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a b s t r a c t

The production of synthetic plastics, especially polyethylene, has reached a crucial level,
making highly challenging plastic waste management. This paper aims to elucidate the
role of two novel laccase-like multicopper oxidases in polyethylene oxidative degrada-
tion based on transcriptomic data from Rhodococcus opacus R7 grown on polyethylene.
The purification of the recombinant proteins, LMCO2 and LMCO3 belonging respectively
to the three- and two-domains laccase families, showed that they are endowed with
different functional features. LMCO2 showed the highest enzyme activity at 65 ◦C with
an optimal pH of 7.0, while LMCO3 exhibited the highest activity at 80 ◦C at acidic pH.
LMCOs showed activity on both phenolic (i.e., 2,6-DMP) and non-phenolic (i.e., ABTS)
compounds and they were thermostable.

The oxidative activity of LMCO2 and LMCO3 on untreated low-density polyethylene
was assessed by combining Fourier transform infrared spectroscopy and gas chro-
matography coupled with mass spectrometry analyses. Oxidation of PE was recorded
within a short time range (24-48 h) and revealed previously not described patterns of
alkyl compounds and oxygenated products including ketones, alcohols, and carboxylic
acids. Structural analysis of LMCO2 and LMCO3 together with density functional theory
calculations allowed to identify structural and electronic elements presumably involved
in the oxidation of polyethylene.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Since synthetic plastic has gained a crucial role for diverse purposes, managing plastic pollution has become a critical
hallenge due to ever-increasing post-consumer plastic waste (Yeung et al., 2021).
Among petroleum-based plastic, polyethylene (PE) is one of the most produced and utilized polyolefins because of its

emarkable features of robustness, low cost of production, and flexibility (Plastics Europe, 2019). PE is a carbon–carbon (C-
) backbone thermoplastic deriving from the polymerization process of ethylene monomers. The accumulation of PE raises
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major concerns because of its long half-life and high persistence in the environment (Yeung et al., 2021). Different fates
can be faced by PE polymers after their useful end-of-life (Andler et al., 2022), including recycling and/or biodegradation
processes involving microorganisms, or their enzymes (Andler et al., 2022; Zhang et al., 2021). Currently, the microbial
biodegradation of plastics is receiving substantial attention to mitigate the plastic pollution issue (Andler et al., 2022).
However, C–C backbone plastic is recalcitrant to biodegradation due to the lack of hydrolyzable groups. To date, the
microbial degradation of C–C backbone plastic has not been fully understood and exploited, and little is known about
the metabolic pathways, the involved enzymes, and the mechanisms of PE biodegradation (Restrepo-Flórez et al., 2014;
Andler et al., 2022; Zhang et al., 2022b). Literature reports only show that the first PE oxidation generates shorter aliphatic
fragments that can be further degraded by subsequent oxidation steps (Pathak and Navneet, 2017).

Besides fungal genera with notable PE-degrading ability, a few bacterial genera have been characterized for their PE
iodegradative abilities (Montazer et al., 2019, 2020; Zhang et al., 2022b; Cowan et al., 2022); bacteria of Rhodococcus
enus are of primary interest for their extraordinary metabolic capabilities and the considerable potential in plastic
egradation as shown by Zampolli et al.(Zampolli et al., 2022). Among them, R. ruber C208 can biodegrade UV-pretreated
E under the activation of alkane degradation and β-oxidation of fatty acid pathways (Santo et al., 2013; Gravouil
t al., 2017). R. opacus R7 grown on untreated PE as the only carbon and energy source activates genes encoding
xtracellular laccase-like multicopper oxidases (LMCOs) (Zampolli et al., 2021). Furthermore, the transcription of multiple
7 oxidoreductases including a monooxygenase (alkB), a cytochrome P450 hydroxylase (cyp450), and genes encoding

putative membrane transporters were up-regulated (Zampolli et al., 2021). Another interesting feature of R. opacus R7 is
its ability to grow on and biodegrade medium-chain n-alkanes and carboxylic acids with different chain lengths (Zampolli
et al., 2014, 2020).

The production of suited enzymes for biocatalytic degradation and/or biotransformation seems a promising route for
sustainable PE-based plastic depolymerization to accompany plastic recycling (Amobonye et al., 2021). The most reported
enzymes likely known for PE depolymerization include laccases (EC 1.10.3.2), manganese peroxidases (EC 1.11.1.13), and
lignin peroxidases (EC 1.11.1.14) (Pometto et al., 1992; Fujisawa et al., 2001; Santo et al., 2013; Sowmya et al., 2015; Wei
and Zimmermann, 2017; Yao et al., 2022), as suggested by experimental evidence obtained either using PE UV-irradiated
or heat-treated (Santo et al., 2013; Sowmya et al., 2014, 2015) or using laccase-mediator systems (LMSs) (Pometto et al.,
1992; Fujisawa et al., 2001; Yao et al., 2022; Zhang et al., 2022b). Among laccases, a few LMCOs are reported as PE-
degrading enzymes, recognizable based on the cupredoxin-like domain number which displays the typical Greek key
β-barrel fold. The two-domain (2dLMCO) generally presents a trimeric quaternary structure, whilst the three-domain
(3dLMCO) a monomeric one (Gräff et al., 2020). The active site of these enzymes consists of a type 1 (T1) copper site
where the substrate is oxidized, and a trinuclear copper cluster (T2 and T3) where the oxygen is activated and reduced.
It is well established that laccases are promiscuous enzymes able to perform 1e oxidation of various substrates ranging
from phenolic to non-phenolic compounds related to lignin as well as some aliphatic polymers and (polycyclic) aromatic
hydrocarbons (Jones and Solomon, 2015).

Although a few studies showed enzymatic oxidation of PE by direct enzymatic catalysis in the supernatant of PE-
degrading bacteria (Pometto et al., 1992; Fujisawa et al., 2001; Santo et al., 2013; Sowmya et al., 2014, 2015; Yao et al.,
2022; Zampolli et al., 2021), knowledge about the mechanism of PE enzymatic oxidation is still vague.

The aim of this paper is the characterization and the activity of two novel extracellular LMCOs from R. opacus
R7 selected on the basis of previous transcriptomic data (Zampolli et al., 2021) in order to comprehend their role in
the PE biodegradative pathway. The recombinant production of LMCO2 and LMCO3 enabled the subsequent in-depth
biochemical and biophysical characterization. Their oxidative activity on untreated low-density PE was assessed by two
orthogonal techniques such as Fourier transform infrared (FTIR) spectroscopy and gas chromatography coupled with mass
spectrometry (GC-MSD) analyses. Finally, LMCO2 and LMCO3 structural predictions, together with density functional
theory (DFT) calculations, provided hints about the structural and electronic features that may play a role in the PE
oxidation mechanism.

