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Multi copper oxidase fromMicrococcus
sp. IITD107, a promising candidate for
polypropylene biodegradation
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Polypropylene (PP) is the second most abundantly used synthetic plastic which poses challenges in
degradationdue to itsstructural stability.Thereare limited reportsonenzymaticbiodegradationofPP.Here,
we report degradation of commercial PP strips without any pre-treatment by a novel multi copper oxidase
(MCO) fromMicrococcus sp. IITD107. The molecular docking and simulation analysis revealed strong
bindingofMCOwithPP. Thepurifiedenzymeand thewhole cell lysate from recombinantE. coliexpressing
MCO, exhibited around 16%and 6.8%decrease (w/w), respectively in PPwithin 24 h at 60 ˚C. Changes in
the functional groups and surface modification of PP were observed by FTIR, NMR and SEM. The
biodegradationby-products identifiedwerealkanes, aldehydes, ketonesanda fewcarboxylic acids. This is
the first report demonstrating thebiodegradationofPPbyMCOwithout anypre-treatment, suggesting this
to have a significant role for PP degradation.

Plastics are ubiquitously in demand for their durability, cost-effectiveness,
corrosion resistance, lightweight, ease of fabrication, and transparency.
Global plastic production has reached around 460million tons in 2020 and
is expected to further exponentially increase to 1 billion tons by 20501. At
present, most plastics are highly invulnerable to natural degradation and
require years for their complete degradation2. A recently published life cycle
assessment of plastic waste has reported that about 9-15% of used plastics
undergo recycling, 12% are incinerated, and 79% are disposed in landfills
due to lack of required infrastructure and poor waste management plans
and regulation1,3. As a result, >4.8 billion tons of plastic waste have been
accumulated in landfills, causing significant damage to our ecosystem and
eventually human health4. Overcoming the plastic waste accumulation is
one of the major concerns of today5.

Among all existing conventional techniques for plastic degradation,
biological degradation using microorganisms such as fungi and bacteria is
gaining global attention due to their possible contribution to a sustainable
nature and circular plastic economy6. Thesemicroorganisms create a biofilm
over the surface of the plastic and release hydrolyzing enzymes that depo-
lymerize the long plastic polymer into shorter chains and/or monomers,
oligo-, and di-mers, which are ultimately assimilated bymicroorganisms and
are then intracellularly metabolized to H2O and CO2 or upcycled to other
value-added products7–10.

Polypropylene (PP) is the second most used petroleum-based plastic
material after PE. It faces challenges in decomposing due to its high struc-
tural and thermal stability11–13. These properties contribute to its slow bio-
degradation in natural environments. Only a limited number of
microorganisms, such as Bacillus sp., Brevibacillus sp., Phanerochaete
chrysoporium, Streptomyces ardesiacus, and Rhodococcus sp., have been
reported to degrade PP till date14–16. Streptomyces ardesiacus strainNBI0111
isolated from a plastic-contaminated site reduced the dry weight of PP
plastic by 17.52% in laboratory conditions in a period of 90 days17. In
another such report, Bacillus cereus showed 12% and Sporosarcina globis-
pora showed11%weight loss of PPfilm in40days18. Recently, a dioxygenase
(HIS1) from rice has been identified for PP oxidation by using a culture-
independent approach19. The enzyme required FeSO4 and 2-oxoglutarate
for its activity.

Laccases (EC 1.10.3.2), from the blue multi-copper oxidase (MCO)
family, have been reported for their capability towards catalyzing a broad
spectrum of phenolic and non-phenolic compounds20. These enzymes
feature four copper ion binding sites21, with copper playing a significant role
in regulating their induction and activity.MCOshave not been explored for
their activity towards PP. Here, we report cloning, expression, purification,
and characterization of anovelMCOthat has beenobtained from the isolate
Micrococcus sp. IITD107 and demonstrate its activity towards the
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degradation of PP. Commercial PP packaging strips were treated with the
enzyme MCO from Micrococcus sp. IITD107 and biodegradation was
validated by various methods (Fig. 1).

Results
Biodegradation of PP byMicrococcus sp. IITD107
Micrococcus sp. IITD107 has been previously reported as a member of the
consortium for asphaltene biotransformation22 and was tested to assess its
ability to biodegrade PP in minimal media. Since asphaltene has a complex
structure, we hypothesized that microorganisms capable of biotransforming
asphaltene may degrade plastic. Interestingly, the culture grew up to an
OD600 ~ 0.4 using PP strips as the sole carbon source at 30 °C for a period of
21 days, and approximately a 2.6% decrease in weight was observed. The
maximumbiomass andbiomassyield coefficient obtainedwere0.22 gL−1 and
0.2 g biomass/ mg substrate, respectively, after 21 days of growth of Micro-
coccus on PP as the sole carbon source.

Identification of a gene for multi-copper oxidase fromMicro-
coccus sp. IITD107
To determine the enzyme responsible for the biodegradation of PP,
the whole genome sequencing ofMicrococcus sp. IITD107 was carried
out. The genome sequence has been deposited at Genbank with
Accession no. MT830855. Out of several Polycyclic aromatic
hydrocarbons (PAH) degrading genes, the gene coding for MCO was
selected for the following reasons: (a) MCOs were reported for their

activity on polyethylene, but there were no reports on polypropylene
degradation23,24; (b) There were no reports demonstrating gravimetric
decrease in the weight of the plastic pieces by MCO as the studies
reported used PE powder; (c) Furthermore, the sequence of the gene
forMicrococcalMCO showed about 57% and 44% identity to LMCO2
(CP008950.1:146277-147827) and LMCO3(CP008950.1:195529-
196575) genes reported for PE degradation from Rhodococcus (Fig.
S2). The identities were 45% and 26% with LMCO2 and LMCO3
proteins, respectively (Fig. 2).

Multi-copperoxidase fromMicrococcusexhibitsahigherbinding
affinity with polypropylene
The sequence level identity suggested the MCO from Micrococcus to be
different from the reported LMCO2 and LMCO3 from Rhodococcus. To
further elucidate the differences, molecular docking between the enzyme
and substrate was performed. The MCO extracted from Micrococcus sp.
IITD107 is novel, and the active site of the enzyme was unknown. Blind
docking was carried out with different docking parameters to allow PP to
find the active site with stable interactions and the minimum binding affi-
nity. Similarly, the LMCO2 and LMCO3 from Rhodococcus were selected
for docking studies. A comparison of the binding affinities for different sizes
of PP further revealed differences between the three enzymes. The binding
affinity of 10-mer polypropylene withMCO showed theminimumbinding
energy, suggesting better biodegradation with MCO from Micrococcussp.
IITD107 as compared to that from Rhodococcus shown in Fig. 3A. The

Fig. 1 | Schematic representation showing the setup for PP treatment by MCO, followed by the validation of its degradation.
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docking of 30-mer PP withMicrococcusMCO also showed stable interac-
tions. The binding affinities from the docking studies suggested that the
MCO is highly active for PP in all forms, with the highest activity observed
when the size of PP was reduced to a 10-mer25,26. Thus, MCO from
Micrococcus was selected for further studies.

Interaction analysis governing the stability of the complex
The 2D interactions of MCO with 10-mer PP were visualized in Discovery
Studio Visualizer. The binding affinity of the substrates against the enzyme
revealed that the MCO interacts with the 10-mer of PP primarily through
van der Waals, π-sigma, and hydrophobic interactions with the enzyme.

Fig. 2 |Multiple sequence alignment of themulti-copper oxidase ofMicrococcus sp. IITD107with that of LMCO2 andLMCO3 fromRhodococcus opacus and laccase from
Bacillus megaterium at the protein level.
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The involvement ofmore residues in the stable binding of PPwith theMCO
makes it susceptible to biodegradation. The interaction profiles of PP with
MCO are presented in Fig. 4A–F.

