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Abstract

Plastic pollution has threatened biodiversity and human health by shrinking habitats, reducing food quality, and limiting the
activities of organisms. Therefore, global interest in discovering novel enzymes capable of degrading plastics has increased
considerably. Within this context, the functional metagenomic approach, which allows for unlocking the functional potential
of uncultivable microbial biodiversity, was used to discover a plastic-degrading enzyme. First, metagenomic libraries derived
from microplastic-associated microbiota were screened for esterases capable of degrading both tributyrin and polycaprol-
actone. Clone KADOI produced esterase highly active against p-nitrophenyl esters (C2—C16). The gene corresponding to
the enzyme activity showed moderate identity (<55.94%) to any known esterases/cutinases. The gene was extracellularly
expressed with a 6x histidine tag in E. coli BL21(DE3), extracellularly. Titer of the enzyme (CEstKADO1) was raised from
21.32 to 35.17 U/mL by the statistical optimization of expression conditions and media components. CEstKADO1 was most
active at pH 7.0 and 30 °C. It was noteworthy stable over a wide pH (6.0-10.0) and temperature (20-50 °C). The enzyme
was active and stable in elevated NaCl concentrations up to 12% (w/v). Pre-incubation of CEstKADO1 with Mg*t, Mn?",
and Ca”" increased the enzyme activity. CEstKADO1 displayed an excellent tolerance against various chemicals and sol-
vents. It was determined that 1 mg of the enzyme caused the release of 5.39+0.18 mM fatty acids from 1 g apple cutin in
120 min. K, and V,,,,, values of CEstKADO1 against p-nitrophenyl butyrate were calculated to be 1.48 mM and 20.37 umol/
min, respectively. The enzyme caused 6.94 +0.55, 8.71 £0.56, 7.47 +£0.47, and 9.22 +0.18% of weight loss in polystyrene,
high-density polyethylene, low-density polyethylene, and polyvinyl chloride after 30-day incubation. The scanning electron
microscopy (SEM) analysis indicated the formation of holes and pits on the plastic surfaces supporting the degradation. In
addition, the change in chemical structure in plastics treated with the enzyme was determined by Fourier Transform Infrared
Spectroscopy (FTIR) analysis. Finally, the degradation products were found to have no genotoxic potential. To our knowl-
edge, no cutinolytic esterase with the potential to degrade polystyrene (PS), high-density polyethylene (HDPE), low-density
polyethylene (LDPE), and polyvinyl chloride (PVC) has been identified from metagenomes derived from microplastic-
associated microbiota.
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The word “plastic” originates from the Greek “plastikos,”

meaning “capable of taking different forms” [1]. Plastics are

long-chain polymeric molecules derived from petroleum [2].

Industrial production of the first modern plastic developed in

1907 started in 1940 [3]. Today, plastics have become indis-
R L ) pensable for daily life and many industries due to their easy
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1.5 million tons in the 1950s, will exceed 33 billion tons in
2050 [4]. About 74% of the raw plastic produced annually
is waste, 9% of which is recycled, 12% incinerated, and the
other 79% is stored in landfills or dumped directly into the
environment. About 74% of annual raw plastic production
becomes waste. Of the waste plastic, 9% undergoes recy-
cling, 12% goes through incineration, and the remaining 79%
is either disposed of in landfills or released into the environ-
ment [5]. Borrello et al. [6] estimated that 19 to 23 million
metric tons of plastic waste was released into the aquatic
ecosystem in 2016. Their barely degradable property in
nature threatens ecosystems and the health of living things.

So far, two basic policies have been proposed to reduce
plastic waste pollution. First, “less waste generation” has
unfortunately not been realized due to the increasing popula-
tion and changing consumption habits [7]. The markets have
not adopted the policy of using bio-plastics instead of petro-
leum derivatives since bio-plastics produced from raw mate-
rials such as polylactic acid (PLA), polyhydroxybutyrate
(PHB), and starch have various weaknesses, including brittle
nature and short half-life [8]. Hence, plastic waste manage-
ment (PWM) has gained the attention of many research-
ers in previous years. PWM consists of physical recovery,
incineration, landfill, and biodegradation processes. Physical
recycling, an easily applicable and cost-effective method,
is designed to convert thermoplastics to molding plastics
products by washing, hot extrusion, and grinding [9]. How-
ever, this method can be applied to only 5-10% of total
global plastic waste [10]. Incineration increases the emis-
sion of toxic gases such as dioxins and furans, which cause
endocrine and immune system disorders as well as different
forms of cancer [11]. Landfilling plastics can result in the
leakage of hazardous chemicals and the entry of microplas-
tics into the food chain. On the other hand, biodegradation is
an eco-friendly and low-cost process using microorganisms
or enzymes [7]. Therefore, many researchers have focused
on discovering biological agents involved in the degradation
of plastics.

Polystyrene (PS), high-density polyethylene (HDPE),
low-density polyethylene (LDPE), and polyvinyl chloride
(PVC) are among the most preferred plastics on the market.
Plastics Europa [12] announced that 5.3, 12.5, 14.4, and
12.9% of plastic produced in 2021 (390.7 Mt) consisted of
PS-, HDPE-, LDPE-, and PVC-based polymers, respectively.
PS, HDPE, LDPE, and PVC also constitute the majority of
plastic waste. These polymers with high molecular weight
are highly hydrophobic. In addition, the presence of highly
stable C—C and C-H covalent bonds in their backbone and
the absence of functional groups that can be easily oxidized/
hydrolyzed on their surfaces make them resistant to biodeg-
radation [13]. Previously, several studies have demonstrated
their biodegradation by microorganisms. In addition, they
showed that the extracellular enzymes of microorganisms
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could play a significant role in the degradation of plastics
with a C—C backbone [10, 14—-19]. However, limited reports
in the literature describe the use of a specific enzyme for PS,
HDPE, LDPE, or PVC degradation.

Esterases (EC.3.1.1.1.1) and cutinases (EC.3.1.1.74)
belonging to the carboxylic ester hydrolases (EC.3.1.1.1.-)
are the major enzymes responsible for the degradation of
polyester-based plastics [20]. Both enzymes, classified in
o/p hydrolase family, catalyze the cleavage of ester bonds of
fatty acid esters [21, 22]. These enzymes, which are mem-
bers of the serine hydrolase superfamily due to the serine in
their catalytic triad (Ser-Asp/Glu-His), share the consensus
Gly-X-Ser-X-Gly (X is any amino acid residue) pentapeptide
sequence. They are distinguishable by their substrate speci-
ficity [23]. Esterases preferentially act on relatively short-
chain fatty acids (C < 10), whereas cutinases can hydrolyze
ester bonds in both short and long triglycerides. Unlike
lipases, they are active not only at hydrophilic-hydropho-
bic interfaces but also in emulsified hydrophobic solutions.

The discovery of new enzymes fulfilling specific needs
depends on the efficiency of the screening strategy and the
diversity of candidate genes. In the traditional methods
based on isolating microorganisms from different habitats,
gene diversity remains quite limited, even if your scanning
strategy is powerful, since it is well known that only about
1% of the bacteria in nature can be cultured with conven-
tional isolation methods [24]. On the other hand, functional
metagenomic methods offer the opportunity to benefit from
the genomes of microorganisms that cannot be cultured. In
the last decade, many enzymes have been discovered using
a functional metagenomic approach [25, 26]. However, no
reports identify a plastic-degrading enzyme from microplas-
tic-associated microbiota using functional metagenomics.