2. Materials and methods

2.1. Bacterial strains and growth conditions

Bacterial strains and plasmids used in this study are listed in Table S1. Growth maintenance conditions for Escherichia
coli DH5α and Rhodococcus erythropolis AP (CIP 110799) are described in (Zampolli et al., 2014). Wild type and the
recombinant strains of R. erythropolis AP were cultivated on M9 mineral medium (Maniatis et al., 1982) added with 20 mM
malate (156 mg L−1).

To obtain the competent cells, after pre-cultured R. erythropolis AP on Luria-Bertani medium (LB) at 30 ◦C, AP strain
was grown on 100 mL LB medium amended with 1.5% glycine (stock w/v, 10%) and 1.8% sucrose (stock w/v, 36%) at an
initial optical density at 600 nm (OD600) of 0.05 at 30 ◦C (160 rpm). Standard molecular techniques were applied for DNA
manipulation, enzymatic digests, ligation, and PCR reactions (Sambrook and Russell, 1989).
2
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2.2. Bioinformatics analysis of LMCO2 and LMCO3 from R. opacus R7

R. opacus R7 genes for recombinant strain generation and subsequent enzyme production were selected based on
transcriptomic results after R7 growth on untreated powder PE (Zampolli et al., 2021). Sequence analysis and multiple
sequence alignments of LMCO2 (AII11185) and LMCO3 (AII11221) were carried out by using the BLASTn tool (Altschul
et al., 1990) of NCBI pipeline, Clustal Omega (Thompson et al., 1994) and InterPro (Mitchell et al., 2019).

2.3. R. opacus R7 LMCOs cloning

The genes coding for laccase-like multicopper oxidase (LMCO2 and LMCO3) deleted of the conserved twin-arginine
TAT) signal peptide, were chemically synthesized (Genscript, Piscataway, NJ, USA) and cloned in frame with 6xHis-Tag
s NcoI/XhoI fragments into a shuttle-vector E. coli-Rhodococcus, pTipQC2 (containing ampicillin resistance gene for E. coli
election and chloramphenicol resistance gene for Rhodococcus spp. selection) (Nakashima and Tamura, 2004), obtaining
TipQC2-LMCO2 and pTipQC2-LMCO3. E. coli DH5α was transformed by electroporation with recombinant plasmids and
elected on LB plus ampicillin (100 µg mL−1) (Sambrook and Russell, 1989). Extracted and purified recombinant plasmids
ith NucleoSpin Plasmid Kit (Machery and Nagel, Italy) were used to transform R. erythropolis AP cells by electroporation
Zampolli et al., 2014). R. erythropolis AP cells were selected on LB agar plus chloramphenicol (50 µg mL−1) at 30 ◦C for
–4 days.

.4. Production and purification of recombinant LMCOs

The production of recombinant LMCO2 and LMCO3 was preliminarily assessed by measuring the enzymatic activity
f R. erythropolis AP cells bearing pTipQC2-LMCO2 and pTipQC2-LMCO3, respectively. R. erythropolis AP bearing empty
TipQC2 plasmid was used as a negative control. When the recombinant strain growth reached OD600 ∼0.6, expression
f recombinant enzymes was induced by adding 1 µg mL−1 thiostrepton and 250 µM CuSO4 (Santo et al., 2013) and
hen incubated at 30 ◦C for 20 h. Induced cells corresponding to 30 OD600 was harvested by centrifugation, resuspended
n 50 mM potassium phosphate buffer (pH 7, PPB), and incubated with 50 mg mL−1 lysozyme at 30 ◦C for 1 h after
ortexing for 10 min. Cells were lysed by sonication (10 cycles of 20 s with 20% amplitude) with a Digital Sonifier™
BRANSON Ultrasonic Corporation, Italy), and the soluble protein fraction was obtained by centrifugation at 4000 rpm for
0 min at 4 ◦C. Laccase enzymatic activity of the soluble protein fraction was determined as described in (Zampolli et al.,
021), also by adding 250 µM CuSO4. The specific activity was calculated as U mg−1 and reported as the mean of three
eplicates ± standard deviation (SD). The significant differences were assessed by Student’s t-test, showing * p-value <
.05, or ** p-value < 0.01.
Recombinant LMCO2 and LMCO3 were produced in LB-P medium (5 g L−1 yeast extract, 10 g L−1 tryptone, 2 g L−1

lycerol, and 250 µM CuSO4) added with chloramphenicol (50 mg L−1) and induced as described above for 48 h. Cells
ere harvested by centrifugation at 4000 rpm at 4 ◦C, resuspended in lysis buffer (50 mM sodium phosphate buffer (PB)
H 8.0, 300 mM NaCl, and 10 mM imidazole), and lysed twice using a cell disruptor (Constant Systems Ltd) at 30000
si. The centrifuged crude extracts (12,000 rpm at 4 ◦C) were purified by metal ion affinity chromatography on a nickel-
itrilotriacetic acid agarose resin (Jena Bioscience, Germany). Samples with the highest protein amount were pooled and
uffer-exchanged twice by gel filtration on PD10 columns (GE Healthcare, Little Chalfont, UK) against 10 mm PB, pH 6.0.
he determination of protein concentration and SDS-PAGE analysis were carried out as described in (Mangiagalli et al.,
020).

.5. LMCO2 and LMCO3 biochemical analysis

Enzymatic assays were performed on 2,6-dimethoxyphenol (2,6-DMP) in activity buffer (50 mM tartrate buffer added
ith CuSO4 200 µM). The activity was followed for 2 min monitoring the increase in absorbance at 468 nm (ε: 14.8 mM−1

m−1) with a V770 UV/NIR Jasco spectrophotometer (Jasco Corporation, Japan). A mixture containing the activity buffer
nd 2,6-DMP at the appropriate concentration was used as a blank. One unit of enzyme activity was defined as the amount
f enzyme that oxidized 1 µmol of 2,6-DMP per minute.
The optimal temperature of catalysis (Topt ) was determined on 2,6-DMP at a final concentration of 4 mM in the

emperature range from 15 ◦C to 80 ◦C in the activity buffer at pH 7 and 5.5 for LMCO2 and LMCO3, respectively. The
ptimal pH (pH opt ) was determined on 2,6-DMP (final concentration 4 mM) in the pH range 4.5–11 in the activity buffer
t 65 ◦C and 80 ◦C for LMCO2 and LMCO3, respectively.
Reactions were started by adding 0.005 IU of the enzyme to 1 mL of the reaction mix. Long-term thermal stability was

onitored by measuring the residual activity after incubating the enzyme (0.5 mg L−1) in PB, pH opt , at 35 ◦C and 65 ◦C.
Substrate specificity was determined at the optimal catalysis conditions with 2,6-DMP, 2,2’-azino-bis

3-ethylbenzothiazoline-6-sulfonic acid (ABTS, 420 nm, ε: 36 mM−1 cm−1), and guaiacol (465 nm, ε: 12 mM−1 cm−1)
t a final concentration of 4 mM, for 2 min. Activity on ABTS was also tested at pH 4, 5.5, and 7.0 under the previously
escribed conditions.
The kinetic parameters of LMCO2 and LMCO3 were measured on 2,6-DMP and ABTS in the range from 0.05 to 6 mM

nd calculated with the ORIGINLAB software (OriginLab Corporation, Northampton, MA, USA), using the Michaelis–Menten
quation. Kinetics parameters with guaiacol as the substrate were not measured due to the low ∆A min−1 values. All the

xperiments were performed in quadruplicate and shown as mean ± SD.

