C4-oxidized cello-saccharides. Relative activity
was calculated based on the total amount of soluble sugars released by the enzyme under different pH
condition. Vertical bars represent the standard deviation from two separate experiments. Reactions
were incubated at 50 ◦C and 1000 rev·min−1 for 16 h with 1 µM LPMO in 50 mM citrate phosphate
buffer (pHs from 3.0 to 7.0).
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The pH effect reported in the present study diverges from the results previously
reported for AfAA9B and AfAA9A, two AA9 from A. fumigatus [19]. The two previously
characterized enzymes displayed their maximum activity at pH 8, and at pH 7, 60% of the
maximum activity was observed. AfAA9B and AfAA9A display only significant activity
at pH 6 in the acidic pH range, whereas AfLPMO9D consistently displayed >25% of its
maximum activity in this range. AfLPMO9D displays activity over a broad pH range,
suggesting that this enzyme could be incorporated into commercially available cellulase
blends, primarily active at pH 5, without the drawbacks of pH inactivation. The broader
pH range observed for AfLPMO9D can be a direct consequence of its inherent reduced
activity, which might decrease oxidative damage, allowing the enzyme to work further
under sub-optimal conditions.

To evaluate whether there was a correlation between the reducing agent used, ascorbic
acid, and the effect of pH on the oxidative activity of AfLPMO9D, the same experiment
was conducted using pyrogallol (2,3-dihydroxy phenol) as a reducing agent. The results
demonstrated that, at least for AfLPMO9D, the use of either pyrogallol or ascorbic acid
did not alter the effect of pH on the enzymatic activity (Figure 3). In addition, the rate
of non-oxidized and C1–C4-oxidized products prevailed, as seen for the pH effect using
ascorbic acid as a reducing agent.

Golten and colleagues [44] demonstrated that the pH impacts the ionization state of
reductants and, consequently, their reactivity with the LPMO and in situ production of
H2O2. Ascorbic acid (AscH2), for instance, is predominantly in its ascorbate form (AscH−)
between pHs from 5 to 11 (pKa1 and pKa2 equal to 4.1 and 11.6, respectively). The reaction
with AscH− and O2 + Cu(II) was shown to be faster than with AscH2 [45], which implies a
faster H2O2 production in the system as the pH of the medium moves away from 5 and
approaches 11. Similarly, pyrogallol (pKa equal to 9.05) presents an increase in the oxidation
rates [46] and H2O2 production [47] with increasing pH. In view of that, the higher LPMO
catalytic activity observed in alkaline pHs might correspond to an increase in hydrogen
peroxide generation.

The detailed mechanism by which C1/C4 LPMOs regioselectively oxidize C1 or C4
termini has not been fully elucidated. However, there is evidence that the position of
aromatic amino acids on the LPMOs surface may lead to different binding to the substrate,
leading to differential regioselectivity [48]. Similarly, reports have indicated that acidic
amino acids on the surface of LPMOs might help hydrogen bond cellulosic fibers, thus
directing enzyme regioselectivity [49].

Observing the AfLPMO9D structure, three negatively charged amino acids are exposed
at the protein surface close to the two copper-coordinating histidines, Asp47 (15.7 Å),
Asp20 (15.8 Å), and Asp84 (13.3 Å). These amino acid positions could not explain the pH
dependence in C1 and C1–C4 oxidation observed in the present study because in the pH
range where more C4 oxidized termini are present, acidic side chain amino acids are already
fully deprotonated. However, a search of the AfLPMO9D surface for charged and polar
amino acids resulted in His164 (8.3 Å) (Supplementary File S3). Although histidines are
rarely reported as coordinating the enzymes binding to cellulose, previous studies showing
the replacement of aromatic residues in carbohydrate-binding modules by histidines have
demonstrated that the His side chain may coordinate cellulose binding when placed in
more alkali pH conditions [50], when histidine residues assume a partial negative charge. In
summary, the proximity of histidine groups in conjunction with previously reported acidic
amino acids may possibly contribute to the regioselective pH dependence, as observed in
the present study.

3.3.2. Effect of Temperature

AfLPMO9D could perform PASC oxidation in a broad temperature range (Figure 4),
displaying peak activity from 30 to 40 ◦C and a slight decrease of approximately 20% in
a temperature range from 40 to 60 ◦C. On the other hand, a sharp activity decrease was
observed in temperatures above 60 ◦C. Compared to other LPMOs, AfLPMO9D displayed
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a broader temperature range than TausLPMO9B (AA9) from Thielavia australiensis [51]. The
temperature effect observed in the present study is similar to that of AfAA9, a C1 oxidizing
LPMO from A. fumigatus [19].

