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Auxiliary activities family 3 subfamily 2 (AA3_2) from the CAZy database comprises various functions related to ligninolytic
enzymes, such as fungal aryl alcohol oxidases (AAO) and glucose oxidases, both of which are flavoenzymes. The recent study of
the Pycnoporus cinnabarinus CIRM BRFM 137 genome combined with its secretome revealed that four AA3_2 enzymes are se-
creted during biomass degradation. One of these AA3_2 enzymes, scf184803.g17, has recently been produced heterologously in
Aspergillus niger. Based on the enzyme’s activity and specificity, it was assigned to the glucose dehydrogenases (P. cinnabarinus
GDH [PcGDH]). Here, we analyze the distribution of the other three AA3_2 enzymes (scf185002.g8, scf184611.g7, and
scf184746.g13) to assess their putative functions. These proteins showed the highest homology with aryl alcohol oxidase from
Pleurotus eryngii. Biochemical characterization demonstrated that they were also flavoenzymes harboring flavin adenine dinu-
cleotide (FAD) as a cofactor and able to oxidize a wide variety of phenolic and nonphenolic aryl alcohols and one aliphatic poly-
unsaturated primary alcohol. Though presenting homology with fungal AAOs, these enzymes exhibited greater efficiency in re-
ducing electron acceptors (quinones and one artificial acceptor) than molecular oxygen and so were defined as aryl-alcohol:
quinone oxidoreductases (AAQOs) with two enzymes possessing residual oxidase activity (PcAAQO2 and PcAAQO3). Structural
comparison of PcCAAQO homology models with P. eryngii AAO demonstrated a wider substrate access channel connecting the
active-site cavity to the solvent, explaining the absence of activity with molecular oxygen. Finally, the ability of PcAAQOs to re-
duce radical intermediates generated by laccase from P. cinnabarinus was demonstrated, shedding light on the ligninolytic sys-

tem of this fungus.

Auxiliary activities (AA) are a widespread group of catalytic
modules involved in plant cell wall degradation. They were
first introduced in 2013 into the carbohydrate-active enzymes
(CAZy [www.cazy.org]) database (1). This AA class encompasses
and extends an earlier classification dedicated to fungal ligninolytic
enzymes and comprises 10 families, some of which have subfamilies
(2). The AA family group enzymes possess the potential ability to
help the original carbohydrate-active enzymes gain access to the
carbohydrates embedded in the plant cell wall. Lignin, the main
noncarbohydrate structural component of plant cell walls,
consists of an intricate network of aromatic compounds form-
ing a strong, hydrophobic, insoluble barrier closing access to
the carbohydrates. Microorganisms have therefore set up dif-
ferent strategies to either modify or degrade lignin as a first step
to gain access to the carbohydrate moiety and convert it into an
energy source (3).

In this new AA classification, family AA3 belongs to the glu-
cose-methanol-choline (GMC) oxidoreductase family first de-
fined by Cavener (4). AA3 enzymes are flavoproteins containing a
flavin adenine dinucleotide (FAD)-binding domain and can be
subdivided into four subfamilies: AA3_1 (mostly covering cello-
biose dehydrogenase), AA3_2 (including both aryl alcohol oxi-
dase and glucose 1-oxidase), AA3_3 (alcohol oxidase), and AA3_4
(pyranose 2-oxidase). Within the AA3_2 subfamily, aryl alcohol
oxidases (AAOs) catalyze the oxidative dehydrogenation of sev-
eral aromatic and aliphatic polyunsaturated alcohols with an
a-carbon primary hydroxyl group, with the concomitant reduc-
tion of O, to H,O, required for class II peroxidases to oxidize
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lignin. They were first described in Polystictus versicolor (5). AAO
activity was later detected in different fungi, including Pleurotus
species (6-9), Fusarium solani (10), Rigidoporus microporus (syn-
onym, Fomes lignosus) (11), Bjerkandera adusta (12, 13), and Bot-
rytis cinerea (14). The simultaneous production of AAO and lignin
peroxidase (LiP) in B. adusta (15) and of AAO and versatile per-
oxidase in Pleurotus cultures (16) supports AAO involvement in
lignin degradation. AAO localization was investigated during
wheat straw degradation by Pleurotus eryngii under solid-state fer-
mentation conditions. Although the enzyme was initially located
in the hyphal sheath, AAOs can penetrate the partially degraded,
or modified, cell walls of phloem and parenchyma and also the
more densely lignified sclerenchymatic tissues to act synergisti-
cally with other lignin-degrading enzymes (17). An extracellular
AAO has also been characterized in the maize parasitic fungus
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Ustilago maydis whose oxidases play a role in pathogenicity
through the production of hydrogen peroxide involved in lesion
formation and lesion expansion of the plant cell wall (18, 19).

AAO substrates can include both lignin-derived compounds
and aromatic fungal metabolites. Among these compounds, non-
phenolic aromatic metabolites seem to be preferred, given the
substrate specificity of Pleurotus eryngii AAO (PeAAQ) (7, 20), but
the Bjerkandera adusta as well as the Ustilago maydis AAOs
(BaAAO and UmAAO, respectively) efficiently oxidize both non-
phenolic and phenolic benzyl alcohols (13, 18). One of the pro-
posed roles for AAO is to provide a continuous supply of H,O, by
redox cycling aryl alcohols in collaboration with mycelial dehy-
drogenases. This process involves two enzymatic activities: an ex-
tracellular AAO, which oxidizes aryl alcohols to aldehydes, and an
intracellular aryl alcohol NAD(P)* oxidoreductase, which re-
duces them back to aldehydes (21-23). It has also been postulated
that H,O,, besides being an oxidizing substrate of ligninolytic per-
oxidases in white rot decay, could also act as the precursor of
highly reactive OH’, being able to depolymerize lignin (and poly-
saccharides) (24). Finally, AAOs are also thought to reduce phe-
noxy radicals produced by laccase during lignin degradation. This
process prevents the polymerization of lignin during its biodegra-
dation by ligninolytic enzymes (25).

The genome of Pycnoporus cinnabarinus was recently se-
quenced to study the enzymatic machinery involved in biomass
degradation (26). Among the white rot fungi, P. cinnabarinus,
which belongs to the Polyporaceae family in the phylum of Basidi-
omycota, is known to degrade lignin efficiently and completely
(27). Its ligninolytic system features copper- and iron-containing
enzymes that are strategic for the targeted transformation of aro-
matic compounds (28). Of lignin-degrading enzymes, P. cinnaba-
rinus is known to secrete a set of native laccases (AA1) at very high
levels of up to 1 g - liter ™" (29, 30). Secretome studies in liquid
cultures and solid-state fermentation obtained with several sub-
strates highlighted three laccases present under all conditions,
demonstrating that these enzymes are efficiently produced by the
fungus. Also, four AA3_2 enzymes (scf184803.g17, scf185002.g8,
scf184611.g7, and scf184746.g13) were detected in liquid cultures
grown on both maltose and birchwood as substrates (26). The
enzyme corresponding to scf184803.g17, closely related to glucose
oxidase (GOX), was recently characterized and identified as a glu-
cose dehydrogenase, based on its inability to use oxygen as an
electron acceptor (31).

In this study, we cloned and heterologously expressed in Asper-
gillus niger the three other AA3_2 enzymes (named aryl-alcohol:
quinone oxidoreductases [AAQOs]) produced by P. cinnabarinus,
termed P. cinnabarinus AAQO1 [PcAAQO1], PcAAQO2, and
PcAAQOS3 for scf185002.g8, scf184611.g7, and scf184746.g13, re-
spectively. Enzymes were fully characterized in terms of physico-
chemical properties, substrate specificities, reduction of oxidized
compounds by P. cinnabarinus laccase, and structural properties
by homology modeling.