3
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2.6. LMCO2 and LMCO3 biophysical analysis

Circular dichroism (CD) spectra of LMCOs (10 µM in PB) were recorded in a J815 spectropolarimeter (JASCO Europe,
remella, Lecco) using a 0.1-cm pathlength cuvette. Thermal unfolding was monitored by recording the CD signal at λ of
15 nm from 25 ◦C to 90 ◦C with a temperature slope of 1 ◦C min−1. The UV/visible absorption spectra (20 µM in PB)
ere collected with a V770 UV/NIR Jasco spectrophotometer (JASCO Europe, Cremella, Lecco) using a 1-cm quartz cuvette
t λ in the range 200-−700 nm. Measurements were carried out with a 1-nm data pitch and 50 nm min−1 scanning speed.
ll spectra were corrected for buffer contribution, averaged from two independent acquisitions. All the experiments are
eported as the mean of three replicates ± SD.

The quaternary structure of LMCO2 and LMCO3 (0.5 mg mL−1) was determined by size-exclusion chromatography (SEC)
ith an NGC Quest 10 Plus Chromatography System (Bio-Rad, California, USA) equipped with a Superdex 10/200 column
Amersham Biosciences, Amersham, UK) with a cutoff of 10–600 kDa. Chromatographic separations were carried out in
aline PB (10 mM PB, 150 mM NaCl, pH 6) as the mobile phase, at a flow rate of 0.5 mL min−1, recorded at 280 nm. The
olecular weight was determined using a calibration curve made with the following standards: M-βGal (450.93 kDa),
lcohol dehydrogenase (yeast, 150 kDa), BSA (66.5 kDa), lipase B of Candida antarctica (34.7 kDa), green fluorescence
rotein (27.5 kDa), and cytochrome C (horse heart, 12.4 kDa).
For each standard protein, the distribution coefficient (Kd) was calculated using the following equation: Kd = VE-

0/VT- V0 where VE is the elution volume, V0 is the void volume, which is determined with blue dextran (2000 kDa),
nd VT is the total volume, determined with Uracil (0.112 kDa). The calibration curve Log(MW) vs Kd was built and the
nterpolated linear equation was used to calculate LMCO2 and LMCO3 molecular weight from their Kd values. Experiments
ere performed in triplicate.

.7. Assessment of LMCO2 and LMCO3 oxidative activity on PE

The oxidative activity of R7 LMCO2 and LMCO3 was evaluated using commercial low-density powder PE (Merck
armstadt, Germany, Mn = 1700 by GPC, Mw = 4000 by GPC, cod. 427772) as substrate (1% w/v). Reactions containing
.1 mg mL−1 of each purified LMCO were carried out in 3 mL glass vessels at 60 ◦C under shaking (120 rpm) in 50 mM
PB and 50 µM CuSO4 (reaction buffer) in a final volume of 1 mL at pH optup to 48 h. PE incubated in the reaction mix
ithout enzyme was used as the control. The degradation activity was monitored at 0, 24 h, and 48 h by combining FTIR
pectroscopy and GC-MSD analysis. The initial low-density PE powder used for this study was assessed by using ATR-FTIR
nd GC-MSD analyses after dichloromethane (DCM) extraction. Experiments were performed in triplicate.

.7.1. Fourier transform infrared (FTIR) spectroscopy
Solid particles in the reaction mixtures were deposited onto the single reflection diamond crystal of the device

or attenuated total reflection (ATR) measurements and the FTIR spectra were collected between 5000 and 800 cm−1.
easurements were then repeated by forcing the samples into close contact with the diamond crystal using the clamp arm
ssembly of the device. After PE incubation with LMCO2 and LMCO3 enzymes, in addition to solid particles, liquid droplets
eparated from the aqueous phase were observed and their ATR-FTIR spectra collected between 5000 and 800 cm−1.
tandard PE powder was analyzed under the same experimental conditions.
The ATR-FTIR spectra were measured by the Quest ATR device (Specac, UK) coupled to a Varian 670-IR spectrometer

Varian Australia Pty Ltd.), equipped with a nitrogen-cooled mercury cadmium telluride detector, under the following
onditions: 2 cm−1 spectral resolution, scan speed of 25 kHz, 512 scan co-additions, triangular apodization.

.7.2. GC-MSD analyses
Oxidation products were extracted from the enzymatic assay mixtures with one volume of DCM by shaking the

lass vessel manually for 15 min. An aliquot of the extracted organic phase was supplied with N,O-Bis(trimethylsilyl)-
rifluoroacetamide (BSTFA) for the derivatization with BSTFA:sample ratio equal to 1:3 at 60 ◦C for 20 min. BSTFA reacts
ith the polar groups of different compounds generating silylation groups to obtain higher resolution and stability. The
xtract (1 µL) was analyzed by a 6890 N Network gas chromatograph (GC) system (J&W DB-5 ms Ultra Inert GC Column
0 m × 0.25 mm, 0.25 µm, Agilent Technologies, Santa Clara, CA, USA) with He at 99.99% as a carrier gas, coupled to a
973 Network Mass Selective Detector (MSD, Agilent Technologies) at 70 eV in the scan ion monitoring mode (40–600
a). The GC injector temperature was 200 ◦C. Analyses were carried out in split injection mode (split ratio 10.5:1) with
he following temperature program: 3 min at 60 ◦C, 10 ◦C min−1 to 300 ◦C, and holding this temperature for 6 min.
he resulting chromatograms were analyzed using MSD ChemStation E.02.02.1431 (Agilent Technologies, Santa Clara, CA,
SA), and unknown compounds were identified by comparing their mass spectra with the NIST11 database. Products
ith more than 90% similarity with respect to reference mass spectra were considered. The products obtained by LMCO
xidation and measured in the controls were compared and they were classified by product class. The peak areas of
onsidered products were area normalized and the proportion of different product types was calculated accordingly to

‘compound peak area/total compounds peak area × 100’’ (Yao et al., 2022).
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2.8. Computational analysis

2.8.1. 3D models of LMCO2 and LMCO3
Prediction runs of LMCO2 and LMCO3 3D structures were executed based on the complete amino acid (aa) sequences

ia ColabFold (Mirdita et al., 2021), an easy-to-use software based on AlphaFold2 (Jumper et al., 2021). Alphafold2-
ultimer (Evans et al., 2021) was used for the prediction of the homotrimeric complex of LMCO3. Default settings were
ept for MSA, by using the MMseqs2 clustering module, while template search was disabled and the number of recycles
as three. Only the top-ranked model for each protein is presented. To model Cu atoms (neglected by the Alphafold2
outine) into T1, T2, and T3 sites, the predicted 3D structures of LMCO2 and LMCO3 were superimposed to selected
dMCO or 2dMCO, respectively, with full copper content (PDB: 3KW7 and 3GDC).