Propylene forms a Pi-sigma interaction with an aromatic residue
named HIS151 to stabilize ligands through non-covalent interactions. This
interaction likely contributes to the overall stabilization of propylene within

the binding site. Additionally, propylene is stabilized by hydrophobic
interactions inside the active site of MCO with LEU120, ALA121, and
LEU149 (Fig. 4A, B). Propylene is also supported by van der Waals inter-
actions within the active pocket of MCO, contributing to its stability inside
the active site ofMCObyVAL175,TYR155, SER150,ARG148,ARG54, and
LEU122. These interactions improve overall binding affinity, as validated

Fig. 3 | Comparison of binding affinity and stability analysis of different forms of
polypropylene bound to MCO extracted from Micrococcus sp. IITD107. A
Comparison of the binding energies of polypropylene with Micrococcus and Rho-
dococcus MCO. B RMSD plot of MicrococcusMCO bound to PP to assess the
structural stability when bound to different plastic types.C Similarly, the RMSDplot
of PP and PE represents their stability and conformational dynamics inside the
active site ofMCO.DRadius of gyration tomeasure the compactness of the complex.
E MolSA represents the surface of PP interacting with the active site of MCO, and

F SASA represents the surface area of the polymer exposed to solvent.G Root mean
square fluctuation plot represents the flexibility of the amino acid during simulation
in the bound state with PP. 3D representation of the binding of different sizes of PP
on the surface ofMCO. Protein is represented in cartoon representation with bound
H propylene, I 10-mer polypropylene, and J 30-mer of polypropylene. Copper ions
are colored as magenta, whereas substrates are colored as red in the sticks
representation.
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with binding energy. The combination of Pi-sigma and hydrophobic
interactions allows propylene to form a more stable complex within the
active site. Therefore, propylene results in having better binding affinity and
catalytic activity.

The 10-mer of PP was also stabilized by a Pi-sigma interaction with
PHE316 and hydrophobic interactions with HIS151, PRO152, PRO317,
VAL394, and HIS312 (Fig. 4C, D). The 10-mers of PP adopted multiple
conformations and searched a larger conformational space in the binding
pocket compared to the monomers. Therefore, the substrates are stabilized
through interactions with a broader range of residues and adopt different
binding poses that also involve residues not involved in monomer stabili-
zation. The flexibility and adaptability of the 10-mers allowed them to
optimize interactions across a wider range of residues within the binding
pocket. The 30-mer PP shows comparable binding energies with additional
unique residues like HIS391 and PRO320 in the binding site (Fig. 4E, F).
Moreover, HIS151, PRO317, and VAL394 were found to be conserved and

maintain their interactions in all the variants. This analysis concludes that
the longer polymer of PP variants binds predominantly to the hydrophobic
surfaceofMCOand is stabilizedby a combinationofπ-sigma, hydrophobic,
and vanderWaals interactionswithminimal unfavorable contacts. It can be
concluded that the 30-mer of PP exhibited similar activities to MCO. The
three-dimensional structure of the protein-substrate complex reveals that
both the variants of PP bind to the surface of the MCO due to its hydro-
phobic nature and are stabilized through hydrophobic interactions, as dis-
cussed above. The binding pose of all the variants of PP inside the active
pocket of MCO is shown in Fig. 3H–J.

Stability analysis of MCO and PP complex
The structural stability and interaction mechanism of the MCO-PP com-
plex were assessed through molecular dynamics simulations. Fig. 3B pre-
sents the variation of root-mean-square deviation for all Cα atoms in the
complex over time. The average RMSD of the complex was 6.43 ± 0.49 Å.

A B C

D
E

F

Alkyl/Pi-Alkyl 

hydrophobic interaction

Unfavorable bump

Van der Waal interactions

Pi-Sigma Interaction

Fig. 4 | The interaction profiles of PPwithMCO.A–FThe interaction plot between
MCO and various forms of PP. The three-dimensional representations of
A propylene,C 10-mer polypropylene, E 30-mer polypropylene interacting with the
amino acids of MCO depict the conformation and orientation, whereas the two-
dimensional interaction plots of B propylene, D 10-mer polypropylene, and F 30-

mer polypropylene with the respective amino acids in multi-copper oxidase repre-
sent the types of interactions between them. The amino acids in the three-
dimensional representations are colored based on amino acid type, while the plastic
polymer in the 3D representation is colored purple.
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The MCO bound to PP remains stable throughout the simulation. The
averageRMSDof the ligandwas 5.52 ± 0.79 Å, and the trendover the period
of simulation represented in Fig. 3C indicates that the 10-mer propylene
maintained structural stability inside the active site ofMCO throughout the
simulation. However, it has undergone conformational dynamics to facil-
itate interaction with the protein. The average radius of gyration (rGyr) of
the structurewas estimated as 3.29 ± 0.17 nm, indicating the relatively stable
and compact structure throughout the simulation. The mean solvent-
accessible surface area (SASA) of 10.67 ± 8.76 nm² suggested that the ligand
binding did not significantly alter the overall exposure of the ligand to the
solvent. The average molecular surface area (MolSA) was
281.12 ± 6.42 nm², further supporting the structural integrity of the com-
plex. The root-mean-square fluctuation (RMSF) results showed an average
fluctuation of 2.13 ± 1.22 Å, with higher flexibility observed in the mid
region, while the rest of the protein exhibited relatively stable dynamics. The
rGyr, MolSA, SASA, and RMSF plots plotted over the period of simulation
are shown in Fig. 3D–G. These findings indicate that the binding of the 10-
mer propylene ligand did not compromise the structural stability of the
MCO complex, thereby facilitating a stable interaction. Therefore, it can be
interpreted that PP forms an extensive and complex interaction withMCO.
Similar findings were also observed in molecular docking studies. The
change in conformation of polypropylene inside of MCO cavity during

simulation was recorded and represented at an interval of 30 ns in Fig.
S3A–D, respectively.

Secretome analysis ofMicrococcus sp. IITD107 grown on PP as
the sole carbon source
To identify whether the MCO is secreted in the culture supernatant of
Micrococcus with PP as the sole carbon source, secretome analysis of the
Micrococcus culture grown with and without PP as the sole carbon source
was performed. Several different enzymes were identified in extracellular
secretion, like hydratase, lactonase, amidohydrolase, oxoisovalerate dehy-
drogenase, copper-binding protein, etc. (Fig. 5A). Enzyme assays were
performed, andMCOactivitywas determined in theMicrococcus culture by
a colorimetric assay performed using 20mM ABTS as a substrate. The
colorimetric assay showed development of bluish green color and an
absorbance of ~0.412 (0.14 U/ml) at 420 nm as compared to the control,
which is indicative of the presence of MCO activity, thereby confirming the
presence of MCO (Fig. S4).

Copper-bindingproteinwasdetected in the secretome; however,MCO
was not detected in the secretome of Micrococcus cultures grown in the
presence of polypropylene (PP). It is plausible that the enzyme is not
secreted extracellularly but instead exists as a cell-bound protein. A
membrane-associated MCO could facilitate direct interaction between the

Fig. 5 | A A table showing a list of unique enzymes
expressed whenMicrococcus was incubated with PP
as the sole carbon source. B Graph showing tran-
script levels of the mco gene in Micrococcus sp.
IITD107 grownwith andwithout PP as a sole carbon
source (n = 3).
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bacterial cell surface and the polymer substrate, enabling localized oxidation
of the PP surface and initiating its breakdown without the need for enzyme
secretion into the surrounding medium. Indeed, a few well-studied exam-
ples demonstrate that bacterial MCOs can be firmly associated with the cell
membrane rather than being released into the extracellular environment.
For instance, theMmcOprotein fromMycobacterium tuberculosis has been
characterized as amembrane-associatedMCO27. Similarly, inPseudomonas
putida GB-1, the MCO CumA, which catalyzes Mn(II) oxidation, is pre-
dicted to localize in the outer membrane28. In addition, studies on Pedo-
microbium have shown that manganese-oxidizing MCO activity is
associated with the outer cell membranes29. Therefore, gene expression
analysis was further performed through RT-PCR to confirm the possibility
of MCO being a cell membrane-bound protein.

Expression analysis of themco gene inMicrococcus sp. IITD107
Quantitative RT-PCR analysis, performed in triplicates, showed that
Micrococcus cultures exposed to plastic (about 5 days of incubation in PP)
exhibited higher expression of the mco gene compared to cultures grown
without plastic. The plastic-grown samples showed 348.65-fold higher
expression, whereas the control cultures without plastic showed 244.24-fold
change as compared to the housekeeping gyrA gene, representing a ~1.43-
fold increase in expression (Fig. 5B). The data demonstrated a clear trend
toward higher mco transcript levels under plastic exposure, with a p
value < 0.05.