Previous cultural and sequence-based metagenomic
approaches have shown that plastics are newly emerged
anthropogenic habitats (plastisphere) and host plastic-
degrading microbial strains [27, 28]. Additionally, sev-
eral metatranscriptomic and metaproteomic studies have
demonstrated the role of lipolytic enzymes secreted from
plastic-associated microorganisms in the degradation of
plastics [29]. Within this context, we aimed to exploit this
untapped genetic potential of plastic-associated microbiota
to degrade plastics. Therefore, in the present study, a novel
gene encoding a functional cutinolytic esterase was identi-
fied from fosmid libraries constructed with DNA extracted
from microplastic-associated microbiota. The gene was
cloned into pET20b(+) and expressed in E. coli BL21(DE3).
Expression was optimized using response surface meth-
odology (RSM). The expressed enzyme was purified and
then characterized. Afterward, the potential of the enzyme
to degrade PS, HDPE, LDPE, and PVC was determined.
Finally, the genotoxicity of the degradation products was
assessed.
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Materials and Methods
Chemicals and Reagents

Low melting agarose (LMA) gel, substrates, solvents,
phenylmethylsulfonyl fluoride (PMSF), 1,4-dithiothreitol
(DTT), sodium dodecyl sulfate (SDS), f-mercaptoethanol
(BME), acrylamide, bis-acrylamide, p-nitrophenyl acetate
(pNP-A), p-nitrophenyl butyrate (pNP-B), p-nitrophenyl
caprylate (pNP-C), p-nitrophenyl laurate (pNP-L), p-nitro-
phenyl myristate (pNP-M), p-nitrophenyl palmitate (pNP-P),
polycaprolactone (PCL), tributyrin (TR), ethylenediamine-
tetraacetic acid (EDTA), and proteinase K were purchased
from Sigma-Aldrich (Darmstadt, Germany). Buffers and
media components were procured from Merck (Darmstadt,
Germany). P-nitrophenyl hexanoate (pNP-H) was purchased
from Sahinler Kimya (Istanbul, Turkey). Petri dishes and
glass materials were obtained from Isolab (Eschau, Ger-
many). Restriction enzymes were procured from Thermo
Fisher Scientific (Waltham, MA). Ni-NTA Rezin was
obtained from QIAGEN (Hilden, Germany). Other chemi-
cals and reagents were purchased from Panreac Applichem
(Darmstadt, Germany), Tekkim (Bursa, Turkey), Condolab
(Madrid, Spain), or HiMedia (Mumbai, India).

Bacterial Strains and Plasmids

E. coli EPI300-T1® host cell and pCC2FOS™ fosmid vec-
tor in CopyControl™ http Fosmid Library Production Kit
(Lucigen, a part of LGC Biosearch Technologies, Middleton,
WI, USA) were used for cloning of metagenomic DNA. E.
coli DH5« cell (Thermo Fisher Scientific™, Waltham, MA,
USA) and pUC19 plasmid (NEB, Ipswich, MA, USA) were
employed as host and vector in subcloning and secondary
screening studies, respectively. E. coli BL21 (DE3) compe-
tent cell (Thermo Fisher Scientific) and pET20b(+) plasmid
vector (Novagen, Madison, WI, USA) were used for heterol-
ogous protein expression. E. coli strains were maintained on
Luria Bertani (LB) agar (10 g/L peptone, 5 g/L yeast extract,
10 g/L NaCl, and 12 g/L agar) and cultured in LB broth
supplemented with appropriate antibiotics (chlorampheni-
col, ampicillin, and kanamycin) and mineral (MgSO,) [30].

Microplastic Sample Collection

Plastic pieces were collected from the tidal zone of 12
beaches in January 2021 in Turkey. The locations of these
beaches, which have high-population cities nearby and are
visited by many tourists throughout the year, are shown
in Fig. 1. Samples were taken from sands at a depth of
5-20 cm. Sampling was performed from ten different sites
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Fig.1 Sampling locations; 1 Cevlik Beach in Samandagi/Hatay (lat.
32° 12’ N and long. 35° 92" E), 2 Maidens Tower Sea Castle Beach
in Erdemli/Mersin (lat. 36° 46’ N and long. 34° 14’ E), 3 Konyaalt1
Beach in Konyaalti/Antalya (lat. 36° 86’ N and long. 30° 63’ E), 4
Giimbet Beach in Bodrum/Mugla (lat. 37° 03’ N and long. 27° 40" E),
5 Ladies Beach in Kusadasi/Aydin (lat. 37° 84’ N and long.
27° 24" E), 6 Altinkum Beach in Edremit/Balikesir (lat. 39° 57" N
and long. 26° 94' E), 7 Bayramoglu Ada Beach in Gebze/Kocaeli
(lat. 40° 79' N and long. 29° 33’ E), 8 Sile Beach in Sile/Istanbul
(lat. 41° 17" N and long. 29° 59" E), 9 Akliman Beach in Sinop (lat.
42° 02" N and long. 35° 06’ E), 10 Atakum Beach in Atakum/Samsun
(lat. 31° 33" N and long. 36° 28’ E), 11 Bolaman Beach in Fatsa/Ordu
(lat. 41° 03’ N and long. 37° 59’ E), 12 Kasiistii Beach in Yomra/Tra-
bzon (lat. 40° 96’ N and long. 39° 84' E)

(1 m?) at equal distances in each location. Picked samples
were transferred to sterile 50-mL falcon tubes and trans-
ported to the laboratory in a cold chain bag containing ice.
They were then stored at +4 °C until the metagenomic DNA
extraction study.

DNA Extraction from Plastic-Associated Microbiota

A total of 40 microplastic pieces (0.1-5 mm) from each
location were transferred to new sterile 50-mL falcon tubes
from each location and were subjected to DNA extraction
performed by the modified phenol-chloroform method [31].
Briefly, the sample was mixed with 5 mL of lysis buffer
(1 mM Tris HCI supplemented with 25 mM Na,EDTA, %1
SDS, and 100 mM NaCl; pH 8.0) and 50 pL of proteinase
K solution (100 U/uL). The mixture was incubated at 50 °C
for 30 min. Then, 100 uL of lysozyme solution was pipetted
into the tube. After incubation at 37 °C for 30 min, 2 g of zir-
conium beads was transferred to the tube. After incubation
at 37 °C for 30 min, the mixture was vortexed for 10 min in
the presence of zirconium beads. Next, 5 mL of phenol was
added to the mixture. The supernatant collected after cen-
trifugation at 45,000xg for 10 min was mixed with 5 mL of
phenol—chloroform—isoamyl alcohol (25:24:1). The DNA in
the aqueous phase of centrifuged (4500xg, 10 min) mixture
was precipitated with two volumes of absolute ethanol and
1 volume of 5 M NaCl. Recovered DNA with centrifugation
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was air dried, washed with 70% (v/v) ethanol, and dissolved
in 1X TE buffer.