MATERIALS AND METHODS

Chemicals. All reagents were from Sigma-Aldrich.

Strains and culture media. Escherichia coli JM109 (Promega, Char-
bonnieres, France) was used for vector propagation. Aspergillus niger
strain D15#26 (pyrG deficient) (32) was used for heterologous expression
of the AA3_2-encoding cDNAs. After cotransformation with vectors con-
taining the pyrG gene and the expression cassette, transformants of A.
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TABLE 1 Primers used in this study

Primer name” Sequence

PcAAQOL1 for 5'-ATGTCCTTGGCGGCAGCAGC-3'
PcAAQOL1 rev 5'-TCAATGCGACAGCGGGATGC-3'
PcAAQO?2 for 5'-ATGCGGTGCTTCACGTCAAA-3’
PcAAQO2 rev 5'-TCAGCACCATGCTTCCTTAA-3’
PcAAQO3 for 5'-ATGTACTCTGGCTTCATCGC-3’
PcAAQO3 rev 5'-TCAAGGACACGCTTGGTGTC-3’

@ for, forward; rev, reverse.

niger were grown for selection on solid minimal medium without uridine
and containing 70 mM NaNO,, 7 mM KCl, 11 mM KH,HPO,, 2 mM
MgSO,, glucose 1% (wt/vol), and trace elements (1,000X stock; 76 mM
ZnSO,, 178 mM H;BO;, 25 mM MnCl,, 18 mM FeSO,, 7.1 mM CoCl,,
6.4 mM CuSO,, 6.2 mM Na,MoO,, 174 mM EDTA). For the screening
procedure of the positive transformants, 100 ml of culture medium con-
taining 70 mM NaNO;, 7 mM KCl, 200 mM Na,HPO,, 2 mM MgSO,,
glucose 5% (wt/vol), and trace elements was inoculated with 2 X 10°
spores ml~ ! in a 250-ml baffled flask. The P. cinnabarinus strain BREM
137 is available at the Centre International de Ressources Microbiennes-
Champignons Filamenteux (CIRM-CF [https://wwwé6.inra.fr/cirm_eng
/Filamentous-Fungi] ).

Cloning and expression of PcAAQO-encoding genes. The open
reading frame sequences encoding the three AA3_2 enzymes (Joint Ge-
nome Institute [JGI] designations PCAAQO1, PcAAQO2, and PcAAQO3)
were amplified on cDNA libraries from P. cinnabarinus grown on maltose
or birchwood (26) using forward and reverse primers (Table 1), cloned
into the pGEM-T Easy Vector System (Promega), and sequenced (GATC
Biotech, Constance, Germany) to confirm the exon-intron splicing de-
duced by bioinformatics. The corresponding sequences were synthesized
and codon optimized for A. niger (GeneArt), with some modifications.
First, the amino acids of the signal peptides, predicted with the program
SignalP hosted on the ExPASy Proteomics server (http://www.expasy.ch),
were replaced by the 24-amino-acid glucoamylase (GLA) preprosequence
from A. niger (MGFRSLLALSGLVCNGLANVISKR). Second, an addi-
tional segment encoding a His tag, (CACCAT),, was integrated at the C
terminus, and two restriction sites (Ncol and HindIII) were added at the
5" and 3’ ends of the sequence, respectively, for cloning in the expression
vector pAN52.4 (GenBank/EMBL accession number Z32699). In the final
expression cassette, the Aspergillus nidulans glyceraldehyde-3-phosphate
dehydrogenase-encoding gene (gpdA) promoter, the 5" untranslated re-
gion of the gpdA mRNA, and the A. nidulans trpC terminator were used to
drive the expression of the inserted coding sequences.

Transformation and screening of transformants. For each recombi-
nant protein, cotransformation was carried out as described by Punt and
van den Hondel (33) using both the expression vector containing the
expression cassette and pAB4-1 (34) containing the pyrG selection marker
in a 10:1 ratio. Transformants were selected for uridine prototrophy by
growth on selective solid minimal medium (without uridine). In order to
screen enzyme production in liquid medium, 100 ml of culture minimal
medium (adjusted to pH 5.5 with 1 M citric acid) was inoculated with 2 X
10° spores ml ™! in a 250-ml flask. The culture was monitored for 14 days
at 30°C in a shaker incubator (130 rpm), and pH was adjusted daily to
5.5 with 1 M citric acid. From these liquid cultures, aliquots (2 ml)
were collected daily, and cells were pelleted by centrifugation (20 min at
15,000 X g). The resulting supernatant was concentrated onto microcen-
trifugal units (Centricon) with a 30-kDa cutoff, and protein production
was confirmed by 12% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE).

In parallel, aryl alcohol oxidase activity was assayed spectrophoto-
metrically by monitoring the oxidation of I mM p-methoxybenzyl alcohol
to p-anisaldehyde at 285 nm (g,45, 16.95 mM ' cm™ ') in 100 mM phos-
phate buffer, pH 6. When no aldehyde production was observed, 200 uM
1.4-benzoquinone (€,9, 2.24 mM ™' cm™') was used as an alternative
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electron acceptor. The reactions were followed for 60 s at 30°C in an
Uvikon XS spectrophotometer (BioTek Instruments, Colmar, France).
Activities are expressed as nkat, the amount of enzyme that oxidizes 1
nanomole of substrate per second.

Purification of the recombinant PcAAQOs. The transformants pro-
ducing the highest enzyme activity were inoculated under the same con-
ditions as in the screening procedure. One liter of culture per enzyme was
harvested after 7 days of growth in a shaking incubator (130 rpm at 30°C),
clarified using GF/D, GF/A, and GF/F glass fiber filters (Whatman, Maid-
stone, United Kingdom), sterile filtered (0.22-pm-pore-size filter), and
concentrated 10-fold by ultrafiltration through a polyether-sulfone mem-
brane with a 10-kDa cutoff (Vivaflow crossflow cassette; Sartorius, Les
Ulis, France). The retentates were adjusted to pH 7.8, and the His-tagged
recombinant proteins were purified on a Chelating Sepharose Fast Flow
column (5-ml Ni Histrap; GE Healthcare, Velizy-Villacoublay, France)
equilibrated with five column volumes of binding buffer (50 mM Tris-
HCI, pH 7.8, 150 mM NaCl, 10 mM imidazole). After a wash with five
column volumes of binding buffer, bound proteins were eluted with five
column volumes of 150 mM imidazole in binding buffer at a flow rate of
5 ml min~ ! and collected as 1.5-ml fractions. Finally, the fractions of
interest were pooled, dialyzed, concentrated by ultrafiltration under ni-
trogen pressure (rotating membrane with a 10-kDa cutoff; Sartorius), and
stored in 100 mM phosphate buffer, pH 6, at —20°C. Protein purification
steps were followed by 12% SDS-PAGE. Protein concentrations used in
the SDS-PAGE assays were determined spectrophotometrically using mo-
lar extinction coefficients at 280 nm of 57,410 M~ ' cm ™!, 69,900 M !
cm” Y and 71,640 M~ ! em ! for PcAAQO1, PcAAQO2, and PcAAQO3,
respectively.

N-terminal amino acid sequence determination and enzyme degly-
cosylation. The N-terminal signal peptides were predicted using SignalP
(http://www.cbs.dtu.dk/services/SignalP/), and the N-terminal amino
acid sequences of the mature proteins were determined according to Ed-
man degradation from a sample electroblotted onto a polyvinylidene di-
fluoride membrane (iBlot; Life Technologies). Analyses were carried out
on an Applied Biosystems 470A sequencer by the proteomic platform of
the Institut de Microbiologie de la Méditerranée, CNRS, Aix Marseille
Université, Marseille, France. Potential N-glycosylation sites were pre-
dicted using the CBS NetNGlyc, version 1.0, server (http://www.cbs.dtu
.dk/services/NetNGlyc/). Recombinant proteins were deglycosylated us-
ing peptide-N-glycosidase F (PNGase F) according to the manufacturer’s
procedure (New England BioLabs, Evry, France). Briefly, 10 pg of pure
enzyme was incubated with 1,000 U of PNGase F for 1 h at 37°C after heat
denaturation at 100°C for 10 min. Deglycosylation efficiency was analyzed
by 12% SDS-PAGE.