It might be possible that these copper-binding proteins act as cha-
perones, facilitating the uptake and transfer of copper ions from the
environment to themembrane-boundMCO, as has been suggested in a few
studies30–32. The delivery and incorporation of copper into the enzyme’s
active T1Cu site could enhance the catalytic efficiency of theMCO, thereby
promoting oxidative modification of the polymer chains and facilitating
subsequent degradation processes. In one such study, the human copper
chaperone Atox1 mediates Cu delivery to proteins that are made in the
secretory pathway33.

Biodegradation of PP by crude cell lysate of recombinant E. coli
The gene coding for mco fromMicrococcus was cloned into an expression
vector, and the expression studies were performed in E. coliOrigami (DE3)
B2 cells and E. coli SHuffle T7 strain. The expression was determined by
analyzing crude cell lysate on an SDS-PAGE.Maximum induction in E. coli
Origami (DE3) B2 was observed when culture was induced with 1mM
IPTGat anOD600 of∼0.5–0.6 and further grown for about 5 h at 37 °C (Fig.
S5A). Enzyme activity of the MCO in the crude cell lysate was found to be
0.47 U/ml using guaiacol as the substrate. On the other hand, the enzyme
activity of inactive mutant MCO was found to be 0.02 U/ml. The ability of
the enzyme to degrade PP was assessed by incubating the whole cell lysate
with commercial PP strips. About 7% decrease in the weight of PP was
observed after repeated replenishment of fresh cell lysate every week for
4 weeks at 37 °C (Fig. S6). However, when the experiment was performed at
60 °C, about a 6.8% decrease in the weight of PP was observed within 24 h
with respect to the initial weight by gravimetric analysis. To determine the
extent of degradation, sequential transfer of the plastic strip was done after
every 72 h in fresh cell lysate. An overall decrease in weight by about 24%
wasobserved inPPafterfive transfers (15days) (Fig. 6A,B).Around2.5mg/
mL of total protein in the soluble fraction of the crude cell lysate resulted in
~6–7%degradationof a 2.5mgpolypropylene strip after incubation at 60 °C
for 3 days. Further, it was observed that even after prolonged incubation for
7–14 days, the amount of degradation achieved was the same as seen in the
first 3 days until unless we replenish the enzyme every 3 days. On supple-
menting the enzyme every 3 days, the degradation continues.

The removal rate constant (K) per day of PP samples by crude cell
lysate ofMCOusing first-order kineticswas determined. The reduction rate
constant (K) of the PP strip incubated for 15 days was calculated to be
0.018day−1. The rate constants (K) of the PP sample supported the degree of
degradation activities within the PP samples.

To eliminate the possibility that the enzyme was acting on additives or
impurities rather than the polymer itself, 99% pure polypropylene (PP)
pellets were incubated with the crude lysate of theMCO at 60 °C for 3 days.
After incubation for about 3 days, the PP pellet was found to be completely
disintegrated (Fig. 6C).

Several sets of control experiments were set up to confirm the degra-
dation activity. PP strip incubated with buffer only, crude lysate of empty
pET or cell lysate of heat-inactivated enzyme did not show any change in
weight.

Changes in the functional group on the surface of the PP strip
To determine any changes in the functional groups on the surface of the PP
strip, FTIR and 1HNMRwere carried out. FTIR spectra showed the shift in
chemical bonds and formation of carbonyl groups as compared to the
control sample. FTIR analysis showed peaks at 1743 cm−1 and 3369 cm−1 in
the PP (BOPP) test sample, referring to the formation of some carbonyl
(C=O) and hydroxyl (O–H) groups in PP (Fig. 7A). FTIR analysis of the
inactive mutant enzyme-treated PP strips was performed as a control to
confirm that the observed changes were not due to any enzyme adsorption
on the PP surface, but rather a result of the catalytic activity of the wild-type
enzyme initiating polymer degradation. The spectra showedno similar peak
at 3369 cm−1 or 1743 cm−1 corresponding to hydroxyl or carbonyl bond
stretching as was seen in MCO-treated PP. A small peak at 1739 cm−1 was
observed corresponding to carbonyl bond attack, but has a very low
intensity compared to the MCO-treated sample (Fig. S7C).

The FTIR spectra of the PP strips incubated with the control samples
(buffer only, empty pET, andheat-inactivated enzyme) also showednopeak
of carbonyl bond attack or hydroxyl bond attachment as observed in the test
sample at 1743 cm−1 and 3369 cm−1 (Fig. S7A, B, D).

In the 1HNMRof PP, the peak at 1.829 corresponded to theCH2 bond,
whichwas seen to be diminishing in the test sample, and the peak at 2.154 in
the test sample represented the stretching of the CH3CO bond. (Fig. 7B).

Changes on the surface and edges of the PP strip
To observe the changes on the surface of the PP strips after enzymatic
treatment, scanning electron microscopy was performed. The edges of the
plastic strip appeared rough after treatmentwith the enzymeas compared to
the control (Fig. 8). Further, cracks were observed on the surface of the
treated sample (Fig. 8).ThePP strip incubatedwith adifferent set of controls
(Buffer, empty pET, heat-inactivated enzyme) showed smooth edges and
surface (Fig. S8).

Production and purification of MCO
The cells producing MCOs were grown in the bioreactor, and the specific
growthratewas estimated tobe0.25 ± 0.50 h−1. Biomassproductivity for the
cells was calculated as 95.5 ± 2.1 mg/L/h. The expressedMCO enzyme in E.
coli accumulated as IBs (Fig. S9A). The SDS-PAGE profile showed the
molecular weight of the protein to be nearly 56.4 kDa. Total fermentation
yield of MCO was calculated to be around 100 ± 1.6mg/L of cell culture as
per densitometry. IBs were estimated to be nearly 45% w/w of cell biomass
withmore than 87.0 ± 3.2 mg/L (w/v of culture) ofMCO enzyme as per the
densitometry.

Solubilized IBs exhibited better outcomes when solubilized using
4–8M urea instead of 2M urea concentration in the solubilization buffer
(Fig. S9A). The recovery was estimated to be >92% of MCO compared to
other urea concentrations (80–85% recovery). Affinity chromatography
followed by on-column refolding (with the addition of CuCl2) of MCO
showed a purified band of MCO at a molecular weight of around 56.4 KDa
(Figs. S5 and S9B, C). The densitometry analysis revealed 15.0–20.0mg/L
(w/v of culture) of purified protein. Size exclusion chromatography (SEC)
analysis exhibited the purity of around 60–70% for MCO (Fig. S10A). The
intact mass profile of purified MCO showed a molecular mass of 56.4 kDa,
which compared well with the molecular weight obtained from the SDS-
PAGE profile and estimated from the original protein sequence (Fig. S10B).
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The identifiedpeptides ofMCOexhibited sequence coverage of around80%
with the original protein sequence (Fig. S5B).

Characterization of purified MCO
Enzyme activity of the MCO was found to be 0.94 U/ml using Guaiacol as
substrate (4mM). The activities in the presence of ABTS and syr-
ingaldehyde were also measured and calculated to be 0.023 U/ml and
0.020U/ml (Fig. S11). Kinetic properties of the enzyme with all three sub-
strates were determined by non-linear regression fitting into Michaelis-
Menten kinetics. The analysis of kinetic parameters, performed in dupli-
cates, indicated ahigherKmvalue of 2.230mM,Vmaxof 8.210mMmin−1 for
Guaiacol as compared to ABTS (Km: 1.073mM, Vmax: 0.681mMmin−1).
Resultswith syringaldehyde as substrate showed less activity and ambiguous
kinetic values.Optimumtemperature for the improved activity ofMCOwas
found to be in the range of 60–85 °C.

To determine the redox potential of MCO, cyclic voltammograms of
the enzyme at a concentration of 1.5 mgmL−1 were obtainedat a scan rate of
50mV s−1 using a phosphate buffer solution of pH 7 as the supporting
electrolyte (Fig. 9A). The anodic peaks showed potential of 0.980 V

corresponding to the oxidation ofMCO from its fully reduced state (Cu I) to
the native state (Cu II) which is comparable to other reports published on
redox potential of MCO34,35. In a report published in 2022, laccase isolated
from Botryosphaeria rhodina MAMB-05 showed oxidation potential of
>0.70 V vs. NHE36.

