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Abstract 

Polyethylene terephthalate (PET), a widely used plastic, has been accumulating in the environment 

at an alarming rate, posing significant ecological challenges. This research addresses PET 

pollution through a biological depolymerization-based approach, involving three integrated 

strategies: (1) physicochemical modification of PET to enhance degradability, (2) optimization of 

carbon sources and inducer sources for cutinase enzyme production by Thermobifida fusca YX, 

and (3) an in silico investigation to identify and characterize potential PET-hydrolyzing enzymes 

(PHEs) in the bacterium. 

The first phase of the study focused on improving PET biodegradability through pretreatment 

techniques, including ultraviolet (UV) photooxidation, thermal oxidation, and size reduction of 

PET films. These treated samples were subjected to enzymatic depolymerization using both 

commercial immobilized enzymes and free (non-immobilized) enzymes derived from T. fusca YX. 

Analytical techniques such as Fourier-transform infrared (FTIR) spectroscopy and scanning 

electron microscopy (SEM) revealed that higher temperatures (above 80 °C) favored whole-cell 

biological depolymerization, while lower temperatures were more suitable for free enzyme-

mediated depolymerization. Reduced particle size was also found to significantly improve 

biological depolymerization efficiency. 

Following these findings, cutinase production by T. fusca YX was optimized to increase enzyme 

yield. Various carbon sources (including sodium acetate, sodium butyrate, and sodium lactate) and 

natural cutin inducers (extracted from Roma tomatoes, Royal Gala apples, and watermelon peels) 

were tested. Using Response Surface Methodology (RSM), enzyme production was enhanced by 

42%, demonstrating a viable strategy for scalable and cost-effective cutinase generation for 

industrial applications. 
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In the final phase, an in silico analysis was conducted to explore the genomic potential of T. fusca 

YX for PET depolymerization. Six candidate cutinase enzymes were identified: three extracellular, 

two membrane-associated, and one intracellular. Molecular docking studies were performed to 

analyze their binding affinities with PET and cutin ligands, representing the first structural 

investigation of such interactions in T. fusca YX. 

Overall, this study offers a comprehensive approach to improving PET biological 

depolymerization under environmentally benign conditions, while reducing reliance on harsh 

chemical depolymerization processes. The use of a naturally occurring microbial strain highlights 

the potential for further biotechnological advancements in sustainable plastic waste management. 

 

Keywords 
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1.1 Introduction 

Over the past decades, plastic consumption in our society has skyrocketed. Despite individuals 

being cognizant of the environmental issues related to this product, plastic demand and its 

consumption has increased in recent years and continues to rise (Statista, 2020). Polyethylene 

terephthalic acid (PET or PETE) is the most common type of plastic used in several applications. 

PET, an aliphatic-aromatic polyester, that has applications in a wide spectrum of products such as 

the textile industry for fabrics, as packaging material in the food and beverage industry, etc. This 

polymer is lightweight, transparent, has high tensile strength and can act as a gas barrier. However, 

the inert properties and its resistance to break down make PET difficult to breakdown and leads to 

its accumulation in nature. 

The annual consumption of PET has been predicted to increase by 4.1% based on a compound 

annual growth rate predicted for the period 2023-2030 (AgileIntel Research, 2023). In 2022 alone, 

25.47 million metric tonnes of PET were consumed globally (AgileIntel Research, 2023). 

Although there is an increase in the use of recycled PET, the amount involved is still incomparable 

to the consumption of virgin PET (Eurasia Group & Suntory, 2021). 

Waste PET is handled either by recycling or pyrolysis depending on the quality of the waste 

product. Pyrolysis has been adopted in certain countries to treat this waste and generate energy 

(Walker, 2021). However, pyrolysis is not a clean process as it generates multiple toxic gases and 

fumes containing furans, dioxins, carbon monoxide and other gases depending on the additives 

present in the plastics. These gases have been previously demonstrated to be harmful to all living 

creatures and have been classified as carcinogens (Koshti et al., 2018). Different methods of 

recycling of PET have been adopted by different countries. However, the quality of the waste PET 

collected, the amount of PET that cannot be recycled due to segregation and other issues make it 

a focus of considerable research. Recycling a PET bottle requires multiple steps that factor in 
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multiple variables like quality of waste PET, contamination, additives, and quality of recycled 

pellets (Lange, 2021). 

Mechanical and chemical recycling are two widely used recycling methods. In mechanical 

recycling, PET is sorted, separated, size reduced to flakes and melted to form pellets. Recycled 

PET (rPET) produced by mechanical recycling generally yields lower quality polyester due to the 

potential migration of intentional or non-intentional compounds (Brouwer et al., 2020; Thoden 

van Velzen et al., 2020). In chemical recycling, PET is depolymerized to its monomers or partially 

depolymerized to oligomers. This includes glycolysis, methanolysis, hydrolysis, aminolysis, and 

ammonolysis. Chemical recycling yields comparatively higher quality rPET as it generates the 

monomers or oligomers during the recycling process. However, chemical recycling uses large 

quantities of caustic chemicals (Achilias & Karayannidis, 2004) which poses an environmental 

risk. The best option for clean depolymerization of PET is by biological depolymerization. 

However, the low yields and conversion rates associated with biological depolymerization, 

combined with the time it takes for the process to occur, make it less economically viable compared 

to chemical recycling or pyrolysis (Hiraga et al., 2019).  

In the recent past, there has been tremendous increase in the efficiency of the PET hydrolases (or 

PETases) some of which have reported 100% biological depolymerization (Tournier et al., 2020). 

These enzymes obtained from mutants that are a result of genetic engineering by site directed 

mutagenesis. Maintaining these enzymes in carrier chassis are not economically feasible due to 

genetic instability of the carrier genome, potential loss of chassis, need for antibiotic resistance 

markers, and the loss of the mutant gene itself (Gero et al., 1997). These factors can also prove 

detrimental if released into natural habitats. Containment of the mutant protein or carrier chassis 

is one of the main reasons of mutant proteins not being used in many applications (Berry, 2007). 
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Despite the advancement of the efficiency of PETases, it will take tremendous effort to overcome 

the challenges listed above.  

The best alternative to genetically modified mutants is induction of the naturally occurring 

bacterium with the gene of interest. Induction has always been a traditional method to enhance 

production of enzymes that are constitutively expressed by a microorganism (Donovan et al., 

1996). Studies on induction have only focused on the best choice of inducer sources and their 

concentration. There are other factors that ensure maximum induction of the gene of interest 

including the substrate carbon source used and its concentration, presence of desirable ions and 

other types of inducers (Briand et al., 2016). The inducers used for induction of PET-hydrolyzing 

enzymes (PHEs) are cutins, lipids and other esters. Cutin is the key inducer as the chemical bonds 

present in natural cutin are similar to that of PET (Amanna & Rakshit, 2023). Cutin induces the 

enzyme cutinase which is known to have high PET-hydrolyzing activity (Fett et al., 1999). 