.8.2. Density functional theory calculations
Density Functional Theory (DFT) computations were performed using the pure BP86 and hybrid B3-LYP gradient

eneralized approximation functional (Becke, 1988; Lee et al., 1988). The def-TZVP basis set (Schafer et al., 1994) was
sed. The resolution-of-identity (RI) technique was adopted to save CPU time (Eichkorn et al., 1997). The water solvent
ffect has been accounted using the COSMO (Klamt and Schüürmann, 1993) setting a dielectric constant to 80. Dispersion
ontributions were treated with the D3 approach (Grimme et al., 2010). All calculations were carried out using the
URBOMOLE suite (Ahlrichs et al., 1989). This computational approach was appropriate to represent the electronic
roperties of Cu-peptide interactions (Arrigoni et al., 2018; Bertini et al., 2018). Charge distribution was evaluated using
atural bond orbital analysis (NBO). The small models include 7 residues for LMCO2 (Asp257, Tyr415, Trp417, His450,
ys498, His503, and Met508; total charge 0) and 8 for LMCO3 (Trp117, His148, Cys192, Leu198, Glu200, His201, Arg204,
nd Phe235; total charge +1). To avoid unrealistic conformational rearrangements, the Cα have been constrained to their
osition in the full models.

. Results

.1. R. opacus R7 LMCOs selection and cloning

R. opacus R7 multicopper oxidase genes LMCO2 and LMCO3, located on pPDG3 plasmid, were selected because of
their up-regulation upon growth on PE (Zampolli et al., 2021). Comparing the LMCO aa sequence with the laccase-like
enzyme sequence of R. ruber C208 (Santo et al., 2013), known for its role in PE degradation, LMCO2 shared the highest
imilarity (53%), whilst LMCO3 23% aa similarity. Multiple alignments with other microbial LMCO sequences with the
ighest identity, i.e., laccase B from Trametes sp. AH28-2 (3KW7 vs LMCO2, 26% identity) and LMCO from Arthrobacter

sp. FB24 (3GDC vs LMCO3, 70% identity), highlighted that the copper-binding sites in T1 center and T2/T3 are conserved
(Figures S1 A and S1B).

Sequence analysis indicates that LMCO2 belongs to the 3dMCO family, whereas LMCO3 is a member of 2dMCOs (Figure
S1C). They share 28% of amino acid identity and similarly to LMCO from R. ruber C208 (Santo et al., 2013), both R7 LMCOs
contain a signal peptide (TAT motif) for the secretion (Zampolli et al., 2021).

To study their role in PE degradation, LMCO2 and LMCO3 genes were cloned into the shuttle-vector E. coli-Rhodococcus
(Nakashima and Tamura, 2004) and transformed into R. erythropolis AP (Zampolli et al., 2014). After growth and induction
of gene expression with 1 µg mL−1 thiostrepton and 250 µM CuSO4, preliminary enzymatic assays using 2,6-DMP
ndicated that LMCO2 and LMCO3 were produced intracellularly with a specific activity of 0.04 U g−1 and 0.12 U g−1,
espectively (Fig. 1, no CuSO4 during the enzymatic assay). Notably, both enzymes required the presence of Cu2+ during
he induction and the enzymatic assays, showing activity values of 0.75 U g−1 and 0.41 U g−1 for LMCO2 and LMCO3,
espectively (Fig. 1, with CuSO4 added during the enzymatic assay).

.2. LMCO2 and LMCO3 oxidase activity and different biochemical features

.2.1. Biochemical characterization of LMCO2 and LMCO3
Recombinant enzymes were produced and purified by affinity chromatography with a final yield of 0.2–0.4 mg of pure

rotein per liter of culture (Fig. 2A and B). The catalysis reactions were carried out on 2,6-DMP as the substrate in the
resence of 200 µM CuSO4. LMCO2 showed the highest activity (Topt ) at 65 ◦C (Fig. 2C) and retained 60% activity in the pH
ange 6.5–7.5, with an optimal pH of 7.0 (Fig. 2D). This enzyme maintained its secondary structure up to 50 ◦C, whereas
t higher temperatures a loss of CD signal was observed with a Tm of 65 ◦C (Fig. 3A). On the other hand, LMCO3 was found
o be active at acidic pH, with a pH opt of 5.5 and residual activity of around 40% at pH 7.0 (Fig. 2D), and exhibited the
ighest activity (Topt ) at 80 ◦C (Fig. 2C). The secondary structure of LMCO3 remained unaltered in the temperature range
5–75 ◦C and was completely lost above 85 ◦C, with a Tm of 80 ◦C (Fig. 3A), suggesting that at temperatures >85 ◦C this
nzyme is inactive.
Stability assays were carried out by incubating the purified enzymes at 35 ◦C and 65 ◦C for several days before

easuring residual activity. At 35 ◦C, the activity of LMCO2 decreased by 10% after one day and was completely lost
ithin four days (Fig. 3B). At 65 ◦C, we observed a sharp decrease in LMCO2 activity in the first two days of incubation
5
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(

Fig. 1. Oxidase activity of recombinant cell extracts. Oxidase activity of R. erythropolis AP recombinant cells carrying LMCO2 (white) and LMCO3
light gray) genes was measured using 30 mM 2,6-DMP in comparison with R. erythropolis AP carrying the empty vector, pTipQC2 (dark gray). The
laccase activity was measured both in the absence and in the presence of 250 µM CuSO4 during the enzymatic assay. Laccase activity is expressed
as U g−1 as the mean of three replicates ± standard deviation. Statistical differences were calculated using t-Student’s test: * p-value < 0.05, **
p-value < 0.01.