Molar extinction coefficient and spectral characterization. All mea-
surements were performed at 30°C in 100 mM phosphate buffer, at pH 6,
using an Uvikon XS spectrophotometer (BioTek Instruments, Colmar,
France). The enzyme concentration was determined using the molar ab-
sorbance of proteins at 456 nm. These extinction coefficients were deter-
mined based on the quantification of free FAD extracted from the protein
samples by heat denaturation and using the following equation: €5, =
€pap X AyselAyse Wwhere A 54 is the enzyme absorbance at 456 nm, A ;5 is
the free-FAD absorbance at 450 nm, and €, is the free-FAD extinction
coefficient at 450 nm (11,300 M~ ' cm ™ !). Reduction of 24 M PcAAQO1
was performed using increasing p-anisyl alcohol concentrations of a stock
solution of 100 mM, followed by monitoring changes in the protein ab-
sorption spectrum.

Substrate specificity and kinetics. All the assays described below were
performed using a Uvikon XS spectrophotometer (BioTek Instruments,
Colmar, France) for 60 s at 30°C in 100 mM sodium phosphate, pH 6.0
(unless stated otherwise), and reactions were started by the addition of the
purified enzymes. Dehydrogenase activity of the recombinant enzymes
was assayed spectrophotometrically at the indicated wavelengths using
the four electron acceptors (from 1 pM to 1 mM) 2,6-dichloroindophenol
(DCPIP) (€550, 6,800 M~ cm ™), 1,4-benzoquinone (€,9,, 2,240 M !

April 2016 Volume 82 Number 8

Applied and Environmental Microbiology

Characterization of AAQOs from Pycnoporus cinnabarinus

cm '), methyl-1,4-benzoquinone (g,9,, 3,000 M~ ' cm™ '), and 2,6-di-
methyl-1,4-benzoquinone (g,4, 2,500 M~ ' cm ™) (35) with different
alcohol concentrations (from 2.5 uM to 10 mM) of the following electron
donors: veratryl alcohol, p-methoxybenzyl alcohol, benzyl alcohol, m-
methoxybenzyl alcohol, coniferyl alcohol, cinnamyl alcohol, vanillyl alco-
hol, p-hydroxybenzylic alcohol, isovanillyl alcohol, 2-naphthalene meth-
anol, 2,4-hexadien-1-ol, o-methoxybenzyl alcohol, 4-chlorobenzyl
alcohol, 3-chloro-p-methoxybenzyl alcohol, 3-chlorobenzyl alcohol,
3-fluorobenzyl alcohol, and 4-fluorobenzyl alcohol.

Oxidase activity was assayed on the same alcoholic substrates by mon-
itoring H,O, production using a horseradish peroxidase (HRP)-coupled
assay with Amplex Red. In the presence of H,O,, HRP (6 units/ml) and
Amplex Red (60 uM) form resorufin (€543, 52,000 M™"' ¢cm™") upon
oxidation.

Steady-state parameters were determined using GraphPad software on
three replicates of each measurement point. The initial reaction rates at
different electron donor or acceptor concentrations were fitted to the
Michaelis-Menten equation for one substrate: v/e = k., [S]/(K,, + [S]),
where e is the enzyme concentration, K,, is the Michaelis constant, k_,, is
the maximal turnover number of the enzyme, and S is the substrate. The
catalytic efficiency, k,/K,,,, was determined by fitting the initial rate data
to the normalized Michaelis-Menten equation: v/e = (k,/K,,)[S]/(1 +
(kcat/Km) [S]/kuat)

Inhibition of the laccase-catalyzed oxidation of phenolic acids to qui-
nones and phenoxy radicals by PcAAQOs was measured spectrophoto-
metrically using 0.1 mM phenolic acid as the substrate, 0.45 to 3.87 nkat of
P. cinnabarinus laccase (36), and 2 mM 3-chloro-p-methoxybenzyl alco-
hol for PcAAQO1, 1 mM isovanillyl alcohol for PcAAQO2, and 100 uM
2,4-hexadien-1-ol for PcAAQO3 as electron donors in 500 pl of 100 mM
sodium acetate buffer, pH 5. The oxidation reactions with or without
increasing AAO concentrations were performed at 30°C for 5 min and
quantified at the indicated wavelengths.

Temperature and pH stability. To determine the effect of tempera-
ture on activities, aliquots of purified recombinant enzymes were incu-
bated at various temperatures ranging from 20°C to 70°C in 100 mM
phosphate buffer at pH 6. For the pH profiles, aliquots of purified recom-
binant enzymes were incubated in 100 mM citrate-phosphate buffer from
pH 2.5 to 7.0 and in 100 mM phosphate buffer from pH 7.0 to 11.0. For
both experiments, activities were assayed after 10-min incubations using 1
mM 3-chloro-p-methoxybenzyl alcohol and 1 mM coniferyl alcohol as
electron donor substrates for PCAAQO1 and PcAAQO2, respectively, with
100 wM 1,4-benzoquinone as acceptor and 200 wM cinnamyl alcohol as
electron donor substrate with 200 uM DCPIP as acceptor for PCAAQO3.
The reactions were followed at the wavelengths indicated above, and mea-
surements were made in triplicate.

Bioinformatic analysis. The open reading frames of 476 representa-
tives of family AA3_2, belonging to the Polyporales order, were extracted
from the CAZy database (www.cazy.org). In addition, nine sequences for
which biochemical data are available were included: glucose oxidases
from Aspergillus niger (GenBank accession numbers AAA32695.1 and
CACI12802.1), Penicillium chrysogenum (GenBank AFA42947.1), and
Penicillium amagasakiense (GenBank P81156); glucose dehydrogenases
from Pycnoporus cinnabarinus (GenBank KJ934222) and Glomerella cin-
gulata (JF731352); and aryl alcohol oxidases from Pleurotus eryngii
(GenBank AAC72747.1), Bjerkandera adusta (JGI identification number
|Bjead1_1|171002), and Pleurotus pulmonarius (GenBank AAF31169.1).
Finally, the three new recombinant P. cinnabarinus AA3_2 enzymes
(PcAAQO1, PcAAQO2, and PcAAQQO3) identified in the secretomes (26)
were also included. Sequence alignments on the resulting 485 sequences
were done using ClustalW, and phylogenetic analyses were conducted
using the MEGA6 (neighbor-joining) program (37). The pairwise dele-
tion option was active to handle alignment gaps, and the Poisson correc-
tion model was used for distance computation. Bootstrap tests were con-
ducted using 1,000 replicates.
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TABLE 2 Purification steps for each recombinant enzyme produced in A. niger D15 and yield of recombinant PcAAQOs

Volume Total activity Protein Specific activity Activity Purification
Enzyme Purification step (ml) (nkat) (mg) (nkat/mg) yield (%) factor (fold)
PcAAQO1 Culture medium 1,000 20,016 207 97 100 1
Ultrafiltration 100 16,249 153 106 81 1.1
Purification 4 12,375 66 188 62 1.94
PcAAQO2 Culture medium 1,000 2,210 113.4 19 100 1
Ultrafiltration 100 1,610 78.4 21 73 1.1
Purification 2.8 1,520 68.6 22 69 1.14
PcAAQO3 Culture medium 1,000 2,438 69 35 100 1
Ultrafiltration 100 2,127 57 37 87 1.1
Purification 3 1,809 38 48 74 1.35

