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Abstract

Lytic polysaccharide monooxygenases (LPMOs) are copper-dependent enzymes that oxidize
polysaccharides, leading to their cleavage. LPMOs are classified into eight CAZY families (AA9-
11, AA13-17), with the functionality of AA16 being poorly characterized. This study presents
biochemical and structural data for an AA16 LPMO (PnAA16) from the marine sponge symbiont
Peniophora sp. Phylogenetic analysis revealed that PnAA16 clusters separately from previously
characterized AA16s. However, the structural modelling of PnAA16 showed the characteristic
immunoglobulin-like fold of LPMOs, with a conserved his-brace motif coordinating a copper ion.
The copper-bound PnAA16 showed greater thermal stability than its apo-form, highlighting
copper's role in enzyme stability. Functionally, PnAA16 demonstrated oxidase activity,
producing 5 yM H,O, after 30 minutes, but showed 20 times lower peroxidase activity (0.27 U/g)
compared to a fungal AA9. Specific activity assays indicated that PnAA16 acts only on
cellohexaose, generating native celloligosaccharides (C3 to C5) and oxidized products with
regioselective oxidation at C1 and C4 positions. Finally, PnAA16 boosted the activity of a
cellulolytic cocktail for cellulose saccharification in the presence of ascorbic acid, hydrogen
peroxide, or both. In conclusion, the present work provides insights into the AA16 family,
expanding the understanding of their structural and functional relationships and biotechnological
potential.
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Introduction

(Lytic) polysaccharide monooxygenases [LPMOs)] are a group of copper-dependent
enzymes that play a role in the degradation of recalcitrant polysaccharides such as cellulose,
chitin, hemicellulose, and pectin. These enzymes are found in a range of organisms, including
bacteria, fungi, oomycetes, viruses, plants, and animals [1]. LPMOs catalyze the oxidation of
crystalline and soluble polysaccharides using Oz or H202 as co-substrates, resulting in polymer
chain cleavage [2,3]. This process reduces crystallinity and increases wettability, thereby
facilitating the enzymatic breakdown of these complex and recalcitrant biopolymers by
glycoside hydrolases (GHs) [4,5]. Due to their important role in biomass degradation, LPMOs
have received increasing attention in the last decade, particularly in the context of biofuel

production and the development of sustainable biorefineries [6,7].

The Carbohydrate-Active EnZYme (CAZy) database classifies LPMOs into eight
different Auxiliary Activity (AA) families (AA9 to AA11 and AA13 to AA17) [8], with each family
having distinct structural and functional features. Among these families, AA16 is the least well
characterized, despite being of particular interest due to its substrate specificity on cellulose
and/or celloligosaccharides with C1 regioselective [9]. Lately, AA16 LPMO from
Myceliophthora thermophila (now reclassified as Thermothelomyces thermophilus) was
reported only to boost the oxidative activity of fungal AA9 LPMOs through the generation of
H20-2, without demonstrating direct oxidative activity toward polysaccharides. This evidence
challenged our understanding of whether AA16 truly qualifies as a bonafide LPMO [10]. On the
other hand, the most recent publication for the same enzyme has reported oxidative activity
towards xylan [11], putting a puzzle in this enigmatic family. Further, the AA16 LPMOs are
primarily found in filamentous fungi and in oomycetes, where they can play a crucial role in the
degradation of plant cell walls and act as phytopathogenic virulence factors [12,13]. In
addition, AA16 LPMOs have been reported to boost the activity of cellulases and other
carbohydrate-active enzymes, enhancing the efficiency of biomass degradation [9-12].

Despite the above-mentioned importance of AA16 LPMOs, information on their
structure and function is still limited, particularly for those found in basidiomycetes. Previous
work from our group has described a transcript encoding an AA16 (L)PMO, which was highly
expressed in the marine and sponge-symbiont basidiomycete Peniophora sp. when cultivated
under a laccase-inducing media. Transcripts from PnAA16 were at the same expression level



as those from the sum of the five AA9 LPMOs expressed under the same growing conditions
[14], triggering interest in studying this enzyme.

In this context, this study aimed to obtain biochemical and structural properties of
PnAA16. To achieve this goal, we employed a combination of molecular modelling,
spectroscopy, and biochemical assays. Overall, the results described herein provide insights
into the function and structure of LPMOs from the family AA16 and pave the way for future

research into their biotechnological applications.



Materials and Methods

Sequence Retrieving, in silico and CDS Architecture Analysis.

The coding sequence (CDS) for PnAA16 (VDC00504.1) was retrieved from the genome
of the basidiomycete Peniophora CBMAI 1063 (PRJEB28379). The CDS was analyzed using
the SignalP 6.0 server for signal peptide (SP) prediction against Eukarya as an organism
group [15]. DeepLoc 1.0 server was also employed for protein cellular localization, using the
“Profiles” accurate mode [16]. After, the PnAA16 sequence was submitted to the SMART
database for protein architecture analysis [17]. Taxonomic classification from AA16
homologous sequences was performed on the EFl (Enzyme Function Initiative Tools) website
[18].

Phylogenetic Analysis

To identify orthologous sequences of PnAA16, the CDS was queried against the NCBI
nr protein database using BLASTP analysis with default parameters. The CDS of LPMOs
presenting functional or structural studies from the AA16 family and other LPMO families were
also downloaded from the CAZy database. After retrieving those sequences, a search was
conducted for SP sequences using the SignalP 6.0 platform, and sequences without a His
residue after the SP cleavage site were removed.

