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ABSTRACT 

Literature survey has shown that microbial and biodegradation of polyethylene 

terephthalate (PET) by PETases are eco-friendly. However, microbes capable of such 

feat are few in conjunction with being time-consuming and the laborious bioprospecting 

efforts are undesirable. Therefore, mutation by in silico means of current isomer of 

PETase to introduce PET degradative capability could be a better approach to resolve 

this issue.  Previously, BTA-hydrolase was reported capable of degrading PET. This 

study aimed to convert a carboxylesterase from Archaeoglobus fulgidus (AFEST) to 

BTA-hydrolase of Thermobifida fusca by in silico site-directed mutagenesis of six amino 

acids. This was followed by molecular docking analysis with PET and polypropylene 

(PP) to compare their interactions. The best-docked enzyme-substrate complex was 

further subjected to molecular dynamics (MD) simulation using GROMACS to gauge 

the binding quality of the above-said proteins PET. Results of molecular docking 

revealed the mutated residues, Glu34Asn, Gly177Lys, Asp179 Ala, Leu120Phe, Ala168 

Met, and Leu82Thr on the AFEST yielded the lowest binding energy for the wild-type 

AFEST-PP complex (-7.5 kcal/mol), followed by mutant AFEST-PP complex (-7.1 

kcal/mol) and lastly, the BTA-hydrolase-PP complex with (-5.9 kcal/mol). The mutant-

AFEST also showed lower binding energy (- 6.7 kcal/mol) than BTA-hydrolase (-5.6 

kcal/mol) when complexed with PET. The energy-minimized wild-type-, mutant-AFEST 

and BTA-hydrolase docked ligand complexes showed that the RMSD value for the 

BTA-hydrolase-PET complex was stable (0.12 – 0.18 nm) after 5 ns compared to the 

mutant AFEST-PET complex (~0.22 nm) after 18 ns. The RMSF for the mutant AFEST-

PET complex fluctuated at 0.43 nm for the mutated residue Lys177, while the RMSF 

value of the BTA-hydrolase-PET complex was 0.32 nm for Leu248. Finally, the Rg 

value for BTA-hydrolase-PET complex (~1.68 nm) was the lowest compared to the 

mutant-AFEST-PET and wild-type AFEST-PET complexes which both showed the 

same range (~1.80 – 1.84 nm). The collective in silico data conveyed the six residue 

mutations on the wild-type AFEST imparted a minimal change in the ability of the 

mutant-AFEST to bind to PET.  This suggests that amino acid mutations that are closer 

and more centrally-located in the tunnel leading up to the catalytic site might yield a 

mutant-AFEST with better PET-degrading ability. 
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ABSTRAK 

Kajian literatur telah menunjukkan bahawa mikrob dan biodegradasi polietilena 

terefthalat (PET) oleh PETase lebih mesra alam. Namun, mikrob yang mampu 

melakukan perkara ini hanya "jauh dan terlalu sedikit di antara" serta usahanya 

memakan yang masa dan usaha bioprospek yang tidak diingini serta menyukarkan. Oleh 

itu, mutasi dengan cara siliko terhadap enzim berkait dengan PETase dimana 

kemampuan degradasi PET merupakan suatu pendekatan yang lebih baik bagi 

menyelesaikan masalah ini. Sebelum ini, hidrolase BTA dilaporkan mampu 

mendegradasi PET. Kajian ini bertujuan untuk menukar karboksilesterase dari 

Archaeoglobus fulgidus (AFEST) menjadi hidrolase BTA Thermobifida fusca dengan 

menggunakan mutagenesis terarah enam asid amino secara in siliko. Ini diikuti oleh 

analisa molekul terikat dengan PET dan polipropilena (PP) untuk membandingkan 

interaksi mereka. Kompleks enzim-ligand yang terikat terbaik kemudiannya akan 

menjalani simulasi dinamik molekul (MD) dalam GROMACS untuk mengukur kualiti 

pengikatan protein PET yang disebutkan di atas. Keputusan analisis ikatan molekul 

mendedahkan residu termutasi, Glu34Asn, Gly177Lys, Asp179 Ala, Leu120Phe, Ala168 

Met, dan Leu82Thr pada AFEST menghasilkan tenaga pengikat terendah untuk 

kompleks AFEST-PP pada asal (-7,5 kcal / mol), diikuti oleh kompleks AFEST-PP 

mutan (-7.1 kcal / mol) dan terakhir, kompleks BTA hidrolase-PP (-5.9 kcal / mol). 

Mutan-AFEST juga menunjukkan tenaga pengikat yang lebih rendah (-6,7 kcal / mol) 

daripada hydrolase BTA (-5,6 kcal / mol) ketika dikomplekskan dengan PET. Kompleks 

ligan ikatan asal, mutan-AFEST dan hidrolase BTA yang ikatan tenaga rendah 

menunjukkan bahawa nilai RMSD untuk kompleks hidrolase BTA-PET stabil (0.12-0.18 

nm) selepas 5 ns berbanding dengan kompleks AFEST-PET mutan (~ 0.22 nm) selepas 

18 ns. RMSF untuk kompleks mutan AFEST-PET turun naik pada 0.43 nm untuk residu 

termutasi Lys177, sementara nilai RMSF kompleks hidrolase BTA-PET adalah 0.32 nm 

untuk Leu248. Akhirnya, nilai Rg untuk kompleks hidrolase BTA-PET (~ 1.68 nm) 

adalah yang paling rendah berbanding kompleks AFEST-PET mutan (~ 1.80 – 1.84 nm) 

atau AFEST asal (~ 1.80 – 1.84 nm). Data terkumpul in siliko menunjukkan mutasi enam 

residu pada AFEST asal memberikan perubahan minimum dalam kemampuan AFEST 

mutan untuk mengikat PET. Ini menunjukkan bahawa mutasi asid amino yang lebih 

dekat dan terletak di sepanjang terowong yang menuju ke lokasi pemangkin mungkin 

AFEST mutan yang lebih berkemampuan untuk mendegradasi PET dengan lebih baik. 
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CHAPTER 1  

INTRODUCTION 

1.1 Background of the study   

The high demand for plastics has seen its raising in daily life, such as in 

medical products, household goods, toys, personal care products, manufacture and so 

on. While plastic products make human life easier and bring comfort to daily life, 

they pollute the environment. The issue is exacerbated by poor waste management 

and the lack of a proper recycling system of the products (Hu et al., 2019). Exposure 

of plastic products to environmental chemicals, physical and biological conditions 

shreds the plastics into small pieces of nano plastics and microplastics with the 

diameter of (<100nm) and (<5mm) respectively (Ren et al., 2020). Moreover, it takes 

hundreds to thousands of years for microplastics to decompose into their monomers 

(Hu et al., 2019). Microplastic can be found in both terrestrial (Horton et al., 2017) 

and marine (Zhang & Chen, 2020) environment. Almost every ocean of the world is 

contaminated with at least 10% of all plastic production, while the microplastic 

pollution is less studied in freshwater (Free et al., 2014). Based on the source, 

microplastics are classified into primary and secondary microplastics. Primary 

microplastics are industrially synthesized in the form of pellets, microbeads, and 

synthetic fibers. In comparison, secondary microplastics are generated due to the 

large plastic particle's breakdown into smaller fragments, which depends on 

environmental situation and polymer types (Blair, 2017). 

Among hundreds of other synthetic polymers, polyethylene terephthalate 

(PET) is the most popular polyester in the market. PET is polymerized from 

terephthalic acid (TPA) and ethylene glycol (EG), both of which are derivatives of 

crude oil. Persistence, stability, transparency, and low production cost are the main 

properties of PET that make it a highly utilized polyester worldwide (Liu et al., 

2019). In retrospect, the same attributes can be problematic for PET product's 
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degradation (Taniguchi et al., 2019). While many degrading mechanisms have been 

suggested to decompose PET, but they are pricy, time-consuming, produce other 

wastes into the environment. Conversely, the biodegradation of plastics by microbes 

and their enzymes are more reliable and friendlier methods to rid plastics' from the 

environment (Ma et al., 2018). Biodegradation is a biological approach in which 

microbes release enzymes on the plastic to break down its polymer chain into small 

oligomers, dimers, or monomers and utilize them as their sole carbon and energy 

source (Samak et al., 2020). Some microbial enzymes from family members of 

cutinase, lipase, and esterase can hydrolyze PET to some extent (Liu et al., 2019). 