Processes 2023, 11, x FOR PEER REVIEW 9 of 17 
 

 

The detailed mechanism by which C1/C4 LPMOs regioselectively oxidize C1 or C4 ter-
mini has not been fully elucidated. However, there is evidence that the position of aro-
matic amino acids on the LPMOs surface may lead to different binding to the substrate, 
leading to differential regioselectivity [48]. Similarly, reports have indicated that acidic 
amino acids on the surface of LPMOs might help hydrogen bond cellulosic fibers, thus 
directing enzyme regioselectivity [49].  

Observing the AfLPMO9D structure, three negatively charged amino acids are ex-
posed at the protein surface close to the two copper-coordinating histidines, Asp47 (15.7 
Å), Asp20 (15.8 Å), and Asp84 (13.3 Å). These amino acid positions could not explain the 
pH dependence in C1 and C1–C4 oxidation observed in the present study because in the 
pH range where more C4 oxidized termini are present, acidic side chain amino acids are 
already fully deprotonated. However, a search of the AfLPMO9D surface for charged and 
polar amino acids resulted in His164 (8.3 Å) (Supplementary File S3). Although histidines 
are rarely reported as coordinating the enzymes binding to cellulose, previous studies 
showing the replacement of aromatic residues in carbohydrate-binding modules by histi-
dines have demonstrated that the His side chain may coordinate cellulose binding when 
placed in more alkali pH conditions [50], when histidine residues assume a partial nega-
tive charge. In summary, the proximity of histidine groups in conjunction with previously 
reported acidic amino acids may possibly contribute to the regioselective pH dependence, 
as observed in the present study.  

3.3.2. Effect of Temperature 
AfLPMO9D could perform PASC oxidation in a broad temperature range (Figure 4), 

displaying peak activity from 30 to 40 °C and a slight decrease of approximately 20% in a 
temperature range from 40 to 60 °C. On the other hand, a sharp activity decrease was 
observed in temperatures above 60 °C. Compared to other LPMOs, AfLPMO9D displayed 
a broader temperature range than TausLPMO9B (AA9) from Thielavia australiensis [51]. 
The temperature effect observed in the present study is similar to that of AfAA9, a C1 

oxidizing LPMO from A. fumigatus [19].  

 
Figure 4. (a) Temperature effect on AfLPMO9D activity against 0.3%(w/v) PASC using 1 mM ascor-
bic acid as a reducing agent. Samples were analyzed using HPAEC-PAD, and relative activity was 
calculated based on the total amount of soluble sugars released by the enzyme under different tem-
perature conditions. (b) Temperature-dependent cellpentaonic and cellohexaonic acid production. 
Vertical bars represent the standard deviation from two separate experiments. Reactions were incu-
bated at 1000 rev·min−1 for 16 h with 1 µM LPMO in 50 mM sodium acetate buffer pH 5.0. 

Although peak activity was observed between 30 and 50 °C, the diversity of the re-
leased oxidized products was temperature-dependent, with cellohexaonic and cellopen-
taonic acids being the most abundant (Figure 4b. The major release of cellohexaonic and 
cellopentaonic acids was observed between 40 and 50 °C. These products consistently de-
creased beyond this temperature range and were therefore less abundant. Altogether, the 
pH effect and temperature range may indicate that this enzyme is relevant to the devel-
opment of cellulase blends with the potential for formulation, aiming at simultaneous sac-
charification and fermentation [52]. In this process, lower temperatures can be employed 

Figure 4. (a) Temperature effect on AfLPMO9D activity against 0.3%(w/v) PASC using 1 mM ascorbic
acid as a reducing agent. Samples were analyzed using HPAEC-PAD, and relative activity was
calculated based on the total amount of soluble sugars released by the enzyme under different
temperature conditions. (b) Temperature-dependent cellpentaonic and cellohexaonic acid production.
Vertical bars represent the standard deviation from two separate experiments. Reactions were
incubated at 1000 rev·min−1 for 16 h with 1 µM LPMO in 50 mM sodium acetate buffer pH 5.0.

Although peak activity was observed between 30 and 50 ◦C, the diversity of the
released oxidized products was temperature-dependent, with cellohexaonic and cellopen-
taonic acids being the most abundant (Figure 4b. The major release of cellohexaonic and
cellopentaonic acids was observed between 40 and 50 ◦C. These products consistently
decreased beyond this temperature range and were therefore less abundant. Altogether,
the pH effect and temperature range may indicate that this enzyme is relevant to the
development of cellulase blends with the potential for formulation, aiming at simultaneous
saccharification and fermentation [52]. In this process, lower temperatures can be employed
to deconstruct cellulose, and pH shifts are prone to occur during cellulose deconstruction
and fermentation.