Multiple sequence alignment was performed using T-COFFEE (Homology Extension
PSI-coffee mode) in default parameters and without curation and with the His residue as the
first amino acid of each sequence [19]. Jalview Version: 2.11.2.7 was used as an alignment
visualization tool [20]. Maximum likelihood analyses were then conducted to gain insights into
the phylogenetic relationships among the LPMOs belonging to the AA16 family, using the "a la
carte" mode on www.phylogeny.fr [21] The alignment results from T-COFFEE were used to

construct the phylogenetic tree using PhyML with default metrics, except for gaps, which were
not removed from the alignment. Statistical tests for branch support were performed using the
Approximate Likelihood-Ratio Test (aLRT) in the SH-like mode [21]. Finally, the phylogenetic
tree was visualized using the iTOL web platform [22].

Molecular Modelling
To create a three-dimensional homology model of PnAAA16a, the native signal peptide

sequence was excluded, and the ColabFold v1.5.2: AlphaFold2



(https://colab.research.google.com/qgithub/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb),
using MMseqs2 was utilized using the structure of T. thermophilus (G2QH80; PDB id.: 7ZE9)

as template, followed by one round of relaxation using the Amber option [23,24]. The resulting

five models were then subjected to pLDDT analysis, and the top-ranked model was chosen for
ligand binding site prediction with the aid of COFACTOR and COACH tools, which integrated
data on structure, sequence, and protein-protein interaction from the BioLiP database at I-
TASSER web platform [25]. After, the model was statistically evaluated using the
QMEANDiIsCo scoring function from the SWISS-MODEL web server [26]. PDB visualizations
of the model were generated using the PyMOL™ software (1.7.4.5) [27]. Furthermore, the
electrostatic surface potential was calculated with the Adaptive Poisson-Boltzmann Solver
(APBS) [28] plug-in at pH 6.0 for PyMOL™.

Cloning and Recombinant Protein Expression

The CDS encoding PnAA16 was synthesized by GeneScript (GenScript Biotech
Corporation, New Jersey, United States). The CDS was cloned into the pET-26b(+) vector
without the native signal peptide and the intrinsically disordered C-terminal region (dCTR),
aiming for periplasmic expression [29]. The LPMO catalytic domain of PnAA16 was added
between the pelB leader signal peptide and the BamHl| restriction site, and a strep-tag was
inserted in the LPMO C-terminal, followed by a stop codon, therefore removing the 6xHis-tag
from the vector construct. The plasmid was transformed into E. coli BL21(DE3) Rosetta 2 pLys

S for protein production.

A single colony containing the desired construction was pre-inoculated in Lysogenic
Broth (LB) and grown overnight at 37 °C and 200 rpm. Next, 20 mL of the overnight culture
was inoculated in 800 mL of 1x M9 minimal medium with 1% glucose as the sole carbon
source and grown at 37 °C and 220 rpm until the optical density reached 1.0. The cells were
cooled to 16 °C for 1 h, and protein expression was induced by adding Isopropyl 3-d-1-
thiogalactopyranoside (IPTG) to 1 mM final concentration. Recombinant protein production
was carried out for 16-20 h at 16 °C and 180 rpm [29,30].

After protein expression, PnAA16 was extracted from the periplasm using the Osmotic
Shock protocol and purified in 100 mM Tris-HCI pH 8.0, containing 150 mM NacCl, using affinity
chromatography with Strep-Tactin ®XT resin. After elution using the same buffer containing 50



mM biotin, the PnAA16 was concentrated, and copper ion (CuCl2) was loaded in five-fold
excess, followed by size-exclusion chromatography, using a Superdex 75 Increase 10/300 GL
in 25 mM MES buffer at pH 6.5, with 150 mM NaCl, running as mobile phase [29,30].

Structural characterizations of PnAA16

The melting temperature (Tm) was determined using the protein thermal shift assay
[31]. The copper-loaded PnAA16, at a concentration of 0.2 mg/mL (20 mM MES pH 6, 150 mM
NaCl), was combined with 1X SYPRO Orange in a reaction volume of 30 pL. To remove the
copper ion from the protein structure, PnAA16 was treated with 10 mM ethylenediamine
tetraacetic acid (EDTA) for 2 h before the assays. Fluorescence emission (excitation at 470
nm; emission at 570 nm) was monitored using a CFX384 Touch Real-Time PCR machine
(BioRad) in a 384-well clear plate. The temperature ranged from 20 °C to 99 °C, with a 2 min-
incubation at each temperature before recording the output [30]. The process was performed
in triplicate. Raw data points were analyzed in the JTSA web platform [32], using non-linear
least squares regression, more specifically the Levenberg—Marquardt algorithm with the five-
parameter sigmoid equation (Sigmoid-5). The curve midpoint was used to determine the

protein Tm [33].

Circular dichroism (CD) spectra were obtained using a Jasco J-815 spectropolarimeter
equipped with a temperature control device [34]. The concentration of PnAA16 was 0.25
mg/mL in 20 mM MES buffer pH 6.5 in the absence and presence of copper ion. The
experiments were conducted at 25 °C, employing a 0.1 cm quartz cuvette. Spectra were
recorded eight times over the wavelength range of 195 to 260 nm after they were averaged to
generate a final CD spectrum. The spectra were acquired using a scanning speed of 100
nm/min, a spectral bandwidth of 1 nm, and a response time of 0.5 s, with results obtained on a
degree scale. The buffer background contribution was subtracted from each experiment.