Metagenomic Library Construction

Extracted DNAs were randomly fragmented by vigor-
ous pipetting. Fragments were separated on 1% LMA gel
(25%25 cm) overnight at a constant voltage of 30 V using
a Sub-Cell Model 192 horizontal electrophoresis system
(Bio-rad Laboratories, Hercules, CA). DNA fragments of
30-40 kb blunted and 5’-phosphorylated by end-repairing
after being retrieved by GeneJET gel extraction kit (Thermo
Scientific™, Waltham, MA, USA) in line with the manu-
facturer's recommendations. The prepared DNA fragments
were ligated to pCC2FOS™ fosmids by Fast-Link DNA
Ligase in the presence of 1 mM ATP as described in the
protocol of CopyControl™ HTTP Fosmid Library Produc-
tion Kit. Recombinant DNA molecules were introduced into
E. coli EPI300™-T IR cells after being packaged into phage
particles following the same protocol. Afterward, clones that
can grow on LB agar supplemented with 12.5 ug/mL chlo-
ramphenicol were subjected to further screening study [30].

Functional Screening of Libraries

The cutinolytic esterase activity of metagenomic clones was
screened using Tributyrin-LB (TrLB; LB medium, 12.5 pg/
mL chloramphenicol, 2 pL./mL auto-induction solution, and
10 uL/mL tributyrin) agar and polycaprolactone-LB (PcLB;
12.5 pg/mL chloramphenicol, 2 pL/mL auto-induction solu-
tion, and 1 ug/mL polycaprolactone) agar medium [22].
Metagenomic clones were individually spot inoculated on
both media using a sterile toothpick. Plates were incubated
at 37 °C for 24 h. A clear zone around the growing colonies
on both TrLB and PcLB agar plates indicated cutinolytic
enzyme production. Positive metagenomics clones were
grown in LB broth supplemented with chloramphenicol and
auto-induction solution. Then, intracellular and extracellu-
lar crude enzyme solutions of positive metagenomic clones
were further tested for the ability to hydrolyze pNP-B, pNP-
A, pNP-H, pNP-C, pNP-L, pNP-M, and pNP-P.

Subcloning and Sequence Analysis

The fosmid and pUC19 plasmid, extracted and purified
using the QIAprep Spin Miniprep kit from the selected
metagenomic clone and E. coli DH5a cells, respectively,
were digested with Smal (Thermo Scientific, Waltham, MA,
USA). Digestion was performed using 10 U of enzyme per
0.5 pg of DNA for 2 h at 30 °C. Each 50 ng of linearized
pUCI19 was incubated with 100 ng of the fosmid DNA frag-
ments (2-6 kb) in 50 mM Tris—HCI buffer (pH 7.5) con-
taining 10 mM MgCl,, 10 mM DTT, 1 mM ATP, and 1 U
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T4 DNA ligase for 4 h at 22 °C. Plasmids in the resulting
ligation mixture were introduced into chemically competent
E. coli DH5a cells through heat shock. Transformants car-
rying the recombinant plasmids were determined through
blue/white selection and screened using antibiotic-free TrLLB
and PcLB with IPTG instead of the auto-induction solution.

Insert from the clone, capable of degrading both TRB
and PCL, was sequenced (BM Labosis, Ankara, Turkey)
using universal M13 forward (5'-CGCCAGGGTTTTCCC
AGTCACGAC-3") and M13 reverse (5'-CAGGAAACA
GCTATGAC-3') primers. Open reading frame (ORF) was
predicted using an online server tool Open Reading Frame
(ORF) Finder (https://www.ncbi.nlm.nih.gov/orffinder/)
[32]. The DNA sequences of the gene were converted to
amino acid sequences for bioinformatics analysis of the cor-
responding enzyme. The most likely function and classifi-
cation of the enzyme were searched based on the HMMER
algorithm using the PFAM database [33]. The similarity
between the amino acid sequences of the enzyme and its
functional homologs was identified using Blastp [34]. Phys-
icochemical properties of the protein were computed via
the Expasy ProtoParam tool (https://web.expasy.org/protp
aram/). Sequences were aligned using Clustal W (https://
www.genome.jp/tools-bin/clustalw) according to the MUS-
CLE algorithm and then visualized using Jalview 2.11.2.0
[35]. The phylogenetic tree showing the evolutionary rela-
tionship between the enzyme and its functional homologs
was generated by the neighbor-joining method using MEGA
X software [36]. The secondary structure of the protein was
assessed using “Sequence Annotated by Structure (SAS)”
[37], PSIPRED (http://bioinf.cs.ucl.ac.uk/), and Phyre2 [38]
web servers. The protein's three-dimensional (3D) structure
was predicted using the SWISS-MODEL tool [39].

Heterologous Expression and Purification

The gene was amplified through polymerase chain reaction
(PCR) using forward and reverse primers with the BamHI
restriction site. PCR product, purified using FavorPrep PCR
Clean-Up Kit (Favorgen) according to the manufacturer's
instruction, and pET20b(+) were digested with BamHI
restriction enzyme at 37 °C for 2 h. Ligation and transfor-
mation were performed following the protocol mentioned
above. E. coli BL21(DE3) harboring the recombinant plas-
mid, confirmed previously by the colony PCR using the gene
primers, cultivated in LB medium with ampicillin at 37 °C
and 200 rpm until the ODyy, of the culture reaches 0.6. Sub-
sequently, the expression was induced by adding IPTG at a
final concentration of 0.125 mM. The culture was further
incubated for 16 h under the same condition. Extracellular
crude enzyme solutions were passed through the Ni-NTA
resin equilibrated with 50 mM Tris HCI containing 500 mM
NaCl, 10 mM imidazole, and 10% (v/v) glycerol. Binding
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proteins were eluted with 50-500 mM imidazole gradi-
ent. Fractions in which enzyme activity was detected were
pooled, concentrated, and dialyzed against 50 mM phosphate
buffer (pH 7.0) for further studies. Expression and purifica-
tion were analyzed with SDS-PAGE [40].

Preparation of Intracellular and Extracellular Crude
Enzyme Solutions

The culture was centrifuged (10,000xg) at 4 °C for 10 min.
The supernatant was used as an extracellular crude enzyme
solution. On the other hand, collected cells were lysed by
sonication in 20 mM Tris—HCI buffer containing 100 mM
NaCl, 1 mM EDTA, 0.1% Triton X-100, and 5 mM CHAPS.
The lysate was used as an intracellular crude enzyme
solution.

Enzyme Assay and Determination of Protein
Concentration

The enzyme assays were carried out as described by
Adigiizel [22]. Total protein concentration was determined
using the Bradford method [41].

Biochemical Characterization

Enzyme assays were performed using pNP-B in all char-
acterization studies. The effect of the pH was assessed by
measuring the enzyme activity at different pHs using ace-
tate (pH 4.0-6.0), phosphate (pH 6.0-7.0), Tris—HCI (pH
7.0-9.0), and Glycine-NaOH (pH 8.0-10.0) buffer systems.
The influence of the temperature was determined by con-
ducting enzyme assays in various temperatures (20-60 °C).
The thermal stability of the enzyme was determined by pre-
incubating the enzyme at 50 and 60 °C for 60—240 min and
measuring its residual activity at 30 min intervals. The pH
stability was assessed by 1 h pre-incubation of the enzyme
in different pHs.

The effect of NaCl was studied by assaying the enzyme
activity in the presence of NaCl at different concentrations
up to 12%. The enzyme was pre-incubated substrate-free
reaction mixture including varying concentrations of NaCl
(3-12%) for 300 min, and subsequently, the remaining activ-
ity was determined by comparing it with the activity of the
enzyme in the NaCl- and substrate-free reaction mixture pre-
incubated under the same conditions.