However, cutin is a polymer and it itself consists of multiple monomers depending on its natural 

origin is fruits and vegetables  (Fich et al., 2016a). Cutin is an aliphatic polyester that is structurally 

analogous to PET. While using cutin as inducers, the choice of cutin origin and its concentration 

is key to determining the most suitable medium composition for maximum cutinase expression. 

Cutin consists of various long chain fatty acids that are bound to each other via ester linkages 

(Kolattukudy, 2003). There are usually more than three types of monomers in any given cutin. Due 

to the presence and concentration of various fatty acids as its monomers, induction with cutin is 

not expected to be a one-to-one gene expression. Most genomes of cutinase-containing 

microorganisms do not have most their genome annotated. Thermobifida fusca is one such 

example that has been extensively studied for its hydrolytic enzymes. However, its genome 

(GenBank Accession ID: CP000088.1) is still not completely annotated and is far from being 
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completely validated. Use of bioinformatics is key to understand the potential gene expression or 

change in gene expression.  

All PHEs are part of the α/β fold superfamily and usually have a nucleophilic serine at the active 

site, which is usually part of the catalytic triad. With bioinformatics, determining non-cutinase 

PHEs would be possible using software like BLASTs and UniProt to mine the gene(s) of interest 

(Mican et al., 2024). Previous reports mention the presence of multiples cutinases in Thermobifida 

fusca, this can be confirmed using bioinformatics (S. Chen et al., 2010). Additionally, PHEs can 

be structurally analysed and further docked with ligands like PET, BHET and MHET. Ligands can 

be created in Avogadro v3.0 and docked with the mined PHEs (Flores-Castañón et al., 2022). 

Bioinformatics would help shed light on the interactions occurring at the microenvironmental and 

molecular level, thereby increasing not only our knowledge of PHEs but also adding to the PHE 

catalogue. 

 

1.2 Rationale for work 

The extensive and ongoing use of polyethylene terephthalate (PET) plastics over recent decades 

has created significant challenges for recycling systems worldwide. As traditional recycling efforts 

fall short of managing the sheer volume of PET waste, the development of sustainable, 

environmentally friendly alternatives is increasingly urgent. Biological depolymerization presents 

a promising and cleaner route for the disposal of persistent polymers. However, unlike other 

anthropogenic plastics such as LDPE, HDPE, and PLA, PET's chemically inert nature makes it 

particularly resistant to microbial breakdown. 

A critical innovation explored in this study is the enhancement of PET’s biodegradability through 

targeted physicochemical pretreatments. These methods—such as thermal oxidation (Panowicz et 
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al., 2021), size reduction (Farzi et al., 2019), ultraviolet (UV) irradiation (Day & Wiles, 1972; 

Falkenstein et al., 2020), and acid hydrolysis (Rajandas et al., 2012), modify the functional groups 

of PET and increase its carbonyl index, a key indicator of biological depolymerization. By 

introducing reactive oxo-functional groups and elevating the carbonyl index, the polymer becomes 

more susceptible to enzymatic hydrolysis, thereby facilitating biological depolymerization 

(Beltrán-Sanahuja et al., 2020),. 

While pretreatment alters the substrate to enhance biodegradability, a second, often overlooked 

challenge is the availability and efficiency of the enzymes required for PET breakdown. Rather 

than relying on genetically modified organisms, which pose regulatory, scalability, and safety 

concerns. This work takes a novel approach by optimizing the factors influencing the induction of 

cutinase in Thermobifida fusca YX, an enzyme which has previously demonstrated PET-

hydrolyzing activity. Traditional methods such as One-Factor-at-a-Time (OFAT) are time-

consuming and fail to account for interactions between variables. This study implements Response 

Surface Methodology (RSM) to optimize enzyme production by efficient optimization of the 

concentration of multiple carbon sources and concentration of various cutins. This method has 

been underutilized for T. fusca YX, making this study one of the first to rigorously apply RSM for 

enzyme induction in this organism. 

Induction of cutinase using naturally occurring polymers like cutin could result in a variation in 

other biomolecules like cAMP, enzymes for carbon consumption and transporter proteins. 

Additionally, the presence of a multiple monomers within cutin could lead to the expression 

potential cutin modifying enzymes and other cutinases. All the mentioned variables can directly 

or indirectly affect gene expression. The next part of the study focuses on the identifying and 

characterizing potential PET-hydrolyzing enzymes in the genome of T. fusca YX. Using in silico 
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modeling, the interactions between these enzymes and PET along with its monomeric forms, 

BHET and MHET were explored. This dual approach of experimental optimization and 

computational analysis offers new insights into the enzymatic depolymerization pathways of PET. 

The novelty of this work lies in the optimization of cutinase induction using non-specific 

polymeric inducers such as cutin and also in its integrative strategy: combining pretreatment of 

PET, optimization of cutinase induction, and in silico study to learn of the potential PET-

hydrolyzing enzymes within the genome of T. fusca YX. By identifying the specific cutinases 

expressed upon cutin induction and understanding their interactions with PET and its derivatives, 

this study contributes significantly to understanding the biological depolymerization of PET. 

1.3 Research objectives 

Based on a study of literature and identifying the research gaps, the overall objective of this work 

was to understand and increase the biological depolymerization of PET using PHEs from 

Thermobifida fusca YX (see Fig. 1.1). The specific objectives are as follows: 

1. Pretreatment of polyethylene terephthalate (PET) using physicochemical methods and 

determine the increase in biological depolymerization 

2. Response surface methodology for optimization of maximum cutinase production from 

Thermobifida fusca YX by modification of environmental factors 

3. Genomic study of Thermobifida fusca YX for novels PET-hydrolyzing enzymes and their 

subsequent molecular docking with polyethylene terephthalate and cutin ligands 
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Figure 1.1 Illustration of the rationale, research objectives and the overview of the methodology 

followed in each research objective 
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1.4 Novelty of Work 

The present study is novel in its comprehensive and integrative approach to enhancing enzymatic 

hydrolysis of PET under environmentally friendly conditions, offering a sustainable alternative to 

conventional chemical recycling, where the separation and reuse of caustic substances like acids 

and basis are difficult.  

While PET’s recalcitrance to biological depolymerization is well known, there has been little 

systematic effort to couple targeted pretreatments with enzyme optimization strategies. By 

examining physicochemical pretreatments that improve polymer susceptibility to hydrolysis, this 

work introduces a practical means of increasing PET’s accessibility to enzymes—an aspect not yet 

fully explored in synergy with microbial enzyme induction. 

A key novelty lies in the systematic optimization of cutinase production in Thermobifida fusca 

YX using Response Surface Methodology (RSM). Unlike traditional One-Factor-At-A-Time 

(OFAT) approaches, RSM enables rigorous evaluation of factor interactions, thereby providing 

higher yields of enzymes without relying on genetic modification. This study is among the first to 

apply RSM in the context of PET-hydrolyzing cutinase induction, particularly with natural, non-

specific inducers such as cutin. The use of cutin is especially innovative, as it may co-induce a 

suite of enzymes and associated biomolecules, thereby broadening the potential for PET 

depolymerization. 