The purified PnAA16 was analysed using the Nano-ZS dynamic light scattering (DLS)
system from Malvern Instruments Ltd, located in Malvern, UK. A protein solution at a 1 mg/mL
concentration was prepared in 20 mM MES buffer adjusted at pH 6.5. The protein was loaded
into a quartz cuvette before commencing the measurements. The temperature of the system
was increased from 20 °C to 80 °C, and the samples were allowed to equilibrate for 5 min at

each temperature before performing DLS measurements. Multiple records of the DLS profile



were collected during this process. Electrophoretic light scattering (ELS) was used to
determine the average zeta potential (collected using a Zetasiser Nano-ZS) [35]. Zeta potential
was measured at 1 mg/mL in 20 mM MES buffer adjusted at pH 6.5 and 25 °C. Knowledge of
electrophoretic mobility enables one to calculate the average number of charges per molecule
from the Lorenz—Stokes relationship [36].

EPR spectra at X-band frequency (~9.3 GHz) were obtained using a Bruker micro EMX.
The modulation amplitude was set to 4 G, with a modulation frequency of 100 kHz and a
microwave power of 10.02 mW. The measurements were performed at a temperature of 165 K
and the EPR spectra were recorded for a 0.15 mM solution of copper-loaded PnAA16. The
spectra were collected in two conditions: (1) in the absence of cellohexaose and 150 mM
NaCl, and (2) in the presence of excess cellohexaose and 150 mM NacCl, both in a 50 mM
MES buffer at pH 6.0. The acquired spectra were simulated using Easy Spin 5.2.6 [37], which
is integrated into MatLab 2016a software.

Biochemical characterization of PnAA16

The oxidase ability of PnAA16 was evaluated using the Amplex®Red assay for H20-
quantification. The experimental setup followed the protocol described by Kittl et al. (2012)
[38], with triplicate samples prepared in a clear microplate with a final volume of 100 uL. Each
assay consisted of 50 uM of various electron donors (ascorbic acid, pyrogallol, gallic acid, and
L-cysteine), 50 yM Amplex®Red, 7 U/mL Horseradish peroxidase (HRP), and 1 yM LPMOs in
1x PBS pH 7.2. The reactions were initiated by adding the LPMOs, and the formation of the
product (resorufin) was monitored by measuring absorbance at 590 nm. The kinetics of the
reactions were recorded for 30 min or 60 min at 30 °C using the Epoch 2 Microplate Reader
(BioTek), with 3 s of shaking before each reading. The results were interpreted as
stoichiometric, which the amount of peroxide produced (in yM) was divided by the amount of
protein (uM) in the reaction. To quantify the H2O- produced, a standard curve in the presence

of each reductant was constructed using peroxide concentrations ranging from 0.1 to 10 pM.

The LPMO peroxidase activity assay using 2,6-dimethoxyphenol (2,6-DMP) and H20>
as co-substrates, was conducted as described by Bresimayr et al. (2018) to account more
physiological conditions [39]. The reactions were prepared in a total volume of 200 uL, with
final concentrations of 0.1 mM H202, 10 mM 2,6-DMP, and 1 uM of LPMOs in a 100 mM

ammonium acetate buffer at pH 6, maintained at 30 °C. Additionally, assays were performed



by varying the H20O2 concentration within the range of 0.1 to 10 mM to evaluate whether the co-
substrate concentration had influence in the overall specific activity of the enzyme. The
LPMOs were mixed with all the other reagents, which were pre-incubated for 15 min at 30 °C,
to initiate the reaction. The absorbance was then measured at 469 nm every 15 s for a
duration of 5 or 30 min, using the Epoch 2 Microplate Reader (BioTek) with the correction
pathlength option enabled. LPMO activity was quantified based on the formation of
coerulignone, with one unit of activity defined as the production of 1 ymol of coerulignone

(€469nm = 53,200 M~'.cm™") per min under the specified reaction conditions.

Evaluation of substrate specificity

The activity assays aiming to determine the PnAA 16 specificity for carbohydrate
substrates were performed on a range of different polysaccharides: microcrystalline cellulose
(Avicel), phosphoric acid swollen cellulose (PASC), squid pen chitin, xyloglucan (from
tamarind, Megazyme), corn starch (Sigma) and xylan from oat spelt (Sigma); in addition to
oligosaccharides such as cellohexaose (Megazyme), xylohexaose (Megazyme) and
mannohexaose (Megazyme). Reactions were carried out in a final volume of 100 uL for 2, 6
and 16 h with substrate concentration of 10 mg/mL (polysaccharides) or 5 mg/mL
(oligosaccharides) in 20 mM ammonium acetate buffer pH 6.0, 2 mM ascorbic acid as
reductant and 1 yM of LPMO were added to the reactions, that were assayed at 30 °C and
950 rpm using a Thermomixer (Eppendorf). All assays were performed in triplicate. After
centrifugation at 14,000g for 20 min, the supernatants were transferred to conical vials for

analysis.