Metabolites formed by the degradation of PP
The crude cell lysate of MCO was further evaluated for its degradation
ability towards PP strips for 24 h at 60 °C. The degradation metabolites of
the enzymewere then assessedusingGC-MS todetect the releasedproducts.
After n-hexane extraction, GC-MS analysis showed mostly alkanes like
Hexane, 2,4-dimethyl, heptadecane, alcohol (Hexadecanol), aldehydes
(Hexadecenal, Octadecenal) and acids (Hexadecanoic acid, Octadecanoic
acid) with carbon chain lengths mainly ranging between C4 and C21 (Fig.
9B). MS analysis of degradation products of PP film showing potential
degradation products is shown in Fig. S12. This initial analysis suggests a
partial oxidation of the polymer chain. Alternatively, the first step is PP
oxidationbyMCO,ultimately leading tobreakingofC–Cbonds, ashasbeen
proposed already for oxygenase enzymes19.

Fig. 6 | Biodegradation of PP by crude cell lysate
of MCO. A Schematic representation showing PP
degradation in weight with media replenishment
after every 3 days, B Percentage weight loss of PP
with whole cell lysate of MCO in about 15 days at
60 °C with repeated replenishment after every 72 h,
C Disintegrated PP pellets (pure) after 3 days of
incubation at 60 °C with crude cell lysate of MCO.
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MCOcan catalyze the one-electron oxidation of a substrate. This initial
oxidation step converts the substrate into a highly reactive free radical by
one-electron oxidation. The unstable free radicals generated are highly
reactive and can undergo further non-enzymatic reactions like the
abstraction of hydrogen atoms fromadjacentmolecules, whichpropagates a
free-radical chain reaction, coupling reactions with other radicals or

molecules, or reactions with reactive oxygen species, which may be gener-
ated as intermediates in certain conditions37. The chain reactions and fur-
ther non-enzymatic transformations can lead to their cleavage and
subsequent oxidation to form carboxylic acid groups38,39. Baiocco et al.40

suggested two possible mechanisms for oxidation of the substrate through
laccase, which include electron transfer (ET) and hydrogen abstraction

0

20

40

60

80

100

120

010002000300040005000
%

 T
ra

ns
m

i�
an

ce
Wavenumber (cm -1)

FT-IR of the control PP

0

20

40

60

80

100

120

010002000300040005000

%
 T

ra
ns

m
i�

an
ce

Wavenumber (cm -1)

FT-IR of the biodegraded PP

1743 cm-1

C=O
3369 cm-1

OH

Control PP Biodegraded PP

(A)

(B)

Fig. 7 | Chemical changes in the PP strip after treatment with crude lysate
of MCO. A FTIR analysis of polypropylene (PP) before and after treatment with
crude cell extract expressing MCO, B 1H NMR analysis of polypropylene (PP) to

identify the changes in chemical shift before and after treatment with crude cell
extract expressing MCO.
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transfer routes40,41. The proposed pathway for the degradation of PP by
MCO is shown in Fig. 10.

Biodegradation of commercial BOPP films by MCO
The commercial BOPPfilms of the size 1 × 1 cm,when treatedwith purified
MCO resulted in a maximum of about 16% weight loss in 24 h.

Discussion
Decomposition of PP, the second most prevalent petroleum-based plastic
followed by PE, offers challenges owing to its structural stability3. PP dis-
plays superior resistance to stress cracking, making it less biodegradable
unless subjected to pre-treatment processes like prolonged exposure to high
temperatures or UV radiation. PP has amethyl group replacing a hydrogen
in polyethylene on every other carbon, resulting in three stereoisomers:
atactic, isotactic, and syndiotactic42. In our study, thepolypropylene thatwas
usedwasBOPP,which contains isotactic PP in the central layer and ethylene
propylene or ethylene butane propylene in the outer layers. It has been
suggested in a study that the substitution of methyl in place of hydrogen in
the β-position makes it more resistant to microbial attack43. This structural
stability is a crucial factor contributing to its slow biodegradation in natural
environments. A few studies of PP biodegradation have been described.
These include bacteria like Pseudomonas and Vibrio, and the fungus
Aspergillus niger, which have been reported to degrade PP44. Majorly, the
studies have been carried out using pre-treated PP involving γ-irradiation45,
UV-irradiation46–48 or thermal treatment49 and have been shown to reduce
the polymer hydrophobicity or introduce groups such as C=O or –OH,
which are more susceptible to degradation. Carbonyl and hydroxyl group
formation along with a decrease in viscosity have been observed during the
degradation process45,46. Bacillus flexus has been shown to biodegrade UV-
pre-treated PP50. A few studies have also reported that biodegradation of PP
can be improved by using polymer blends with carbohydrates, starch or

cellulose as same is used in the case of PE and polystyrene43,44,47,49,51. The use
of these blends facilitates the adhesion of microorganisms to the surface of
the polymer and acts as a co-metabolite. In this study, 2.6% degradation in
weight of PP was observed without any pre-treatment of plastic byMicro-
coccus sp. IITD107.Whilemultiple studies have reported the involvementof
Micrococcus spp. or microbial consortia containing Micrococcus in the
degradation of various plastics—such as polyethylene (PE), polyurethane
(PU), and polyvinyl chloride (PVC)—there is a significant lack of evidence
specifically implicating Micrococcus in PP degradation. For instance,
Micrococcus was identified as part of a mixed microbial community that
showed 4.21% and 0.25% degradation of PE bags and plastic cups, respec-
tively, over 9months52. In another report, powdered LDPE was used as sole
carbon source to grow Micrococcus luteus IRN20 and showed 18.9% ±
0.72% weight decrease after 21 days of incubation53. Additionally, other
studies have reported Micrococcus-associated degradation of PU54 and
PVC55. However, none of these works have directly linkedMicrococcus spp.
to PP degradation.

Therefore, our focus was to investigate the functional potential of a
MCO derived from aMicrococcus strain towards PP. The selection of this
particular MCO was also guided by bioinformatics screening and com-
parative analysis of oxidative enzymes, rather than solely cultivation-based
approaches.

Recently, a dioxygenase (HIS1) from rice has been identified for PP
oxidation by using a culture-independent approach19. To the best of our
knowledge, this is the only enzyme reported to date for PP biodegradation.
Here, we show that whole cell lysate of recombinant E. coli expressing the
MCO isolated from Micrococcus sp. IITD107 resulted in a degradation of
6.8% in PP strip in 24 h and around 24% degradation in weight with
repeated replenishment of crude cell lysate containing the enzyme in
15 days. Similar to the physio-chemical degradation analysis on PE film
using Laccase56, the enzyme in the present study cleaves the amorphous

Edge of plas�c Surface of plas�c

Control MCO treated PP Control MCO treated PP

Fig. 8 | Scanning electron microscopy to determine the extent of damage of the Polypropylene (PP) after treatment with crude cell extract expressing MCO.
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regions in PP film and forms easily accessible carbonyl groups which are
further reduced into simpler forms. SEM analysis of the PP strips revealed
the presence of cracks and roughness on the surface and these results were
comparedwell with the outcomespresented byZhang et al.57. The FTIR and
NMR spectra of the surface revealed formation of several new functional
groups such as carbonyl and hydroxyl groups. Formation of a carbonyl
group is indicative of PP biodegradation, as has been reported in the
literature57–60.

The MCO was purified and showed highest activity at temperature
range of~60–85 °Cand anoptimumpHof 7.Theoptimumtemperature for
MCO from Klebsiella and Bacillus sp. ADR were found to be 45 °C and
40 °C, respectively61,62. On the other hand, laccase from Bacillus

amyloliquefaciens and Psychrobacter sp. NJ228 had the temperature optima
of about 80 °C and 30 °C, respectively57,63. In case of the MCO from Kleb-
siella, the highest activity was found to be at pH 4. The activities of laccase
from Sphingobacterium ksn-11 and Psychrobacter sp. NJ228 were found to
be at pH 4.5 and 3.0, respectively57,64. MCO from Rhodococcus opacus
(LMCO2 and LMCO3) showed highest activities at pH 7 at 65 °C and pH
5.5 at 80 °C, respectively23.