Fig. 2. Biochemical properties of R7 LMCOs. SDS-PAGE analysis of purified LMCO2 (A) and LMCO3 (B); M: molecular weight marker. (C) Effects of
temperature on the activity of LMCO2 (black line) and LMCO3 (red line). The temperature profiles were detected using 4 mM 2,6-DMP at pH 7.0 and
5.5, respectively. (D) Effects of pH on the activity of LMCO2 (black line) and LMCO3 (red line). The pH profiles were detected using 4 mM 2,6-DMP
at 65 ◦C and 80 ◦C, respectively. The substrate specificity of LMCO2 (E) and LMCO3 (F) was determined using 2,6-DMP, ABTS, and guaiacol at the
optimal catalysis conditions at a substrate concentration of 4 mM. All experiments were performed in quadruplicate and the shadowed area refers
to the standard deviation of the data (n = 4). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
6
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l
a
d
a

Fig. 3. Thermal stability of R7 LMCOs. Thermal stability of LMCO2 (black line) and LMCO3 (red line) (A). Ellipticity values were recorded at 205 nm
during heating from 25 to 95 ◦C. The initial CD signal was taken as 100% for normalization. Long-term thermal stability (B–C) of LMCO2 (black
ine) and LMCO3 (red line). Thermal stability over time was measured by incubating the enzyme at 35 ◦C (B) and 65 ◦C (C) and shown as residual
ctivity obtained with 2,6-DMP as a substrate. All the experiments were performed in quadruplicate and the shadowed area refers to the standard
eviation of the data (n = 4).. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
rticle.)
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Fig. 4. Structural features of LMCO2 and LMCO3. Oligomerization state of LMCO2 (A) and LMCO3 (D) as determined by SEC analysis. One out of
three independent measurements is shown. Far-UV CD spectra of LMCO2 (B) and LMCO3 (E) collected in PB at 25 ◦C. UV/Vis absorption spectra of
MCO2 (C) and LMCO3 (F) collected in PB at 25 ◦C. All the experiments were performed in triplicate and the shadowed area refers to the standard
eviation of the data (n = 3).

nd its complete inactivation within the third day (Fig. 3C). By contrast, LMCO3 retained 40% and 15% of residual activity
fter 7 days of incubation at 35 ◦C and 65 ◦C, respectively (Fig. 3B and C). Overall, both enzymes are more thermostable

than the previously reported LMCOs from R. ruber C208 and Psychrobacter sp. NJ228 for PE degradation (Santo et al., 2013;
hang et al., 2022a).
LMCO2 and LMCO3 oxidize both phenolic (i.e., 2,6-DMP and guaiacol) and non-phenolic (i.e., ABTS) compounds (Fig. 2E

nd F). The highest activity for both enzymes was towards 2,6-DMP, with the specific activity of LMCO2 10-times higher
han that of LMCO3. As reported in other LMCOs (Reiss et al., 2011), the activity of LMCO2 towards ABTS is higher at
H 4.0 than at pH 5.5 and 7.0 (Figure S2). The analysis of kinetics parameters (Table S2) indicates that LMCO2 has a
ower affinity towards 2,6-DMP (KM1.14± 0.02 mM) and ABTS (KM1.63± 0.12 mM) than LMCO3 (KM0.36± 0.01 mM and
M0.28± 0.02 mM for 2,6-DMP and ABTS, respectively).
In conclusion, our results indicate that LMCO2 and LMCO3 are multicopper oxidases showing the highest activity

n 2,6-DMP, and different biochemical features in terms of optimal pH, temperature, substrate specificity, and thermal
tability.

.2.2. LMCO2 and LMCO3 structural characteristics
The structural features of the two enzymes were studied by SEC, CD, and UV/Vis absorption spectroscopies. SEC analysis

n purified enzymes indicates that LMCO2 is a monomer with a molecular mass of 53 kDa, while LMCO3 is a trimer (128
Da) (Fig. 4A and D).
The Far-UV CD spectra of both proteins are characterized by a minimum peak at ∼218 nm, typical of proteins rich in

-structure (Fig. 4B and E). The UV/Vis absorption spectra show a peak at ∼610 nm, typical of paramagnetic Type I (T1)
opper sites (Jones and Solomon, 2015) of blue laccases (Fig. 4C and F). Overall, these structural features are typical of
dMCO and 3dMCO (Gräff et al., 2020) and are consistent with the 3D structural models described in paragraph 3.4.

.3. LMCO2 and LMCO3 oxidization activity on PE powder

On the basis of the biochemical characterization, LMCO2, and LMCO3 enzymes were individually evaluated for their
xidative ability towards commercial low-density PE powder in the presence of 50 µM CuSO at 60 ◦C up to 48 h in
4
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Fig. 5. FTIR analysis of enzymatic degradation of PE. The FTIR spectra of PE powder as is and incubated for 24 h at 60 ◦C, without enzymes,
re shown in black and magenta lines respectively. The FTIR spectra of liquid droplets (blue line) and PE particles (red line) were collected after
ncubation for 24 h at 60 ◦C in the presence of LMCO2 and LMCO3. The FTIR spectra of PE particles pressed on the ATR diamond crystals are shown
s gray lines. One of three independent measurements was shown. (For interpretation of the references to color in this figure legend, the reader is
eferred to the web version of this article.)

omparison to the same conditions without the enzymes. The temperature of 60 ◦C was chosen due to the Topt and the
ong-term thermal stability of LMCO2 and LMCO3; in addition, at this temperature, the PE polymer is more accessible to
nzymes (Fontanella et al., 2010; Abrusci et al., 2011). FTIR spectroscopy was performed to obtain data on PE oxidative
egradation in terms of the potential chemical bond breakage, the changes in functional groups, and the transformation
f the molecular structures (Zhang et al., 2022b); GC-MSD analyses were performed to detect the released products. The
ommercial low-density PE powder was preliminarily analyzed by using both techniques. The ATR-FTIR spectrum shows
wo main peaks at ∼2916 and ∼2848 cm−1, due to antisymmetric and symmetric CH2 stretching, respectively, and a C==O
absorption at ∼1722 cm−1, with a shoulder around 1703 cm−1, assigned mainly to carboxylic acids and ketones (black
line in Fig. 5) (Sandt et al., 2021). After DCM extraction, the GC-MSD analyses evidenced mostly alkanes and ketones with
carbon chain lengths mainly ranging between C12 and C25, and carboxylic acids (only with carbon chain lengths of C16
and C18) (Figure S3). The initial PE analyses suggested a partial oxidation of the polymer.