The HPAEC-PAD (High-Performance Anion Exchange Chromatography with Pulsed
Amperometric Detection) analysis of polysaccharides and oligosaccharides was performed as
previously described [40]. The analysis was conducted using an ICS-6000 system from
Thermo Scientific, equipped with a disposable electrochemical gold electrode. For the
analysis, 5 yL samples were injected into a CarboPac PA1 column (2 x 50 mm). The column
was operated at a temperature of 30 °C and eluted with 0.1 M NaOH (eluent A) at a 0.25
mL/min flow rate. Separation of native, C1, C4, and C1/C4 oxidized oligosaccharides was
achieved by employing a stepwise gradient with increasing concentrations of eluent B (0.1 M
NaOH + 1 M NaOAc). The gradient elution conditions were as follows: 0-10% B from 0 to 10
min (curve 5); 10-16% B from 10 to 19 min (curve 6); 16-100% B from 19 to 25 min (curve 6);
and 100% B from 25 to 30 min (curve 5). The column was then reconditioned with 0% B from



30 to 50 min. Chromatograms of the separated compounds were recorded using Chromeleon
7.0 software, allowing for data analysis and interpretation.

Saccharification assays

The saccharification of Avicel PH-101 (Sigma Aldrich, St. Louis, MO, USA) was
performed in 2 mL screw cap microtubes with a 500 yL working volume, in triplicate. Each
reaction contained 10 mg of substrate in 50 mM Sodium Acetate pH 5.0 at 30 °C, with
agitation at 800 rpm using a Thermomixer. Celluclast® 1.5 L was added at a final concentration
of 10 FPU/g of substrate, along with 0.05 mg of B-glucosidase (AnCel3A from Aspergillus
niger) per reaction. Ascorbic acid, hydrogen peroxide, and PnAA16 were included in the
reactions when needed at final concentrations of 1 mM, 0.2 mM, and 0.01 mM respectively.

After 24 h, the reactions were halted by rapid cooling in ice, followed by centrifugation at
13,0009 for 15 min at 4 °C. The diluted hydrolysates were then analyzed for glucose and
cellobiose content using high-performance anion exchange chromatography with pulsed
amperometric detection (HPAEC-PAD). For the analysis, 5 yL of each sample was injected
into a CarboPac PA1 column (2 x 50 mm), which was operated at a temperature of 30 °C. The
column was eluted isocratically with 0.03 M NaOH as the mobile phase at a flow rate of 0.25
mL/min for 15 min. After, the column was reconditioned with the same mobile phase for an
additional 15 min. Glucose and cellobiose separation was achieved at retention times specific
to each compound. A calibration curve was constructed using both saccharides to quantify the
sugars. Chromatograms of the separated compounds were recorded using Chromeleon 7.0
software, which facilitated their quantification.



Results

CDS architecture and structural predictions

The coding sequence of PnAA16 consists of 1,047 base pairs (bp) and encodes a
mature protein comprised of 348 amino acid (a.a.) residues. A signal peptide (SP) of 20
residues (Met1-Gly20) was predicted with a high likelihood (0.99). Consistent with LPMOs,
PnAA16 featured a histidine residue immediately following the signal peptide. Using
Protparam, the expected molecular weight of PnAA16 (excluding the SP) was estimated to be
32.8 kDa, with a theoretical isoelectric point (pl) of 4.4. The extinction coefficient at 280 nm
was estimated as 17,460 M-'.cm™', assuming that all the pairs of cysteine (Cys) residues
formed disulphide bridges. Deeploc 1.0 analysis indicated a high likelihood of 0.96 for PnAA16
being an extracellular protein. The Smart database revealed that PnAA16 has the Pfam
(L)PMO_10 (PF03067) domain at the N-terminus (residues from 21 to 188). Subsequently, a
region with low complexity, known as the dCTR region [41], was identified (residues 192-306)
(Figure 1A).

Phylogenetic analysis

A BLASTP search was conducted using the PnAA16 amino acid sequence as the
query, retrieving more than 900 orthologous coding sequences (CDSs) all of which belonged
to the Fungi kingdom. Most sequences were classified as belonging to Ascomycetes, followed
by Basidiomycetes. The most representative genera were Fusarium and Aspergillus (Fig. 1B).
From those sequences, ten were selected for the phylogenetic analysis, with identities ranging
from 85% to 20%. Additionally, three sequences corresponding to characterized AA16 LPMOs
from Aspergillus aculeatus (AOA1L9X7UG6), Aspergillus nidulans (AN0778.2), and
Thermothelomyces thermophilus (G2QH80; PDB 7ZE9), were included in the analysis.
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Figure 1. In-silico analyses of the full-length PnAA16 amino acid sequence. (A) Protein architecture
analysis from SMART Database. The signal peptide is highlighted in red, the (L)PMO_10 Pfam domain
in black and the dCTR region in pink for both PnAA16 and AaAA16a sequences. (B) Taxonomic
classification of AA16 homologous sequences. (C) Phylogenetic tree of LPMO families, highlighting the
AA16 family branch.