For instance, the Thermobifida fusca PET-hydrolase is a cutinase that degrades the 

PET at a higher temperature (Kumar et al., 2017).  

The biodegradation of plastic is far from satisfactory, and the process is time-

consuming as extensive bioprospecting for effective microorganisms is required to 

do the job. A better way is to use existing microbial enzymes and tailor their 

enzymes to be partial in degrading plastics. For this purpose, the bioinformatics tools 

are the best approach for predicting biological mechanisms computationally while 

saving time and costs (Wang et al., 2019). Having said that, a good start to “design” 

a novel enzyme capable of degrading plastics is to mutate an enzyme from the 

member of the α/β-hydrolase family, a family that PETase (PET hydrolase) also 

belongs. Our target enzyme is the carboxylesterase from Archaeoglobus fulgidus 

(AFEST) which exhibits high thermostability (Rusnak et al., 2005). Mutating the 

carboxylesterase to endow it with the degradative characteristics of a PETase is 

possible since the sequence and the three-dimensional (3D) structure of the enzyme 

is available in the literature (De Simone et al., 2001). Carboxylesterase is serine 

hydrolases which structural and functional characteristics closely matches the α/ß 

hydrolase fold enzyme (Rusnak et al., 2005). The catalytic mechanism of AFEST 

comprised a catalytic triad which consists of Ser160, His285, and Asp255. The 

AFEST structure has been successfully crystallized in complex with a sulphonyl 

derivative and deposited to the Protein Data Bank (accession code 1JJI) (De Simone 

et al., 2001). The most interesting feature of AFEST is its unusual spectrum of pH 

activity. The enzyme exhibited the optimal activity at 70 ⸰C in pH 10 –11 and 

significant activity at pH 12. Therefore, this enzyme might be of particular interest 
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for approaches involving directed evolution for the generation of valuable catalysts 

for industrial applications (Rusnak et al., 2005). In silico site-directed mutagenesis of 

AFEST can be performed to enhance and assess the enzyme’s ability to degrade 

plastic compared to a well-known PET-hydrolase, the BTA-hydrolase (Hartanti et 

al., 2016).  

1.2 Problem statement  

The non-renewable nature of fossil fuel-derived plastics and their last long-

lasting accumulation can seriously pollute the environment (Satti & Shah, 2020). It is 

an ongoing hazardous predicament that threatens all living organisms' livelihood, 

warrants developing a safer remediation technique. A practical and eco-friendly 

means to remove plastics from the environment is biodegradation by PETase-

producing microorganisms with a penchant for plastics as the growth substrate. 

However, the laborious and time-consuming bioprospecting efforts are undesirable in 

conjunction with being costly. Mutation by in silico means of a current isomer of the 

PETase to introduce PET degradative capability could be a better approach to resolve 

this issue.  

Herein, a rational mutation on the wild-type AFEST binding sites of A. 

fulgidus for a higher plastic degradability using a known PET-degrading enzyme as 

the template, is proposed. This approach is feasible compared to a blind mutation on 

any sort of enzyme. The course is likely viable as the two enzymes originate from the 

same α/β hydrolase fold family and the full 3D structure of AFEST is available in the 

literature. In this work, the mutation is based on an in silico data of the PETase from 

Thermobifida fusca in complexed with PET. The AFEST’S multiple amino acid 

mutations attempt to emulate the PETase amino acid interactions with the PET 

substrate. It is hypothesized that the target multiple mutation sites could boost the 

mutant-AFEST to degrade PET. 
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1.3 Objectives  

The following objectives were set to achieve the goal of the work: 

1. To identify the possible substrate-binding residues of the AFEST to be mutated 

by sequence alignment with the PETase from the BTA-hydrolase. 

2. To carry out molecular docking assessments of two different ligands 

polyethylene terephthalate (PET) and polypropylene (PP), with enzymes, BTA-

hydrolase, wild-type- and the mutant-AFEST. 

3. To compare the molecular dynamic (MD) simulations of the best docked 

mutant-AFEST-ligand structure against the BTA-hydrolase-ligand complex.  

1.4  Scopes of study 

The research was conducted in three stages to achieve the aforesaid 

objectives. For the first stage of work, the FASTA format of amino acids sequence of 

carboxylesterase (AFEST) and BTA-hydrolase (PET-hydrolase) were retrieved from 

Protein Data Bank with PDB ID (1JJI) and (5zoa) respectively. The multiple 

sequence alignment of AFEST and BTA-hydrolase was conducted via Multalin 

software to find binding sits of AFEST on the conserved regions. The AFEST 

sequence was then visualized on PyMol program to identify the residues for 

mutations. Furthermore, the physicochemical properties of the three above proteins 

were characterized through ExPASy server for the later comparison with the BTA-

hydrolase and mutant-AFEST. After, the structural validation of mutant-AFEST 

through software packages of PROCHECK, ERRAT, and VERIFY-3D, the PYMOL 

software was used to view the protein structure. 

This study's second phase involved the molecular docking of ligands, 

polyethylene terephthalate (PET), and polypropylene (PP) with the BTA-hydrolase, 

wild-type- and mutant-AFEST, using the software AutoDock 4.2.6. Before initiating 

the process, each ligand's SDF file was extracted from the PubChem database. 

Afterward, each ligand and protein was prepared with a default setting. Then, the 
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results were compared to decide the residues to be mutated in the wild-type AFEST 

substrate binding site. At the end of docking, the PDBQT file format was generated, 

and the result was analyzed using Autodock vina. The molecular interaction between 

the mutant-AFEST and the two ligands, such as binding energy, hydrogen bonds, 

hydrophobic interactions, were assessed to identify the best enzyme-ligand for the 

subsequent MD simulation study. 

 At the last phase, docked protein-ligand complexes and the interactions of 

wild-type AFEST, mutant-AFEST, and BTA-hydrolase models with substrates were 

analyzed by molecular dynamics (MD) simulation using a parallel version of 

GROMACS 5.1.2 by employing the Gromos96 53a7 force- field. Before employing 

MD simulation, the models were further refined to ensure that the gained native 

states at the global minimum (Feig, 2017). The protein models were checked to be 

free from any errors by comparing them to their native structure. Consequently, the 

MD simulation result was calculated for RMSD, RMSF, and Rg score to compare 

with the BTA-hydrolase-ligand results. 

1.5 Significance of the study 

The use of rational-design of existing enzymes bioinformatic tools is a rapid 

resolution to solve the slow degradation of plastics by microbes in the environment. 

By rationally mutating the AFEST enzyme, knowledge on the germane residues that 

impart PET-degradative capability may prove applicable to other enzymes in the 

hydrolase fold family for plastic degradation.  

 

 

 

 

 



 

81 

REFERENCES 

Akutsu, Y., Nakajima-kambe, T., & Nomura, N. (1998). Purification and Properties 

of a Polyester Polyurethane- Degrading Enzyme from Comamonas acidovorans 

TB-35. Applied and Environmental Microbiology, 64(1), 62–

67.  https://doi.org/10.1128/AEM.64.1.62-67.1998 

Andrady, A. L. (2011). Microplastics in the marine environment. Marine Pollution 

Bulletin, 62(8), 1596–1605. https://doi.org/10.1016/j.marpolbul.2011.05.030 

Anuar, N. F. S. K., Wahab, R. A., Huyop, F., Amran, S. I., Hamid, A. A. A., Halim, 

K. B. A., & Hood, M. H. M. (2020). Molecular docking and molecular 

dynamics simulations of a mutant Acinetobacter haemolyticus alkaline-stable 

lipase against tributyrin. Journal of Biomolecular Structure and Dynamics, 0(0), 

1–13. https://doi.org/10.1080/07391102.2020.1743364 

Anuar, N. F. S. K., Wahab, R. A., Huyop, F., Halim, K. B. A., & Hamid, A. A. A. 