Another distinctive element of this work is the exploration of T. fusca YX’s native genomic 

potential through bioinformatic tools. Rather than focusing solely on engineered strains, this 

research investigates the inherent genetic repertoire of wild-type organisms to uncover novel PET-

hydrolyzing enzymes. This systematic in silico identification and molecular docking of candidate 
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enzymes with PET and its monomers (BHET, MHET) has not been widely undertaken, opening 

new avenues for biocatalyst discovery. 

Overall, the novelty of this work lies in its integrative strategy: (i) employing pretreatments to 

enhance PET hydrolysis using biocatalysts (ii) applying systematic induction optimization to 

increase enzyme yields under eco-friendly conditions, and (iii) leveraging bioinformatics to 

expand the “society of enzymes” encoded within the genome of T. fusca YX. This combination 

not only advances fundamental understanding of PET biological depolymerization but also charts 

a sustainable path toward enzyme-based solutions for plastic waste  
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2.1 Introduction 

It is incomprehensible to imagine human life and advancements without plastics. In 2021 alone, 

390.7 million metric tons of plastics were produced (PlasticsEurope (PEMRG), 2022) of which 

80.9 million metric tons were polyethylene terephthalic acid (PET) resin (BlueWeave Consulting 

& Research Pvt Ltd, 2022). PET is a chemically inert polymer manufactured with varying 

crystallinities, plasticizers, UV-resistant additives, slip agents, and acetaldehyde quenchers 

depending on the final use of the polymer. The additional components further increase the inertness 

of the polymer. Inertness, one of its most significant attributes, is also the reason for its vast 

accumulation after its end-use. This has facilitated its entry and persistence in water bodies, air, 

and the food chain, which has dire consequences in these environments. This, in turn, has led to 

global concern about growing plastic and PET accumulation. Over the past decade, several 

countries have adopted new policies to tackle ever-increasing plastic pollution (Walker, 2021). 

Despite such active efforts, global plastic waste is still environmentally unsustainable. 

Unfortunately, the rate at which we consume PET (or any other plastic) is significantly higher than 

our current remediation processes (Geyer et al., 2017). 

PET polymers are rigid and have increased molecular mobility around their glass transition 

temperature (67 ºC for amorphous PET and 81 ºC for crystalline PET) (Kawai et al., 2014). These 

temperatures are higher than average environmental temperatures. The anthropogenic nature, 

inertness, and high glass transition temperatures of PET are not conducive to biological 

depolymerization naturally in the environment. The estimated specific substrate depolymerization 

rate for single-use PET water bottles buried in the soil is insignificant and immeasurable (Chamas 

et al., 2020). This has fueled research to discover novel microorganisms and enzymes with high 

PET-hydrolyzing ability. There are reports of several PET-hydrolyzing microorganisms and 
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enzymes that do not have sufficiently high PET-hydrolyzing rates for practical applications 

(Koshti et al., 2018; Miri et al., 2022; Qi et al., 2022). 

However, the isolation of a novel PET-hydrolyzing microorganism does not necessarily equate to 

a high depolymerization rate of these materials. Increasing the overall efficiency of biological 

depolymerization requires understanding the mechanism of action of the enzyme, the function of 

the tertiary structure, and its regulation and expression in the cell. The mechanism of action and 

the function of the tertiary structure were deduced with genetic engineering and high-definition 

spectroscopy (Falkenstein et al., 2020; Joo et al., 2018; Pinto et al., 2021; Yoshida et al., 2016). 

This has paved the way for the development of PET-hydrolyzing enzymes with exceptionally high 

hydrolyzing activities (Tournier et al., 2020). 

With the recent focus on the discovery and characterization of several PET-hydrolyzing enzymes, 

reported literature on the nomenclature of these enzymes and enzyme activities are often 

inconsistent. This has raised confusion regarding the enzyme's catalytic function and difficulty in 

comparing the results of different research groups (Roth et al., 2014). This review discusses PET 

and the enzymes that can hydrolyze PET. This includes various PET depolymerization techniques, 

recent developments in PET-hydrolyzing enzymes, their classification and nomenclature, and the 

techniques and procedures used to characterize these enzymes. The development of new enzymatic 

assays that use substrates structurally and chemically similar to PET will also be discussed. This 

review also discusses induction of cutinase, and the factors involved in induction. Lastly, we 

discuss the potential use of bioinformatic tools for the discovery of new PET-hydrolyzing enzymes 

from sequenced genomes. 
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2.2 General overview of PET 

Polyethylene terephthalate is a polyester that is widely used in the packaging and textile industries. 

This polyester is widely used due its physical and chemical attributes like transparency, thermal 

stability, oxygen barrier, mechanical properties, chemical inertness and rigidity (A. K. Singh et al., 

2021). It can be formed into crystalline or amorphous form based on its processing conditions. As 

described earlier, PET (CAS: 25038-59-9) is a thermoplastic polymer of mono-(2-hydroxyethyl) 

terephthalic acid (MHET) linked via ester bonds. Each MHET consists of one ethylene glycol and 

one terephthalic acid. PET is produced through a polymerization process involving the reaction of 

ethylene glycol (EG) and terephthalic acid. This process typically occurs in two stages: the 

esterification or transesterification stage, and the polycondensation stage. In the esterification 

stage, terephthalic acid reacts with EG to form bis(2-hydroxyethyl) terephthalate (BHET) and 

water. In the transesterification stage, dimethyl terephthalate (DMT) is used instead of terephthalic 

acid to react with ethylene glycol, producing methanol and BHET. The resulting BHET undergoes 

polycondensation, where it is heated and polymerized to form long chains of PET while releasing 

water or methanol as by-products. The final PET resin can then be cooled, solidified, and processed 

into various forms (Webb et al., 2012). The reaction is illustrated in Fig. 2.1. 
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Figure 2.1 Illustration of the chemical reactions involved in the production of polyethylene 

terephthalate via transesterification and polycondensation (Webb et al., 2012) 

2.3 Depolymerization of PET 

Due to its intrinsic physical and chemical properties, the breakdown of PET is challenging. Despite 

a conscious effort on an individual level, the global plastic consumption has increased, thereby, 

increasing environmental pollution (Muringayil Joseph et al., 2024). To help mitigate this problem, 

our knowledge on the physicochemical effects on PET depolymerization is necessary. The 

methods of PET depolymerization and the factors affecting it are described below. 

2.3.1 Factors influencing the depolymerization of PET  

2.3.1.1 Exposure to UV radiation 

Ultraviolet radiation is a short wavelength, high energy radiation source that has the ability to 

oxidize PET via the process of photo-oxidation. Absorption of UV radiation leads to the formation 
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of the initial radical by cleavage of the C-C and C-H bonds. This is followed by the propagation 

reaction of auto-oxidation. The prevalent cleavage mechanism for polymer backbone cleavage is 

the Norrish type I reaction followed by β-scission route. In semi-crystalline polyesters, chain 

scission usually occurs in the amorphous regions (B. Singh & Sharma, 2008). This can often lead 

to an increase in crystallinity and can sometimes hamper its breakdown (Falkenstein et al., 2020). 