Multiple alignment analyses of PFAAQO1, PcAAQO?2, PcAAQO3, and
P. eryngii AAO (PDB code 3FIM) were performed using Clustal Omega
(http://www.ebi.ac.uk/Tools/msa/clustalo/), and the output result was
further processed with ESPript, version 3.0 (http://espript.ibcp.fr/ESPript
/cgi-bin/ESPript.cgi). The automated protein structure homology mod-
eling program Phyre2 (38) was used to determine the closest protein
structure available in the Protein Data Bank (PDB). Using the closest
homolog as the template, PeAAO (PDB 3FIM), apo-enzyme modeling
was performed. The resulting modeled apo-enzymes were docked with
their cofactor FAD (from PDB code 3FIM) using Autodock4 utility scripts
(39). The binding cavity, located between the two catalytic histidines and
the Rossmann fold, was generated using Autogrid in the AutoDock Tools
interface. Dockings were performed by AutoDock, and the results were
visualized in Autodock Tools, version 1.5.6. The ligand conformations
were assessed manually on lowest binding energy but also according to the
P. eryngii AAO structure superimposition. Active-site access channels
were computed and depicted with the CAVER, version 3.0, PYMOL
plug-in (40), and all figures were prepared with PyMOL.

Nucleotide sequence accession numbers. Sequences generated in this
study were deposited in GenBank under the following accession numbers:
KT327205 for PcAAQO1, KT327206 for PcAAQO2, and KT327207 for
PcAAQO3.

RESULTS

Phylogenetic analysis and sequence analysis. A phylogenetic
analysis of family AA3_2 representatives obtained from Polypora-
lesis presented in Fig. S1 in the supplemental material. A full list of
species used and their number of AA3_2-encoding sequences is
detailed in Table S1 in the supplemental material. The phyloge-
netic tree displays eight subgroups (bootstrap values of >70) for
which characterized sugar-acting enzymes, glucose oxidase (EC
1.1.3.4) and glucose dehydrogenase (EC 1.1.99.10), were grouped
together, whereas characterized AAOs (EC 1.1.3.7) of P. pulmo-
narius, P. eryngii, and B. adusta were clustered in another sub-
group. The PcAAQO1, PcAAQO2, and PcAAQO3 sequences, pre-
dicted as AAOs according to blastp, are included in this subgroup.
Of these three enzymes, PcAAQOI1 exhibited 45.5%, 45%, and
44%, PcAAQO2 had 48.7%, 48,6% and 52%, and PcAAQO3 had
44.5% 44.9%, and 41.3% sequence identity with P. eryngii, P. pul-
monarius, and B. adusta aryl alcohol oxidases, respectively. Fi-
nally, PcAAQO1 possessed 49% identity with PCAAQO2 and 44%
identity with PcAAQO3, while PCAAQO?2 possessed 44% identity
with PcAAQO3. The six remaining subgroups are genome-de-
rived predictions of unknown functions belonging to the super-
family of GMC oxidoreductases based on blastp searches for
which no biochemical data are available.

2414 aem.asm.org
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A. niger transformation and screening. Genome annotation
and secretome analysis of P. cinnabarinusliquid cultures grown on
maltose-, birchwood-, and maize bran-induced media revealed
the secretion of four proteins whose genes (PcAAQO1, PcAAQO2,
PcAAQO3, and PcGDH) (31) were classified in the superfamily of
GMC oxidoreductates, the AA3_2 family (26). In order to pro-
duce the other three recombinant enzymes, the coding sequences
corresponding to the amino acids of the signal peptides were re-
moved and replaced by the coding sequence of the A. niger glu-
coamylase signal peptide, followed by a KEX2-like cleavage site
located in the expression vector pAN52.4. In cotransformation
experiments, protoplasts of A. niger D15#26 were transformed
with both the pAB4-1 plasmid and the expression vector. Trans-
formants were selected for their ability to grow without uridine
supplementation. Approximately 75 prototrophic transformants
were obtained per microgram of expression vector.

A total of 40 positive clones for each transformation were
cultured in standard liquid cultures and checked daily for pro-
tein production by SDS-PAGE and for enzymatic activity by
spectrophotometric assays. Approximately 20% of the tested
transformants exhibited activity in the culture medium. No
overexpression was visible on SDS-PAGE, and no AAO activity
was detectable in negative controls (transformed by pAB4-1
only). The best-producing clone for each enzyme was selected
and cultured in a larger volume for enzyme production and
purification.

Purification procedure and study of the biochemical proper-
ties. The recombinant enzymes were purified from the culture
medium in two successive steps (Table 2). First, 1 liter of culture
medium, containing 207 mg, 113.4 mg, and 69 mg of proteins, was
concentrated 10-fold by ultrafiltration, with a recovery of 81%,
73%, and 87% for PCAAQO1, PcAAQO2, and PcAAQQO3, respec-
tively. Second, 100 ml of the resulting concentrates, containing
153 mg, 78.4 mg, and 57 mg of protein, respectively, was loaded
onto a Ni-His trap column and purified to homogeneity, with
recoveries of 66 mg, 68.6 mg, and 38 mg for PcAAQOL,
PcAAQO2, and PcAAQO3, respectively. The final recovery of the
purification ranged from 62% to 74% (Table 2).

The N-terminal sequences obtained for each enzyme were
AALTD, LYSDV, and TLFSD for PcAAQO1, PcAAQO2, and
PcAAQO3, respectively. Alignment of these N-terminal sequences
with the predicted putative sequences confirmed that the 24-ami-
no-acid GLA prepro sequence from A. niger was correctly pro-
cessed.
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FIG 1 N-glycosylation analysis by SDS-PAGE of purified PcAAQOs. Results
are shown for glycosylated (lanes 1, 3, and 5, respectively) and deglycosylated
(lanes 2, 4, and 6, respectively) PCAAQO1, PcAAQO?2, and PcAAQO3. M is the
molecular mass marker; the arrow indicates PNGase. Enzymes were stained
with Coomassie blue.

Molecular masses for each product were checked on SDS-
PAGE gels by electrophoretic mobility of purified protein (Fig. 1).
Concerning N-glycosylation, four sites (amino acids 119, 195,
201, and 403 starting from the Met residue) for PCAAQO1, two
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sites (amino acids 96 and 252 starting from the Met residue) for
PcAAQO?2, and three sites (amino acids 98, 191, and 499 starting
from the Met residue) for PCAAQO3 were predicted following the
consensus sequence (Asn-Xaa-Ser/Thr, where Xaa represents an
unidentified residue). To confirm the presence of glycosylation
(Fig. 1), the purified recombinant enzymes were treated with
PNGase, and the resulting proteins showed molecular masses of
approximately 65 kDa for PCAAQO1 and PcAAQO2, close to the
calculated molecular masses of 63.8 kDa and 62.8 kDa. For
PcAAQO3, a single band was detected at 70 kDa, suggesting that
deglycosylation was not totally efficient since the calculated mo-
lecular mass is estimated at 63.4 kDa (Fig. 1).

Spectral properties. The purified enzymes were bright yellow
and displayed very similar UV-visible absorption spectra exhibit-
ing the typical bands I and II of the flavin at 385 and 456 nm and a
shoulder at 475 nm, indicating that the flavin cofactor was in an
oxidized state and correctly incorporated into the protein (Fig. 2).
The estimated extinction coefficients at 456 nm (€,5) for the pu-
rified enzymes were 11,300 M tem™ Y 10,500 M em ™Y, and
13,400 M~ ' cm ™! for PcAAQO1, PcAAQO?2, and PcAAQO3, re-
spectively. The A,5,/A, 5 ratios were found to be 10 for PCAAQO1,
12.5 for PcAAQO2, and 13 for PcAAQO3, indicating that the pro-
teins were mainly in their holoforms.