The effect of various metal ions and chemicals on the
stability was tested by incubating the enzyme for 60 min
at 30 °C in the presence of Cu**, K*, Mg?*, Hg**, Zn*",
Mn?*, Lit, Ca?*, EDTA, dithiothreitol (DTT), SDS, bio-
tin, and phenylmethylsulfonyl fluoride (PMSF) at final con-
centrations of 1 mM and 10 mM. To evaluate the stability
of the enzyme against protease, the enzyme was incubated

with proteinase K (5—30 U/mg protein) for 60 min at 30 °C.
Afterward, the residual activity was determined by com-
paring the activity of the enzyme pre-incubated under the
same conditions without any additives. The effect of various
solvents (20%), such as ethanol, isopropanol, chloroform,
DMSO, benzene, methanol, and acetone, on the enzyme
stability was also evaluated similarly.

Cutin hydrolysis ability was assessed by incubating
the enzyme in 1% cutin suspension prepared with 50 mM
Tris—HCI buffer (pH 7.0) at 30 °C for 180 min. The con-
centration of releasing free fatty acids was determined by
titration at regular intervals [42]. Cutin used in the study was
extracted from apples, according to Chaudhari and Singhal
[43].

Kinetic parameters were determined from the
Lineweaver—Burk reciprocal plot drawn with the enzyme
activity measured under optimum conditions in the presence
of different concentrations of pNP-B.

Plastic Degradability Potential

Plastics including polystyrene (PS), low-density polyethyl-
ene (LDPE), high-density polyethylene (HDPE), polyethyl-
ene terephthalate (PET), polypropylene (PP), polystyrene
(PS), and polyvinyl chloride (PVC) were cut into 0.5 cm?
of pieces. Pieces were cleaned by incubation separately in
Triton X 100 (5 g/L), 100 mM Na,CO;, and distilled water
for 30 min and then dried until the weight remained con-
stant [44]. They were subjected to enzymatic degradation
after being sterilized with 95% ethanol. Degradation of PS
(16.6 g/L), LDPE (18.1 g/L), HDPE (45.30 g/L), and PVC
(93 g/L) was performed in 50 mM phosphate buffer (pH
7.0) containing the enzyme (1 U/mL) at 30 °C for 30 days.
The enzyme solution was refreshed at 3-day regular inter-
vals. At the end of the reaction, the pieces were cleaned as
mentioned above and dried. Weight losses in plastic pieces
were calculated as percentages. Their surface structures were
examined using a Field Emission Scanning Electron Micro-
scope (FESEM) (Zeiss-Supra 55, Oberkochen, Germany). In
addition, Fourier Transform Infrared Spectroscopy (FTIR)
spectra of the clean plastic pieces were recorded over the
wavelength range 6504000 cm™! using a PerkinElmer®
Spectrum™ 100 FTIR spectrometer (Germany) operating
in ATR mode with a resolution of 4 cm™'. Pieces incubated
in enzyme-free buffer under the same condition were used
as control.

Genotoxicity of Degradation Products
Saccharomyces cerevisiae cells, growth in Yeast Peptone
Dextrose (YPD) medium at 32 °C and 200 rpm for 16 h,

were used in experiments performed to assess the genotox-
icity of degradation products. After enzymatic degradation,
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plastic pieces were removed from the reaction mixture.
Then, the reaction mixture was filter-sterilized. Finally, 100
cells were exposed to the reaction mixture for 3 h at 32 °C
and 200 rpm. The reaction mixture from the control of deg-
radation experiment was used as a negative control of the
genotoxicity experiments, while 50 mM phosphate buffer
containing H,0, (50 uM) was used as a positive control.
After exposure, yeast cells were subjected to the alkaline
Comet Assay carried out according to Adiguzel et al. [45].

Statistical Analysis

Statistical significance (p <0.05) of the results of the bio-
chemical characterization and plastic degradation potential
experiments was evaluated with a one-way ANOVA test
using the XL Toolbox NG (https://www.xItoolbox.net/)
tool integrated into Microsoft Excel Software. The statisti-
cal analyses of optimization studies were done using the
Design Expert 7 software.

Results and Discussion

The most critical step in function-based metagenomic stud-
ies is DNA isolation. The isolated DNA should represent
all cells in the sample but must be of high quality and suf-
ficient quantity for library construction. The concentration
and A260/280 ratio of DNA isolated from microplastics col-
lected from each sampling location, which were determined
with the help of the uDrop plate integrated into the micro-
plate reader (Thermo Scientific, Multiskan GO, Waltham,
MA, USA), ranged from 370 to 1448 ng/uL and from 1.79
to 2.05, respectively (Supplementary Materials 1 and 2). In
addition, 16S rRNA genes in isolated DNA samples were
amplified by polymerase chain reaction using 27f and 1496r
universal primers. Thus, the presence of bacterial DNAs
was verified. Agarose gel electrophoresis analysis of iso-
lated DNA and 16S rRNA genes is shown in Supplementary
Material 3a and Supplementary Material 3b, respectively.
Metagenomic libraries were constructed from the frag-
mented DNAs (Supplementary Material 3¢) with lengths
ranging from 30 to 40 kb.

Approximately 50,000 clones were screened from the
constructed libraries for each location. As a result of func-
tional screening using TrLB and PcLB (Supplementary
Material 4), it was observed that 184 and 30 metagenomic
clones were able to degrade tributyrin and polycaprolactone,
respectively. Among these, 24 were able to degrade both
tributyrin and polycaprolactone. The hit rates of metagen-
omic clones degraded “tributyrin,” “polycaprolactone,”
and “both tributyrin and polycaprolactone” were ~ 1/3261,
1/20,000, and 1/25,000, respectively. Similar to previous
studies, the frequency of genes encoding esterolytic or
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cutinolytic enzymes was less than others. Sulaiman et al.
[46] determined that only 1 of 6000 compost metagenomic
library clones could degrade PET. Qiu et al. [47] reported
that 14 among 9.7 x 10* clones in the lotus pond sludge
metagenomic library caused the clear zone on LB agar plates
containing tributyrin. In a study by Park et al. [48], in which
esterase activity was screened in compost metagenomic
library clones, 11 of 13,000 clones had a hydrolytic effect on
tributyrin. In another study, Yan et al. [49] detected 9 clones
that can be degrading tributyrin in the soil metagenomic
library containing approximately 60,000 clones.

Cutinolytic esterases or cutinases can hydrolyze many
substrates, such as soluble fatty acid esters, triglycerides,
and insoluble polymers. Unlike lipases, they exhibit a higher
affinity for pNP esters with a carbon chain shorter than Cg.
In addition, most reports have shown that they have the most
catalytic action against pNP-B among the pNP esters [21,
50, 51]. Therefore, the substrate specificity of the intracel-
lular and extracellular crude enzyme solutions from posi-
tive metagenomic clones was determined (Supplementary
Materials 5 and 6). Among them, crude enzyme solutions
from the clone KADOI exhibited maximum catalytic activity
against pNP-B. It also showed a relatively high hydrolytic
effect on the other pNP esters.