(2019). In silico mutation on a mutant lipase from Acinetobacter haemolyticus 

towards enhancing alkaline stability. Journal of Biomolecular Structure and 

Dynamics, 38(15), 4493–4507. https://doi.org/10.1080/07391102.2019.1683074 

Arefi, M., Tahmourespour, A., & Zia, M. (2020). Polycarbonate biodegradation by 

newly isolated Bacillus strains. Archives of Environmental Protection, 46(1), 

14–20. https://doi.org/10.24425/aep.2020.132521 

Awasthi, S., Sharma, A., Saxena, P., Yadav, J., Pandiyan, K., Kumar, M., Singh, A., 

Chakdar, H., Bhowmik, A., Kashyap, P. L., Srivastava, A. K., & Saxena, A. K. 

(2019). Molecular detection and in silico characterization of cold shock protein 

coding gene (cspA) from cold adaptive Pseudomonas koreensis. Journal of 

Plant Biochemistry and Biotechnology, 28(4), 405–413. 

https://doi.org/10.1007/s13562-019-00500-8 

Bahaman, A. H., Abdul Wahab, R., Hamid, A. A. A., Halim, K. B. A., Kaya, Y., & 

Edbeib, M. F. (2019). Substrate docking and molecular dynamic simulation for 

prediction of fungal enzymes from Trichoderma species-assisted extraction of 

nanocellulose from oil palm leaves. Journal of Biomolecular Structure and 

Dynamics, 38(14), 4246–4258. https://doi.org/10.1080/07391102.2019.1679667 

Bahaman, A. H., Wahab, R. A., Abdul Hamid, A. A., Abd Halim, K. B., & Kaya, Y. 



 

82 

(2020). Molecular docking and molecular dynamics simulations studies on β-

glucosidase and xylanase Trichoderma asperellum to pre-Molecular docking 

and molecular dynamics simulations studies on β-glucosidase and xylanase 

Trichoderma asperellum to pre- dict degrada. Journal of Biomolecular Structure 

and Dynamics. https://doi.org/10.1080/07391102.2020.1751713 

Bandmann, V., Müller, J. D., Köhler, T., & Homann, U. (2012). Uptake of 

fluorescent nano beads into BY2-cells involves clathrin-dependent and clathrin-

independent endocytosis. FEBS Letters, 586(20), 3626–3632. 

https://doi.org/10.1016/j.febslet.2012.08.008 

Barboza, L. G. A., Dick Vethaak, A., Lavorante, B. R. B. O., Lundebye, A. K., & 

Guilhermino, L. (2018). Marine microplastic debris: An emerging issue for food 

security, food safety and human health. Marine Pollution Bulletin, 

133(January), 336–348. https://doi.org/10.1016/j.marpolbul.2018.05.047 

Batumalaie, K., Edbeib, M. F., Mahat, N. A., Huyop, F., & Wahab, R. A. (2018). In 

silico and empirical approaches toward understanding the structural adaptation 

of the alkaline-stable lipase KV1 from acinetobacter haemolyticus. Journal of 

Biomolecular Structure and Dynamics, 36(12), 3077–3093. 

https://doi.org/10.1080/07391102.2017.1377635 

Bellasi, A., Binda, G., Pozzi, A., Galafassi, S., Volta, P., & Bettinetti, R. (2020). 

Microplastic contamination in freshwater environments: A review, focusing on 

interactions with sediments and benthic organisms. Environments - MDPI, 7(4), 

1–28. https://doi.org/10.3390/environments7040030 

Betts, M. J., & Russell, R. B. (2003). Amino Acid Properties and Consequences of 

Substitutions. Bioinformatics for geneticists, 4, 289–316. 

https://doi.org/10.1002/0470867302 

Bhardwaj, H., Gupta, R., & Tiwari, A. (2013). Communities of Microbial Enzymes 

Associated with Biodegradation of Plastics. Journal of Polymers and the 

Environment, 21(2), 575–579. https://doi.org/10.1007/s10924-012-0456-z 

Bitencourt-Ferreira, G., Pintro, V. O., & de Azevedo, W. F. (2019). Docking with 

AutoDock4. Methods in Molecular Biology, 2053, 125–148. 

https://doi.org/10.1007/978-1-4939-9752-7_9 

Blahova, J., Cocilovo, C., Plhalova, L., Svobodova, Z., & Faggio, C. (2020). 

Embryotoxicity of atrazine and its degradation products to early life stages of 

zebrafish (Danio rerio). Environmental Toxicology and Pharmacology, 



 

83 

77(January), 103370. https://doi.org/10.1016/j.etap.2020.103370 

Blair, R. M. (2017). Micro- and Nanoplastic Pollution of Freshwater and Wastewater 

Treatment Systems. Springer Science Reviews, 5(1), 19–30. 

https://doi.org/10.1007/s40362-017-0044-7 

Browne, M. A., Dissanayake, A., Galloway, T. S., Lowe, D. M., & Thompson, R. C. 

(2008). Ingested microscopic plastic translocates to the circulatory system of the 

mussel, Mytilus edulis (L.). Environmental Science & Technology, 42(13), 

5026–5031. https://doi.org/10.1021/es800249a 

Cam, T., Dang, H., Nguyen, D. T., Thai, H., Nguyen, T. C., Thu, T., Tran, H., Le, V. 

H., Nguyen, V. H., Tran, X. B., Phuong, T., Pham, T., Nguyen, T. G., & 

Nguyen, Q. T. (2018). Plastic degradation by thermophilic Bacillus sp . 

BCBT21 isolated from composting agricultural residual in Vietnam. Advances 

in Natural Sciences: Nanoscience and Nanotechnology, 9(1), 1–12. 

https://doi.org/10.1088/2043-6254/aaabaf 

Capolupo, M., Sørensen, L., Jayasena, K. D. R., Booth, A. M., & Fabbri, E. (2020). 

Chemical composition and ecotoxicity of plastic and car tire rubber leachates to 

aquatic organisms. Water Research, 169, 115270. 

https://doi.org/10.1016/j.watres.2019.115270 

Carr, S. A., Liu, J., & Tesoro, A. G. (2016). Transport and fate of microplastic 

particles in wastewater treatment plants. Water Research, 91, 174–182. 

https://doi.org/10.1016/j.watres.2016.01.002 

Chaitanya, M., Babajan, B., Anuradha, C. M., Naveen, M., Rajasekhar, C., 

Madhusudana, P., & Kumar, C. S. (2010). Exploring the molecular basis for 

selective binding of Mycobacterium tuberculosis Asp kinase toward its natural 

substrates and feedback inhibitors: A docking and molecular dynamics study. 

Journal of Molecular Modeling, 16(8), 1357–1367. 

https://doi.org/10.1007/s00894-010-0653-4 

Chatzou, M., Magis, C., Chang, J. M., Kemena, C., Bussotti, G., Erb, I., & 

Notredame, C. (2016). Multiple sequence alignment modeling: Methods and 

applications. Briefings in Bioinformatics, 17(6), 1009–1023. 

https://doi.org/10.1093/BIB/BBV099 

Cheepudom, J., Lin, T. L., Lee, C. C., & Meng, M. (2019). Characterization of a 

novel thermobifida fusca bacteriophage P318. Viruses, 11(11). 

https://doi.org/10.3390/v11111042 

https://doi.org/10.1021/es800249a


 

84 

Cheng, F., Yang, J., Bocola, M., Schwaneberg, U., & Zhu, L. (2018). Loop 

engineering reveals the importance of active-site-decorating loops and gating 

residue in substrate affinity modulation of arginine deiminase (an anti-tumor 

enzyme). Biochemical and Biophysical Research Communications, 499(2), 

233–238. https://doi.org/10.1016/j.bbrc.2018.03.134 

Danso, D &., Zimmermann, W. (2018). Supplemental Figures New Insights into the 

Function and Global Distribution of Polyethylene Terephthalate ( PET ) -

Degrading Bacteria and. Applied and Environmental Microbiology, 53(8), 

1689–1699. https://doi.org/10.1128/AEM.02773-17 

De Simone, G., Menchise, V., Manco, G., Mandrich, L., Sorrentino, N., Lang, D., 

Rossi, M., & Pedone, C. (2001). The crystal structure of a hyper-thermophilic 

carboxylesterase from the Archaeon Archaeoglobus fulgidus. Journal of 

Molecular Biology, 314(3), 507–518. https://doi.org/10.1006/jmbi.2001.5152 

Dong, Y. W., Liao, M. L., Meng, X. L., & Somero, G. N. (2018). Structural 

flexibility and protein adaptation to temperature: Molecular dynamics analysis 

of malate dehydrogenases of marine molluscs. Proceedings of the National 

Academy of Sciences of the United States of America, 115(6), 1274–1279. 