Alignment of amino acid sequences was performed by T-COFFEE revealing the
conservation of the His-brace motif and the presence of a Tyr residue in the Cu axial position
of the second coordination sphere. The sequence alignment also exhibited the conservation of
lle or Ala residues, which occurs at the active site of AA16 LPMOs (Fig. S1). In addition, a
deletion of around 10 amino acids was observed around position 50 for a group of proteins,
which includes PnAA16, followed by some amino acid insertions around positions 110 and 150

for the same group of proteins. Finally, a maximum likelihood analysis was carried out to
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ascertain the phylogenetic relationships among the AA16 LPMOs, with LPMO sequences from
other families employed as outgroups (Fig. 1C). The analysis demonstrated that AA16 LPMOs
form a distinct cluster from other LPMO families. The AA16 LPMOs’s phylogeny depicted two
distinct branches. The first branch, supported by a bootstrap value of 0.64, primarily consisted
of AA16 LPMOs from ascomycetes, except for one AA16 LPMO from the basidiomycete
Rhizoctonia solani. In turn, the second branch of AA16 LPMOs exhibited a high bootstrap (1.0)
and greater phylogenetic distance from other LPMO families and exclusively included
enzymes from basidiomycetes. The Peniophora sp. LPMOs were positioned in an
unassociated branch within the second clade (Fig 1C).
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Supplementary Figure 1. Multiple sequences alignment (Homology Extension) of AA16
LPMOs. Purple lined boxes indicate major amino acid insertion and deletions among the AA16
sequences. The red and blue arrows show the alignment of consensus amino acids for the
histidine-brace and the second-sphere environment from AA16 LPMOs respectively.
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Structural insights of PnAA16 reveal hallmarks of an LPMO

To obtain structural information of PnAA16, the enzyme was modelled using the
AlphaFold 2 server without any structural template. Initially, a full-length model of PnAA16 was
generated, showing a high sequence coverage (Fig. 2SA) and high pLDDT score
(approximately 95% confidence) (Fig. 2SA and B). However, the C-terminal dCTR region of
PnAA16 exhibited lower sequence coverage and pLDDT score (around 35%) (Fig. 2SA, B and
E) due to limited sequence identity as previously reported in AA9 LPMOs [41]. Consequently,
a new modelling approach was employed, focusing on the amino acid sequence of the N-
terminal catalytic core. The resulting relaxed three-dimensional homology model of PnAA16
exhibited a favourable pLDDT score of 95% (Fig. S2C, D and F). To further validate the model,
a TM-align analysis was performed in the I-TASSER server using the structure of AA16 LPMO
from T. thermophilus (G2QH80; PDB id.: 7ZE9) as a template. The TM-score, ranging from 0
to 1, was calculated as 0.90, with an estimated RMSD of 1.48 A.
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Supplementary Figure S2. PnAA16 prediction metrics from AlphaFold 2. (A) PnAA16 full-
length sequence coverage from the PDB database. (B) pLDDT score per amino acid position of
PnAA16 full-length sequence. (C) PnAA16 catalytic core sequence coverage from the PDB
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Relaxed and ranked 1 cartoon model for PnAA16 full-length. The structure was coloured
according to the pLDDT score. (F) Relaxed and ranked 1 cartoon model for PnAA16 catalytic.
The structure was coloured according to the pLDDT score.

The homology model of the N-terminal domain of PnAA16 exhibits the characteristic
structure of LPMOs, featuring a central and antiparallel f-sandwich fold connected by several
loops. The stability of these loops is augmented by four disulphide bonds (Fig. 2A), which align
with the structure of MtAA16a (PDB id: 7E9Z). The model of PnAA16 indicates the presence of
a copper ion in the active site, with a C-Score of 0.58 as determined by the COFACTOR and
COACH tools of the I-TASSER server. Conserved residues His1 and His83 are predicted to
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coordinate the ion in the T-shaped pocket (Fig. 2B), similar to other structurally characterized
LPMOs [8]. The axial position of the copper ion is occupied by a Tyr, while an 1le81 residue
occupies a region in the axial secondary coordination sphere of the ion (Fig. 2B). Previous
studies have suggested that hydrophobic and polar charged residues surrounding the active
site and exposed to the solvent on the flat catalytic surface of LPMOs, play a role in substrate
binding [42,43]. For PnAA16, these solvent-exposed residues were also found on its binding
surface, encircling the His-brace, such as the hydrophobic residues lle81 and Phe158, along
with polar residues such as Asp31, His35 Glu38, Glu40, Asp157, and GIn160 (Fig. 2C). In
addition, the molecular surface of PnAA16 model was used to generate the electrostatic
potential at pH 6, revealing an overall negative charge for the enzyme (Fig. 2D).
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Figure 2. Structural features of PnAA16. (A) Cartoon representation of the three-dimensional (3D)
homology model of PnAA16 (green) superimposed with the 3D molecular structure of MtAA16a PDB id: 7E9Z
(orange). (B) Detail of the histidine-brace and second sphere residues around the copper environment. (C)
The flat catalytic surface of PnAA16 shows the hydrophobic residues in pink, the polar charged in red and the
his-brace in yellow. (D) Electrostatic surface potential of PnAA16 set to -/+ 2 kT/e.

15



Recombinant production and spectroscopy studies of PnAA16

To obtain structural and functional information on PnAA16, its catalytic domain was
synthesized and cloned into a bacterial expression vector pET-26b(+) without the signal
peptide (SP) and with a C-terminal Strep-tag Il. Therefore, the expected molecular mass of the
PnAA16 LPMO domain (without SP and dCTR) was predicted as 19.5 kDa, with a theoretical
pl of 4.41. An extinction coefficient of 17,460 M".cm™" at 280 nm was calculated based on the
amino acid sequence, assuming that all pairs of Cys residues form cystines. The recombinant
expression in the periplasm and purification of the N-terminal portion of PnAA16 (catalytic
domain) were carried out as described previously with slight modifications [30]. Briefly,
PnAA16 was successfully produced in the E. coli periplasm, however, its soluble form could
only be achieved when cultivation was performed using an M9 minimal medium without adding
copper ions for supplementation. PnAA16 was then purified by a two-step protocol employing
both osmotic shock and affinity chromatography, and its purity was checked by SDS-PAGE
(Figure S3A). Protein identity was confirmed by LC-MS/MS analysis of the protein band
excised from SDS-PAGE and using blotting with an anti-Strep-tag antibody (data not shown).
The PnAA16 was copper-loaded to maintain stability, and any useable-unbound copper ion in