2.3.1.2 Temperature 

Temperature plays a key role in the depolymerization of PET via, modification via thermal 

oxidation or complete depolymerization via pyrolysis (see section 2.4.3). Temperatures around the 

glass transition temperatures, 60-80 °C (depending on the crystallinity of PET) renders the polymer 

soft and beings to lose its rigidity which is cause due to increased mobility. In some cases, it can 

cause restructuring of the polymer chains (Thomsen et al., 2023). Prolonged exposure can result 

in decrease in structural integrity, change in topography and increase permeability, thus making 

the polymer more susceptible to depolymerization. At varying temperatures, there is varying levels 

of thermal oxidation via random chain scissions at C-H and C-C. PET depolymerization higher 

than 400 °C results in pyrolysis of PET (B. Singh & Sharma, 2008). 

2.3.1.3 Particle size 

Particle size plays a significant role in the depolymerization of PET. Smaller particles have a 

higher surface to volume ratio compared to larger particles. This increased surface area provides 

more sites for chemical reactions and microbial depolymerization. Smaller particle size also 

allows a more efficient transfer of heat, permeability of chemical and radiation. Additionally, 

there is a decrease in the size of polymer chains (Mehrabzadeh et al., 2000). 
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2.3.2 Methods for depolymerization of PET 

Breakdown of PET can be followed by four different routes, viz., mechanical depolymerization, 

chemical depolymerization, thermal depolymerization (pyrolysis) and biological 

depolymerization. 

2.3.2.1 Mechanical depolymerization 

With the efficiency of current recycling technology, waste PET either reaches recycling facilities 

or ends up in landfills. Recycling facilities typically employ mechanical recycling to regenerate 

PET and extend its market life (Muringayil Joseph et al., 2024). The steps of mechanical recycling 

include separation, processing, decontamination, extrusion and pelletization, and reforming (see 

Fig. 2.2). The process begins with sorting to remove contaminants like PVC, as even minor 

contamination can significantly reduce the quality and alter the characteristics of recycled PET. 

After the first separation, PET is further sorted by its colour. Once the colours are sorted, the waste 

PET is shredded into small flakes which allows easy processing of the waste PET. Next, in the 

decontamination step, these flakes are thoroughly washed to remove residual contaminants such 

as glue and food particles. The cleaned PET flakes are then converted into pellets, which undergo 

extrusion and blowing, and are finally reformed into the desired shape of the product, such as 

bottles (Muringayil Joseph et al., 2024). 
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Figure 2.2. Illustration of the process flow of PET recycling 

 

Despite being our currently used technology, mechanical recycling recycles only 9% of the plastic 

waste generated (Canada Environment & Climate Change, 2019). Additionally, with every cycle 

of mechanical recycling there is a further reduction in the quality of recycled PET generated. 

Despite the rigorous separation for the removal of contaminants, a few contaminants seep into the 

polymer itself. Studies have demonstrated that PET can be recycled a maximum of seven times 

before losing its marketable qualities and characteristics. Thus, mechanical recycling of PET 

results in PET of lower quality. Such quality PET are used for end-of-life products that do not 

require high quality PET. However, despite these disadvantages, life-cycle assessment of 

mechanical recycling showed a lower CO2 generation compared to its chemical depolymerization 

counterpart (Xin et al., 2021). 
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2.3.2.2 Chemical depolymerization 

Chemical depolymerization of PET is the complete or partial depolymerization of PET using 

various solvents. This approach is relatively sustainable as the generated products can be 

repolymerized to produce PET without a significant loss in quality depending on the breakdown 

products generated. Due to its ability to regenerate the monomers, and subsequent reconstruction 

of the polymer, chemical depolymerization is a preferred option depending on the final use of the 

recycled polyester (Mehrabzadeh et al., 2000). PET can be chemically degraded using alcoholysis, 

hydrolysis, ammonolysis, aminolysis, glycolysis and methanolysis (see Fig. 2.3). Certain recycling 

facilities use chemical hydrolysis to recycle waste PET, of which glycolysis is the most used 

technique. So far, chemical recycling is the currently used technology that follow the principles of 

sustainability and circular economy (Achilias et al., 2004). The chemical depolymerization types 

listed either use high temperature, high pressures, caustic chemicals, result in depolymerization 

products with limited value with the exception of glycolysis that is extensively used to regenerate 

PET.  

 

Methanolysis is a depolymerization method that uses methanol as a solvent to decompose PET to 

dimethyl terephthalate (DMT) and ethylene glycol (EG). This can be done by three methods, viz., 

liquid methanolysis, vapour methanolysis and supercritical methanolysis (M. Han, 2019). Liquid 

methanolysis is performed at 180-280 °C at 20-40 atm pressure. The high pressure allows the 

methanol to stay in its liquid form despite the high temperatures. Vapour methanolysis uses 

superheated methanol vapours for the transesterification reaction (M. Han, 2019).  

Aminolysis is a method of chemical depolymerization that uses primary amines that target the 

functional groups of polyesters. The primary product generated is bis(2-hydroxyethylene) 

terephthalamide (BHETA) (Shukla & Harad, 2006). The time of the aminolytic reaction varies 
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depending on the solvent ratio, presence of a catalyst, and temperature. The catalysts normally 

used are potassium sulphate, sodium acetate, although sodium acetate generally yields better 

quantities of BHETA. Aminolysis of PET can be enhanced by microwave radiation, ultrasound, 

UV radiation and sunlight (Chan et al., 2023).  

 

Figure 2.3. Types of chemical hydrolysis used for the breakdown of PET. 

 

Hydrolysis of PET, as the name suggests, uses water as the solvent for the breakdown. PET 

hydrolysis can be further categorized into acidic, neutral and alkaline hydrolysis. This process is 

generally carried out under high temperatures (>250 °C) and pressures (1-4 MPa) (Pereira et al., 

2023). The primary products generated because of PET hydrolysis are ethylene glycol and 

terephthalic acid which is resultant of the scission of the ester bond in the backbone (Mcmahon et 

al., 1959; Stanica-Ezeanu & Matei, 2021).  
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Glycolysis of PET involves breaking down PET into its monomer components using glycol, 

typically ethylene glycol. This depolymerization reaction occurs under relatively low temperatures 

and atmospheric pressure, often in the presence of a catalyst such as zinc acetate or cobalt acetate. 

Glycolysis of PET consists of heterogeneous and homogeneous depolymerization resulting in, 

breakdown products like BHET and other oligomers, which can be further purified and 

repolymerized to produce new PET (Xin et al., 2021).  

Ammonolysis of PET is a chemical recycling process in which PET is depolymerized by reacting 

it with liquor ammonia. This process occurs at elevated temperatures and pressures, often in the 

presence of a catalyst like zinc oxide or sodium methoxide. The reaction targets the ester bonds in 

PET, resulting in the formation of terephthalamide and ethylene glycol (Gupta & Bhandari, 2019).  