3.4. Effect of Different Reducing Agents

For LPMOs to effectively achieve carbohydrate oxidation, molecular oxygen and a
reducing agent may be required to act as electron donors. In our screening of reducing
agents, relevant biological compounds, such as the amino acid L-cysteine, glutathione,
pyrogallol, and ascorbic acid, were tested (Figure 5). In summary, glutathione, pyrogallol,
and ascorbic acid resulted in the same levels of oxidized sugars, whereas only 30% of the
maximum observed was detected when employing L-cysteine as an electron donor.
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Figure 5. Effect of different reducing agents, at 1 mM, as electron donor for 1 µM AfLPMO9D during
0.3%(w/v) PASC oxidation. Reactions were incubated in 50 mM sodium acetate buffer pH 5.0 for 16 h
at 50 ◦C and 1000 rev·min−1. Vertical bars represent the standard deviation from two independent
experiments. Blanks were performed in the absence of a reducing agent. Samples were analyzed
using HPAEC-PAD, and peak areas (nC·min) were summed for non-oxidized, C4-oxidized, and
C1–C4-oxidized cello-oligosaccharides.
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The divergent effect observed for L-cysteine and glutathione (cysteine, glutamic acid,
and glycine) was not expected; hence, they are both sulfur-containing groups and, more
specifically, a sulfhydryl group with a strong basic pKa. This difference may be due to
the antioxidative role of glutathione, one of the most studied biological antioxidants [53],
which may protect LPMO from further oxidative damage from excess peroxide generated
during the oxidative cleavage of PASC, an event known as auto-oxidation inactivation [40].

Despite the significant results obtained using glutathione, and to a lesser extent, for
L-cysteine, in industrial conditions for the application of LPMOs, it is not feasible to use
such compounds as electron donors, mainly because of their cost and availability, which
could reduce the economic viability of the process. On the other hand, LPMOs may use
inexpensive and widely available electron donors derived from lignocellulosic biomass,
such as phenolic compounds such as gallic acid, for example [33]. In this respect, pyrogallol,
a tannic acid-derived phenol, can be employed as a reducing agent for AfLPMO9D, gener-
ating the same level of oxidized sugars when employing ascorbic acid as an electron donor,
a model molecule for studying LPMOs. The possibility of using phenolic compounds de-
rived from plant cell walls [54] demonstrates the versatility of electron donors for LPMOs.
Similarly, in natural environments, it is expected that lignin and related compounds might
work as electron donors for enzymatic oxidation of plant carbohydrates.

3.5. Light-Driven Activation of AfLPMO9D

In addition to the oxidative activity of LPMOs, this enzyme class can perform the ox-
idative cleavage of carbohydrates by employing natural peroxygenase activity, for example,
H2O2 as a co-substrate [55,56]. Assuming their capacity to consume peroxide, LPMOs can
be activated by a system that can autonomously produce peroxide and electrons to reduce
the enzyme’s catalytic copper, thereby activating the oxidative cleavage of carbohydrates.
In this respect, we demonstrated that light-derived excitation of the photosensitizer chloro-
phyllin could activate AfLPMO9D (Figure 6). The results demonstrated that light excitation
could trigger the activation of LPMO, generating oxidized and non-oxidized products,
as observed for ascorbic acid-supplemented reactions. The co-addition of ascorbic acid
and chlorophyllin in a light-driven reaction did not further boost the PASC deconstruction
(Figure 6c).

The mechanism underlying the light-driven reaction of LPMO is debatable, and is
not fully understood [57,58]. However, in the absence of an external electron donor and
light excitation, chlorophyllin alone cannot trigger the oxidative cleavage of PASC by
AfLPMO9D. In other words, the excitation caused by light leads to peroxide production
and other oxygen-reactive species, and AfLPMO9D will be used as a co-substrate in the
oxidative cleavage of PASC. Indeed, it was shown that the addition of nM concentrations
of superoxide dismutase (SOD), that converts O•− to H2O2, increases the LPMO activity,
whereas µM concentrations of SOD results in enzymatic oxidative damage due to an excess
of hydrogen peroxide [59,60]; this suggests a role of radical superoxide as a reducing agent
for LPMOs. Another reasonable explanation for the light-driven activation of LPMO might
be the direct transfer of the redox potential from the photosensitizer to the enzyme [57,59].