excess were removed using size-exclusion chromatography (Figure S3B).
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Supplementary Figure S3. SDS-PAGE analysis of PnAA16 purification. (A) Strep-Tactin
affinity chromatography fractions loaded in the12% SDS-PAGE. 1 — lysate, 2 — Flowthrough, 3-
4 wash fractions, 5 — ladder, 6-10 eluted fractions with 50 mM biotin (B) Size-exclusion
chromatography fractions loaded in the12% SDS-PAGE from copper loaded form of PnAA16. 1
— ladder, 2 — void volume, 3-4 — 15t peak of elution, 5-7 — 2" peak of elution.

To obtain information about thermostability, PnAA16 was analysed in the absence and
presence of copper ion using the thermofluor method with SYPRO Orange as the dye (Fig.
3A). Copper-loaded PnAA16 exhibited a temperature of melting (Tm) of 72.5 °C as compared
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to 67.6 °C after copper removal using EDTA (ATm of 4.9 °C). In turn, the shift in T, from the
apo-form PnAA16 indicates that the copper ion provides a thermostabilizing effect to the
protein structure, as previously reported for other LPMOs from different families [44,45]. The
UV-visible spectrum measured for purified PnAA16 at pH 6.5 lacked significant absorbance
around 600 nm, indicating that the protein was purified in its apo-form (inset of Fig. 3B). The
circular dichroism (CD) spectrum of purified PnAA16 was typical of proteins containing (-
sheets (black line Fig. 3B), similar to that reported for other fungal LPMOs as AA9 from
Neurospora crassa [46] and T. thermophilus [47]. In the presence of copper ions, the spectrum
of PnAA16 was altered, indicating that the ion binding induces conformational changes in the
protein structure (red line Fig. 3B), a behaviour consistent with findings reported for the AA9
LPMO from N. crassa [46].
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Figure 3. Spectroscopy analysis of PnAA16. (A) Thermal shift curve of PnAA16 at pH 6.0.
The fluorescence was monitored, and raw data was used to extract the apparent melting
temperature (Tm). The protein concentration was 0.2 mg/mL and the heating rate was 2°C/min.
(B) Circular dichroism (CD) spectrum was measured for recombinant PnAA16 at pH 6.5 (25 °C)
in the absence (black solid line) and presence of cooper ion (red solid line). Inset: UV-vis
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spectrum for the recombinant PnAA16 after purification steps. (C) DLS size distribution profile
for PnAA16. Above inset: the hydrodynamic radius of PnAA16 at pH 6.5 as a function of
temperature in the absence (black circle) and presence (open circle) of copper ions. Below inset:
the zeta potential (below) for purified apo PnAA16 at pH 6.5. (D) Frozen solution X-band CW-
EPR spectra (165 K) of PnAA16 (Experimental data in black, simulations in red).

The DLS profile measured for PnAA16 at pH 6.5, in the absence or presence of copper
ions was typical of a monodisperse solution corresponding to a hydrodynamic radius (Rn) of
approximately 2.5 + 0.3 nm (Fig. 3C). This value corresponds to a molecular mass of 28.7 +
8.1 kDa assuming a spherical protein, most likely corresponding to a monomer with expected
theoretical molecular mass of 21.8 kDa (considering the C-terminal Strep-tag Il). In the
absence of copper ion, the Ru of PnAA16 exhibited minimal temperature dependence over the
range 20 °C to 60 °C at pH 6.5 (inset of Figure 3C top), however at temperatures above 60 °C
the Ru increased significantly suggesting a propensity for the protein to form amorphous
aggregates. In contrast, in the presence of copper ions, the Ry increased significantly above
70 °C (inset of Figure 3C top). These results indicate that copper ion interaction causes
conformational changes conferring a thermostabilizing effect on the protein structure. The
copper thermostabilizing effect was also confirmed by thermofluor assay (Figure 3A).
Consistent with the expected structural model, the theoretical pl value calculated from the
amino acid sequence for PnAA16 was 4.49 (with the C-terminal Strep-tag Il), indicating that at
pH 6.5 the protein structure is negatively charged. Indeed, the experimental zeta potential
measured for apo-form PnAA16 at pH 6.5 was - 15.8 £ 2.4 mV (inset of Figure 3C bottom),

giving an average number of uncompensated charges per molecule of — 5.1 £ 0.9.

CW-EPR X-band spectroscopy was employed to determine the electronic state of the
copper centre at the active site of PnAA16 (Fig. 3D). The simulated spin-Hamiltonian
parameters (gi, gi, g of 2.06, 2.06, 2.25 respectively and A 520 MHz) revealed axial
characteristics (gx = gy < g-) with a d(x>-y?) singly occupied molecular orbital (SOMO),
categorizing the copper active site as a type 2 site. These spin-Hamiltonian parameters closely
resemble those obtained for AA9, AA14, and AA15 LPMOs [48], confirming the presence of a
copper(ll) ion within the His-brace coordination environment.

Biochemical characterization confirmed that PnAA16 can oxidize celloligosaccharides.