The Km and Vmax values of the purified MCO were found to be
2.23mM and 8.21mMmin−1, respectively, for Guaiacol. These values
compare well with the values obtained from LMCO2 and LMCO3 along
with otherMCOmentioned in the literature. The Km andVmax values were
1.63mM and 0.06mMmin−1 for LMCO2 and, 0.28mM and

PP treated with crude lysate
Control

Peak Number Compound

1 Hexane, 2,4-dimethyl

2 Decane, 2,6,7-trimethyl

3 Heptadecane, 2,6,10,14-tetramethyl

4 Octadecane, 2-methyl

5 n-Hexadecanoic acid

6 Octadecanoic acid, 2-oxo-, methyl ester

7 7-Hexadecenal

8 2-Hexadecanol

9 10-Octadecenal

10 Octadecanal

10

9
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Fig. 9 | Characterization of MCO and identification of its degradation metabo-
lites. A Protein cyclic voltammogram showing the redox potential of the enzyme as
compared to the Phosphate buffer used as a control. B GC-MS chromatogram

profiles of polypropylene oxidation byMCOenzyme. Arrows depict themajor peaks
detected after treatment with the enzyme, and the corresponding compound iden-
tified has been listed.
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0.02mMmin−1 for LMCO3, respectively, when ABTS was used as a
substrate23. The Km and Kcat of a bacterial laccase (a type of MCO) isolated
from Antarctic Sea ice psychrophile Psychrobacter sp. NJ228 were reported
to be 1.44mM and 42.65 s−157. The kinetic parameters of purified laccase
from Sphingobacterium ksn-11 were calculated to be 2mMKm andVmax of
33 Umg−1 using ABTS as substrate64. The kinetic parameters of rLAC from
Bacillus amyloliquefaciens were evaluated at its optimum temperature and
pHusingABTS as the substrate basedon theMichaelis-Menten equation by
non-linear regression. The Km and Vmax values of rLAC were 1.9 mM and
4.99 μmol/min/mg, respectively63.

The binding affinity with PP was studied. Recently binding energies
were analyzed in silico for various enzymes with different plastics65. The
plastics were polyamide, polycarbonate, polyethylene terephthalate, poly-
vinyl chloride, polymethyl methacrylate and polyurethane. No studies were
carriedoutonPPwithMCO.Also, the ligand selectedwasmonomer in their
studies. To simulate natural conditions, we selected monomer, 10-mer and
30-mer PP for docking. Interestingly, higher binding affinities were
observed with 10-mer as compared to monomer or 30-mer.

A comparative structural analysis was performed between the pre-
dicted 3D structure ofMicrococcusMCOand the crystal structure of a well-
characterized bacterial MCO (PDB ID: 3V9E). The alignment yielded a
root-mean-square deviation of 1.428 Å, indicating substantial structural
similarity, especially within the catalytic domain (Fig. S13A). The copper-
binding residues in the Micrococcus MCO were H118, H501, and H158
(putative T1 site); H460 and H499 (T2 site); and H455, C500, and H505
(T3 site). The three-dimensional representation of residues stabilizing
copper ions inside the Micrococcus MCO is shown in Fig. S13B–D. These

residues are positioned in a spatial arrangement comparable to the corre-
spondingmetal-coordinating residues in 3V9E. This conservation of three-
dimensional geometry is considered functionally more significant than
primary sequence similarity as ET and catalytic activity inMCOsdependon
precise spatial arrangement of copper ligands. This spatial conservation of
metal-binding residues like histidine and cysteine in defined geometric
configurations strongly suggests the preservation of the characteristic tri-
nuclear copper cluster found in canonical MCOs. Hydrophobic surface
mapping further revealed a non-polar patch near the active site region,
potentially facilitating interactions with hydrophobic polymeric substrates
like polypropylene.

The molecular docking of theMicrococcus MCO with polypropylene
revealed a distinct set of amino acid residues interactingwithPP throughPi-
sigma interaction (PHE316) and hydrophobic interactions (HIS151,
PRO152, PRO317, VAL394, andHIS312). TheMicrococcusMCO interacts
with polypropylene through hydrophobic interaction indicating a poten-
tially broader and more flexible substrate-binding site.

The purified enzyme resulted in amaximumof about 16%degradation
of PP in 24 h. About 12.27% degradation of PP was reported by HIS1
enzyme in 15 days19. Enzyme-driven breakdown of polymers, known as
biocatalytic depolymerization, is now seen as an effective and eco-friendly
method for treating and recycling plastics66. To the best of our knowledge,
the present study reports the highest and fastest biodegradation activity of
the MCO to date. Protein engineering for MCO could be employed to
improve the efficiency of biodegradation in the future. Random mutations
can be introduced into the gene usingmethods like error-prone PCR, DNA
shuffling, or using enzymes like mutazyme to generate a library of variants
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Fig. 10 | Proposed pathway for biodegradation of polypropylene.
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and screening through them for improved activity. Mutations in or around
the active site canbedone through site-directedmutagenesis by inversePCR
or using mutagenic primers to improve the affinity for substrate binding,
improve thermostability, or enhance the activity at ambient temperatures.
Machine learning or computational studies can be done to engineer the
flexible loops around the T1 copper sites to enhance the substrate accessi-
bility and thereby improve the catalytic efficiency of the enzyme. A directed
evolution study for the hyperthermostable MCO from Pyrobaculum aero-
philum (McoP) identified a single F290I mutation that increased specific
activity by approximately 12-fold, by increasing the flexibility of a loop near
the T1 copper center and improving ET between enzyme and substrate,
thereby improving catalytic activity67. In a similar study published in 2021,
mutations (M470L andM470F) were introduced into the axial ligand of the
T1 copper atom of an MCO, successfully shifting its redox potential posi-
tively and increasing its catalytic activity for applications in biofuel cells68.

This is the first report demonstrating the degradation of commercial PP
strips by MCO without any pre-treatment. The MCO was isolated from a
strainwhichwas reported for asphaltene biotransformation. The study opens
anewpossibility of exploring a large reservoir of PAH/TPH(Total Petroleum
Hydrocarbon) degrading strains and their enzymes for plastic biodegrada-
tion. The MCO identified was novel by sequence alignment. Further mole-
cular docking and simulation studieswere carriedoutusingdifferent formsof
PP (monomer, 10 mer and 30mer) which has not been reported in the past.
The purified MCO exhibited up to 16% polypropylene (PP) degradation in
weight as compared to control. The repeated replenishment of the whole cell
lysate of E. coli expressing MCO resulted in about 24% PP degradation in
weight in a span of 15 days. Our results suggest MCO fromMicrocoocus sp.
IITD107 to be a promising candidate for PP degradation.

For a broader and long-termapplication, scale-up in bioreactors can be
performed and further applied in the real environmental conditions in the
treatment of plastic waste, where the enzyme can be employed in immo-
bilized or lyophilized forms and deployed at landfill sites or wastewater
treatment facilities, where itmay act directly on plastic waste under ambient
environmental conditions. Immobilization of the enzyme on suitable sup-
ports can enhance its operational stability, catalytic efficiency, and resistance
to environmental fluctuations, thereby extending its functional lifespan, but
comes with certain mass transfer limitations for commercial scale
applications69,70. Alternatively, lyophilized enzyme formulations can be
easily stored, transported, and dispersed at disposal sites, offering a con-
venient approach for large-scale applications.

Methods
Materials
The plastic sheets for PP (biaxially oriented polypropylene (BOPP)) was
obtained from ITC Limited, India. Commercially used BOPP films used in
packaging of food, confectionaries and tobacco were used in the study. All
media components, buffers and their components, inducer, protease inhi-
bitor, etc. used were of analytical grade and procured from HiMedia, India
and Sigma-Aldrich, USA.

Bacterial strains and plasmid
Escherichia coliDH5α (for cloning), Escherichia coliOrigami (DE3) B2 and
Escherichia coli SHuffle T7 (for expression) were used in this study.
Micrococcus sp. IITD107 has previously been reported to be a member of a
consortium involved in the biotransformation of asphaltene22. This was
tested for its ability to biodegrade PP inminimalmedia. Theminimalmedia
contained (per L): 2 g Na2HPO4, 1 g KH2PO4, 3.59 g NH4Cl, 0.4 g MgCl2,
17mg (NH4)2SO4 and was supplemented with filter-sterilized trace ele-
ments (1mg/ml). The composition of the trace elements was (per L): 0.05 g
KI, 0.05 g LiCl, 0.80 g MnCl2.4H2O, 0.50 g H3BO3, 0.10 g ZnCl2, 0.10 g
CoCl2.6H2O,0.10 gNiCl2.6H2O, 0.05 gBaCl2, 0.05 g (NH4)6Mo7O24.2H2O,
0.50 g SnCl2.2H2O and 0.10 g Al(OH)3. The strain was incubated with
10mg of PP as sole carbon source inminimal medium at 30 °C for a period
of 21 days and gravimetric determination was performed to assess the
biodegradation activity.