2.3.2.3 Pyrolysis 

PET can be depolymerised or converted to energy at temperatures between 200 to 600 °C. 

Pyrolysis at lower temperatures, 200-300 °C yield hydrocarbons of length C5 to C10 as breakdown 

products. With increase in temperature the length of the decomposed products decreases (Hujuri 

et al., 2013). The primary products of pyrolysis of PET are TPA, EG, hydrocarbons and gases. 

Pyrolytic depolymerization is typically carried out in the absence of oxygen, which breaks down 

the polymer chain into TPA and EG. Using pyrolysis, waste PET can be completely converted to 

oil and gas in 30 minutes at 375-425 °C (Olam & Karaca, 2022). Catalysts such as zeolites and 

mesoporous catalysts are used to increase the uniformity of the products generated (Dai et al., 

2022). Although, pyrolysis is able to produce liquid hydrocarbons that can be recycled to plastic, 

it still produces harmful gases that can be carcinogenic and uses extremely high temperatures.  
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2.3.2.4 Biological depolymerization 

Biological depolymerization or the biological hydrolysis of PET involves the use of a bioagent 

like microorganisms or an enzyme to breakdown PET. Few enzymes like cutinases, esterases, 

lipases, PETases and MHETases have demonstrated their PET hydrolyzing abilities and have been 

categorized as PET-hydrolyzing enzymes (PHEs) (see Section 2.7). The products of biological 

depolymerization of PET are primarily TPA and EG, however, they can vary depending on the 

enzyme used for biological depolymerization. Biological depolymerization is a slow process, so, 

to address the issue of increased PET waste, scientists have taken to engineering a select few 

enzymes for increased efficiency (Sulaiman et al., 2012; Tournier et al., 2020). This further 

complicates its translation to an environmental application due to the techniques involved in 

genetic engineering. Understanding the biological depolymerization of PET not only requires 

knowledge about the enzymes or microorganisms but also the factors influencing biological 

depolymerization, which are discussed below. 

2.4 Factors affecting biological depolymerization  

The advantages of the discovered bioagents for PET biodegraded are still limited by certain 

physicochemical factors of the polymer. These factors, viz., crystallinity, hydrophobicity, and 

surface topology of PET are described below. 

2.4.1 Crystallinity 

Crystallinity is the structural order of any given polymeric material. Highly ordered polymer 

chains result in increased crystallinity in plastics. Most PET in circulation have some level of 

crystallinity. For example, a single-use PET plastic bottle has different degrees of crystallinity for 

the three regions of the bottle, the neck is 1.2%, the body is 33.8% and the base is 11.7% (Thomsen 

et al., 2023). PHEs are able to cleave the amorphous regions of PET by random chain scissoring. 



41 
 

As the biological depolymerization progresses, the amorphous region of PET is reduced, thereby 

increasing the overall crystallinity of the unhydrolyzed PET (Thomsen et al., 2023). This in turn 

reduces the rate of biological depolymerization. Few enzymes like IsPETase and LCCICCG are able 

to hydrolyze the crystalline regions of PET (Tournier et al., 2020; Yoshida et al., 2016). 

2.4.2 Hydrophobicity 

One of the desirable qualities of PET is its hydrophobicity. This property helps impede the 

biological depolymerization of the polymer as the biological depolymerization reactions normally 

occur in aqueous environments. Hence, hydrophobicity is another factor that plays a crucial role 

in the biological depolymerization of PET. Increased hydrophobicity has been shown to hinder 

biological depolymerization and limits the hydrolysis by slowing down the reaction. Additionally, 

microbial colonization which is important step for biological depolymerization is dependent on 

the hydrophilicity of the substratum. Surface modification can be used to increase the 

hydrophilicity of PET, making PET more susceptible to enzymatic and microbial attack, which in 

turn could improve the biological depolymerization rate. 

2.4.3 Surface topology 

Most PET is molded such that the surface is smooth. A smooth, hydrophobic structure hinders the 

adherence of microorganisms. Biological depolymerization commences with adherence via pili-

like protrusions followed by secretion of PHEs. The surface topology determines the amenability 

of adherence of microorganisms. Surfaces that are rough, have cracks, crevices and protrusions 

allow for pockets that allow microorganisms to adhere. 
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2.5 Biocatalysts used for PET biological depolymerization 

The discovery and development of PET-hydrolyzing biocatalysts have been going on for decades 

now. Previously, PET-hydrolyzing microorganisms and enzymes were studied in either compost 

or soil loosely littered with PET or other plastics. Recent efforts have been focused on 

understanding the microbiome in areas with substantial amounts of plastics in wastewater 

treatment plants (Kelly et al., 2021), marine waters (Molitor et al., 2020) and outside recycling 

facilities (Yoshida et al., 2016). The two main types of biocatalysts studied are whole-cell 

microorganisms and enzymes. Depending on the downstream products desired, the appropriate 

biocatalyst is used. Microorganisms have a battery of enzymes that can modify and hydrolyze the 

polymer resulting in a combination of monomers and oligomers that the microorganism can use 

as a nutrient. Employing a single enzyme or a combination of enzymes would result in known 

hydrolysis products (Mueller, 2006; R. J. Müller et al., 2005; R.-J. Müller et al., 2001). Such 

products can then be harvested to regenerate PET (Tournier et al., 2020) or used as a substrate for 

other polymers, for example, to produce polyhydroxyalkanoate (Kenny et al., 2008). 

All the PET-hydrolyzing enzymes discovered have the same catalytic triad (Asp-His-Ser), 

indicating that they possess the exact catalytic mechanism of PET cleavage, a serine nucleophilic 

attack. After a bioinformatic analysis of 69 PET-degrading enzymes, they were categorized into 

type I, type IIa and type IIb (see Table 2.1 for more information). Their categorization is focused 

on the amino acid composition and does not reflect the substrate-binding and regulatory sites of 

the enzymes, thereby resulting in varying enzyme activities and substrate specificities within each 

group. Our current understanding regarding the types of PET-hydrolyzing enzymes is limited to 

their structural differences and bond hydrolyzing mechanisms. PET-hydrolyzing enzymes, like 

restriction enzymes, could have different recognition and cleavage sites (Joo et al., 2018). 