Addition of increased concentrations of p-methoxybenzyl

—— PcAAQOI

PcAAQO2

= ==PcAAQO3

‘Qaaooo¢-—-~-
450 500 550 600
Wavelength (nm)

450 500 550 600

Wavelength (nm)

FIG 2 Spectral characterization of recombinant PcAAQOs. (A) Visible absorption spectra of purified PFAAQO1, PcAAQO?2, and PcAAQO3, as indicated.
Spectra were recorded in 100 mM phosphate buffer, pH 6, at 30°C with 24 uM each purified enzyme. (B) Spectral change during reduction of 24 uM PcAAQO1
by increasing concentrations of p-methoxybenzyl alcohol (0, 10, 25, 100, and 250 pM) in 100 mM air-saturated phosphate buffer, pH 6, at 30°C. The arrow

indicates the direction of the spectral changes.
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TABLE 3 Kinetic parameters for electron donors of PcAAQOs”

Substrate Structure PcAAQOL PcAAQO2 PcAAQO3
Koian M) ket 81 ea/K map (min! mM) K way (M) ko 87) KoK may (min” mM) K wan (M) ke 57) KoK niap (min” mdM™)
Veratryl alcohol 766+34  2.63£0.03 2076 146481  0.65+0.01 2661 N.D. N.D. N.D.
p-Anisyl alcohol 775450 131403 1019+44 1190+ 120 7.4740.03 37.9+25 513£46  1.08+0.05 127+7
Benzyl alcohol ND. ND. ND. 5113373 14.6+04 29+0.1 3980429 1.15+005 17+2
Coniferyl alcohol ND. ND. ND. 39928 080002 1216 366+38  1.05+0.03 17413
Cinnamyl alcohol 391445 83+04 1280483 472£56  08+0.1 104%1 275+16  0.72£0.02 156+6
Vanillyl alcohol ND. ND. ND. N.D. ND. ND. 139470 1.60£0.03 69=3
p-hydroxybenzylic 0.200 +
N.D. N.D. N.D. 1020 76 11.8+0.5 1434+ 181 042+002 17+2
alcohol 0.007
Isovanillyl alcohol 1233£72  0.87+002 42+2 187+21  0.82+005 266+ 16 ND. N.D. N.D.
2-Naphtalene methanol 117+7 2.10+£0.03 1079 +47 213+ 19 1.07£0.03 301 +19 N.D. N.D. N.D.
m-Anisyl alcohol U’lﬁ. ND. ND. ND. ND. ND. N.D. 644144  028+002 26=1
~F0cH,
2 4-Hexadien-1-0l w0 (750437 225£03 1805266 662+£54  044+£002 40+2 88+7 3154008 2151+ 127
OH
o-anisyl alcohol (2-
Methoxybenzyl OCH; IN.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
alcohol)
OH
0.683 =
4-Chlorobenzyl alcohol 1389+£62 1.08+0.02 471 o41£68 | oo 4442 1996137 0.25+0.02 8%0.5
= A
cl
3-Chloro-p-anisyl ”’:(’\0”
alcthlm PRy oo S 21417 128403 3667215 765483 0584005 46+ 1 22444213 03240.02 82+0.5
[~
'f‘*l ~"OH
3-Chlorobenzyl alcohol u 3804+178 140002 221 21824200 155+0.1 28+3 1961133 0.78+0.02 241
[+]
AN 0H
3-Fluorobenzyl alcohol (I ND. ND. N.D. N.D. N.D N.D 2990 £204 0.95+0.03 191
F
JOH
4-Fluorobenzyl alcohol » N.D. N.D. N.D. 1352+ 124 0.70+0.03 31+2 993+82  0.55+0.02 33+2
.
!

@ The apparent steady-state kinetic constants were determined by varying the alcohol concentration (0.05 to 20 mM) in 100 mM air-saturated phosphate buffer, pH 6, at 30°C in
the presence of 100 WM 1,4-benzoquinone for PCAAQO1 and PcAAQO2 and 200 M DCPIP for PCAAQO3 as electron acceptors. The affinity constant for alcohol substrate, K., a1,
and turnover number, k,,, were calculated by nonlinear regression using the Michaelis-Menten equation. Data represent means * standard deviations (n = 3). The detection limit

was estimated at 0.5 mIU. ND, not detected.

alcohol with PcAAQOI resulted in a two-electron reduction of
the enzyme, with the disappearance of both peaks. No reoxida-
tion of the reduced FADH, cofactor over time was observed
(Fig. 2).

Substrate specificities and catalytic properties. The catalytic
versatility for each enzyme was determined using a large set of
electron donors/acceptors. A wide variety of carbohydrates, in-
cluding D-glucose, D-galactose, D-mannose, D-xylose, L-arabinose,
cellobiose, maltose, and lactose, were also assayed as potential
substrates. No activity was detected for carbohydrates and
methanol, but primary alcoholic compounds gave activity with
the three enzymes (Table 3). The kinetic constants for several

2416 aem.asm.org
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phenolic and nonphenolic benzyl and cinnamyl alcohols and
the aliphatic 2,4-hexadien-1-ol were determined and are given
in Table 3.

Surprisingly, though predicted as an AAO (see Fig. S1 in the
supplemental material), PCAAQO1 was found to be unable to
transfer electrons to molecular oxygen during the oxidative half-
reaction. However, it exhibited high efficiency toward other elec-
tron acceptors assayed, such as quinones and DCPIP, and so
should be considered a strict dehydrogenase. PcAAQO2 and
PcAAQO3 were able to use oxygen in addition to other electron
acceptors; however, they reduced other electron acceptors (qui-
nones or DCPIP) more efficiently than molecular oxygen, and so
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TABLE 4 Kinetic parameters for electron acceptors of PCAAQOs”

Acceptor Structure PcAAQO1L PcAAQO2 PcAAQO3
Km
Km (uM) keat (s7)  keat/Km (min™ mM™) [Km (WMD) keat (s™)  keat/Km (min” mM™) @M keat (s7) keat/Km (min™ mM™)
1,4- ¥
y . 20£2  17.4%0.4 52596 %3960 313 1.30+0.03 2534+ 181 ND. ND. ND.
Benzoquinone -
DCIP e wmygay MOE 0ot 91 0261 1oeh s 174 2843 2.9:+0.1 6263 +457
Qi 0.03 0.003 e
Methyl-p - i .883 +
CEYP. 1241  7.9+0.1 40063 +2755 4954 088 1087 + 68 ND. ND. ND.
benzoquinone y 0.017
‘I:I
. ol A Ch 1.92 +
DiMeBQ i 20714 o 3115 98+9  0.87+0.02 53439 ND. ND. ND.
- !
o

“ The steady-state kinetic parameters were determined using a fixed saturated concentration of electron donor substrate (1 mM 3-chloro-p-anisyl, 1
mM isovanillyl alcohol, and 1 mM 2,4- hexadien-1-ol for PACAAQO1, PcAAQO?2, and PcAAQO3, respectively) at 30°C in 100 mM air-saturated
phosphate buffer, pH 6, using a concentration range of 0.001 to 1 mM electron acceptor. The affinity constants for the different electron acceptors
assayed, K, ooy, and turnover number, k_,, were calculated by nonlinear regression using the Michaelis-Menten equation. Data represent means *
standard deviations (1 = 3). The detection limit was estimated at 0.5 mIU. ND, not detected.

should be considered dehydrogenases with some residual oxidase
activity (with a ratio of 50:1 of dehydrogenase/oxidase activity).