https://doi.org/10.1073/pnas.1718910115 

Doyle, M. J., Watson, W., Bowlin, N. M., & Sheavly, S. B. (2011). Plastic particles 

in coastal pelagic ecosystems of the Northeast Pacific ocean. Marine 

Environmental Research, 71(1), 41–52. 

https://doi.org/10.1016/j.marenvres.2010.10.001 

Duis, K., & Coors, A. (2016). Microplastics in the aquatic and terrestrial 

environment: sources (with a specific focus on personal care products), fate and 

effects. Environmental Sciences Europe, 28(1), 1–25. 

https://doi.org/10.1186/s12302-015-0069-y 

Dutta, B., Banerjee, A., Chakraborty, P., & Bandopadhyay, R. (2018). In silico 

studies on bacterial xylanase enzyme: Structural and functional insight. Journal 

of Genetic Engineering and Biotechnology, 16(2), 749–756. 

https://doi.org/10.1016/j.jgeb.2018.05.003 

Eagles-Smith, C. A., Silbergeld, E. K., Basu, N., Bustamante, P., Diaz-Barriga, F., 

Hopkins, W. A., Kidd, K. A., & Nyland, J. F. (2018). Modulators of mercury 

risk to wildlife and humans in the context of rapid global change. Ambio, 47(2), 

170–197. https://doi.org/10.1007/s13280-017-1011-x 



 

85 

Edbeib, M. F., Wahab, R. A., Kaya, Y., & Huyop, F. (2017). In silico 

characterization of a novel dehalogenase (DehHX) from the halophile 

Pseudomonas halophila HX isolated from Tuz Gölü Lake, Turkey: insights into 

a hypersaline-adapted dehalogenase. Annals of Microbiology, 67(5), 371–382. 

https://doi.org/10.1007/s13213-017-1266-2 

Feig, M. (2017). Computational protein structure refinement: almost there, yet still so 

far to go. Wiley Interdisciplinary Reviews: Computational Molecular Science, 

7(3), 1–16. https://doi.org/10.1002/wcms.1307 

Firestone, G., Huang, H., Bochinski, J. R., & Clarke, L. I. (2019). Photothermally-

driven thermo-oxidative degradation of low density polyethylene: 

Heterogeneous heating plus a complex reaction leads to homogeneous 

chemistry. Nanotechnology, 30(47). https://doi.org/10.1088/1361-6528/ab3bc0 

Free, C. M., Jensen, O. P., Mason, S. A., Eriksen, M., & Williamson, N. J. (2014). 

High-levels of microplastic pollution in a large , remote , mountain lake. Marine 

Pollution Bulletin, 85(1), 156–163. 

https://doi.org/10.1016/j.marpolbul.2014.06.001 

Fu, Y., Zhao, J., & Chen, Z. (2018). Insights into the Molecular Mechanisms of 

Protein-Ligand Interactions by Molecular Docking and Molecular Dynamics 

Simulation: A Case of Oligopeptide Binding Protein. Computational and 

Mathematical Methods in Medicine, 2018, 1-12. 

https://doi.org/10.1155/2018/3502514 

Fuentes, D., Muñoz, N. M., Guo, C., Polak, U., Minhaj, A. A., Allen, W. J., Gustin, 

M. C., & Cressman, E. N. K. (2018). A molecular dynamics approach towards 

evaluating osmotic and thermal stress in the extracellular environment. 

International Journal of Hyperthermia, 35(1), 559–567. 

https://doi.org/10.1080/02656736.2018.1512161 

Garg, V. K., Avashthi, H., Tiwari, A., Jain, P. A., Ramkete, P. W. R., Kayastha, A. 

M., & Singh, V. K. (2016). MFPPI – Multi FASTA ProtParam Interface. 

Bioinformation, 12(2), 74–77. https://doi.org/10.6026/97320630012074 

Gasteiger, E., Hoogland, C., Gattiker, A., Duvaud, S., Wilkins, M. R., Appel, R. D., 

& Bairoch, A. (2005). Protein identification and analysis tools in the ExPASy 

server. In J. M. Walke (Ed.), The Proteomics Protocols Handbook. Humana 

Press Inc. 571-607. https://doi.org/10.1385/1-59259-890-0:571 

Gutie, G., & Loredo-trevin, A. (2012). Microbial Enzymes Involved in Polyurethane 



 

86 

Biodegradation : A Review. J Polym Environ, 20, 258–265. 

https://doi.org/10.1007/s10924-011-0390-5 

Güven, O., Gökdağ, K., Jovanović, B., & Kıdeyş, A. E. (2017). Microplastic litter 

composition of the Turkish territorial waters of the Mediterranean Sea, and its 

occurrence in the gastrointestinal tract of fish. Environmental Pollution, 223, 

286–294. https://doi.org/10.1016/j.envpol.2017.01.025 

Hadad, D., Geresh, S., & Sivan, A. (2005). Biodegradation of polyethylene by the 

thermophilic bacterium Brevibacillus borstelensis. Journal of Applied 

Microbiology, 98, 1093–1100. https://doi.org/10.1111/j.1365-

2672.2005.02553.x 

Hajiebrahimi, A., Ghasemi, Y., & Sakhteman, A. (2017). FLIP: An assisting 

software in structure based drug design using fingerprint of protein-ligand 

interaction profiles. Journal of Molecular Graphics and Modelling, 78, 234–

244. https://doi.org/10.1016/j.jmgm.2017.10.021 

Han, X., Liu, W., Huang, J. W., Ma, J., Zheng, Y., Ko, T. P., Xu, L., Cheng, Y. S., 

Chen, C. C., & Guo, R. T. (2017). Structural insight into catalytic mechanism of 

PET hydrolase. Nature Communications, 8(1), 1–6. 

https://doi.org/10.1038/s41467-017-02255-z 

Harshvardhan, K., & Jha, B. (2013). Biodegradation of low-density polyethylene by 

marine bacteria from pelagic waters, Arabian Sea, India. Marine Pollution 

Bulletin, 77(1–2), 100–106. https://doi.org/10.1016/j.marpolbul.2013.10.025 

Hartanti, L., Rohman, A., Suwandi, A., Dijkstra, B. W., Nurahman, Z., & 

Puspaningsih, N. N. T. (2016). Mutation Analysis of the pKa Modulator 

Residue in β-D-xylosidase from Geobacillus Thermoleovorans IT-08: Activity 

Adaptation to Alkaline and High-Temperature Conditions. Procedia Chemistry, 

18(Mcls 2015), 39–48. https://doi.org/10.1016/j.proche.2016.01.008 

Hidalgo-Ruz, V., Gutow, L., Thompson, R. C., & Thiel, M. (2012). Microplastics in 

the marine environment: A review of the methods used for identification and 

quantification. Environmental Science and Technology, 46(6), 3060–3075. 

https://doi.org/10.1021/es2031505 

Horton, A. A., Walton, A., Spurgeon, D. J., Lahive, E., & Svendsen, C. (2017a). 

Microplastics in freshwater and terrestrial environments: Evaluating the current 

understanding to identify the knowledge gaps and future research priorities. 

Science of the Total Environment, 586, 127–141. 



 

87 

https://doi.org/10.1016/j.scitotenv.2017.01.190 

Horton, A. A., Walton, A., Spurgeon, D. J., Lahive, E., & Svendsen, C. (2017b). 