 



43 
 

  



44 
 

Table 2.1 Comparison between types I, IIa and IIb PET-hydrolyzing enzymes 

Characteristic Type I Type IIa Type IIb 

Additional 

disulphide bond 

None  Cys203-Cys239 Cys203-Cys239 

Subsite I Amino acids identical 

to type II also contains 

the catalytic site 

Amino acids identical 

to type I, also contains 

the catalytic site 

Amino acids identical 

to type I, also contains 

the catalytic site 

Subsite II Different residues 

compared to IIa and IIb 

Slight variation in 

amino acid residues 

compared to IIb 

Slight variation in 

amino acid residues 

compared to IIa 

238th residue of 

subsite II 

Phe238 Phe238 or Tyr238 Ser238 (non-catalytic 

serine) 

Extended loop No extended loop Highly variable 

residues in the 

extended loop 

Relatively conserved 

extended loop 

PET-degrading 

activity 

Lower PET-degrading 

activity than type II 

Higher PET-degrading 

activity than type I  

Higher PET-degrading 

activity than type I  

Bacteria 

examples 

Thermomonospora 

curvata, Thermobifida 

fusca 

Pseudomonas 

alcaligenes NBRC 

14159, P. litoralis 

 Ideonella sakaiensis 

201-F6, Acidovorax 

delafieldii 

 

Despite the gaps and limitations in knowledge, numerous studies have described the factors 

affecting hydrolysis and genetic engineering for increased activity and thermostability. Studies 

focusing on understanding the structure and function of enzymes employ a common strategy of 

disrupting their function by replacing the amino acid with alanine. This results in widened 

substrate-binding grooves, reduction in post-substrate-binding conformational changes, or deletion 

of loops or lids that hinder substrate binding. These features generate enzymes with increased 

substrate promiscuity (Palm et al., 2019). 
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2.6 Nomenclature used for reporting PET depolymerization enzymes in literature 

PET-hydrolyzing enzymes include cutinases, lipases, esterases, carboxylesterases, and hydrolases. 

Cutinases have shown tremendous promise as opposed to other PET-hydrolyzing enzymes. 

However, its nomenclature has not remained uniform throughout the research literature. Cutinases 

have occasionally been categorized either as esterases or lipases. Cutinase behaves as an 

intermediate between lipase and esterase (Kleeberg et al., 2005). In addition, it has also been 

described as a hydrolase possessing PET-hydrolyzing activity (R. J. Müller et al., 2005). 

All the enzymes ever discovered can be segregated into six classes and are assigned an Enzyme 

Commission (EC) number. Class 3 hydrolases catalyze the reaction by adding a water molecule 

across the cleaved bond. The sub-classification helps us understand the kind of bond being cleaved, 

an ester bond. This is the primary bond between PET monomers. According to most studies on the 

hydrolysis mechanism of PET-hydrolysis, ester bonds are cleaved in such systems. These fall 

under the esterase class of hydrolase enzymes annotated as EC 3.1. An esterase is an enzyme that 

cleaves ester bonds to generate acid and alcohol moieties via hydrolysis. Since there are several 

types of ester bonds, there are further sub-classes of esterases. PET-hydrolyzing ester hydrolases 

cleave the carboxylic ester bond and fall under the EC 3.1.1 class i.e., carboxylic ester hydrolase. 

Carboxylester hydrolases belong to EC 3.1.1.1 class. Lipases (triacylglycerol hydrolase) (EC 

3.1.1.3) and cutinases (EC 3.1.1.74) cleave carboxylic bonds, Fig. 2.4 further illustrates this 

functional categorization. The subtle differences between the classes are further mentioned in 

Table 2.2 (see below). Hence, lipases and cutinases are subtypes of esterases (Roth et al., 2014). 
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Figure 2.4 Schematic representation of the nomenclature hierarchy of PET-hydrolyzing enzymes 

(in green) according to EC numbers with the defining characters of each class 

 

PET-hydrolyzing enzymes are also referred to as α/β-hydrolases because of the arrangement of the 

α-helices and β-sheets (S. Chen et al., 2010). This nomenclature style focuses on the enzyme's 

structure, not the functional groups targeted for hydrolysis. The α/β hydrolase superfamily includes 

lipases, esterases, proteases, dehalogenases, peroxidases, and epoxide hydrolases. The core of the 

tertiary structure of α/β hydrolase superfamilies canonically consists of parallel β-sheets 

surrounded by α-helices (Nardini & Dijkstra, 1999). PET-hydrolyzing enzymes consist of a central 

twisted β-sheet which is made up of 9 β-strands and surrounded by 7-9 α-helices (Erickson et al., 

2022; Joo et al., 2018). 

Another structural classification focuses on the active amino acid involved in the hydrolysis 

reaction. Lipases, esterases and cutinases with PET-hydrolyzing activity contain serine as a crucial 

part of their catalytic triad. Hence, these enzymes are also referred to as serine esterases 

(Dimarogona et al., 2015; Zhang et al., 2013) and are a sub-section of the α/β hydrolase 
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superfamily. This catalytic serine is present within the conserved GXSXG motif. This motif has 

been used as an identification marker for carboxylic ester hydrolase activity (Dherbécourt et al., 

2008). The serine in serine esterases nucleophilically attacks the ester bond. The nucleophilic 

serine is accompanied by an acidic amino acid (usually aspartic acid or glutamic acid) and a basic 

amino acid (usually histidine). The most common catalytic triad present in PET-hydrolyzing 

enzymes are Ser-Asp-His with almost identical triad geometries (Erickson et al., 2022). In 

addition, the substrate binding groove is considerably hydrophobic and spans across multiple 

subsites. Since all serine hydrolases hydrolytically cleave ester bonds, they fall under EC 3.1. PET 

hydrolysis is an additional attribute of the various enzymes mentioned above and hence had no 

unique EC number annotated. Due to this, most PET-hydrolyzing enzymes rely on class-specific 

assays to determine their niche class. The novel category for PET-hydrolyzing enzymes is 

3.1.1.101 was defined after the discovery of IsPETase from Ideonella sakaiensis that has a 

specificity towards PET as a substrate. 

 

Table 2.2 Comparison between typical characteristics of true lipases, esterases and cutinases 

Lipase (EC 3.1.1.3) 

(Lopes et al., 2011) 

Esterase (EC 3.1.1.1) 

(Lopes et al., 2011) 

Cutinase (EC 3.1.1.74) 

(Sulaiman et al., 2012) 

A type of hydrolase & 

subclass of esterase 

A type of hydrolase A type of hydrolase & 

subclass of esterase 

Mainly active against water-

insoluble substrates, e.g., 

long-chain fatty acids 

Preferentially hydrolyses 

‘simple’ esters & shorter than 

C6 fatty acids 

Preferentially hydrolyses 

‘simple’ esters & shorter than 

C6 fatty acids 

Can hydrolyze p-nitrophenyl 

palmitate better 

Can hydrolyze p-nitrophenyl 

butyrate better 

Can hydrolyze p-nitrophenyl 

butyrate better 

More stable in organic 

solvents 

Stable in organic solvents Stable in organic solvents 

Cutinase is sometimes Cutinase is first considered an Cutinase is considered an 
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considered a lipase. esterase. esterase first and then a 

lipase. 

Requires lipid-water interface 

activation 

Active regardless of lipid-

water interface 

Active regardless of lipid-

water interface 

Lipases have lids which take 

part in activation. Exceptions 

found. 

Does not have a lid Does not have a lid 

 

2.7 Classes of PET-hydrolyzing enzymes 

2.7.1 Hydrolases (EC 3) 

A hydrolase is an enzyme that catalyzes the cleavage of a covalent bond using a water molecule. 

All known PET-hydrolyzing enzymes are hydrolases. Most PET-hydrolyzing enzymes are further 

classified to fit one of the sub-classes viz., esterases, lipases, cutinases or PETases. The few 

hydrolases that haven’t been further classified were isolated with a non-PET substrate, a 

metagenomic analysis of unculturable microorganisms or a combination of both.  