Table 3 shows the steady-state kinetics toward alcohol electron
donors monitored through 1,4-benzoquinone reduction for
PcAAQO1 and PcAAQO2 and through DCPIP reduction for
PcAAQOS3 since no activity was detected using quinones as elec-
tron acceptors. Globally, each enzyme displayed distinct catalytic
profiles over the compounds studied. PCAAQO1, besides possess-
ing the narrowest substrate specificity, was found to be unable to
react with benzyl alcohol or phenolic benzyl alcohols, unlike
PcAAQO?2 and PcAAQO3, which were active against a wider range
of substrates, but with differences in affinities. PCAAQQO]1 was ac-
tive against 9 of the 17 compounds studied, showing best catalytic
efficiency [k,/K,, A1) values, where K, ), is the affinity constant
for an alcohol substrate] with the natural alcohol substrate
3-chloro-p-methoxybenzyl, followed by the unsaturated aliphatic
alcohol 2,4-hexadien-1-ol and the lignin derivative cinnamyl al-
cohol. Interestingly, removal of the chloride group for 3-chloro-
p-methoxybenzyl alcohol (p-methoxybenzyl alcohol) affected af-
finity (K, values), whereas replacing this group with a methoxy
group (veratryl alcohol) or a hydroxyl group (isovanillyl alcohol)
affected both affinity and velocity.

Both PcAAQO2 and PcAAQO3 displayed broader catalytic
spectra (13 of the 17 compounds investigated), with small cata-
Iytic efficiencies [k, /KA1 values] due to low catalytic turnovers
(k.o values), except for 2,4-hexadien-1-ol for PCAAQO3. How-
ever, these two enzymes exhibited different substrate specificities.
PcAAQO3 was not active, for instance, on isovanillyl alcohol or
2-naphthalene methanol, which possessed the best affinities to-
ward PcAAQO?2, whereas it was active on vanillyl alcohol and m-
methoxybenzyl alcohol, unlike P;CAAQO2 (Table 3).

Regarding natural alcohol substrates of other characterized
fungal AAOs, including both lignin-derived compounds and aro-
matic fungal metabolites, 3-chloro-p-methoxybenzyl alcohol, ve-
ratryl, and p-methoxybenzyl alcohols were poor substrates for
PcAAQO2; PcAAQO3 efficiently oxidized only p-methoxybenzyl
alcohol, while PcAAQO1 more efficiently oxidized 3-chloro-p-
methoxybenzyl, p-methoxybenzyl, and, to a lesser extent, veratryl
alcohols. Among the three enzymes studied, o-methoxybenzyl al-
cohol was not oxidized, and only PcAAQO3 showed some activity
with m-fluorobenzyl and m-methoxybenzyl alcohols. The three
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PcAAQO:s efficiently oxidized cinnamyl alcohol, PcAAQO2 and
PcAAQO3 were active on coniferyl alcohol, and only PcAAQO3
was active on vanillyl alcohol. The effect of electron-withdrawing
substituents on benzyl alcohol was found to be enzyme depen-
dent. PcAAQO3 oxidized both chloro- and fluoro-substituents in
either the para or meta position, while PcAAQO1 oxidized only
chloro-substituents, and PcAAQO?2 was additionally able to oxi-
dize the para-fluoro-substituent (Table 3).

Concerning electron acceptors, for PCAAQO1, 1,4-benzoqui-
none was by far the preferred acceptor, followed by methyl-p-
benzoquinone, whose turnover was halved. DCPIP exhibited a
very high affinity with a low turnover, while dimethyl-benzoqui-
none displayed a better turnover but with a lower affinity, explain-
ing the difference in catalytic efficiencies for these two compounds
(Table 4). For PcAAQO2, 1,4-benzoquinone was the compound
giving the best catalytic efficiency, followed by DCPIP. Addition of
methyl groups decreased catalytic efficiency 2-fold with each ad-
dition, affecting both affinity and turnover values. For PCAAQO3,
only DCPIP was a suitable electron acceptor with a high catalytic
efficiency.

Thermal and pH stability. The recombinant enzymes exhib-
ited different stabilities across the pH range assessed (Fig. 3A).
PcAAQO1 was stable at pH 6.0 and retained around 80% activity
at pH 4 to 8 and 50% activity at pH 2.5, 3, and 9, and the activity
decreased at a pH above 9. PcAAQO2 was also stable at pH 6.0 and
retained 80% activity at acidic pH, i.e., at pH 2.5 to 6; it retained
below 40% activity at pH 7.0 and was totally inactive at pH 8.0.
PcAAQO3 retained 80% activity between pH 3 and pH 5, with
more stability at pH 4.0, and the activity then decreased to 50% at
pH 2.5 or pH 7; at alkaline pH, activity decreased regularly to
reach 10% activity at pH 10.

Concerning temperature profiles (Fig. 3B), both PcAAQO2
and PcAAQO3 exhibited stability at 60°C after a 10-min incuba-
tion, while PcAAQO1 was more stable at 50°C. PcAAQO1 was
totally inactive at 70°C, while P;cAAQO2 and PcAAQO3 retained
around 40% and 90% activity, respectively, at this temperature.
However, both enzymes were totally inactivated at 80°C.

Inhibition of laccase-catalyzed oxidation of phenols and
phenoxy radicals. The reduction of the phenoxy lignin precursors
generated by P. cinnabarinus laccase was studied in an inhibition
experiment, given the short lives of these intermediates. For all the
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FIG 3 pH (A) and temperature (B) stability of the recombinant PcAAQO1
(filled diamonds), PcAAQO?2 (filled squares), and PcAAQO3 (filled triangles)
activities. Assays were followed by reduction of 100 uM 1,4-benzoquinone as
an electron acceptor for PCAAQO1 and PcAAQO2 and 200 pM DCPIP for
PcAAQO3 in the presence of 1 mM 3-chloro-p-methoxybenzyl alcohol, I mM
coniferyl alcohol, and 1 mM cinnamyl alcohol as electron donors for
PcAAQO1, PcAAQO2, and PcAAQO3, respectively. Data are represented as
means * standard deviations (n = 3). (A) All assays were performed after
10-min incubations at the desired pH in 100 mM citrate-phosphate buffer at
30°C. (B) All assays were performed after 10-min incubations at the desired
temperature in 100 mM phosphate buffer, pH 6.

compounds tested, addition of AAO substrate and a concomi-
tantly increased concentration of enzymes drastically reduced
both the amount of laccase oxidized products and the rate of for-
mation (Table 5). Inhibition of ferulic acid, coumaric acid, and
sinapic acid was not measurable because spectra of either the sub-
strates or the products of PCAAQO2, PcAAQO3, and laccase over-
lapped. Even so, for the three enzymes, reduction rates were more
marked for caffeic acid than for guaiacol and 2,6-dimethoxyphe-
nol, whose product of oxidation by laccase was the most recalci-
trant to reduction by AAOs. In addition to these compounds,
PcAAQO1 was also able to reduce coumaric acid efficiently and, to
a lesser extent, ferulic acid.