3.3.1. FTIR spectroscopy for the characterization of PE oxidized products
The effect of LMCO activity on PE was assessed by ATR-FTIR spectroscopy (Fig. 5). The ATR-FTIR spectrum of PE

measured after 24 h in the absence of the enzymes (magenta line in Fig. 5) is superimposable to that of commercial PE,
indicating that the incubation in reaction buffer at 60 ◦C does not affect the polymer structure. After 24 h of incubation in
the presence of LMCO2 and LMCO3, we observed a heterogeneous suspension of PE particles and liquid droplets, visible
on the wall of the glass vials (arrows in Figure S4). The ATR-FTIR spectra of the liquid droplets and PE particles (Fig. 5
and Figure S5) display spectral features typical of carboxylic acids, as indicated by the C==O band at ∼1710 cm−1, and a
well-resolved hydrocarbon chain absorption between 3050 and 2800 cm−1 (Casal and Mantsch, 1984). Furthermore, we
noticed that when the PE particles are pressed on the ATR diamond crystals, their FTIR spectrum appears similar to that
of commercial PE, with the relative intensity of C==O peak at ∼1710 cm−1 with respect to the 3050–2800 cm−1 CHx band,
strongly reduced in comparison to that observed in the droplet spectrum (Figure S5). Comparable results were obtained
for the two enzymes, LMCO2 and LMCO3, after 24 h and 48 h (data not shown) of incubation. Overall, these results indicate
that the enzymatic PE oxidation leads mainly to the formation of carboxylic acids, which generate droplets in suspension
9
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Table 1
Partial products of PE oxidation by LMCO2 and LMCO3 obtained through GC-MSD analyses after 24 h. Numbers in brackets from 1 to 12 indicate
the major identified products in the chromatograms of Fig. 6.
Compounda Retention Time

(tR) (min)
Formula CAS number LMCO2 LMCO3 No enzymeb

Benzoic acid 13.5 C7H6O2 65-85-0 +c + –
Octanoic acid (1) 13.8 C8H16O2 124-07-2 + + +
2-Undecanone 14.2 C11H22O 112-12-9 + + –
Nonanoic acid (2) 15 C9H18O2 112-05-0 + + –
Decanoic acid, ethyl ester 15.5 C12H24O2 110-38-3 + + –
2-Dodecanone 15.6 C12H24O 6175-49-1 + + –
Decanoic acid (3) 16.3 C10H20O2 334-48-5 + + –
Hexanedioic acid (8) 16.9 C6H10O4 124-04-9 + + –
Dodecanoic acid, methyl ester 17.2 C12H24O2 143-07-7. + + –
Dodecanoic acid, ethyl ester 18.1 C14H28O2 106-33-2 + + –
1-Dodecanol 17.7 C12H26O 112-53-8 + + –
2-Tetradecanone (9) 18.2 C14H28O 2345-27-9 + + +
Dodecanoic acid 18.7 C12H24O2 143-07-7 + + –
Cyclododecane 19.3 C12H24 294-62-2 + – –
Heptadecane 19.4 C17H36 629-78-7 + + +
2-Hexadecanone (10) 20.5 C16H32O 18787-63-8 + + +
Tetradecanoic acid 20.9 C14H28O2 544-63-8 + + –
n-Pentadecanoic acid 21.9 C15H30O2 1002-84-2 + + –
Octanoic acid 2-octyl ester 22.3 C16H32O2 55193-33-4 + + –
Methyl n-hexadecyl ketone (11) 22.6 C18H36O 7373-13-9 + + +
Hexadecanoic acid (4) 22.9 C16H32O2 57-10-3 + + +
Heptadecanoic acid 23.8 C17H34O2 506-12-7 + + –
2-Nonadecanone (12) 24.5 C19H38O 629-66-3 + + +
Octadecanoic acid (5) 24.7 C18H36O2 57-11-4 + + +
Eicosane 25.3 C20H42 112-95-8 + – –
Tetracosane 26.1 C24H50 646-31-1 + – –
2-Docosanone (6) 26.2 C22H44O 77327-11-8 + + +
Pentacosane (7) 26.9 C25H52 629-99-2 + + –
Heptacosane 28.6 C27H56 593-49-7 + – –
Octacosane 30.7 C28H58 630-02-4 + + –
Triacontane 32.1 C30H62 638-68-6 + – –

aCompound, considered degradation products had >90% similarity by comparing their mass spectra with the NIST11.
bNo enzyme, reaction assay established in PPB and PE without the enzymes.
c+, the symbol ‘‘+’’ indicates the products, while ‘‘–’’ indicates the absence.

that adhere to the vial wall (Figure S4) and to the polymer where it can be removed by the mechanical action of the ATR
press.

3.3.2. Oxidized products deriving from PE biodegradation
In order to comprehend the mechanism behind the PE enzymatic attack and to characterize the degradation products

btained by LMCO2 and LMCO3, DCM solvent extraction and GC-MSD analyses were performed up to 48 h in comparison
o the condition without the enzymes. Fig. 6, and Table 1 show the results at 24 h evidencing different alkyl and
xygenated products with carbon chain lengths mainly ranging between C8 and C30; in particular, alkanes showed
carbon chain length range of C12-C30, 2-ketones of C11-C19, alcohols only C10, and carboxylic acids of C8-C18.

nterestingly, the main product type was carboxylic acid (99% normalized peak area) (Figure S6). The two laccases showed
he same kind of accumulated products at 24 h with only a few differences in the presence of a higher number of alkane
ypes in LMCO2 reaction with respect to LMCO3 (Figure S6 and Table 1).

The chromatographic profile at 48 h of PE oxidation by LMCOs was quite similar to that recorded at 24 h, with a few
xceptions; notably, for LMCO3 we observed the presence of alkanes with a number of carbon chain lengths major than
20 (Figure S7).
Overall, the GC-MS LMCO profiles differ with respect to the condition without enzymes that instead appears similar

o the commercial PE with only slight differences with respect to the initial polymer.
In addition, a small aromatic compound (benzoic acid) was evidenced (Table 1) and confirmed by ATR-FTIR analyses.

his plastic antioxidant is normally present in polymers as an additive and the presence after 24 h of enzyme reaction
ould be associated with its release from the PE structure (Arendt et al., 2019; Yao et al., 2022; Sanluis-Verdes et al.,
022).