For protein expression studies, cells were cultured in Luria-Bertani
(LB) medium supplemented with 50 μg/ml kanamycin, grown at different
temperatures and 180 rpm. In case of E. coli Origami (DE3) B2, cells were
induced with 1mM IPTG (Isopropyl β-D-1-thiogalactopyranoside) at an
OD600 ∼0.5–0.6 and further cultivated at 37 °C for 5 h at 180 rpm. In the
case of the E. coli SHuffle strain, the induction was performed with 0.5mM
IPTG, and the cultivation temperature was 30 °C. Post-induction, cells were
incubated at 18 °C overnight.

Secretome analysis ofMicrococcus sp. IITD107
The Micrococcus culture grown for 21 days up to an OD600 of 0.38 with
polypropylene (PP) as the sole carbon source was centrifuged at 5000 rpm
for 10min. For control experiment, the culture was grown to an OD600 of
3.35 in the presence of Sucrose (17 g/L) as carbon source instead of PP strip.
The supernatant was carefully collected, and the centrifugation step was
repeated three times to ensure complete removal of cells. The resulting cell-
free supernatant was then lyophilized and subjected to secretome analysis.
For sample preparation, 25 μg protein sample was first reduced with 5mM
Tris (2-carboxyethyl) phosphine (TCEP) and subsequently alkylated with
50mMiodoacetamide. The proteinwas then digestedwithTrypsin at a 1:50
Trypsin-to-lysate ratio for 16 h at 37 °C. After digestion, the mixture was
purified using a C18 silica cartridge and then concentrated by drying in a
speed vac. The resulting dried pellet was resuspended in buffer A, which
consists of 2% acetonitrile and 0.1% formic acid.

Mass spectrometric analysis of peptide mixtures
For mass spectrometric analysis, all the experiments were performed on an
Easy-nLC-1000 system(ThermoFisher Scientific) coupledwithanOrbitrap
Exploris 240 mass spectrometer (Thermo Fisher Scientific) and equipped
with a nano electrospray ion source. 1 μg of peptide sample was dissolved in
buffer A containing 2% acetonitrile/0.1% formic acid and resolved using a
Picofrit column (1.8-micron resin, 15 cm length). Gradient elution was
performedwith a 0–38% gradient of buffer B (80% acetonitrile, 0.1% formic
acid) at a flow rate of 500 nl/min for 96min, followed by 90%of buffer B for
11min and finally column equilibration for 3min. Orbitrap Exploris 240
was used to acquire MS spectra under the following conditions: Max
IT = 60ms, AGC target = 300%; RF Lens = 70%; R = 60 K, mass
range = 375− 1500.MS2 data was collected using the following conditions:
Max IT = 60ms, R = 15 K, AGC target 100%. MS/MS data was acquired
using a data-dependent top20 method dynamically choosing the most
abundant precursor ions from the survey scan, wherein dynamic exclusion
was employed for 30 s.

Samples were processed, and the RAW files generated were analyzed
withProteomeDiscoverer (v2.5) against theUniprot referencedatabase. For
dual Sequest and Amanda search, the precursor and fragment mass toler-
ances were set at 10 ppm and 0.02 Da, respectively. The protease used to
generate peptides, i.e., enzyme specificity, was set for trypsin/P (cleavage at
the C terminus of “K/R”: unless followed by “P”). Carbamidomethyl on
cysteine as fixedmodification and oxidation of methionine and N-terminal
acetylation were considered as variable modifications for database search.
Both peptide spectrum match and protein false discovery rate were set to
0.01 FDR.

Quantitative RT-PCR for gene expression analysis of mco in
Micrococcus sp. IITD107
ThequantitativeRT-PCR studywas performed to determine the differential
expression, if any, inmco grown inminimalmediawith PP or sucrose as the
sole carbon source. Total mRNA was isolated using GSure Bacterial RNA
Isolation Kit (GCC, India) as per the manufacturer’s protocol. The con-
centration of RNA was measured using nanodrop. Then, 1 μg of isolated
RNA was used for complementary DNA (cDNA) synthesis using Verso
cDNA Synthesis Kit (Thermo Fisher Scientific, USA) and qRT-PCR was
performed. For setting up the quantitative RT-PCR experiment DyNAmo
color flash SYBR Green RT-qPCR master mix of Thermofisher was used.
Thehousekeepinggene gyrAwas takenas the control for expression analysis
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to analyze the fold change of the mco gene. All values were measured in
triplicates and error bars were calculated through standard deviation of
the same.

Isolation of genomic DNA fromMicrococcus
The isolation of genomic DNAwas done as per the procedure described by
Singhi et al.71.

Cloning of multi-copper oxidase gene in pET29a
The mco gene was amplified from the genomic DNA of Micrococcus sp.
IITD107 using primers PK_Multi Copper Oxidase_FP (5′ GTACCA-
TATGATGACCTCCTCACTGACCACCC 3′) and PK_Multi Copper
Oxidase_RP (5′ AGTCAAGCTTGTGGATGTACGAGAAGACGCCCA
3′). Amplified mco was gel purified and digested with NdeI and HindIII
enzymes and ligated into pET-29a+ vector digested with same restriction
enzymes. The ligationmixturewas transformed inE. coliDH5α cells and the
positive colonies were screened by colony PCR. The plasmid constructed
was further confirmed by restriction digestion and sequencing and named
as pPK1.

Site-directed mutagenesis to generate the inactive
mutant of MCO
Site-directedmutagenesiswas performed to construct a catalytically inactive
mutant by mutating the cysteine residue at the T1 copper site (500th
position) to an Alanine residue, i.e., C500A (TGC converted to GCG). The
insert was prepared by amplifying the entire pPK1 plasmid through Inverse
PCR with a pair of mutant primers SDM_Inactive_FP (5′GTGGC
TGACCCACGCGCACAACGCCTACC 3′) and SDM_Inactive_RP (5′
GGTAGGCGTTGTGCGCGTGGGTCAGCCAC 3′). The amplified pro-
duct was eluted and then allowed to self-ligate using T4 DNA ligase. The
ligation mixture was transformed into the DH5α strain of E. coli, and
positive colonies were screened through colony PCR by using PK_Multi
Copper Oxidase_FP and PK_Multi Copper Oxidase_RP primer pairs (Fig.
S1A). The constructed plasmid, named pPK2, was transformed into E. coli
SHuffle T7 strain and expression studies and degradation experiments were
performed.

Expression studies
The constructed plasmid pPK1was used to transformE. coliOrigami (DE3)
B2 and E. coli SHuffle T7 strain. The culture was induced by adding 1mM
IPTGat anOD600 ~ 0.4–0.6 and further incubated at 37 °Cwith sampling at
3 h, 5 h, and overnight for expression analysis. For expression in the SHuffle
strain, the cells were grown at 30 °C, induced at OD600 ~ 0.4–0.6 with
0.5mM IPTG, and grown at 18 °C overnight. The cells were then harvested
by centrifugation at 5000 rpm for 10min at 4 °C. The supernatant was
discarded, and pellets were stored at 4 °C. The pelleted cells were resus-
pended in 5–10ml of Lysis buffer (50mM Tris-Cl (pH 7), 300mM NaCl,
0.5% Tween-80, 1%Glycerol, and 1mMPMSF) and were sonicated at 35%
amplitude for 20min (8 s pulse on and 17 s off) in the sonicator (Sonic &
Materials Inc., USA). The sonicated cell lysate was then centrifuged at
8000 rpm for 10min at 4 °C. The pellet and the supernatant were separated
in different tubes and stored at −20 °C until further analysis. The total
cellular protein was analyzed on a 12% SDS-PAGE. The constructed plas-
mid pPK2 containing the C500A mutation in the MCO was transformed
into E. coli SHuffle T7 strain and expression studies were performed in a
similar manner as described above (Fig. S1B).