Science of the Total Environment Microplastics in freshwater and terrestrial 

environments : Evaluating the current understanding to identify the knowledge 

gaps and future research priorities. Science of the Total Environment, 586, 127–

141. https://doi.org/10.1016/j.scitotenv.2017.01.190 

Howard, G. T. (2002). Biodegradation of polyurethane : a review. International 

Biodeterioration & Biodegradation, 49, 245–252. 

https://doi.org/10.1016/S0964-8305(02)00051-3 

Hu, D., Shen, M., Zhang, Y., Li, H., & Zeng, G. (2019). Microplastics and 

nanoplastics: would they affect global biodiversity change? Environmental 

Science and Pollution Research, 26(19), 19997–20002. 

https://doi.org/10.1007/s11356-019-05414-5 

Huerta Lwanga, E., Gertsen, H., Gooren, H., Peters, P., Salánki, T., Van Der Ploeg, 

M., Besseling, E., Koelmans, A. A., & Geissen, V. (2016). Microplastics in the 

Terrestrial Ecosystem: Implications for Lumbricus terrestris (Oligochaeta, 

Lumbricidae). Environmental Science and Technology, 50(5), 2685–2691. 

https://doi.org/10.1021/acs.est.5b05478 

Jan Kole, P., Löhr, A. J., Van Belleghem, F. G. A. J., & Ragas, A. M. J. (2017). 

Wear and tear of tyres: A stealthy source of microplastics in the environment. 

International Journal of Environmental Research and Public Health, 14(10), 1-

31. https://doi.org/10.3390/ijerph14101265 

Jeon, H. J., & Kim, M. N. (2014). Degradation of linear low density polyethylene ( 

LLDPE ) exposed to UV-irradiation. European polymer journal, 52, 146–153. 

https://doi.org/10.1016/j.eurpolymj.2014.01.007 

Jiang, R., Lu, G., Yan, Z., Liu, J., Wu, D., & Wang, Y. (2021). Microplastic 

degradation by hydroxy-rich bismuth oxychloride. Journal of Hazardous 

Materials, 405(October 2020), 124-247. 

https://doi.org/10.1016/j.jhazmat.2020.124247 

Joo, S., Cho, I. J., Seo, H., Son, H. F., Sagong, H., Shin, T. J., Choi, S. Y., Lee, S. Y., 

& Kim, K. (2018). Structural insight into molecular mechanism of 

poly(ethylene terephthalate) degradation. Nature Communications, 9(2018), 1–

12. https://doi.org/10.1038/s41467-018-02881-1 

Joosten, R. P., Salzemann, J., Bloch, V., Stockinger, H., Berglund, A. C., Blanchet, 

https://doi.org/10.1016/S0964-8305(02)00051-3


 

88 

C., Bongcam-Rudloff, E., Combet, C., Da Costa, A. L., Deleage, G., Diarena, 

M., Fabbretti, R., Fettahi, G., Flegel, V., Gisel, A., Kasam, V., Kervinen, T., 

Korpelainen, E., Mattila, K., … Vriend, G. (2009). PDB-REDO: Automated re-

refinement of X-ray structure models in the PDB. Journal of Applied 

Crystallography, 42(3), 376–384. https://doi.org/10.1107/S0021889809008784 

Junaid, M., Muhseen, Z. T., Ullah, A., Wadood, A., Liu, J., & Zhang, H. (2014). 

Molecular modeling and molecular dynamics simulation study of the human 

Rab9 and RhoBTB3 C-terminus complex. Bioinformation, 10(12), 757–763. 

https://doi.org/10.6026/97320630010757 

Karlsson, T. M., Hassellöv, M., & Jakubowicz, I. (2018). Influence of 

thermooxidative degradation on the in situ fate of polyethylene in temperate 

coastal waters. Marine Pollution Bulletin, 135(July), 187–194. 

https://doi.org/10.1016/j.marpolbul.2018.07.015 

Kawai, F., Kawabata, T., & Oda, M. (2019). Current knowledge on enzymatic PET 

degradation and its possible application to waste stream management and other 

fields. Applied Microbiology and Biotechnology, 103(11), 4253–4268. 

https://doi.org/10.1007/s00253-019-09717-y 

Kawai, F., Kawabata, T., & Oda, M. (2020). Current State and Perspectives Related 

to the Polyethylene Terephthalate Hydrolases Available for Biorecycling. ACS 

Sustainable Chemistry and Engineering, 8(24), 8894–8908. 

https://doi.org/10.1021/acssuschemeng.0c01638 

Kleeberg, I., Welzel, K., VandenHeuvel, J., Müller, R. J., & Deckwer, W. D. (2005). 

Characterization of a new extracellular hydrolase from Thermobifida fusca 

degrading aliphatic-aromatic copolyesters. Biomacromolecules, 6(1), 262–270. 

https://doi.org/10.1021/bm049582t 

Klenk, H. P., Clayton, R. A., Tomb, J. F., White, O., Nelson, K. E., Ketchum, K. A., 

Dodson, R. J., Gwinn, M., Hickey, E. K., Peterson, J. D., Richardson, D. L., 

Kerlavage, A. R., Graham, D. E., Krypides, N. C., Fleischmann, R. D., 

Quackenbush, J., Lee, N. H., Sutton, G. G., Gill, S., … Craig Venter, J. (1997). 

The complete genome sequence of the hyperthermophilic, sulphate-reducing 

archaeon Archaeoglobus fulgidus. Nature, 390(6658), 364–370. 

https://doi.org/10.1038/37052 

Koelmans, A. A., Besseling, E., & Foekema, E. M. (2014). Leaching of plastic 

additives to marine organisms. Environmental Pollution, 187 (2014), 49–54. 



 

89 

https://doi.org/10.1016/j.envpol.2013.12.013 

Kovacic, F., Mandrysch, A., Poojari, C., Strodel, B., & Jaeger, K. E. (2016). 

Structural features determining thermal adaptation of esterases. Protein 

Engineering, Design and Selection, 29(2), 65–76. 

https://doi.org/10.1093/protein/gzv061 

Koziara, K. B., Stroet, M., Malde, A. K., & Mark, A. E. (2014). Testing and 

validation of the Automated Topology Builder (ATB) version 2.0: Prediction of 

hydration free enthalpies. Journal of Computer-Aided Molecular Design, 28(3), 

221–233. https://doi.org/10.1007/s10822-014-9713-7 

Kumar, C. V., Swetha, R. G., Anbarasu, A., & Ramaiah, S. (2014). Computational 

analysis reveals the association of threonine 118 methionine mutation in PMP22 

resulting in CMT-1A. Advances in Bioinformatics, 2014, 1–10. 

https://doi.org/10.1155/2014/502618 

Kumar, H., Nguyen, Q. T., Binda, C., Mattevi, A., & Fraaije, M. W. (2017). Isolation 

and characterization of a thermostable F420:NADPH oxidoreductase from 

Thermobifida fusca. Journal of Biological Chemistry, 292(24), 10123–10130. 

https://doi.org/10.1074/jbc.M117.787754 

Kumari, A., & Chaudhary, D. R. (2019). Destabilization of polyethylene and 

polyvinylchloride structure by marine bacterial strain. Environmental Science 

and Pollution Research, 26, 1507–1516. https://doi.org/10.1007%2Fs11356-

018-3465-1 

Kyte, J., & Doolittle, R. F. (1982). A simple method for displaying the hydropathic 

character of a protein. Journal of Molecular Biology, 157(1), 105–132. 

https://doi.org/10.1016/0022-2836(82)90515-0 

Lares, M., Ncibi, M. C., Sillanpää, M., & Sillanpää, M. (2018). Occurrence, 

identification and removal of microplastic particles and fibers in conventional 

activated sludge process and advanced MBR technology. Water Research, 133, 

236–246. https://doi.org/10.1016/j.watres.2018.01.049 

Laskowski, R. A., MacArthur, M. W., Moss, D. S., & Thornton, J. M. (1993). 