Metagenomic analysis of uncultured thermophiles led to the discovery of a thermostable hydrolase 

(Kato et al., 2018) which was later classified as a BhrPETase (Xi et al., 2021). This enzyme has a 

melting temperature of 101 ºC, possibly the most thermostable bacterial PETase reported. The 

expression of BhrPETase was optimized by shifting the expression host to Bacillus subtilis CBS2 

due to its excellent secretion system. Another such study discovered a novel polyester hydrolase, 

PHL7, that was able to degrade amorphous PET and post-consumer PET thermoform packaging 

with high efficiency. The thermostable enzyme yielded 90% weight loss of PET films at 70 °C 

after 24 hours with a depolymerization rate of 6.7 μm.h-1 at the 16-hour mark of the reaction. 

Inching closer to circular economy, the same group, used the TPA generated as a result of 

biological depolymerization to produce virgin PET films (Sonnendecker et al., 2022). The first 
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crystal structure of a hydrolase derived with PET-hydrolyzing activity was a type IIa hydrolase 

from Pseudomonas aestusnigri (Bollinger et al., 2020). Its primary breakdown product is mono-

(2-hydroxyethyl) terephthalic acid (MHET). Dimethyl terephthalic acid (DMT) is a commonly 

used substrate in the commercial production of PET but not in biological depolymerization studies. 

Using this as a substrate, a novel enzyme, DMT hydrolase, DmtH, was discovered (Cheng et al., 

2020). 

 

2.7.2 Carboxylesterase (EC 3.1.1.1) 

A carboxylesterase is a hydrolase that cleaves an ester bond to acid and alcohol functional groups, 

commonly referred to as esterases. The efforts to discover novel microorganisms and enzymes 

with esterase activity are constant. There are reports on esterases with high hydrolyzing capacity 

(Brueckner et al., 2008; Cheng et al., 2020; Ghodke & Punekar, 2022; Kawai et al., 2014; Qiu et 

al., 2020; Ribitsch et al., 2012; Sharon & Sharon, 2012) and modifying capacity (Alisch et al., 

2004; Maurya et al., 2020). Some esterases require activation, like the esterase from Clostridium 

botulinum (Cbotu_EstA) (Perz et al., 2016). In addition to the isolated enzymes, Cbotu_EstA was 

engineered to reduce interfacial activation resulting in an increase in the enzyme binding on 

hydrophobic surfaces of polyesters. The engineered Cbotu_EstA showed up to a 7-fold increase 

in activity towards PET (Biundo et al., 2018). 

Structurally, BHET is a terephthalic acid linked to two ethylene glycols by an ester bond. Using 

BHET as a sole carbon source, esterase containing Enterobacter sp. HY1 (gene: estB) was isolated 

(Qiu et al., 2020). Using PCL as a substrate and a metagenomic approach, a novel polyesterase, 

SM14est, was discovered from Streptomyces sp. SM14 (Carr et al., 2023). The most commonly 

used substrate to determine esterase activity is para-nitrophenyl butyric acid (pNPB). 
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2.7.3 Lipase (EC 3.1.1.3) 

Lipase, as previously described, is a subclass of esterase that prefers hydrophobic substrates like 

glycerides. Some lipases are able to cleave structurally analogous substrates due to their attribute 

of substrate promiscuity, a feature observed for PET hydrolysis. Lipase expression is induced in 

the presence of lipids and subsequently requires interfacial activation to catalyze hydrolysis. BHET 

proved to be the best inducer for lipolytic Aspergillus oryzae (X. Wang et al., 2008). In another 

study, the expression of both lipase and esterase in Yarrowia lipolytica was increased by the 

addition of 5% w/w watermelon peels (Sales et al., 2020). The cutin in these peels have lipid 

molecules that function as inducers (Chaudhari & Singhal, 2015). In addition, the growth 

conditions were optimized for Y. lipolytica for an increased expression (da Costa et al., 2020). The 

combination of lipase B from Candida antarctica (CALB) and cutinase from Humicola insolens 

(HiC) worked synergistically to break down PET. HiC resulted in MHET accumulation which was 

subsequently degraded to TPA by CALB (Carniel et al., 2017). 

 

2.7.4 Cutinase (EC 3.1.1.74) 

Cutin is the insoluble, waxy polymer part of the cuticle, a plant structural component. It consists 

of ω-hydroxy fatty acids, dihydroxy palmitic acids, saturated and 12-monounsaturated 18-hydroxy 

9,10-epoxy C18 acids, and saturated and 12-monounsaturated 9,10,18-trihydroxy C18 acids 

(Alves Macedo & Fontes Pio, 2005). It has fewer phenolic groups than its counterpart, suberin, in 

potatoes. Cutinases are enzymes that can hydrolytically cleave the ester bonds in cutin. These 

enzymes are inducible and are secreted to the extracellular environment. Plant pathogens produce 

them to disturb the structural integrity to elicit a disease. Cutinases were first isolated from 

pathogenic fungi, Fusarium solani pisi (Dantzig et al., 1986; Dickman & Patil, 1986; Maiti & 
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Kolattukudy, 1979) and Aspergillus fumigatus (Stutzenberger & Kahler, 1986). The key 

differences between the two are described in Table 2.3 (Ping et al., 2017).  

Due to this structural similarity between cutin and PET, cutinases can effectively cleave the ester 

bonds in PET compared to other PET-hydrolyzing enzymes. Cutinases have higher affinities for 

short-chain to medium-chain fatty acid esters (Nikolaivits et al., 2018). However, a higher affinity 

towards the substrate does not equate to a higher hydrolysis rate (Ronkvist et al., 2009). Cutinases 

and lipases are the most widely studied classes of enzymes for PET hydrolysis.  

Along with the classical isolation techniques, metagenomic analysis has proven helpful in 

screening through multiple PET-hydrolyzing enzymes (Purohit et al., 2020; Sulaiman et al., 2012). 

Cutinases from Thermobifida fusca (TfCut2), Fusarium solani (FsC) and Humicola insolens (HiC) 

have been of particular interest. Moreover, the most studied genus is a thermophilic actinomycete, 

Thermobifida spp. (previously known as Thermomonospora spp.). Their cutinases hydrolyze ester 

bonds of triacylglycerides in the sn-1,3- and sn-2 positions and have broad substrate specificity (S. 

Chen et al., 2008). The Tfu_0883 was initially reported as a hydrolase capable of degrading 

aliphatic-aromatic copolyesters (Kleeberg et al., 2005). 