DNA pieces from digested fosmid of clone KADO1 were
ligated onto pUC18 and transformed into DH5a host cells.
Inserted fragment to vector in the transformant, which
showed the enzyme activity, was sequenced. The predicted
ORF (Supplementary Materials 7) with 1431 bp length
encodes a protein (CEstKADO1) with 475 amino acid resi-
dues. Signal P analysis revealed the ORF does not contain
any N-terminal signal sequence. The result indicated that
CEstKADO1 could be an intracellular esterase like most
others. According to the Expasy ProtParam tool, theoreti-
cal pl, aliphatic index, and grand average of hydropathicity
(GRAVY) values are 5.15, 68.68, and — 0.221, respectively.
The tool also classifies CEstKADO1 as stable with a 35.15
instability index. Pfam analysis revealed that the enzyme
is related to the alpha/beta hydrolase superfamily and car-
boxylesterases family (EC 3.1.1.X). Blastp analysis showed
that it shares 55.94% amino acid similarity with the para-
nitrobenzyl esterase from Bacillus subtilis (QHM13991.1).
CEstKADO1 has 51.24 and 46.19% sequence identity with
carboxylesterase family proteins from Halopseudomonas
oceani (WP_104737618.1) and Halopseudomonas aes-
tusnigri (WP_160003159.1). In addition, the amino acid
sequence of CEstKADOI1 displays 41.88 and 41.53%
identity with those of sequences from Thermobifida cel-
lulosilytica (E9LVH9.1) and Saccharomonospora viridis
(WP_015787089.1) cutinases. The phylogenetic neighbor-
joining tree consists of CEstKADO1 and various proteins
shown in Fig. 2. In addition, the multiple sequence alignment
of CEstKADOI and other proteins used for constructing the
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Carboxylic ester hydrolase from Bradyrhizobium sp. STM 3843 (WP_008970463.1)
Carboxylic ester hydrolase from Schlegelella koreensis (WP_176067023.1)
Carboxylesterase family protein from Oxalobacteraceae bacterium (TFW08508.1)
Carboxylesterase family protein from Rhodococcus sp. PBTS 1 (WP_235606475.1)
Carboxylesterase family protein from Streptomyces sp. 3213.3 (WP_093627775.1)
Carboxylesterase family protein from Actinomadura chibensis (WP_083981079.1)

Carboxylesterase family protein from Haliangium ochraceum (WP_012829865.1)
Carboxylesterase family protein from Halopseudomonas salegens (WP_092387681.1)

Carboxylesterase family protein from Halopseudomonas xinjiangensis (WP_157718143.1)
Carboxylesterase family protein from Halopseudomonas pelagia (PCC99367.1)

-
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Carboxylesterase family protein from Halopseudomonas yangmingensis (WP_093476028.1)

Carboxylesterase family protein from Halopseudomonas pachastrellae (WP_083725898.1)
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Fig.2 The phylogenetic neighbor-joining tree of CEstKADOI along
with its close homologous. The numbers at the nodes describe the
bootstrap confidence level percentage of 1000 copies. Similarity of
CEstKADOI in the amino acid level with carboxylesterase family
proteins from B. subtilis, H. oceani, H. aestusnigri, H. pachastrellae,
P. abyssi, T. cellulosilytica, S. viridis, H. xinjiangensis, H. yangmin-

phylogenetic tree was displayed in Supplementary Material
8. It showed that the S amino acid in the catalytic triad of
CEstKADO1 is located within the conserved GXSXG amino
acid motif, similar to other esterases and cutinases.

As illustrated in Fig. 3a, analyses on the secondary struc-
ture of CEstKADOI showed that the enzyme contained
more alpha helix than beta-sheet. According to the analy-
sis of Phyrez, 10% and 32% of the amino acid residues of
CEstKADO1 are located in the beta-strand and alpha helix,
respectively. PSIPRED analysis indicated that the enzyme

rom Pseudomonas abyssi (WP_096004681.1)

Carboxylesterase family protein from Halopseudomonas oceani (WP_104737618.1)
Carboxylesterase family protein from Halopseudomonas aestusnigri (WP_160003159.1)
Para-nitrobenzyl esterase from Bacillus subtilis (QHM13991.1)

Lipase/Cutinase from Saccharomonospora viridis (WP_015787089.1)

Thermomonospora cellulosilytica (WP_182703940.1)

Cutinase estl from Thermobifida alba AHK119 (D4Q9N1.2)
Cutinase TfCut2 from Thermomonospora fusca KW3 (4CG3_A)

Cutinase 2 from Thermobifida cellulosilytica (E9LVH9.1)

gensis, S. koreensis, H. pelagia, A. chibensis, H. salegens, T. cellulos-
ilytica, H. ochraceum, Rhodococcus sp. PBTS 1, Bradyrhizobium sp.
STM 3843, O. bacterium, Streptomyces sp. 3213.3, T. alba AHK119
and T fusca KW3 are 55.94, 51.24, 46.19, 42.94, 42.23, 41.88, 41.53,
41.05, 38.61, 36.20, 35.55, 35.15, 34.34, 30.77, 30.24, 29.64, 29.23,
28.88,27.54, 27.41, and 26.88%, respectively

includes three domains with boundaries located in the 111th
and 265th amino acids. The 3D structure of CEstKADO1 was
constructed with a template (AOA2DSNOC7.1.A, Carboxylic
ester hydrolase from Pseudomonadales sp.) retrieved from
Protein Data Bank (PDB) using SWISS-MODEL (Fig. 3b).
CEstKADO1-target sequence similarity and identity values,
calculated without considering the gaps, were found to be
0.56 and 82.40%, respectively. The Global Model Quality
Estimate (GMQE) value for the constructed model was 0.91,
indicating that the model was relatively high quality. From
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Fig.3 a CEstKADO!’s secondary structure predicted by SAS. b Three-dimensional structure of CEstKADO1 plotted by SWISS-MODEL
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the constructed 3D structure, CEstKADO1 was estimated
to be a monomer. Consistent with the secondary structure
analysis, the structure of CEstKADO1 consisted of three o/f
domains. In addition, solvent accessible surface area and
volume of the model were predicted to be 2555.265 A2 and
12,670.570 A3, respectively.

Heterologous Expression and Purification
of CEstKADO1

Briefly, 1425 bp of the gene was cloned into pET20b(+),
and then the resultant construct was transformed into the E.
coli BL21 (DE3). E. coli with pET20b(+) plasmid [E. coli-
pET20b(+)] and E. coli with the recombinant plasmid [E.
coli-pET20b(+)-CEstKADO1] were cultured in the absence
and presence of IPTG. Their extracellular protein profiles
were analyzed by SDS-PAGE (Fig. 4a). A distinct protein
band with a molecular weight of about 50 kDa in the extra-
cellular proteins of E. coli-pET20b-CEstKADO1 cultured
in the presence of IPTG indicated that CEstKADO1 was
successfully expressed heterologously. In addition, expres-
sion was verified by determining the tributyrin and PCL
degradation ability of E. coli-pET20b(+)-CEstKADO1 on
TrLB-agar and PcLB-agar (Supplementary Material 9).
The expression conditions and media components were
statistically optimized with a preliminary study to improve
CEstKADO1 secretion (Supplementary Materials 10-12).
Thus, the esterase titer was raised from 21.32 U/mL +1.01 to
35.17+2.37 U/mL. Extracellular total protein concentration
was estimated to be 0.395 +0.03 mg/mL and 0.42 +0.02 mg/
mL under un-optimized and optimized condition, respec-
tively. CEstKADO!1 was purified 41.64-fold by eluting pro-
teins bound to Ni-NTA resin using 400 mM imidazole solu-
tion (Fig. 4b). The molecular weight of the enzyme, purified
with a final yield of 9.91%, was about 50 kDa, higher than
previously reported many esterases and cutinases [52, 53].