Production of MCO
Asingle colonyofE. coliOrigami (DE3)B2harboring theplasmidpPK1was
used to inoculate two different 500ml Erlenmeyer flasks containing 250ml
of LB-Miller medium and incubated at 37 °C, 180 rpm for overnight. This
was used as the seed culture for production of MCO in a 15 L bioreactor
(Applikon, USA). The dissolved oxygen (DO) concentration was main-
tained at 30% of saturation, first by changing the agitation speed between
200 and 500 rpm, after that, the supplied air was enriched with pure oxygen

up to20%.The airflowrateduring the batchphasewas supplied at the rate of
0.75 vvm to 1 vvm. The pHwas controlled at 7.35 ± 1.2 by adding ammonia
(3 N) and phosphoric acid (2 N). The temperature for the cultivation was
maintained at 37 °C for entire batch operation. The filter-sterilized kana-
mycin (50 μg/ml) was added to the media, and inoculation with 5% of the
seed culture was performed using a peristaltic pump (Masterflex). The
optical density (OD)of cellswas checked every 1 hat 600 nm.Once the cells’
reached themid-log phase, the induction was performed using 1mM IPTG
and protein expression was allowed for the next 5 h. The culture was har-
vested by centrifugation at 7000 rpm for 10min at 10 °C. The cell pellets
were washed using phosphate buffer saline; PBS (NaCl-0.137M, KCl-
0.0027M, Na2HPO4-0.01M, KH2PO4-0.0018M) of pH 7.4. The pellets (1
gram) were placed in the ice and resuspended in the 10ml lysis buffer
(50mMTris-Cl+ 50mMNaCl+ 0.5 mMEDTA+ 1mMPMSF) of pH8.
The sonicator (Oscar Ultrasonics, India) with 70% amplitude, and 30 s on
and 15 s off cycle for 20min was used to lyse the cells. Lysed cells were
centrifuged at 10,000 rpmfor 20minat 4 °C toobtain inclusionbodies (IBs).
The supernatant was then discarded, and pellets/IBs were stored at−20 °C
for further analysis.

Solubilization and purification of MCO
Solubilization of IBs was carried out using a solubilization buffer (pH 8.5)
i.e., 100mMNaCl and at different concentrations of urea (2–8M). The IBs
with the solubilization buffer were kept for stirring at room temperature for
1 h, followed by adding 1mMDTT and kept for an additional half an hour
to obtained solubilized inclusion bodies (SIBs).

The solubilized MCO enzyme solution was loaded onto a
HisTrap HP column (Cytiva, bed volume, 5 ml) for purification using
affinity chromatography, followed by refolding of the MCO in the
AKTA purification system (AKTA 150 Pure, Cytiva). In a typical run,
5 ml of SIBs were injected to the column, regenerated and washed
with 10 column volume (CV) of binding buffer containing 20 mM
Tris-HCl (pH 8.0), 500 mM NaCl, 6 M guanidine HCl, 5 mM imi-
dazole and 1 mM 2-mercaptoethanol followed by 10 CV of washing
buffer containing 20 mMTris-HCl (pH 8.0), 500 mMNaCl, 6 M urea,
20 mM imidazole and 1 mM 2-mercaptoethanol.

On-column refolding for MCO was performed by replacing the wash
buffer to a refolding buffer (20mM Tris-HCl (pH 8.0), 500mM NaCl and
20mM imidazole) using a linear gradient over 30 CV. Refolding was per-
formed with the addition of CuCl2 (1mM) to the refolding buffer. After
washing with 5 CV of refolding buffer, the MCO was eluted with 10 CV of
elution buffer (20mM Tris-HCl pH 8.0, 500mM NaCl and 500mM
imidazole).

The fractions with refolded MCO were pooled and concentrated to
5ml using an Amicon Ultra-15 Centrifugal Filter Unit (60 kDa MWCO).
The purified and concentrated samples were checked for its purity using
standard SEC in a Superdex 200 column (Thermo Scientific). The peaks
were resolved and eluted with the buffer (20mMTris-HCl pH 8.0, 150mM
NaCl, 1 mM CuCl2). The purified sample was analyzed on a 12%
SDS-PAGE.

Enzymatic assay
Enzymatic assay was performed with purified enzyme using guaiacol (ɛ:
6.740mM −1 cm −1) as the substrate in 100mM SodiumAcetate buffer, pH
5. The change in the absorbance of the reaction mixture with guaiacol was
monitored for 5min of incubation by measuring the absorbance at 470 nm
in aUV Spectrophotometer. One unit of enzyme activity was defined as the
amount of enzyme that oxidized 1 μmol of guaiacol in 1min72.

Enzyme activityðU=mlÞ ¼
A470
min × 4 ×Vt

ε×Vs

Where, Vt is the final volume of reaction mixture (ml), Vs is the sample
volume (ml), ε is the extinction coefficient of guaiacol (6.740/mM/cm), (4
has been derived from unit definition and principle)72.
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The optimal temperature (Topt) was determined on guaiacol (final
concentration of 4mM) in the range 25–95 °C in Sodium acetate buf-
fer (pH 5).

Substrate specificity was determined at optimal catalysis conditions
with Guaiacol, 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS, 420 nm, ε: 36 mM−1cm−1) and Syringaldehyde (370 nm, ε:
14.7mM−1cm−1) at different concentrations from 0.4 to 5mM by mon-
itoring the change in absorbance for 5min. The experiment was performed
in duplicates.

Determination of enzyme kinetics parameters
Kinetic parameters of the enzyme were examined at different concentra-
tions of guaiacol, ABTS, and syringaldehyde (0.4–5mM) in SodiumAcetate
buffer (100mM, pH 5) in duplicates and calculated with Graphpad Prism
8 software by fitting into a non-linear regressionmodel using theMichaelis-
Menten equation57,73 bymonitoring the change in absorbance for 5min. All
values were measured in duplicates, and error bars were calculated through
the standard deviation of the same.

Determination of the redox potential of the enzyme
The redox potential of the enzyme was determined through protein cyclic
voltammetry. CV measurements were performed on a MultiPalmSens4
Multi-channel Potentiostat connected to a Screen Printed Electrode chip
obtained from Metrohm. It comprised a carbon working electrode, a
reference electrode of Silver, and a Platinum as the auxiliary electrode, and
6 μl of purified protein (1.5mg/ml) sample was loaded on it. Initially, the
scanning potential from 1.0 to−0.5 V (50mV s −1) was selected to convert
the native enzyme into the fully reduced state. Afterwards, the electrode
potential was varied from 0.2 to 1.0 V in cyclic phases, and the oxidation
potential of the laccase (1.5mgmL−1, phosphate buffer) was registered36.

Degradative activity of MCO on polypropylene
Activity ofMCOwas evaluatedusingpowdered, pellet, and strip formsofPP
as substrates in duplicates. Reaction containing cell lysate of MCO was
incubated with 2mg/1 × 1 cm of PP strip at 60 °C, 120 rpm in 10mM
phosphate buffer. The PP strip incubated without the enzyme was used as a
control. The degradation activity was thenmonitored at 24 h and evaluated
by GC-MS.

The degradation activity of the enzyme using the PP strip was also
examined with the whole cell lysate and purified MCO, keeping a 1:1
ratio of enzyme with the substrate. The CuCl2 (400 μM) was added
before putting it at 60 °C, 120 rpm for incubation in case of the whole
cell lysate. The crude cell lysate and purified enzymewere incubated for
24 h, and then gravimetric analysis was performed. The gravimetric
weight was determined using an analytical balance with a sensitivity of
0.0001 g (Sartorius BSA224S-CW) and an accuracy of 0.1 mg. The PP
samples were removed after the degradation experiment, washed with
70% ethanol by vortexing thoroughly, and dried overnight at 60 °C,
after which the weight was determined. The percentage weight
reduction was determined using the formula ((Initial weight- Final
weight)/Initial weight) × 100.

Further, the PP strips were also subjected to whole cell lysate treatment
with repeated replenishment of the enzyme after every 3 days for a period of
15 days to achieve improved degradation. Chemical changes in the biode-
graded plastic strip were observed by using NMR and FTIR.

The degradation activity of the enzyme was also confirmed by setting
up a different set of control experiments wherein the PP strip was incubated
for 3 days with only the buffer, with crude cell lysate of empty pET vector
expressed in E. coli Shuffle strain, and using the whole cell lysate of the
enzyme after heat inactivation. For heat inactivation, the enzyme was
incubated at 100 °C for 1 h, and then the lysatewas incubatedwith aPPstrip
at 60 °C for 3 days. Chemical andmorphological changes in the plastic strip
were observed by using SEM and FTIR.

The biodegradation rate constant of PP samples reduction was also
determined by using the first-order kinetic model based on the initial and

final weights along specific intervals74. The equation was as follows:

K ¼ � 1
t

ln
W
W0

� �

Where,K is thefirst-order rate constant for PP samples uptake per day,W is
the weight of residual PP samples (mg) and W0 is the initial weight of PP
samples (mg), and t is time in days. This model was adopted as it gives a
constant fractionper unit timepresent or removedwithin thePP samples. A
plot of ln [W/W0] vs. timewas alsoplotted,whichyields a straight line giving
a slope of K (day−1), which is the biodegradation rate constant.