Previous reports have validated that LPMOs exhibit the capability to generate hydrogen
peroxide (H202), when exposed to molecular oxygen and an external electron donor without

18



substrate, referred to as their oxidase activity [49]. Considering this characteristic, PnAA16
was tested with various electron donors to investigate the range of molecules capable of
reducing the copper ion at the (L)PMO's active site. Consequently, the Amplex®Red assay for
H202 quantification was conducted at pH 7.0 and 30 °C. The highest enzyme-induced H>0>
production was achieved by employing ascorbic acid as the external electron donor,
generating over 5 yM of H202 per yM of the enzyme after a 15-minute reaction (Fig. 4A).
When comparing the oxidase ability of PnAA16 with that of LPMO AA9 from A. nidulans
(protein ID: AN6428) [50], the production of H2O2 by PnAA16 exhibited a lower initial velocity
but eventually reached similar levels after 1 h of the reaction (inset of Fig. 4A top).
Furthermore, in the presence of ferulic acid, gallic acid, and pyrogallol, the generation of H2O2
was also observed for PnAA16, albeit at low levels compared to the AA9 from A. nidulans.
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Figure 4. Biochemical features of PnAA16. (A) Apparent hydrogen peroxide production of
PnAA16, using several electron donors for 30 min and 30 °C; Top inset: time course of apparent
hydrogen peroxide productions by PnAA16 and AN6428 from A. nidulans for 60 min and 30 °C;
(B) Consumption of H-O2> determined by the formation of coerulignone from 2,6-DMP at 30 °C
for 5 min. Top inset: Consumption of H202 determined the formation of coerulignone from 2,6-
DMP at 30 °C for 5 min, varying protein concentrations. (C) Time-course (2, 6, 16 hours)
HPAEC-PAD chromatograms of product mixtures from PnAA16 reactions with cellohexaose
(C6). Reaction products from C6 were native, C1- and C4-oxidized celloligosaccharides as
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indicated in the top inset. All reactions were performed in triplicate, resulting in the same profile.
(D) Avicel saccharification yields in the presence of Celluclast, with or without PnAA16 and its
co-substrates.

The peroxidase activity was also assessed using the 2,6-dimethoxyphenol (2,6-DMP)
assay at pH 6.0 and 30 °C (Fig. 4B), as previously described. It is important to note that this
assay provides only approximate information about the peroxidase activity of LPMOs and does
not necessarily correlate with oxidative activity on polysaccharides. The peroxidase-specific
activity determined for PnAA716 on 2,6-DMP was found to be 0.27 + 0.04 U/g, which is lower
when compared to the fungal AA9 (AN6428) [39,50] (Fig. 4B). The peroxidase activity of
PnAA16 was also examined via a dose-response assay, revealing a linear increase in
peroxidase activity; however, the activity remained notably low (inset of Fig. 4B top).
Additionally, varying the concentration of H20O2 from 0.1 mM to 6 mM (Fig. S4) resulted in a

linear increase in activity, nevertheless, it remained at a low specific activity level.
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Supplementary Figure S4. Hydrogen peroxide kinetics for PnAA16a. Consumption of
different concentrations of H202 determined by the formation of coerulignone from 2,6-DMP at
30 °C for 30 min.

To investigate the substrate specificities of PnAA16, we conducted enzymatic activity
assays at pH 6.0 and 30 °C, utilizing a diverse array of polysaccharides (including Avicel,
PASC, B-chitin from squid pen, xylan from oat spelt, xyloglucan from tamarind, starch from
corn, pectin from citrus, cellohexaose, xylohexaose, chitohexose, and mannohexose) as
substrates, with ascorbic acid serving as the external electron donor. The resulting reaction
products were subjected to analysis by HPAEC-PAD after 2, 6, and 16 h of enzymatic assays.
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PnAA16 exhibited activity exclusively on cellohexaose when in the presence of an external
electron donor and molecular oxygen, displaying either a C1 or C4-oxidation pattern (Fig. 4C).
Native celloligosaccharides, ranging from DP2 to DP5 (degree of polymerization - DP), were
detected at retention times (RT) of approximately 10 to 19 min, followed by C1-oxidized peaks,
between 19 to 25 min, and C4-oxidized peaks, between 25- and 30-min (inset fig. 4C). There
was also the increase of the cellohexaose peak after 6 and 16 hours of reaction due to the co-
elution of this oligosaccharide with cellobionic acid, as can be seen by the appearance of a
shoulder in the C6 peak after 16 hours of reaction with ascorbate and PnAA16. Furthermore,
the notable increase in DP2 to DP4 peak intensities throughout the experiment provided
further support for the enzymatic activity towards cellohexaose (inset of Fig. 4C top). EPR was
also applied to investigate a possible interaction of cellohexaose with the copper 2+ centre of

PnAA16, however, no significative changes in the spectra were found (Fig. S5).