Biochemical Characterization of CEstKADO1

CEstKADO!1 was highly active in the pH range of 610, and
showed maximum activity at pH 7 (Fig. 5a). The relative
activity of CEstKADO1 was 43.03+3.01 and 16.70+ 1.86%
at pH 5.0 and 4.0, respectively. The enzyme exhibited simi-
lar behavior in buffers Tris—HCl and glycine-NaOH buffer
systems. On the other hand, it was observed that the catalytic
activity of CEstKADOI1 decreased in the acetate and phos-
phate buffer systems due to the kosmotropic and chaotropic
impacts of ions. A similar optimal pH has been reported for
esterases from compost [54] and cow rumen metagenomes
[55]. Unlike the CEstKADO1, many esterases discovered
by the functional metagenomic exhibited high activity only
at alkali condition [56-58]. The ability of CEstKADO1 to
demonstrate high activity under mild acidic to alkaline con-
ditions makes it preferable for bioremediation applications.

The effect of temperature on CEstKADO1 is shown in
Fig. 5b. The optimum temperature of CEstKADO1 was
30 °C similar to previously reported metagenome-derived
esterases EstM-N2 [59], pl2ss [60], Est8 [61], hAGEst [62],
PMGL3 [63], and Tan410 [64]. It retained over 90% of its
maximum activity at 20, 25, 35, and 40 °C. In contrast, the
catalytic activities of many other mesophilic metagenome-
derived esterases and cutinases decrease dramatically below
30 °C [47, 55, 65]. The relative activity of CEstKADO]1 at
45 and 50 °C was 79.31 +£2.45 and 65.12 + 1.33, respec-
tively. However, increasing the assay temperature above
50 °C resulted in a significant decline in enzyme activity.
The results showed that the enzyme could be tremendously
valuable for environmental biotechnology applications in
many aquatic and terrestrial habitats.

As shown in Fig. 6a, CEstKADOI displayed stability over
a broad pH range from 6.0 to 10.0, which was similar to
Tan410 esterase from a soil metagenomics library [64], Est
6 from an activated sludge metagenome [66]. It preserved
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Fig.4 a SDS-PAGE analysis shows extracellular protein profile of
E. coli-pET20b(+) in the absence of IPTG (L1), E. coli-pET20b(+)-
CEstKADOLI in the absence of IPTG (L2), E. coli-pET20b(+) in the
presence of IPTG (L3), and E. coli-pET20b(+)-CEstKADO1 in the
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presence of IPTG (L4). b SDS-PAGE analysis of eluted proteins
from Ni-NTA resin using 50 mM (L1), 100 mM (L2), 200 mM (L3),
300 mM (L4), and 400 mM (L5) imidazole solution
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Fig.5 a The influence of pH
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Fig.6 a The relative activity of CEstKADOI1 after pre-incubation at
different pHs (4-10) for 60 min. Pre-incubation was performed in
acetate (pH 4-6), phosphate (pH 6 and 7), tris—HCIl (pH 7-9), and
glycine-NaOH (pH 8-10) buffer systems. b The effect of temperature

98.65 +1.22, 95.09+0.43, and 84.08 +1.01% of its ini-
tial activity at pH 7.0, 8.0, and 9.0 after pre-incubation for
60 min in a Tris—HCI buffer system, respectively. It main-
tained about 55% residual activity after pre-incubation in an
acetate buffer at pH 5.0. CEstKADO1 exhibited moderate
thermal stability (Fig. 6b). The enzyme retained more than
80% of its initial activity against pNP-B after pre-incubation
at 50 °C for 60 min. The relative activity of enzyme CEst-
KADO1 was 50.14 +4.36% after pre-incubation at same
temperature for 120 min. The half-life of CEstKADOI at
60 °C was calculated to be 69.10 min. Results showed that
CEstKADOI is more stable than many other mesophilic
esterases identified by functional metagenomics. Jia et al.
[56] determined that the remaining activity of Est903 from
a paper mill sludge metagenomic library was about 60%

on CEstKADOI1 stability. The enzyme was pre-incubated at 50 °C
(empty circles) and 60 °C (empty squares) for 0—180 min. The initial
activity of CEstKADO1 was accepted as 100% for each set of experi-
ments. Data were shown with bars representing standard errors

after pre-incubation at 50 °C for 60 min. Park et al. [67]
observed that est15L from a compost metagenomic library
showed less than 10% relative activity after pre-incubation
at 40 °C for 10 min. Yao et al. [64] reported that Tan410
esterase lost approximately 46% of its initial activity within
60 min at 60 °C. In another study, Zhang et al. [30] found
that EstXT1 from a soil metagenomic library lost more than
half of its activity.

The effect of NaCl on the activity of CEstKADO1 was
studied in Tris HCI buffer (pH 7.0) at 30 °C (Fig. 7a). The
enzyme demonstrated maximum catalytic activity against
pNP-B in the presence of 6% (~1 M) NaCl and maintained
70.77 £4.79% of its maximum activity up to 12% (~2 M)
NaCl. Its relative activity was 27.58 +4.52% in the reac-
tion mixture containing 15% (~2.5 M) NaCl. The influence
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Fig.7 a The influence of NaCl
on the activity of CEstKADOI.
The highest catalytic activity
against pNP-B was assumed
as 100%. b The effect of NaCl
on CEstKADOLI stability at
concentrations of 6% (open
diamonds), 9% (open circles),
and 12% (open squares). The
initial hydrolytic activity of
CEstKADO1 against pNP-B
was considered 100%. Each
value indicates the average of
triplicate experiments and the 20 A
error bars show the standard
deviations
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of NaCl on the stability of CEstKADO1 was determined
by measuring the residual activity after pre-incubation
with NaCl at final concentrations of 6, 9, and 12% (w/v)
(Fig. 7b). The relative esterase activity of CEstKADO1 was
91.06+0.27% after pre-incubation with 6% NacCl for 60 min.
Under the same conditions, it retained more than 50% of
its initial activity after pre-incubation for 180 min. CEst-
KADOLI exhibited 76.74 +£2.32 and 58.52 +£0.89% activity
after pre-incubation with NaCl at 9 and 12% final concen-
trations for 60 min, respectively. It was not surprising that
CEstKADO1 could remain relatively active and stable in the
presence of NaCl since it was associated with bacteria that
colonized plastic surfaces in the marine environments [68,
69]. The halotolerant feature of CEstKADO1 may be due to
the abundance of negatively charged amino acids (aspartic
acids + glutamic acids: 44) in its structure. In addition, the
low pl value and lysine content (1.9%) of the enzyme may
also contribute to its relatively active and stable nature in the
presence of NaCl [70].
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The effect of metal ions on CEstKADO1 is illustrated in
Fig. 8a. Among metal ions, Mg?*, Mn*, and Ca* enhanced
the activity of CEstKADO1. On the other hand, the enzyme
was significantly inhibited by Cu®* and Hg?**. K*, Zn?*, and
Li?* had little influence on the enzyme activity.

As depicted in Fig. 8b, the activity of the CEstKADO1
against pNP-B was over 80% after the enzyme was pre-incu-
bated with 1 mM of EDTA, DTT, SDS, and Biotin. Like
many other esterases or cutinases, CEstKADO1 was strongly
inhibited by PMSF, a classical serin hydrolase inactivator.