PROCHECK: a program to check the stereochemical quality of protein 

structures. Journal of Applied Crystallography, 26(2), 283–291. 

https://doi.org/10.1107/s0021889892009944 

Laskowski, R. A., & Swindells, M. B. (2011). LigPlot+: multiple ligand-protein 

interaction diagrams for drug discovery. Journal of Chemical Information and 



 

90 

Modeling, 51, 2778–2786. https://doi.org/10.1021/ci200227u 

Lee, A., & Liew, M. S. (2020). Tertiary recycling of plastics waste: an analysis of 

feedstock, chemical and biological degradation methods. Journal of Material 

Cycles and Waste Management, 2020, 1–12. https://doi.org/10.1007/s10163-

020-01106-2 

Lee, H. M., Kim, H. R., Jeon, E., Yu, H. C., Lee, S., Li, J., & Kim, D. (2020). 

microorganisms Evaluation of the Biodegradation E ffi ciency of Four Various 

Types of Plastics by Pseudomonas aeruginosa Isolated from the Gut Extract of 

Superworms. Microorganisms, 8(9), 1–12. 

ttps://doi.org/10.3390/microorganisms8091341 

Lemmon, G., & Meiler, J. (2013). Towards Ligand Docking Including Explicit 

Interface Water Molecules. PLoS ONE, 8(6), 1–12. 

https://doi.org/10.1371/journal.pone.0067536 

LeMoine, C. M. R., Kelleher, B. M., Lagarde, R., Northam, C., Elebute, O. O., & 

Cassone, B. J. (2018). Transcriptional effects of polyethylene microplastics 

ingestion in developing zebrafish (Danio rerio). Environmental Pollution, 243, 

591–600. https://doi.org/10.1016/j.envpol.2018.08.084 

Lengths, M. C., & Angles, M. C. (2018). Limitations of structure evaluation tools 

errat. Quick Guideline Comput Drug Des, 16, 75. 

Lithner, D., Larsson, A., & Dave, G. (2011). Environmental and health hazard 

ranking and assessment of plastic polymers based on chemical composition. 

Science of the Total Environment, 409(18), 3309–3324. 

https://doi.org/10.1016/j.scitotenv.2011.04.038 

Liu, C., Shi, C., Zhu, S., Wei, R., & Yin, C. (2019). Biochemical and Biophysical 

Research Communications Structural and functional characterization of 

polyethylene terephthalate hydrolase from Ideonella sakaiensis. Biochemical 

and Biophysical Research Communications, 508(1), 289–294. 

https://doi.org/10.1016/j.bbrc.2018.11.148 

Lobanov, M. Y., Bogatyreva, N. S., & Galzitskaya, O. V. (2008). Radius of gyration 

as an indicator of protein structure compactness. Molecular Biology, 42(4), 

623–628. https://doi.org/10.1134/S0026893308040195 

Lüthy, R., U.Bowie, J., & Eisengerg, D. (1992). Assessment of protein models with 

trhee-dimnesinal profiles. Nature, 359, 710–713. 

https://doi.org//10.1038/356083a0 

https://doi.org/10.1021/ci200227u
https://doi.org/10.3390/microorganisms8091341


 

91 

Lykidis, A., Mavromatis, K., Ivanova, N., Anderson, I., Land, M., DiBartolo, G., 

Martinez, M., Lapidus, A., Lucas, S., Copeland, A., Richardson, P., Wilson, D. 

B., & Kyrpides, N. (2007). Genome sequence and analysis of the soil 

cellulolytic actinomycete Thermobifida fusca YX. Journal of Bacteriology, 

189(6), 2477–2486. https://doi.org/10.1128/JB.01899-06 

Ma, Y., Yao, M., Li, B., Ding, M., He, B., Chen, S., Zhou, X., & Yuan, Y. (2018). 

Enhanced Poly(ethylene terephthalate) Hydrolase Activity by Protein 

Engineering. Engineering, 4(6), 888–893. 

https://doi.org/10.1016/j.eng.2018.09.007 

Magni, S., Gagné, F., André, C., Della Torre, C., Auclair, J., Hanana, H., Parenti, C. 

C., Bonasoro, F., & Binelli, A. (2018). Evaluation of uptake and chronic 

toxicity of virgin polystyrene microbeads in freshwater zebra mussel Dreissena 

polymorpha (Mollusca: Bivalvia). Science of the Total Environment, 631–632, 

(2018), 778–788. https://doi.org/10.1016/j.scitotenv.2018.03.075 

Mishra, R., Mazumder, A., Mazumder, R., Mishra, P. S., & Chaudhary, P. (2019). 

Docking study and result conclusion of heterocyclic derivatives having urea and 

acyl moiety. Asian Journal of Biomedical and Pharmaceutical Sciences, 9(67), 

13–17. https://doi.org/10.35841/2249-622x.67.19-082 

Mohamad Rosdi, M. N., Mohd Arif, S., Abu Bakar, M. H., Razali, S. A., Mohamed 

Zulkifli, R., & Ya’akob, H. (2018). Molecular docking studies of bioactive 

compounds from Annona muricata Linn as potential inhibitors for Bcl-2, Bcl-w 

and Mcl-1 antiapoptotic proteins. Apoptosis, 23(1), 27–40. 

https://doi.org/10.1007/s10495-017-1434-7 

Mor, R., & Sivan, Æ. A. (2008). Biofilm formation and partial biodegradation of 

polystyrene by the actinomycete Rhodococcus ruber Biodegradation of 

polystyrene. Biodegradation, 19(6), 851–858. https://doi.org/10.1007/s10532-

008-9188-0 

Müller, R. J., Schrader, H., Profe, J., Dresler, K., & Deckwer, W. D. (2005). 

Enzymatic degradation of poly(ethylene terephthalate): Rapid hydrolyse using a 

hydrolase from T. fusca. Macromolecular Rapid Communications, 26(17), 

1400–1405. https://doi.org/10.1002/marc.200500410 

Nemaysh, V., & Luthra, P. M. (2017). Computational analysis revealing that K634 

and T681 mutations modulate the 3D-structure of PDGFR-β and lead to 

sunitinib resistance. RSC Advances, 7(60), 37612–37626. 



 

92 

https://doi.org/10.1039/c7ra01305a 

Ng, E. L., Huerta Lwanga, E., Eldridge, S. M., Johnston, P., Hu, H. W., Geissen, V., 

& Chen, D. (2018). An overview of microplastic and nanoplastic pollution in 

agroecosystems. Science of the Total Environment, 627(15 Jun 2018), 1377–

1388. https://doi.org/10.1016/j.scitotenv.2018.01.341 

Nirmala, G. N., Jose, S., Rd, V., & Krishnapuram, V. N. (2020). A study of multi-

targeted inhibitor proteins using in silico analysis. World journal of pharmacy 

and pharmaceutical sciences SJIF Impact Factor 7, 632(7), 1523–1537. 

https://doi.org/10.20959/wjpps20207-16462 

Nizzetto, L., Futter, M., & Langaas, S. (2016). Are Agricultural Soils Dumps for 

Microplastics of Urban Origin? Environmental Science and Technology, 50(20), 

10777–10779. https://doi.org/10.1021/acs.est.6b04140 

Oyewusi, H. A., Huyop, F., & Wahab, R. A. (2020). Molecular docking and 

molecular dynamics simulation of Bacillus thuringiensis dehalogenase against 

haloacids , haloacetates and chlorpyrifos. Journal of Biomolecular Structure 

and Dynamics, 1–17. https://doi.org/10.1080/07391102.2020.1835727 

Paço, A., Jacinto, J., Pinto, J., Santos, P. S. M., Duarte, A. C., Rocha-santos, T., 

Paço, A., Jacinto, J., Pinto, J., Santos, P. S. M., & Pac, A. (2019). Technology 

Biotechnological tools for the effective management of plastics in the 

environment. Critical Reviews in Environmental Science and Technology, 

49(5), 410–441. https://doi.org/10.1080/10643389.2018.1548862 

Pagadala, N. S., Syed, K., & Tuszynski, J. (2017). Software for molecular docking: a 

review. Biophysical Reviews, 9(2), 91–102. https://doi.org/10.1007/s12551-016-

0247-1 

Pal, D., & Chakrabarti, P. (2002). On residues in the disallowed region of the 

Ramachandran map. Biopolymers, 63(3), 195–206. 

https://doi.org/10.1002/bip.10051 

Pandey, B., Grover, A., & Sharma, P. (2018). Molecular dynamics simulations 

revealed structural differences among WRKY domain-DNA interaction in 

barley (Hordeum vulgare). BMC Genomics, 19(1), 1–16. 