.4. A computational model of LMCOs from R. opacus R7

The most challenging aspect of PE oxidation by LMCO2 and LMCO3 is the understanding of the most likely catalytic
echanism of substrate oxidation. To analyze LMCO structural features, a structural model of these enzymes was
10
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Fig. 6. Product profile of R7 LMCO oxidation of PE by GC-MSD analysis. GC-MSD chromatogram profiles of derivatized product extracts deriving
from PE oxidation at 24 h by LMCO2 (A) and LMCO3 (B) with respect to the condition in the absence of the enzymes (C). The numbered peaks
correspond to 1, octanoic acid; 2, nonanoic acid; 3, decanoic acid; 4, hexadecanoic acid; 5, octadecanoic acid; 6, 2-docosanone; 7, pentacosane; 8,

hexanedioic acid; 9, 2-tetradecanone; 10, 2-hexadecanone; 11, methyl n-hexadecyl ketone; 12, 2-nonadecanone.
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Fig. 7. (A) 3D model predicted for LMCO2, with details on T1, T2, and T3 sites. The three domains are indicated as I, II, and III. (B) 3D model
predicted for the trimeric LMCO3, with details on T1, T2, and T3 sites. The two domains for each monomer are also indicated as I/II, I’/II’, and
I’’/II’’. (C) Structural details on the methionine-rich loop of LMCO2, as predicted by Alphafold2. (D) Superimposition of T1 site for LMCO3 (light blue)
and 3GDC (in purple). (E) DFT optimized structure of LMCO2 small model. The atoms that have been kept fixed during geometry optimizations are
indicated by an asterisk. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

generated. Since the oxidation of the substrate in laccase enzymes is always mono-electronic, the aliphatic carbon radical
species may be produced, thus DFT calculations were performed to shed light on the chemical feasibility of this process.

LMCO2 and LMCO3 3D models predicted with Alphafold2 are typical respectively of 3dMCO and 2dMCO (Fig. 7A and
), as also supported by the superimposition of both models with references (3KW7 for LMCO2 and 3GDC for LMCO3).
oth predicted models are characterized by high confidence, as evidenced by the average lDDT value (>= 85, for further
etails see Figure 1 in Supplementary S8). The proteins also showed the copper-binding sites in the T1 center (His450,
ys498, and His503 for LMCO2; and His148, Cys193, and His201 for LMCO3) and in the T2/T3 centers (His124, His126,
is166, His168, His453, His455, His497 and His499 for LMCO2; His151, His153, His192, His194, His282, His284, His329,
nd His331 for LMCO3) (Fig. 7A and B, Figure S1). In LMCO2, the ligands setting is compatible with the presence of four
etal-binding sites, as in all 3dMCOs (Arregui et al., 2019). The first site, characterized by a distorted tetrahedral geometry

ypical of the T1 site, is composed of two His, one Cys, and one Met, all belonging to domain III (Rovaletti et al., 2023). The
thers have instead the typical features of two T3 and one T2 sites (Solomon et al., 2014), for a total of eight coordinating
is, four parts of domain III, and the other four of domain I.
Met-loops of different compositions and lengths have been observed in diverse prokaryotic laccases, including in R7

MCO2 (residues 224–241) in proximity to the T1 site (Fig. 7C) (Serrano-Posada et al., 2011; Granja-Travez et al., 2018;
orges et al., 2020). The presence and the properties of this Met-rich motif have been recently linked to catalytic activity
odulation, substrate interaction, and selectivity, affecting the kinetics of the rate-limiting step i.e., electron transfer from
ubstrate to T1 Cu by a Marcus outer-sphere mechanism (Solomon et al., 2014; Borges et al., 2020). Interestingly, these
roperties indicate a strong propensity to bind hydrophobic carbon-based surfaces (Cui et al., 2021).
Besides being a 2dLMCO, LMCO3 presents two remarkable differences with respect to LMCO2: (i) the T1 site features

Leu (Leu206) instead of a Met in the axial position, having a three-coordinated trigonal planar structure, and (ii) one
onomer is not enough to provide the full T2/T3 coordination environment which can be formed only if trimerization

s invoked; thus, domain I of one monomer and domain II of the adjacent one can participate with four His residues
ach (Janusz et al., 2020). Structural comparison between LMCO3 and other 2dMCOs revealed some differences in T1
urroundings.
Moreover, one of the structural determinants of T1 laccases redox potential (RP) is the nature of the axial ligand: the

igher the T1 RP is, the wider the range of processed substrates (Macellaro et al., 2014; Barber-Zucker et al., 2022). In
12
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general, 2dLMCOs are low-potential systems, with a T1 RP in the range of 0.35–0.45 V (Trubitzina et al., 2021; Rovaletti
et al., 2023). Although the T1 oxidizing power can be modulated by several factors, the presence of a non-coordinating
Leu has been associated with an increase in RP (Xu et al., 1996; Li et al., 2004; Cambria et al., 2012), as in the case of
fungal laccase in Melanocarpus albomyces (3FU7, Kallio et al., 2009).

In fact, a tri-coordinated Cu2+ center should be more prone to reduction with respect to a four-coordinated one, in light
f its lower electron-richness. A structural comparison of T1 surroundings between LMCO3 and 3GDC (Fig. 7D) revealed
hat Y70, Q146, and S121 in 3GCD are replaced by F119, V170, and V195 in LMCO3, suggesting a higher hydrophobicity
f the latter. Interestingly, the T1 site is also characterized by a less negative net charge (q = −2, calculated as the
um of charged residues found in a sphere centered on Cu of a 12 Åradius) if compared to other characterized 2dLMCOs
Supplementary S8) such as (3GDC, q = −3), 4M3H (q = −3), 3TAS (q = −4), 2ZWN (q = −4), 5LHL (q = −4) and 3G5 W
q = −6). All these considerations raise the possibility that LMCO3 should have a slightly higher RP with respect to others
dLMCOs, since the lower polarity of T1 surroundings should stabilize the Cu(I) state, thus favoring Cu reduction/substrate
xidation (Li et al., 2004; Cambria et al., 2012).
The simulation of LMCO2 and LMCO3 binding to the PE surface is challenging for the lack of experimental data

n the nature of their interaction but it is known in the literature that laccases can bind hydrophobic substrates and
rocess several non-phenolic compounds (Xu et al., 2020). For this reason, the following DFT calculations were focused
n the evaluation of the propensity to oxidize aliphatic C–H bonds of the PE based on the experimental evidences mostly
uggesting the formation of new carbonyl groups (Figure S6). In order to evaluate such hypothesis, we carried out DFT
omputations considering a small portion of the laccase binding pocket bound to a model substrate (Supplementary S8).
he whole model includes (i) T1 Cu coordination sphere plus an Asp/Glu residue involved in the electron/proton transfer
rom the substrate to the T1 Cu site which is considered the rate-determining step in laccase catalytic cycle (Mehra and
eep, 2019); (ii) residues involved in the stabilization of Asp/Glu-His interaction (Tyr415 and Trp417 for LMCO2; Arg205,
rp117, and Phe235 for LMCO3) (Chiadò et al., 2021); (iii) a small portion (C7 moiety) of the entire polymer which models
he PE portion bound at laccase pocket. Here, we are investigating the first of the two mono-electron oxidations which
ead to the oxidation of a C–H bond to the corresponding alcohol (Rovaletti et al., 2023). The extended PE structure, on
he other hand, will clearly influence the binding to the enzyme pocket but much less its oxidation.