To rule out the possibility that the observed activity was not due to
additives or impurities present in commercial plastic, and to confirm that
the enzyme targets the polymer itself, polypropylene (PP) pellets with 99%
purity (Sigma-Aldrich) were incubated with the crude lysate of theMCO at
60 °C for 3 days in duplicates. The samples were then analyzed to evaluate
the extent of degradation.

Nuclear magnetic resonance (NMR)
1H NMR of the suspension obtained from the biodegradation process was
performed using Bruker Advance 800 Spectrometer. The control and
sample were dissolved in 1ml of chloroform-d at 70 °C and change in
chemical shift was analyzed by acquiring the spectra with spectral width of
8.01 KHz, pulse angle of 90° (14 μs) and a delay time for 1 s.

Fourier-transform infrared spectroscopy (FTIR)
FTIR Spectroscopy of the biodegraded plastic strips was performed to
determine the functional groups and the oxidative activity of the enzyme.
FTIR Spectroscopy was done using FTIR ThermoFisher Scientific Nicolet
iS50 in ATR mode, considering a range of 500–5000 cm−1. To assess the
changes on the PP strip, due to mere adsorption of the enzyme, FTIR
analysis was performed on the PP strip treated with the inactive enzyme.

Scanning electron microscopy (SEM)
The surface modification of the biodegraded plastic of PP was analyzed by
SEM to determine the extent of damage that might have occurred on the
surface of plastic strip or on the edges due to the action of enzyme. The
plastic strips were completely dried, and the samples were then carefully
mounted onto the sample holder by using carbon tape. Sampleswere coated
with gold prior to SEM analysis (ZEISS EVO Series Scanning Electron
Microscope EVO 18).

Gas chromatography-mass spectrometry (GC-MS)
Presence of different compounds in control and biodegradation samples of
PP strip (obtained from Sigma-Aldrich) was identified by GC-MS analysis
using n-hexane as a solvent. Degradation products were extracted from the
lysate solution using n-hexane in a 1:1 (v/v) ratio, followed by vortexing for
15min. The mixture was then left undisturbed to allow phase separation.
The organic (n-hexane) layer was carefully collected, air-dried to con-
centrate the sample, and subsequently reconstituted in 1mL of n-hexane.
The solution was filter-sterilized and transferred into HPLC vials for ana-
lysis. Fivemicrolitres of the samplewere injected into anAgilent J&WHP-5
precision-engineered (5%-phenyl)-methylpolysiloxane non-polar column
of Agilent GC-MS 8860. The GC-MS operating conditions were as follows:
helium (carrier gas) flow rate, 2mLmin−1; oven program started at 50 °C
(2min hold), ramp rate 20 °Cmin−1 for 8min, 300 °C final temperature;
solvent delay, 6 min; split less injection; for detection and electron ionization
at 70 eV. Identification of the degradation products was achieved by com-
parison of their mass spectra with the NST database, and checked by
comparison of the retention times with the NST database.

Intact mass analysis
ThepurifiedMCOsamplewas loadedon theAgilentAdvancedBio 6545XT
LC/QTOF (Agilent, USA) equipped with the PLRP-S, 1000A, and 1mm
column (Agilent, USA). Chromatographic parameters included mobile
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phase A containing 100% water andmobile phase B 100% acetonitrile with
theflow rate of 0.4mL/min, injection volumeof 5 μL, column compartment
temperature of 60 °C. After chromatographic separation, the sample was
subjected to MS analysis (Agilent 6545XT-QTOF).

Peptide mapping
Reversed-phase-HPLC (RP-HPLC) was performed using an Agilent 1260
Infinity Bio-inert Quaternary LC system linked to an Agilent 6230 ESI-
TOF-MS apparatus operating in data-dependent mode on an Advance Bio
peptide mapping C18 (4.6 × 150mm, 2.7mm, Agilent Technologies) col-
umn operated at 55 °C. The column was pre-saturated with 5% mobile
phase B and 95% mobile phase A (0.1% v/v FA in acetonitrile and MilliQ
water, respectively), prior to injection. Separation was performed from 5%
to 65% B at a flow rate of 0.5mL/min over a 35-min linear gradient.
MonitoringUV absorbance at 214 nmandTICdata form/z 100–3200were
used to achieve the detection. Prior to analysis, the MS spectra were cali-
brated in positive ionmode. The capillary gas temperature/Vcap and Vfrag
were both adjusted to 300 °C and 4500 V, respectively. In silico Avastin
peptidemasseswerematchedwith themasses of the likely peptides from the
MS spectrum using the protein molecular feature extraction method in the
Agilent MassHunter Qualitative Analysis and BioConfirm software with a
tolerance of 10.0 ppm to determine sequence coverage.

Protein and ligand preparation
The complete amino acid sequence of the proteinwas aligned against a PDB
database to predict the reference structure75. The 3D structure of the novel
MCO extracted from Micrococcus sp. IITD107 was predicted using
homology modeling with the reference structure76,77. Further, three copper
atoms were placed at three sites identified by superimposing the crystal
structure of Laccase B (PDB: 3KW7)78. The protein structure was then used
for docking studies to understand the binding of polypropylene with
MCO79,80. The enzymatic catalysis of plastic molecules undergoes degra-
dation when the polymer size typically ranges below 50 carbon atoms.
Therefore, three-dimensional structures of the monomer, 10-mer, and 30-
mer of PP were generated using ChemSketch software81. These structures
were then cleaned, optimized, and exported in PDBQT format.

Docking of multi-copper oxidase with different forms of plastic
polymers
Protein-ligand docking of each form of PP on the predicted structure of
MCO was performed using AutoDock79,82. The predicted protein structure
was prepared for docking by adding polar hydrogens, Kollman charges to
the protein molecules, and valency (+2) to the copper ions. Ligands were
kept flexible during docking. The MCO used in this study is found to be
novel to the best of our knowledge, and therefore, no active sites are known.
Therefore, blind docking was initially performed for the 10-mer form of PP
to explore the entire protein surface and predict the most probable active
binding site. This sitewas thenused for site-directed docking of the other PP
variants (2-mer and 30-mer) to ensure consistency in the binding pocket
across all forms.A genetic algorithm (GA)was used for docking, with a total
of 50 GA runs, a population size of 500, and 2,500,000 evaluations to search
for the best conformational space for all forms of PP79. The binding free
energy of each PP variant with Micrococcus and Rhodococcus MCO was
evaluated. Different types of interactions formed between the enzyme and
the 10-mer polypropylene complex after docking were visualized using
BIOVIA Discovery Studio 4.583,84.

Molecular dynamics simulation of the multi-copper oxidase and
plastic polymer complexes
Molecular dynamics simulations were performed using the Desmond
package of Schrodinger with the OPLS force field to evaluate the stability of
MCO with a 10-mer polypropylene complex in an explicit solvent
environment85. TheMCO-PPcomplexwas solvated in aTIP3Pwatermodel
within a cubic periodic boundary box, maintaining a 10 Å buffer between
the complex and the box edges to prevent self-interactions across periodic

images86. Further, the systemwasneutralized by adding counterions. Energy
minimization was conducted for 10 ns to relax the system and ensure
structural stability before the production run.Minimization involved a two-
step approach: an initial phase using the steepest descent algorithm to
rapidly reduce large forces, followed by the conjugate gradient method for
fine-tuning the energy landscape of the system87,88. The minimized systems
underwent 120 ns of MD simulation under NPT ensemble conditions,
maintaining a temperature of 338 K, a pressure of 1 atm, and an integration
time step of 2 fs to assess the long-termstability anddynamic behavior of the
complexes89. The trajectories generated after the simulation run were ana-
lyzed using the Desmond Simulation Event Analysis module. The root
mean square deviation of theMCO-plastic polymer complex was estimated
relative to the reference structure considered from the first frame over the
120-ns simulation. The stability of the polypropylene inside the active site of
MCOwas investigated as a function of time. The RMSF of residues inMCO
was also analyzed to investigate the flexibility of protein regions interacting
with the ligands. TheMolSA, SASA, and rGyr were also calculated to assess
the changes in protein conformation and solvent exposure throughout the
simulation.

Data availability
The dataset used and analyzed during the current study is available from the
corresponding author upon reasonable request.
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