To assess the contribution of PnAA16 to the saccharification of Avicel by a cellulase
mixture (Celluclast + B-glucosidase), we quantified the yields of glucose and cellobiose
generated through the synergistic action of these enzymes using HPAEC-PAD. Under our
experimental conditions, the supplementation of ascorbate to the cellulolytic cocktail increased
sugar yield by 20% in comparison to the cocktail alone (Fig. 4D). In the presence of PnAA16
and ascorbate, the increment in sugar yields was approximately 50%, indicating a boosting
effect of 30% for the cellulolytic activity on cellulose degradation in the presence of PnAA16.
The addition of only hydrogen peroxide to the Celluclast mixture did not enhance the
saccharification of Avicel. However, a boosting effect was observed when PnAA16 and
peroxide were present in the reaction, resulting in 50% increase in saccharification yields,
similar to the effect of PnAA16 and ascorbate. Interestingly, the addition of hydrogen peroxide
to the cellulase mixture in the presence of ascorbate and PnAA16 slightly reduced the
boosting effect when compared with reactions using the standalone co-factors, probably due to
enzyme inactivation (Fig. 4D). Definitively, these results underscored an enhancement of 30%
and 50% in the activity of the cellulase mixture when the PnAA16 and one of the co-substrates
were present alone in the reaction, promoting a boosting effect of cellulases in the
saccharification of crystalline cellulose.
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Figure S5. Frozen solution X-band CW-EPR spectra of PnAA16 in the presence and
absence of cellohexaose (C6).
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Discussion

Over a decade since their discovery, LPMOs have become a class of enzymes that
captivates interest due to their intrinsic ability to oxidize polysaccharides [2,51]. The enzymatic
mechanism relies on a copper ion stabilized by the His-brace motif in (L)PMQO’s active site
[2,52]. In 2019, Filiatrault-Chastel et al. reported the first description of the AA16 family LPMO
identified in the secretome of five Aspergillus spp. grown on lignocellulosic biomass [9]. One
AA16 protein from A. aculeatus (AaAA16) was biochemically characterized and exhibited
oxidative activity on PASC with a C1 regioselectivity. Accordingly, the present study also
demonstrated the C1 oxidative activity of PnAA716 on cellohexaose. Furthermore, they
revealed that AaAA16 could act in synergy with cellobiohydrolase | (CBHI) from Trichoderma
reesei for crystalline cellulose degradation [9], analogous to PnAA16's boosting effect in Avicel
presented herein. Notably, unlike AaAA16, the PnAA16 reported here can also oxidize
cellohexaose at the C4 position.

A study involving two AA16 LPMOs (MtAA16A and AnAA16) from the ascomycete fungi
T. thermophilus and A. nidulans reported that both enzymes were unable to oxidize various
polysaccharides [10]. This extensive work further demonstrated that M{AA16A can enhance
the oxidative activity of AA9 LPMOs from M. thermophila by the generation of hydrogen
peroxide, thereby stimulating peroxygenase activity in cellulose degradation. However, this
effect was not observed when AA9 LPMOs from N. crassa were incubated with M{AA16A [10].
The same study also reported the first molecular structure of an AA16 family member.
Molecular modelling of PnAA16 revealed a similar protein fold to the MtAA16A structure but
with slight differences in the composition of the residues displayed on the flat catalytic surface
of both enzymes. These variations may explain their differing observed catalytic activities [10].
On the other hand, the most recently published work on AA16s described the heterologous
expression and biochemical characterization of the same T. thermophilus (L)PMO, revealing
oxidative activity toward xylan from birchwood [11], suggesting that M{AA16A is a bonafide
(L)PMO.

Furthermore, the LPMO MoAA16a from the ascomycete Magnaporthe oryzae was also
fully characterized [12]. The authors suggested that MoAA16a can play a role in the virulence
of the fungus during rice infection due to its high gene expression in the early stages of
infection. After heterologous expression and purification, mature MoAA16 was able to cleave
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PASC with C1 regioselectivity, primarily generating native celo-oligos DP2, DP3, and DP4,
followed by gluconic and cellobionic acids to a lesser extent [12]. This is consistent with the
results obtained here for oxidation of cellohexaose as well as with AaAA16 on PASC [9].

It is worth noting that the cellulose oxidation activity of all LPMOs AA16 reported so far
is low [9,12] when compared to other LPMOs active on cellulose, such as those from families
AA9, AA10, and AA15 [30,44,50,53]. These findings strongly hypothesized that cellulose may
not be the preferential polysaccharide substrate for these AA16 LPMOs. It may depend on an
unknown co-factor (metal or ion) or another co-substrate in addition to O2/H20- to achieve their
optimal catalytic performance. A fact is that the present work and the literature [9,11,12]
collectively demonstrate that enzymes classified as AA16 are indeed LPMOs, as they can
cleave and oxidize saccharide moieties, whether cello-oligos or soluble celluloses and also
xylan. Furthermore, the three enzymes PnAA16, AaAA16, and MoAA16 can enhance the
cellulase activity against crystalline cellulose, which is another characteristic that qualifies
AA16 as a bonafide (L)PMO. In specific, PnAA16 boosts the cellulase cocktail activity by
acting on the celloligosaccharides released by the action of endoglucanase on the crystalline

cellulose.

In conclusion, our study reports the biochemical and structural characterization of
PnAA16, an LPMO belonging to the AA16 family from a white-rot marine basidiomycete
fungus, which displays the ability to cleave and oxidize cello-oligosaccharides. It is well-known
that white-rot fungi are poor cellulose degraders due to the absence of key cellulases in their
genome [54]. Therefore, it is reasonable to suggest that PnAA16 does not have a role in
crystalline cellulose oxidation but rather is capable of oxidizing short celloligosaccharides and
boosting complex enzymatic mixtures for cellulose degradation. Collectively, this study sheds
light on the enigmatic AA16 family by providing valuable structural and functional insights into
PnAA16. These findings broaden our understanding of LPMO diversity and potentially pave

the way for future applications of this enzyme family.
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