Molecular modeling and sequence comparison. To gain in-
sight into the structure of PCAAQOs, structural modeling was per-
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formed using the Phyre2 server (http://www.sbg.bio.ic.ac.uk
/phyre2). Of the other structurally characterized GMC members,
the most structurally similar enzyme to the three PcAAQOs was
the aryl alcohol oxidase from Pleurotus eryngii (PDB code 3FIM),
which showed 45%, 47%, and 44% identity to PcAAQOIL,
PcAAQO?2 and PcAAQO3, respectively. As a result, homology
molecular modeling was performed using this structure as a tem-
plate. For PcAAQO1, 98% of the residues (572) were modeled
with >90% accuracy, and 9 residues were modeled ab initio; for
PcAAQO2, 99% of the residues (570) were modeled with >90%
accuracy, and 5 residues were modeled ab initio; and for
PcAAQQO3, 98% of the residues (583) were modeled with >90%
accuracy, and 13 residues were modeled ab initio. The stereo-
chemical quality of the predicted models was evaluated through
RAMPAGE (41), for which the Ramachandran plot predicted
93%, 96%, and 92.4% of residues lying in the most favored regions
for PcAAQO1, 184611.g7, and 184746.g13, respectively. The
modeled apo-enzymes were then successfully docked with their
cofactor FAD and were found to be consistent with the conserved
FAD-binding Rossmann fold motif, GXGXXG (where X is any
residue) (42) (see Fig. S2, residues 21 to 26, in the supplemental
material). Hence, in the vicinity of the flavine ring, both catalytic
histidines required for AAO activity are present and in the correct
orientations, in front of the flavin re side, for catalysis in the three
enzymes (Fig. 4). As previously described for P. eryngii AAO, a
funnel-shaped channel constricted by a bottleneck, involving
three aromatic residue side chains (Y92, F397, and F501), con-
nects the active-site cavity to the solvent and provides access for O,
and reducing substrates to the buried active site (43). Residues
involved in the formation of this access channel are drastically
different from those in the P. eryngii crystal structure (Fig. 4; see
also Fig. S2 in the supplemental material). The following numer-
ation was done according to the PDB 3FIM primary sequence: Y92
is replaced by F105 in PcAAQO1, by L103 in PcAAQO?2, and by
W104 in PcAAQO3; F397 is replaced by L404 in PcAAQO1, by
A407 in PcAAQO?2, and by L414 in PcAAQO3. For PcAAQO2,
the structure-based alignment rendered by ESPRIPT indicated
that F411 was aligned with F397, but based on structural analysis,
1414 was chosen instead. F501, the most crucial residue for en-
zyme reoxidation, was replaced by R514 in PcAAQO1 and by
W510/W517 in PcAAQO2 and PcAAQO3. In addition, to assess
O, diffusion from the solvent to the active site in our modeled
holoenzymes, access channels were computed and depicted with
CAVER, version 3.0, software (Fig. 5). These access channels are
wider than the one of P. eryngii AAO, and no comparable constric-
tion is observed, which might explain the absence of or only low
reactivity with oxygen as an electron acceptor during the oxidative
half-reaction.

DISCUSSION

This work presents the study of AAQO secreted from the white rot
fungus P. cinnabarinus. The heterologous production and charac-
terization of these enzymes are useful in lending additional bio-
chemical insights into the AA3_2 members and their role during
lignolysis. Members of the AA3_2 group belong to the GMC oxi-
doreductase family represented by a wide variety of catalytically
diverse enzymes of both prokaryotic and eukaryotic origins, in-
cluding aryl alcohol oxidases (1). By analyzing the phylogenetic
distribution of PcAAQO1, PcAAQO2, and PcAAQO3 among
the AA3_2 enzymes of the Polyporales order, we demonstrate that
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TABLE 5 Reduction of laccase-catalyzed oxidative phenoxy radical formation after addition of PcAAQOs”

Substrate  Structure ?nm) laccase (nkat) rate reduction by Pc AAOQI1 (4rate reduction by Pc AAOQ2 (%) rate reduction by Pc AAOQ3 (%)
12525 5 7.5 10 1.25 25 5 7.5 10 125 25 5 7.5 10
nkat nkat nkat nkat nkat |nkat nkat nkat nkat nkat |[nkat nkat nkat nkat nkat

Ferulic acid /:Ij/\k 285 1 143 18.8 23.5 258 295 [NM. NM. NM. NM. NM | NM. NM. NM NM NM

acc‘;gmam M@/\*«zss 3.87 11 24 427 645 100 [NM. NM. NM NM. NM.|[NM. NM. NM NM NM.

Sinapic acid /W 305 0.45 0o 0 0 0 0 NM. NM. NM. NM. NM |NM. NM. NM. NM. NM.

Caffeic acid m/\)\315 1 473 75.8 100 100 100 (335 63.1 744 85.6 100 [92.1 100 100 100 100

on L R L k 8 L

Guaiacol CE/ 465 3.87 27 49 762 82.5 100 |28.2 375 41.3 55.67 868 (4431 513 56 775 913

2-6- 0, I 0,

Dimethoxyp/\©/\469 0.45 3.1 57 136 17.6 206 |13 17 31.5 382 455 (6.7 12.2 (15.7 |23.1 [35.7

henol

@ The laccase-catalyzed oxidation reactions and their inhibition by increasing PcAAQO concentrations were followed spectrophotometrically at the
indicated wavelength for each compound using a fixed saturated concentration of electron donor substrate (2 mM 3-chloro- p-anisyl, 1 mM
isovanillyl alcohol, and 100 wM 2,4-hexadien-1-ol for PFPAAQO1, PcAAQO2, and PcAAQO3, respectively) at 30°C in 100 mM sodium acetate buffer,

pH 5.

they belong to the same group as other biochemically character-
ized AAOs (see Fig. S1 in the supplemental material). Based on
blastp similarities and phylogenetic analysis, the corresponding
enzymes were predicted as putative aryl alcohol oxidases.

The PcAAQO1-, PcAAQO2-, and PcAAQO3-encoding genes
are demonstrated to be functional as the corresponding enzymes
were identified in secretomes grown on maltose and birchwood
media (26). So far, only a few AAOs have been biochemically
characterized (7, 9, 13, 18); the most extensively studied one is
from P. eryngii, whose crystal structure, the only one available for
this class of enzymes, was resolved in 2009 at a 2.4-A resolution
(44). A. niger has been used in previous work to produce fungal
oxidases (laccases) at relatively high yield (45, 46), and flavo-en-
zymes, such as cellobiose dehydrogenase from Coprinopsis cinerea
(47) and glucose dehydrogenase from P. cinnabarinus (31), have
also been used. Under our conditions, A. niger gave a secretion
yield of 69 to 207 mg liter ' of recombinant enzymes in nonopti-
mized 7-day cultures. After purification in two steps, ultrafiltra-
tion, and affinity chromatography, 38 to 69 mg of pure enzymes
was recovered from 1 liter of culture medium (Table 2).

The purified enzymes, deglycosylated using an N-glycosidase,
had molecular masses of approximately 65 kDa (predicted molec-
ular masses of 64 kDa and 62 kDa for PcAAQO1 and PcAAQQO2,
respectively), indicating that deglycosylation was probably com-
plete and that glycosylation was N-linked for these two enzymes.
In the case of PCAAQO3, deglycosylation was not totally efficient,
with the molecular mass, estimated at 63.4 kDa, being lower than
the band detected at 70 kDa after N-glycosidase treatment (Fig. 1).
These glycosylations accounted for approximately 10% for
PcAAQO2 and 42% for PcAAQO1 and PcAAQO3 of the total mass
of the proteins. The last value contrasts with that of P. eryngii AAO
produced in A. nidulans, for which 14% of N-glycosylations were
suggested (48). However, these high values were probably overes-
timated by SDS-PAGE owing to the presence of band smears on
the gel.

The three recombinant proteins were characterized by their
main biochemical and physiochemical properties in order to
study their mechanisms of action and compare them with other
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experimentally characterized AAOs. Our recombinant AAQOs
possessed the highest temperature stability after 10-min incuba-
tions at 50°C for PcAAQOI and at 60°C for PcAAQO2 and
PcAAQO3, but no information on temperature stability is avail-
able for other fungal AAOs. pH-dependent stability was optimal at
pH 6 for PcCAAQO1 and PcAAQO2 and at pH 4 for PcAAQO3.
PcAAQO1 exhibited broad pH stability, with more than 80% ac-
tivity on 3-chloro-p-anisyl in the range pH 4 to 7, while PcAAQO2
showed a more acidic pH range of 2.5 to 6 and drastically lost
activity at pH 7. Finally, PcAAQO3 exhibited the narrowest stabil-
ity, at pH 3 to 5. These values are in the range of those of other
fungal AAOs, which also possessed optimal pH stability at values
around 6, with no significant changes in acidic conditions at pH 4
to 7 (13, 18, 20).