Employment of the reducing agent, ascorbic acid, and light did not result in an additive
effect after 16 h of incubation; this may have resulted from the formation of excess reactive
species, leading to oxidative damage, as previously observed by Bissaro and colleagues [59].
The said work demonstrated that Chl/light-Asc LPMO fueled reactions present higher
initial catalytic rates when compared to those supplemented with only Chl/light or Asc,
but the accumulation of H2O2 early on produced by both Chl/light and Asc led to fast
inactivation of the enzyme.
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Figure 6. HPAEC-PAD chromatogram profile of soluble products from photoactivation of 1 µM
AfLPMO9D by 1 mM chlorophyllin, using 0.3%(w/v) PASC as substrate. (a) AfLPMO9D reac-
tion in the presence of 1 mM ascorbic acid and absence of photoactivation (red light, 220.8 µmol
photons.s−1·m−2), (b) reaction in the absence of reducing agent and presence of light and chloro-
phyllin, and (c) combined effect of photo-activated reaction and presence of reducing agent. Samples
were incubated in 50 mM citrate phosphate buffer pH 7.0 for 16 h at 50 ◦C and 1000 rev·min−1.

Furthermore, more recent studies have shown that lignin [54] and redox compounds
present in insect exoskeletons [61] are able to drive LPMO reactions when exposed to visible
light, which contributes to plant cell wall and insect cuticles degradation. In summary,
the light activation of LPMO may represent a novel, feasible, and cost-effective strategy
to boost plant cell wall depolymerization and, consequently, promote a revalorization of
the biomass.

3.6. Supplementation of Glycoside Hydrolases with AfLPMO9D

Since the initial reports regarding the oxidative activity of LPMOs against cellulose,
there is common knowledge about its boosting potential in cellulose hydrolysis [62,63].
In the present study, an improvement in hydrolysis of PASC was observed when supple-
menting cellobiohydrolase I and endoglucanase, both of the GH7 family, with AfLPMO9D
(Figure 7a,b). For both enzymes, maximum enhancement was obtained using 1 µM of
AfLPMO9D, obtaining 26.80 µg/mL of reducing sugar with endoglucanase and 45.48 µg/mL
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combining endoglucanase with AfLPMO9D. In contrast, cellobiohydrolase I generated
11.01 µg/mL of reducing sugar; when supplemented with AfLPMO9D, 26.01 µg/mL was
obtained. Despite the significant improvement observed when employing PASC as the
cellulosic substrate, no improvement was observed when cellobiohydrolase I was combined
with AfLPMO9D for Avicel hydrolysis.
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Figure 7. Effect of 1 µM or 0.1 µM AfLPMO9D addition to 10 µg of (a) endoglucanase and
(b) cellobiohydrolase I, against 0.3%(w/v) PASC, and to (c) cellobiohydrolase I against 0.3%(w/v)
Avicel. Narrow bars represent the standard deviation from two separate experiments. Grey and blue
bars represent experiments carried out against PASC and Avicel, respectively. Reactions were carried
out in 50 mM sodium acetate buffer pH 5.0 and 1 mM ascorbic acid and maintained at 50 ◦C for 24 h
at 1000 rev·min−1. Supernatant was used for reducing sugar determination by the DNS method.

The results obtained when supplementing cellulases with AfLPMO9D indicated that
this enzyme performs better against amorphous cellulosic substrates, corroborating our
initial screening against substrates with distinct crystallinity levels, on which LPMO was
primarily active against PASC (Figure 7). Previous studies have demonstrated that LPMO
synergism with cellulase is substrate- and LPMO-dependent; for instance, it has been shown
that the LPMO TtAA9E from Thielavia terrestris does not show synergism with Trichoderma
reesei Cel7A, whereas LsAA9A from Lentinus similis has significant synergism during
PASC hydrolysis [62], and Thermothelomyces thermophilus TtLPMO9H has been shown to
perform best when combined with GH7 endoglucanase [28]. Furthermore, the lack of
enhancement while combining the cellobiohydrolase and LPMO may be a consequence of
protein diffusion in the reaction; since both enzymes harbor a cellulose-specific CBM, they
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might be immobilized in different regions of cellulosic fiber, limiting their joint efficiency
against insoluble substrates.

4. Conclusions

AfLPMO9D was expressed in A. nidulans and displayed oxidative activity against
several cellulosic substrates, particularly amorphous cellulose. The broad pH range and
temperature at which the highest activity is observed may make AfLPMO9D appealing
for incorporation into new cellulase blends for cellulosic ethanol production. The enzyme
was particularly active on amorphous cellulose and demonstrated synergy with cellobio-
hydrolase and endoglucanase from the GH7 family. Light-driven activation of the LPMO
was observed. Although light-boosted enzymatic oxidation of cellulose is still not fully un-
derstood, our results demonstrated its potential for increasing the cellulose deconstruction
efficiency.
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