Analysis performed to evaluate the effect of proteases
on CEstKADOL1 stability showed that the enzyme lost only
10.12 + 1.82% of its activity after pre-incubation with 5 U
proteinase K at 30 °C for 60 min. The relative activity of
the enzyme pre-incubated with 10 and 20 U proteinase
K was still over 50%. However, an increase in proteinase
K concentration from 20 to 30 U caused a significant
decrease (83.87 +3.86%) in the activity of CEstKADOI.
Results showed that CEstKADO1 could be helpful to for
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Fig.8 The effect of metal ions (a) and chemicals (b) and solvents (c)
on CEstKADO1 activity. The activity of CEstKADO1 pre-incubated
without any additive was considered 100%. Each value indicates the
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environmental biotechnology applications and the deter-
gent industry [41].

The influence of various solvents on CEstKADOI
stability was investigated (Fig. 8c). Benzene showed
no significant effect on CEstKADOI. Pre-incubation
of CEstKADO1 with ethanol, isopropanol, chloroform,
DMSO, and methanol caused a slight decrease (<25%)
in its activity. On the other hand, CEstKADO1 activity
increased after pre-incubation with acetone. A similar
effect of acetone was reported for Tan410 esterase [63].
Results showed that CEstKADO1 tolerates solvents bet-
ter than other metagenome-derived esterases [66, 71-73].

The concentration of fatty acids released from 1 g apple
cutin was 1.96+0.08, 3.87+0.10, and 5.39+0.18 mM
after hydrolysis with 1 mg CEstKADO1 for 60, 90, and
120 min, respectively. Kinetic parameters were investi-
gated by assaying the enzyme activity at varying pNP-B
concentrations. Results showed that CEstKADO1 exhib-
ited classical Michael-Menten-type kinetics (Supplemen-
tary Material 13). Moreover, Michaelis—Menten con-
stant (K,) and maximum velocity (V,,,,) values of the
enzyme were calculated to be 1.48 mM and 20.37 pmol/
min, respectively. It is desired that the K, values of the
enzymes to be used in biotechnological applications are
between 0.01 and 0.1 mM [74]. The K, of est3S from
a cow rumen metagenomics library was reported to be
2.31 mM [54]. In contrast, km values were about 0.75 mM
for E25 [75] and ESTS [76] from metagenomic libraries
of sea surface sediment and microbial consortium special-
ized in diesel oil degradation, respectively.

In summary, its stability in wide pH ranges, salt toler-
ance, ability to exhibit activity in the presence of many
metals, insensitivity to various chemicals, and compatibil-
ity with organic solvents make CEstKADO1 valuable for
many environmental and industrial applications. It can be
used to degrade various organic pollutants, including anti-
biotics, phthalates, pesticides, and diesel, in saline and
alkali environments like salt marshes, coastal regions, and
industrial sites with high content. In the food industry, it
can assist in the breakdown of plant-based coatings, such
as wax or cuticle residues, on fruits and vegetables, thus
enhancing the shelf life and appearance of these prod-
ucts. It also can improve the fragrance of dairy products,
modifying fatty acids and compounds. It can enhance the
efficiency of cleaning products used in hard water. In
addition, the enzyme can be integrated into cosmetics to
facilitate the layering of fragrances in perfumes, stability
of emulsions in lotions, reduce the greasy in sunscreen,
relieve sticky in creams, and enhance the absorption of
bioactive compounds in anti-aging products.

Plastic Degradability Potential of CEstKADO1

Weight losses in PS, HDPE, LDPE, and PVC pieces by incu-
bation with CEstKADO1 at 30 °C under 120 rpm shaking
conditions for 30 days are illustrated in Fig. 9. Percentage
weight loss was recorded to be 6.94 +0.55, 8.71 £0.56,
7.47+0.47, and 9.22+0.18% for PS, HDPE, LDPE, and
PVC pieces, respectively. In the majority of previous stud-
ies, researchers have focused on the use of microorganisms
in the biodegradation of plastics. It has been reported that
Lysinibacillus sp. Y0216 [77], B. amyloliquefaciens [78],
B. subtilis ATCC6051 [79], B. licheniformis ATCC14580
[79], Rhodococcus ruber [80], and Bacillus cereus NJD1
[81] reduced the weight of LDPE by approximately 9, 1,
7.5, 3.49, 2.83, and 43%, respectively. Liu et al. [82] have
found that Gordonia sp. and Novosphingobium sp. cause
up to a 7.73% decrease in the weight of PS films. In one of
the latest studies, Gupta et al. [83] reported that a weight
loss of 1.83% was observed in the HDPE film incubated
with Bacillus cereus CGKS for 90 days. In another study,
Nyamjav et al. [84] determined that the weight loss of the
PVC sheets was 2.06%, incubated with Citrobacter koseri
isolated from Zophobas atratus larvae. However, there are
few studies on the degradation of plastics with pure enzymes
in the literature [85]. Our results show that enzymatic treat-
ment can be an alternative to using microorganisms for PS,
HDPE, LDPE, and PVC biodegradation.

The surfaces of plastic pieces were visualized by FESEM
after incubation in buffer with (treated) and without
(untreated) CEstKADO1 at 30 °C under 120 rpm shaking
conditions for 30 days. As seen in Fig. 10a-h, the surfaces of
untreated PS, HDPE, LDPE, and PVC pieces were smooth.
On the other hand, FESEM micrographs of plastics treated
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Fig.9 Weight loss of PS, HDPE, LDPE, and PVC pieces by incuba-
tion with CEstKADO1 in 50 mM phosphate buffer (pH 7.0) at 30 °C
under 120 rpm shaking conditions for 30 days
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«Fig. 10 Scanning electron micrographs of plastics incubated in
50 mM phosphate buffer (pH 7.0) containing CEstKADO1 (1 U/mL)
at 30 °C for 30 days (treated). Pieces incubated in enzyme-free buffer
under the same condition were used as control (untreated). Each sam-
ple is displayed in X2500 magnification. a Untreated PS, b treated
PS, ¢ untreated HDPE, d treated HDPE, e untreated LDPE, f treated
LDPH, g untreated PVC, h treated PVC

with CEstKADOI exhibited roughness. In addition to surface
erosion, it was observed that enzymatic treatment caused
the formation of some holes and pits on the plastic surfaces.

FTIR spectrums of PS control (PS-C) and PS treated with
the enzyme (PS-E) are shown in Fig. 11a. Peaks of PS-C at
3082, 3060, and 3025 cm™', which correspond to aromatic
C-H stretches, shifted to 3085, 3062, and 3026 cm™" after
enzymatic treatment. A peak observed at 2921 cm™!, char-
acteristic of CH, asymmetric C—H stretch, in the spectrum
of PS-C was seen at 2923 cm™! in the spectrum of PS-E. The
weak peak at 2850 cm™! in the PS-C spectrum disappeared
with the enzymatic treatment. A shift in the peaks at 1493
and 1452 cm™!, associated with stretching vibration of C=C
and C—H of the aromatic ring, and a decrease in their intensi-
ties were observed. In the spectrum of PS-E, the intensity
of peaks at 755 and 696, corresponding to aromatic out-of-
plane C-H bend and aromatic ring bend, was lower than that
of in the spectrum of PS-C. Furthermore, an additional peak
associated with the carbonyl group (C=0) appeared in the
spectrum after enzymatic treatment.