https://doi.org/10.1186/s12864-018-4506-3 

Park, H., Ovchinnikov, S., Kim, D. E., DiMaio, F., & Baker, D. (2018). Protein 

homology model refinement by large-scale energy optimization. Proceedings of 

the National Academy of Sciences of the United States of America, 115(12), 



 

93 

3054–3059. https://doi.org/10.1073/pnas.1719115115 

Park, S. Y., & Kim, C. G. (2019). Chemosphere Biodegradation of micro-

polyethylene particles by bacterial colonization of a mixed microbial 

consortium isolated from a land fi ll site. Chemosphere, 222(2019), 527–533. 

https://doi.org/10.1016/j.chemosphere.2019.01.159 

Pathak, V. M., & Navneet. (2017). Review on the current status of polymer 

degradation: a microbial approach. Bioresources and Bioprocessing, 4(1), 1–31. 

https://doi.org/10.1186/s40643-017-0145-9 

Perz, V., Baumschlager, A., Bleymaier, K., Zitzenbacher, S., Hromic, A., 

Steinkellner, G., Pairitsch, A., Łyskowski, A., Gruber, K., Sinkel, C., Ulf, K., 

Ribitsch, D., & Guebitz, G. M. (2016). Hydrolysis of Synthetic Polyesters by 

Clostridium botulinum Esterases. Biotechnology and Bioengineering, 113(5), 

1024–1034. https://doi.org/10.1002/bit.25874 

Pirsaheb, M., Hossini, H., & Makhdoumi, P. (2020). Review of microplastic 

occurrence and toxicological effects in marine environment: Experimental 

evidence of inflammation. Process Safety and Environmental Protection, 142, 

1–14. https://doi.org/10.1016/j.psep.2020.05.050 

Qu, M., Xu, K., Li, Y., Wong, G., & Wang, D. (2018). Using acs-22 mutant 

Caenorhabditis elegans to detect the toxicity of nanopolystyrene particles. 

Science of the Total Environment, 643, 119–126. 

https://doi.org/10.1016/j.scitotenv.2018.06.173 

Ren, S. Y., Sun, Q., Ni, H. G., & Wang, J. (2020). A minimalist approach to quantify 

emission factor of microplastic by mechanical abrasion. Chemosphere, 245, 

125630. https://doi.org/10.1016/j.chemosphere.2019.125630 

Rillig, M. C. (2012). Microplastic in terrestrial ecosystems and the soil? 

Environmental Science and Technology, 46(12), 6453–6454. 

https://doi.org/10.1021/es302011r 

Rist, S., Carney Almroth, B., Hartmann, N. B., & Karlsson, T. M. (2018). A critical 

perspective on early communications concerning human health aspects of 

microplastics. Science of the Total Environment, 626, 720–726. 

https://doi.org/10.1016/j.scitotenv.2018.01.092 

Roth, C., Wei, R., Oeser, T., Then, J., Föllner, C., Zimmermann, W., & Sträter, N. 

(2014). Structural and functional studies on a thermostable polyethylene 

terephthalate degrading hydrolase from Thermobifida fusca. Applied 



 

94 

Microbiology and Biotechnology, 98(18), 7815–7823. 

https://doi.org/10.1007/s00253-014-5672-0 

Rusnak, M., Nieveler, J., Schmid, R. D., & Petri, R. (2005). The putative lipase, 

AF1763, from Archaeoglobus fulgidus is a carboxylesterase with a very high 

pH optimum. Biotechnology Letters, 27(11), 743–748. 

https://doi.org/10.1007/s10529-005-5621-1 

Samak, N. A., Jia, Y., Sharshar, M. M., Mu, T., Yang, M., Peh, S., & Xing, J. (2020). 

Recent advances in biocatalysts engineering for polyethylene terephthalate 

plastic waste green recycling. Environment International, 145, 106144. 

https://doi.org/10.1016/j.envint.2020.106144 

Santo, M., Weitsman, R., & Sivan, A. (2013). International Biodeterioration & 

Biodegradation The role of the copper-binding enzyme e laccase e in the 

biodegradation of polyethylene by the actinomycete Rhodococcus ruber. 

International Biodeterioration & Biodegradation, 84, 204–210. 

https://doi.org/10.1016/j.ibiod.2012.03.001 

Satti, S. M., & Shah, A. A. (2020). Polyester-based biodegradable plastics: an 

approach towards sustainable development. Letters in Applied Microbiology, 

70(6), 413–430. https://doi.org/10.1111/lam.13287 

Schindler, C. E., Beauchˆene, I. C. de, Vries1, S. de, & Zacharias, M. (2017). 

Protein-protein and peptide-pro‐ tein docking and refinement using attract in 

Capri. Proteins: Structure, Function, and Bioinformatics, 85(3), 391–398. 

https://doi.org/10.1002/prot 

Schirinzi, G. F., Pérez-Pomeda, I., Sanchís, J., Rossini, C., Farré, M., & Barceló, D. 

(2017). Cytotoxic effects of commonly used nanomaterials and microplastics on 

cerebral and epithelial human cells. Environmental Research, 159(June), 579–

587. https://doi.org/10.1016/j.envres.2017.08.043 

Shah, A. A., Hasan, F., Hameed, A., & Ahmed, S. (2008). Biological degradation of 

plastics: A comprehensive review. Biotechnology Advances, 26(3), 246–265. 

https://doi.org/10.1016/j.biotechadv.2007.12.005 

Sheldrick, G. M. (2015). Crystal structure refinement with SHELXL. Acta 

Crystallographica Section C: Structural Chemistry, 71(Md), 3–8. 

https://doi.org/10.1107/S2053229614024218 

Shen, M., Zeng, G., Zhang, Y., Wen, X., Song, B., & Tang, W. (2019). Science of 

the Total Environment Can biotechnology strategies effectively manage 



 

95 

environmental ( micro ) plastics ? Science of the Total Environment, 697, 

134200. https://doi.org/10.1016/j.scitotenv.2019.134200 

Shim, W. J., Hong, S. H., & Eo, S. E. (2017). Identification methods in microplastic 

analysis: a review. Analytical Methods, 9(9), 1384–1391. 

https://doi.org/10.1039/C6AY02558G 

Singh, A., Orsat, V., & Raghavan, V. (2013). Soybean hydrophobic protein response 

to external electric field: A molecular modeling approach. Biomolecules, 3(1), 

168–179. https://doi.org/10.3390/biom3010168 

Singh, A., Vanga, S. K., Orsat, V., & Raghavan, V. (2018). Application of molecular 

dynamic simulation to study food proteins: A review. Critical Reviews in Food 

Science and Nutrition, 58(16), 2779–2789. 

https://doi.org/10.1080/10408398.2017.1341864 

Sinha, V., Patel, Æ. M. R., & Patel, J. V. (2010). Pet Waste Management by 

Chemical Recycling : A Review. J Polym Environ, 18, 8–25. 

https://doi.org/10.1007/s10924-008-0106-7 

Song, Y. K., Hong, S. H., Jang, M., Han, G. M., Jung, S. W., & Shim, W. J. (2017). 

Combined Effects of UV Exposure Duration and Mechanical Abrasion on 

Microplastic Fragmentation by Polymer Type. Environmental Science and 

Technology, 51(8), 4368–4376. https://doi.org/10.1021/acs.est.6b06155 

Sruthy, S., & Ramasamy, E. V. (2017). Microplastic pollution in Vembanad Lake, 

Kerala, India: The first report of microplastics in lake and estuarine sediments in 

India. Environmental Pollution, 222, 315–322. 

https://doi.org/10.1016/j.envpol.2016.12.038 

Stetter, K. O. (1988). Archaeoglobus fulgidus gen. nov., sp. nov.: a New Taxon of 

Extremely Thermophilic Archaebacteria. Systematic and Applied Microbiology, 

10(2), 172–173. https://doi.org/10.1016/S0723-2020(88)80032-8 

Tan, Q., & Li, J. (2020). Trends in Biotechnology Science & Society 

Biotechnological Potential for Microplastic Waste. Trends in Biotechnology, 

xx(xx), 1–4. https://doi.org/10.1016/j.tibtech.2020.03.002 

Taniguchi, I., Yoshida, S., Hiraga, K., Miyamoto, K., Kimura, Y., & Oda, K. (2019). 