Considering the various electron donors assayed (aryl alcohols,
methanol, and carbohydrates), we observed that at least one dou-
ble bond conjugated with a primary alcohol is necessary for sub-
strate recognition by PcAAQOs. Concerning substrate specificity,
PcAAQO1 possesses a catalytic spectrum similar to that of PeAAO,
with the exception of benzyl alcohol and its fluoro-substituted
derivatives, and, unlike PcAAQO3, is inactive on phenolic benzyl
alcohols (20). PcAAQO3 exhibits a catalytic spectrum comparable
to that of BaAAO or UmAAO, except for veratryl and isovanillyl
alcohols (13, 18). These compounds are among the typical sub-
strates of vanillyl-alcohol oxidase, another flavoenzyme from a
different family, which requires the presence of the hydroxyl
group at the p-position on the benzene ring to oxidize alcohols to
the corresponding aldehydes (49). PcAAQO3 presented similar
behavior, oxidizing vanillyl alcohol and p-hydroxybenzylic alco-
hol (hydroxyl group at the p-position), but not isovanillyl alcohol
(hydroxyl group at the m-position), while PcAAQO1 presented
the opposite effect: it was active on isovanillyl alcohol but not on
vanillyl alcohol or p-hydroxybenzyl alcohol (Table 3). PCAAQO2
displays a catalytic spectrum between the spectra of PcAAQO1
and PcAAQO3, being active on two of the three phenolic benzyl
alcohols assayed (coniferyl and p-hydroxybenzyl alcohols). It also
oxidized isovanilyl alcohol more efficiently than PcAAQO1 due to
a low affinity constant, with both enzymes displaying the same
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FIG 4 Comparison of the active sites for P. eryngii AAO (PDB code 3FIM) (A), PcAAQO1 (B), PcAAQO?2 (C), and PcAAQO3 (D) docked with FAD. Catalytic
histidines are shown in green, residues involved in the substrate access channel formation are shown in light blue, and the FAD cofactor molecule is shown in

yellow.

turnover rates for this compound. Taken together, these results
demonstrate the importance of the hydroxyl substituent posi-
tion for AAQO activities as observed for PeAAO (20). In addi-
tion, the presence of additional conjugated double bonds en-
hanced PcAAQO3 selectivity since coniferyl alcohol, cinnamyl
alcohol, and the aliphatic 2,4-hexadien-1-0l were the com-
pounds possessing the strongest affinities.

Among the natural substrates assayed (lignin derivatives or
fungal metabolite), 3-chloro-p-anisyl, isovanillyl, and cinnamyl
alcohols presented the strongest affinity toward PcAAQOL,
PcAAQO?2, and PcAAQO3, with K, values of 211 uM, 187 uM,
and 275 pM, respectively (Table 3). The values obtained for
3-chloro-p-methoxybenzyl alcohol with PcAAQO1 were 15-fold
those of P. eryngii AAO (14 uM) and 4-fold those of B. adusta
AAO (49 pM). Isovanillyl alcohol K, values were higher for P.
eryngii AAO (831 pM) and B. adusta AAO (1113 wM), while for
cinnamyl alcohol, K,, values were higher for P. eryngii AAO (708
wM) and lower for B. adusta (73 uM) and U. maydis (35 pM)
AAOs (13, 20). These three compounds were not tested for Pleu-
rotus pulmonarius AAO (9) while 3-chloro-p-methoxybenzyl and
isovanillyl alcohols were not tested for U. maydis AAO (18).
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Though predicted as AAOs, PcAAQOs demonstrated no or
very low reactivity with molecular oxygen as an electron acceptor
(data not shown). In order to obtain further insights into the
enzyme mechanism, a structure-based alignment of PcAAQO1,
PcAAQO?2, and PcAAQO3 against PeAAO, together with molecu-
lar modeling using PeAAO (PDB code 3FIM) as a template, was
undertaken. As a general point, we observed that the catalytic
residues of PeAAO, H502 and H546, were conserved among
PcAAQOs, as well as the residues involved in the Rossmann fold
responsible for FAD binding (see Fig. S2 in the supplemental ma-
terial). However, residues involved in the formation of the sub-
strate access channel were different from those in PeAAO
(Fig. 5; see also Fig. S2). These differences in the substrate access
channel leading to the active-site cavity could explain the residual
activity (PcAAQO2 and PcAAQO3), or the absence (PcAAQO1)
of reactivity, with oxygen as an electron acceptor. In PeAAO, a
narrow substrate access channel constricted by three aromatic
amino acids is responsible for guiding and positioning the oxygen
from the solvent to the active site (Fig. 5A). Also, Phe501 adjacent
to the catalytic His502 was demonstrated to be crucial for O, af-
finity and turnover. By removing the aromatic side chain of this
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PcAAQO3 (D). The active-site access channels were depicted by CAVER (40). FAD is shown as Corey-Pauling-Koltun (CPK)-colored van der Waals spheres,
catalytic histidines are shown in green, and residues involved in the substrate access channel formation are shown in light blue.

residue (F501A), a 71-fold decrease in the catalytic efficiency and
a 27-fold decrease in the affinity for oxygen were observed (43). In
contrast, increasing the steric hindrance of this residue (F501W)
and thus narrowing the access channel increased catalytic effi-
ciency 2-fold and affinity 3-fold (43). As shown in Fig. 5, the
PcAAQO residues involved in the substrate access channel are not
all aromatics, leading to a wider access channel and thus explain-
ing the absence of reactivity with oxygen as an electron acceptor
for these enzymes. In future work, genetically changing the corre-
sponding amino acids in PcAAQOs to obtain new data on the
relationship between steric hindrance, the substrate access chan-
nel, and oxygen reactivity could thus be considered.

The biological function of AAO in P. eryngii is to participate in
H,O, supply for peroxidases by redox cycling aryl alcohols be-
tween extracellular AAO and intracellular aryl alcohol dehydro-
genase (21). Despite their similarity to other fungal AAOs, the
catalytic efficiency of PCAAQOs toward oxygen raises the question
of these enzymes as H,O, suppliers for peroxidases; the ability of
PcAAQO:s to reduce phenoxy radicals generated by laccase (Table
5) coupled to their lack of, or low, reactivity with oxygen could
indicate another biological role in P. cinnabarinus. Secretome
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studies of this fungus demonstrate that in liquid cultures and sol-
id-state fermentation three laccases were detected, with one as the
major enzyme. In contrast, peroxidases were detected only in sol-
id-state fermentation (one LiP and one manganese peroxidase
[MnP]), with low peptide numbers compared with those of lac-
case. These results indicate a major role for laccase during biomass
decomposition. Depending on substrates and culture conditions,
PcAAQO1, PcAAQO2, and PcAAQO3 were also detected with
higher peptide numbers than peroxidases (26). The synergy be-
tween laccase and AAO during lignin degradation has already
been observed for another white rot fungus, Pleurotus ostreatus
(25). Hence, in P. cinnabarinus, the cosecretion of PcAAQOs with
laccase and their ability to use lignin-derived aryl alcohols (Table
3), as well as reducing phenoxy radicals generated by laccases (Ta-
ble 5), indicate a similar role for PcAAQOs during biomass deg-
radation in preventing the polymerization of lignin during its ox-
idation by laccase, instead of supplying H,O, to peroxidases.
Alternatively, the ability of these enzymes to efficiently reduce
different quinones, which are intermediates in the degradation of
aromatic compounds by wood-rotting fungi (50), could indicate
another potential biological role. During lignin degradation these
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compounds either could be reduced to hydroquinones by
PcAAQOs, which are then further metabolized intracellularly (51,
52), or enter an extracellular redox cycle that contributes to the
generation of reactive oxygen species (ROS) for nonenzymatic
attack of lignocellulose (53).
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