FTIR spectrums of HDPE control (HDPE-C) and
HDPE treated with the enzyme (HDPE-E) are compared
in Fig. 11b. A sharp peak at 2914 cm™! and 1057, which
arose from the stretching vibration of C—H and C-O, shifted
to 2917 and 1066 after enzymatic treatment. The point of
the peak at 2850 cm™!, attributed to the stretching vibration
of C—H, in the spectrum of HDPE-C, did not change, but
its intensity decreased slightly in the spectrum of HDPE-E.
Enzymatic treatment caused the formation of a new peak at
1150 cm™!, responsible for C-O stretching, and the broaden-
ing of a peak at 1394 corresponding to O—H bending. Simi-
lar phenomena and changes were observed for LDPE control
(LDPE-C) and LDPE treated with the enzyme (LDPE-E)
(Fig. 11c). In addition, a shift in the peaks at 1460 cm™!,
corresponds to C—H scissoring, and a slight decrease in its
intensity were monitored in the FTIR spectrum of LDPE-E,
as distinct from LDPE-C.

As shown in Fig. 11d, it is seen that enzymatic treatment
causes various alterations in the FTIR spectrum of PVC.
Among the prominent peaks, those at 3676 (O-H stretch-
ing), 2916 (C-H stretching) and 2271 (S—C=N stretching)
and 1451 cm™' (C—H bending), and 874 (C=C bending)
cm™! displayed a significant shift after enzymatic treat-
ment. A substantial decrease in the intensity of the peaks
located at 2950 (C—H stretching), 1380 (C-H bending),
1050 (CO-0O—-CO stretching), and 874 cm~! in the FTIR

spectrum of PVC-C was observed with enzymatic treatment.
On the other hand, it was determined that enzymatic treat-
ment slightly increased the intensity of the peaks at 2271,
973 (C=C bending), 841 (C=C bending), and 809 (C-H
bending) cm™'. In addition, new peaks appeared at 3278
(C—H stretching), 2801 (N-H stretching), and 1536 (N-O
stretching) cm™! in the FTIR spectrum of PVC-C, unlike
that of PVC-C.

In summary, FTIR analysis showed that CEstKADOI,
a cutinolytic carboxyl esterase derived from microplastic-
associated metagenome, is capable of degrading PS, HDPE,
LDPE, and PVC. Moreover, the large and broad peaks at
300-3500 cm™" in the FTIR analyses of the plastic pieces
after enzymatic treatment indicate that the plastic pieces'
hydrophilicity increased due to enzymatic degradation.

Previously, several types of plastics-degrading enzymes
have been reported. Schmidt et al. [86] reported that LC
cutinase caused weight losses of up to 4.9% of polyurethane
(PU) within a reaction time of 200 h at 70 °C. Furukawa
et al. [87] found that TfCut2 resulted in 7.5% weight loss
of IcPET film after a 24-h reaction. Blazquez-Sanchez et al.
[88] reported that an enzyme (11 pg/mL) from Moraxella
sp. TA144 caused weight loss of PET film (~45 mg) after
incubation in 1 M potassium phosphate buffer for 24 h. It
has been reported that PHL7, an enzyme identified from
the compost metagenome, completely degrades PET
in 18 h [89]. In another study, Zhang et al. [90] detected
that the metagenome-derived esterase PET40 released
50.41+10.21 pm of TPA, which are monomeric degrada-
tion products, from PET in a 72-h at 40 °C. As can be seen
from the examples, all these enzymes act on plastics with
heterochain backbones (C—X). In contrast, CEstKADO1
acts on plastics with homochain backbones (C—C), which
are more difficult to degrade than plastics with heterochain
backbones due to their high crystallinity. Moreover, it has a
higher potential for use in environmental applications than
its peers mentioned above, as plastics with homochain back-
bones are consumed more than other plastics on a global
scale [91].

In high temperatures (50-70 °C), the enzyme accesses the
polymer chain more efficiently due to the increasing viscos-
ity of plastic [89]. Therefore, many researchers have focused
on identifying thermo-tolerant plastic-degrading enzymes.
However, plastic-degrading enzymes active at low tempera-
tures, such as CEstKADO1, also have benefits. They could
offer a more economical and eco-friendly solution because
they would allow plastics to be recycled slowly at lower
temperatures.

Genotoxicity of degradation products

Overall, it is desired that the products released from the sub-
strate due to enzymatic activity are not toxic or genotoxic to
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Fig. 11 FTIR analysis of plastic pieces incubated in 50 mM phos-
phate buffer (pH 7.0) containing CEstKADO1 (1 U/mL) at 30 °C for
30 days (treated). Plastic pieces incubated without CEstKADO1 under
the same conditions were used to be control (untreated). a Untreated

living things in the application of enzymes for the remedia-
tion. Genotoxicity of degradation products was evaluated by
comparison of DNA damage in S. cerevisiae cells. The DNA
damage was measured as the mean tail length of comet-
like nuclei in lysed cells. One hundred nuclei were counted
for each experimental set under fluorescence microscopy
(Olympus BX40, Hamburg, Germany). No significant dif-
ference was detected in DNA damage in cells exposed to
degradation products or not (negative control). In addition, it
was measured that the tailing in the nuclei of these cells was
considerably less (Data was not shown). However, a signifi-
cant increase in DNA damage was observed when yeast cells
were exposed to H,O, (positive control). Results showed that
degradation products were not genotoxic to S. cerevisiae
cells. Representative fluorescent microscopy images used to
detect DNA damage in cells are shown in Fig. 12a—f.
While many studies exist about the biodegradation of
plastics in the literature, few toxicological reports of deg-
radation products exist. In a study, Shahnawaz et al. [92]
reported no significant change in the percent germination
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rate of sorghum seeds exposed to PE degradation products.
Khandare et al. [93] reported that the germination of Vigna
radiata seeds was not significantly affected by degrada-
tion products of PVC (PVCDP), but the germination index
and elongation inhibition rate decreased in seeds exposed
to PVCDP. They also found that the growth rate and chlo-
rophyll content of Ulva lactuca after exposure to PVCDP
increased. On the other hand, Peng et al. [94] reported that
PVCDP could exhibit a bactericidal effect against some gut
bacteria in Tenebrio molitor larvae.

Conclusion

The presented functional metagenomics-based study led to
the discovery of a new cutinolytic esterase CEstKADO].
After statistical optimization, the enzyme was success-
fully overexpressed in E. coli BL21 (DE3). CEstKADO1
was highly active over a wide temperature and pH range.
The enzyme displayed outstanding tolerance against
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Fig. 12 Representative fluorescent microscopy images of nuclei to detect DNA damage in S. cerevisiae cells after experiments. Images of nuclei
from cells in negative (a) and positive controls (b) and exposed to degradation products of PS (¢), HDPE (d), LDPE (e), and PVC (f)

NaCl, metal ions, inhibitory chemicals, and solvents.
These properties of the enzyme make it versatile biocata-
lysts for many applications in textile, food, beverage, bio-
fuel, cosmetic, pharmaceutical, chemical, and detergent
industries. CEstKADO1 showed PS, HDPE, LDPE, and
PVC degradation capacity. Degradation products did not
show genotoxic effects. Within this framework, the cata-
lytic mechanism of CEstKADO1 could be elucidated by
structural analyses and mutagenesis. The enzyme could
be converted to broad-range biocatalysts for plastic recy-
cling through computational redesign. It may help design
enzyme—polymer hybrid materials with ad-hoc formula-
tions prone to facilitate degradation. Moreover, with fur-
ther optimization and scale-up studies, CEstKADO1 could
be made suitable for real-world applications.
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