Biodegradation of PET : Current Status and Application Aspects. ACS 

Catalysis, 9, 4089–4105. https://doi.org/10.1021/acscatal.8b05171 

Teuten, E. L., Saquing, J. M., Knappe, D. R. U., Barlaz, M. A., Jonsson, S., Björn, 

A., Rowland, S. J., Thompson, R. C., Galloway, T. S., & Yamashita, R. (2009). 

https://doi.org/10.1039/C6AY02558G


 

96 

Transport and release of chemicals from plastics to the environment and to 

wildlife. Philosophical Transactions of the Royal Society B: Biological 

Sciences, 364(1526), 2027–2045. https://doi.org/10.1098/rstb.2008.0284 

Toso, D. B., Javed, M. M., Czornyj, E., Gunsalus, R. P., & Zhou, Z. H. (2016). 

Discovery and Characterization of Iron Sulfide and Polyphosphate Bodies 

Coexisting in Archaeoglobus fulgidus Cells. Archaea, 2016, 1-11. 

https://doi.org/10.1155/2016/4706532 

Wallace, A. C., Laskowski, R. A., & Thornton, J. M. (1995). LIGPLOT: a program 

to generate schematic diagrams of protein-ligand interactions. Protein 

Engineering, Design and Selection, 8(2), 127–134. 

https://doi.org/10.1093/protein/8.2.127 

Wang, L., Fu, Q., Yu, J., Liu, L., & Ding, B. (2019). Nanoparticle-doped 

polystyrene/polyacrylonitrile nanofiber membrane with hierarchical structure as 

promising protein hydrophobic interaction chromatography media. Composites 

Communications, 16(July), 33–40. https://doi.org/10.1016/j.coco.2019.08.008 

Wang, Y., Feng, S., Gao, H., & Wang, J. (2019). Computational investigations of 

gram-negative bacteria phosphopantetheine adenylyltransferase inhibitors using 

3D-QSAR, molecular docking and molecular dynamic simulations. Journal of 

Biomolecular Structure and Dynamics, 38(5), 1435–1447. 

https://doi.org/10.1080/07391102.2019.1608305 

Webb, H. K., Arnott, J., Crawford, R. J., & Ivanova, E. P. (2013). Plastic degradation 

and its environmental implications with special reference to poly(ethylene 

terephthalate). Polymers, 5(1), 1–18. https://doi.org/10.3390/polym5010001 

Welden, N. A. C., & Cowie, P. R. (2016). Environment and gut morphology 

influence microplastic retention in langoustine, Nephrops norvegicus. 

Environmental Pollution, 214, 859–865. 

https://doi.org/10.1016/j.envpol.2016.03.067 

Wright, S. L., & Kelly, F. J. (2017). Plastic and Human Health: A Micro Issue? 

Environmental Science and Technology, 51(12), 6634–6647. 

https://doi.org/10.1021/acs.est.7b00423 

Xu, S., Ma, J., Ji, R., Pan, K., & Miao, A. J. (2020). Microplastics in aquatic 

environments: Occurrence, accumulation, and biological effects. Science of the 

Total Environment, 703, 134699. 

https://doi.org/10.1016/j.scitotenv.2019.134699 

https://doi.org/10.1098/rstb.2008.0284


 

97 

Xu, Z. (2020). Research Progress on bacterial cutinases for plastic pollution. IOP 

Conference Series: Earth and Environmental Science, 450(1), 1–7. 

https://doi.org/10.1088/1755-1315/450/1/012077 

Yan, C., Xu, X., & Zou, X. (2016). Fully Blind Docking at the Atomic Level for 

Protein-Peptide Complex Structure Prediction. Structure, 24(10), 1842–1853. 

https://doi.org/10.1016/j.str.2016.07.021 

Yan, F., & Wei, R. (2020). Special issue article Thermophilic whole-cell degradation 

of polyethylene terephthalate using engineered Clostridium thermocellum. 

Microbial Biotechnolgy. 2020. https://doi.org/10.1111/1751-7915.13580 

Yang, J., Yang, Y., Wu, W., Zhao, J., & Jiang, L. (2014). Evidence of Polyethylene 

Biodegradation by Bacterial Strains from the Guts of Plastic-Eating 

Waxworms. 48(23), 13776 – 13784. https://doi.org/10.1021/es504038a 

Yoshida, S., Hiraga, K., Takehana, T., Taniguchi, I., Yamaji, H., Maeda, Y., 

Toyohara, K., Miyamoto, K., Kimura, Y., & Oda, K. (2016). A bacterium that 

degrades and assimilates poly(ethylene terephthalate). Science, 351(6278), 1–5. 

doi: 10.1126/science.aad6359 

Yoshida, S., Yang, J., & Jiang, L. (2016). Comment on "a bacterium that degrades 

and assimilates poly(ethylene terephthalate) ". Science, 353(6301), 759. 

https://doi.org/10.1126/science.aaf8305 

Yousif, E., & Haddad, R. (2013). Photodegradation and photostabilization of 

polymers, especially polystyrene: Review. SpringerPlus, 2(1), 1–32. 

https://doi.org/10.1186/2193-1801-2-398 

Yu, J., Shi, J., Zhang, Y., & Yu, Z. (2020). Molecular Docking and Site-Directed 

Mutagenesis of Dichloromethane Dehalogenase to Improve Enzyme Activity 

for Dichloromethane Degradation. Applied Biochemistry and Biotechnology, 

190(2), 487–505. https://doi.org/10.1007/s12010-019-03106-x 

Yuan, J., Ma, J., Sun, Y., Zhou, T., Zhao, Y., & Yu, F. (2020). Microbial degradation 

and other environmental aspects of microplastics/plastics. Science of the Total 

Environment, 715, 136968. https://doi.org/10.1016/j.scitotenv.2020.136968 

Zainal Abidin, M. H., Abd Halim, K. B., Huyop, F., Tengku Abdul Hamid, T. H., 

Abdul Wahab, R., & Abdul Hamid, A. A. (2019). The mechanistic role of active 

site residues in non-stereo haloacid dehalogenase E (DehE). Journal of 

Molecular Graphics and Modelling, 90, 219–225. 

https://doi.org/10.1016/j.jmgm.2019.05.003 



 

98 

Zainudin, M. H. M., Mustapha, N. A., Hassan, M. A., Bahrin, E. K., Tokura, M., 

Yasueda, H., & Shirai, Y. (2019). A highly thermostable crude endoglucanase 

produced by a newly isolated Thermobifida fusca strain UPMC 901. Scientific 

Reports, 9(1), 1–8. https://doi.org/10.1038/s41598-019-50126-y 

Zhang, C., Zhou, H., Cui, Y., Wang, C., Li, Y., & Zhang, D. (2019). Microplastics in 

offshore sediment in the Yellow Sea and East China Sea, China. Environmental 

Pollution, 244, 827–833. https://doi.org/10.1016/j.envpol.2018.10.102 

Zhang, Z., & Chen, Y. (2020). Effects of microplastics on wastewater and sewage 

sludge treatment and their removal: A review. Chemical Engineering Journal, 

382(September 2019), 122955. https://doi.org/10.1016/j.cej.2019.122955 

Zhao, Q., Ma, C., White, J. C., Dhankher, O. P., Zhang, X., Zhang, S., & Xing, B. 

(2017). Quantitative evaluation of multi-wall carbon nanotube uptake by 

terrestrial plants. Carbon, 114, 661–670. 

https://doi.org/10.1016/j.carbon.2016.12.036 

Zhu, K., Jia, H., Sun, Y., Dai, Y., Zhang, C., Guo, X., Wang, T., & Zhu, L. (2020). 

Long-term phototransformation of microplastics under simulated sunlight 

irradiation in aquatic environments: Roles of reactive oxygen species. Water 

Research, 173, 115564. https://doi.org/10.1016/j.watres.2020.115564 

 

 

 

 

 