The energy difference (∆Er) between the T1 Cu/PE aliphatic portion and its electron/proton transfer form can be useful
o assess the propensity of the enzyme to oxidize the substrate. The ∆Er values obtained for the PE model (Supplementary
8) are generally less than 31.3 kcal mol−1, being the lowest value found for secondary radical products, obtained equal
o 22.7 kcal mol−1 for LMCO3.

For sake of comparison, the ∆Er value was computed for 2,6-DMP with both models (Supplementary S8), resulting in
he lowest ∆Er value for LMCO2 of 7.3 kcal mol−1, which is 15.4 kcal mol−1 lower compared to the lowest value for the
E model. This is in line with the much higher stability of phenolic radicals compared to aliphatic ones.

. Discussion

The issue of plastic production and consequent waste is ever-increasing, thus, multiple approaches address this
hallenge (Yeung et al., 2021; Andler et al., 2022). Among them, both bacteria biodegradation and enzymatic oxidation
an be applied for efficient and sustainable processes (Restrepo-Flórez et al., 2014). Bacteria of Rhodococcus genus are of
reat relevance for their extraordinary metabolic potential, also towards plastic polymers (Zampolli et al., 2022, 2018).
onsidering the few members of Rhodococcus genus able to biodegrade PE (Santo et al., 2013; Eyheraguibel et al., 2017;
ampolli et al., 2021), R. opacus R7 was studied for its ability to degrade untreated PE in a short range of time by RNA-seq

analysis revealing the up-regulation of genes encoding LMCOs (Zampolli et al., 2021).
To establish the role of LMCOs in the PE biodegradation pathway in R7 strain, two novel multicopper oxidases, LMCO2

and LMCO3, were characterized and tested for their oxidative ability towards PE. Based on the number of cupredoxin-like
domains (Janusz et al., 2020), LMCO2 is classified as 3dMCO and LMCO3 as 2dMCO. Both R7 LMCOs contain a signal peptide
(TAT motif) for the secretion, as reported in the LMCO from R. ruber C208 (Santo et al., 2013). Our results suggested that
Cu2+ plays a key role in the activity of R7 LMCOs, as already reported for LMCO from R. ruber C208, whose activity towards
PE increases by 75% in the presence of Cu2+ (Santo et al., 2013).

Moreover, LMCO2 and LMCO3 exhibit different functional features in terms of substrate specificity, pH opt , temperature
dependence, and thermal stability, suggesting that the production of different LMCOs would allow R. opacus R7 to
oxidize a broad range of substrates, including phenolic and non-phenolic compounds, in different pH environments. These
results together with the presence of a signal peptide suggests that LMCO2 and LMCO3 are secreted in the extracellular
environment, where they could play a role in the oxidation and/or degradation of the untreated PE powder. To test this
hypothesis, the ability of R7 LMCOs to oxidize low-density untreated PE was investigated. Low-density PE is generally
more accessible to enzymatic treatment because of its amorphous structure with branched short chains of 10–30 C for
every 1000 C atoms (Montazer et al., 2019; Yao et al., 2022).

FTIR spectroscopy indicated that PE was oxidized to carboxylic acids in the presence of R7 LMCOs. These oxidation
products can be found as droplets in suspension or adhere to the polymer. Our data are in line with those obtained
with other microbial LMCOs (Yao et al., 2022; Zhang et al., 2022a). Interestingly, in the presence of R7 LMCOs, the
oxidation products were observed after one day of incubation, a shorter time compared with other microbial LMCOs
13
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such as C208 laccase (Santo et al., 2013), PsLAC (Zhang et al., 2022a), and T. versicolor LMS (Fujisawa et al., 2001). In
ddition, similar to PsLAC (Zhang et al., 2022a), R7 LMCOs did not require mediators such as 1-hydroxybenzotriazole
HBT), or 2,2,6,6-tetramethylpiperidin-1-yloxy (TEMPO) to oxidize PE (data not shown).

In agreement with FTIR results, GC-MSD analyses showed that the oxidation products of PE consisted mainly of
arboxylic acids and small amounts of alkyls, ketones, and alcohols. The oxidation product pattern is similar for both the
nzymes, with some differences in the composition of alkanes: short-chain alkanes were obtained after 24 h of incubation
ith LMCO2, while long-chain alkanes were observed after 48 h of incubation with LMCO3. The presence of alkanes could
e due to the degradative processes of PE or its oxidative products. A similar oxidation pattern has been also reported
hen the PE was oxidized by the laccase from Botrytis aclada (BaLac) and Bacillus subtilis (BsLac) with three different
ediators (ABTS, HBT, and TEMPO) (Yao et al., 2022). Moreover, GC-MSD analysis highlighted the release of benzoic acid, a
ommon additive used during the PE polymerization process as observed by Sanluis-Verdes and coworkers (Sanluis-Verdes
t al., 2022).
To shed light on the chemical feasibility of the PE oxidation process suggested by experimental data, we predicted

he 3D structure of R7 LMCOs and performed DFT calculations. According to our structural analysis, LMOC3 should have
slightly higher RP compared to other 2dLMCOs, suggesting a higher catalytic activity and a wide substrate specificity.
n the other hand, LMCO2 could bind PE through a Met-rich hydrophobic loop near to the T1 center, absent in LMCO3.
ubsequently, with the idea of verifying whether the C–H bonds can undergo electron/proton transfer by T1 Cu, the
FT energy difference was calculated between reactants and products following the first mono-electronic oxidation step
hich is known to be the rate determining step of the laccase catalytic process. Although these calculations cannot be
onsidered exhaustive of the description of this process, they suggest that the formation of a radical aliphatic species
annot be excluded. This process would be characterized by a higher energy barrier compared to those of the typical
henolic substrates, as suggested by kinetic experiment and DFT computations using 2,6-DMP as a substrate. Once the
adical is formed, it could undergo a further second oxidation step followed by a water nucleophilic attack yielding the
orresponding secondary/tertiary alcohol (Scheme 4 in Supplementary S8). Speculating on the subsequent oxidative steps
nd having in mind the laccase catalytic mechanism, the alcohol group could undergo further oxidation with the formation
f an alkoxide radical that evolves to carbonyl, as proposed for anthracene and benzo[a]pyrene laccase degradation to the
orrespondent quinones (Zeng et al., 2011; Guan et al., 2018).
In conclusion, our results provide key new insights into PE oxidative degradation by laccase-like enzymes from a strain

elonging to Rhodococcus genus. This outcome is even more valuable because of the possibility to exploit both the catalytic
ctivity of R. opacus R7 laccases to oxidize PE generating a complex mix of aliphatic and oxygenated products and its
mpressive metabolic potential that allow PE mineralization.
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