Structures can be constructed in silico using a combination of tertiary predicting software 

(Dimarogona et al., 2015) which circumvents the challenges faced using X-ray crystallography or 

NMR. Based on molecular docking and enzyme contact surface analysis, it was noticed that the 

polymer binds to the enzyme in an elongated hydrophobic groove (Tournier et al., 2020). The 

structures of numerous cutinases and their respective mutants are readily available on protein 

databanks (examples: TfCut2 UniProt ID: Q47RJ6, Cut190 UniProt ID: W0TJ64, HiC UniProt 

ID: A0A075B5G4). 
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Metal ions regulate a few cutinases. For example, Tfu_0883 is inhibited by Cr(III) (S. Chen et al., 

2008). The function and stability of Cut190* from Saccharomonospora viridis AHK190 are 

regulated by Ca+2 ions. The Ca+2 ions are a co-factor that, upon binding to the enzyme, results in 

conformational change such that the active site is open for substrate binding (Numoto et al., 2018). 

The predominant breakdown products vary for each enzyme. For example, the predominant 

breakdown product of FsC is MHET with some TPA and traces of BHET, while HiC-catalyzed 

breakdown produces only TPA (Ronkvist et al., 2009). 

 

Table 2.3 Difference between cutinase characteristics from two fungal species, Fusarium solani 

and Aspergillus fumigatus (Ping et al., 2017) 

Characteristics Fusarium solani cutinase Aspergillus fumigatus cutinase 

pNP-aliphatic 

substrates 

Hydrolyzed predominantly para-

nitrophenyl decanoate 

Hydrolyzed predominantly para-

nitrophenyl butyrate 

Substrate 

specificity 

Prefers longer substrates Preferred shorter substrates 

Size  Size: ~20kDa Size: ~20kDa 

Thermostability  Optimal temperature: 40 ºC.  

Less thermostable. 

Optimal temperature: 60 ºC.  

More thermostable. 

Polycaprolactone 

depolymerization 

Degraded 44.3% at 40 ºC Completely degraded at 40 ºC 

Biosynthesis 

potential 

Could polymerize up to 2300 MW 

of ω-hydroxy-hexadecanoic acid 

Could polymerize up to 25,000 MW 

of ω-hydroxy-hexadecanoic acid 

 

The common strategies to increase catalytic efficiency are overexpression (Araújo et al., 2007; S. 

Chen et al., 2010; Ping et al., 2017) and site-directed mutagenesis (Araújo et al., 2007; Zhang et 

al., 2013). Dong et al. (2020) focused on increasing cutinase activity towards its natural cutin 

substrate by reducing the steric hindrance caused by bulkier amino acids (mutations: L90A and 
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I213A), which allowed more flexibility in the substrate-binding site. L90A mutant exhibited 5-

fold increased hydrolysis activity toward cutin. Zhang et al. (2010) evaluated a unique approach 

to creating a fusion protein followed by site-directed mutagenesis. The new enzyme was a 

combination of cutinase Tfu_0883 and the carbohydrate-binding module of the cellulase CenA 

from Cellulomonas fimi, named TfCut-CBMCenA. This modification increased catalytic efficiency, 

specific activity, and binding (Zhang et al., 2013). The catalytic efficiency of Fusarium solani 

cutinase (FspC) (3.2 s-1.µM-1) was found to be higher than the cutinases from T. fusca (S. Chen et 

al., 2010). With the metagenomic approach, the leaf-compost cutinase (LCC) with a 

depolymerization rate of 12 mg/h/mg of the enzyme with PET at 50 ºC was isolated (Sulaiman et 

al., 2012). Since then, several groups have mutated the enzyme to increase its efficiency and 

thermostability. As mentioned before, thermostability is an attractive feature. The most recent and 

successful development in enzymatic biological depolymerization of PET is with an engineered 

LCC (two mutants: ICCG & WCCG) that can withstand 94.5 ºC. With a ratio of 3 mg of enzyme 

per 1 g of PET, these mutants biodegrade 90% of PET with yields of 16.7 g of TPA from the initial 

200 g of PET in approximately 10 hours. The extracted TPA was used to blow PET bottles, which 

could be a step toward a circular economy (Tournier et al., 2020). An even improved variant of 

LCC was able to hydrolyze 1.3 g of untreated post-consumer PET with 1.25 mg of the ΔLCC 

variant in less than 3 days at 55 °C. This double mutant variant lacked the secretion signal and had 

two amino acid substitutions by site-directed mutagenesis, S101N and F243T (Pirillo et al., 2023). 

 

2.7.5 PETase (EC 3.1.1.101) 

Subclass 3.1.1.101 was formed after the discovery of one enzyme and its engineered variants. In 

2016, a novel PET-hydrolyzing bacterium was isolated from a PET bottle recycling factory's yard 
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in Sakai City, Japan. Ideonella sakaiensis demonstrated potential by extensively damaging 

amorphous PET film and high-crystalline commercial PET bottles. Biological depolymerization 

commences with adherence via pili-like protrusions followed by secretion of PETase (previously 

classified as lipase). The primary depolymerization product is MHET, followed by terephthalic 

acid (TPA) and bis(2-hydroxyethyl) terephthalic acid (BHET). These products are assimilated into 

cellular metabolism via enzymes like MHETase and protocatechuic acid (PCA) dioxygenase 

(Yoshida et al., 2016). 

The specificity of IsPETase has been hypothesized to be because of the evolution towards 

aromatic-aliphatic polyesters (Yoshida et al., 2016). Several studies report the crystal structure, 

the inactive version of IsPETase (X. Han et al., 2017), wild type with ligands (Joo et al., 2018), at 

an increased resolution to determine its active site flexibility at ambient temperatures (Fecker et 

al., 2018), and IsPETase with substrate and product analogs (C. C. Chen et al., 2018). Amino acid 

substitution is a standard method to study the role of predicted essential amino acids. A byproduct 

of this method is the generation of mutants with increased breakdown and product generated 

(R240A substitution near the substrate-binding site) (Joo et al., 2018) and an increase in its kcat 

(Ma et al., 2012a). Austin et al. (2018) focused on engineering the substrate-binding site of 

IsPETase to achieve some semblance of the substrate-binding site of TfCut2. The engineered 

enzyme explicitly degrades polyesters containing aromatic components like polyethylene 

furanoate (PEF). Thermostability is an attractive feature in PET biological depolymerization due 

to the polymer’s glass transition temperature, hence, site-directed mutagenesis (Brott et al., 2022), 

and rational protein engineering (Cui et al., 2021; Son et al., 2019) has been adopted to achieve 

the same.  
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Pretreating PET films with hydrophobin A (from Aspergillus oryzae) was a unique approach that 

boosted the overall hydrophilicity of the enzyme, which in turn increased hydrolysis (Puspitasari 

et al., 2021). 

Another common strategy is the non-homologous overexpression of the enzyme in a standard 

microbial chassis. Using this strategy, a strain of Pichia pastoris was created that displayed a fully 

functional IsPETase on its cell surface via an anchor protein. The whole-cell biocatalyst had a 36-

fold increase in PET-hydrolysis compared to the purified enzyme and showed a 50% reduction in 

turnover rate after seven repeated uses. The chief breakdown product was MHET, followed by 

BHET and TPA (Z. Chen et al., 2020). This strategy is cost-efficient, has high PET-hydrolysis 

capacity and has high reusability compared to purified enzymes and engineered microorganisms. 

 

PET biological depolymerization is far more complicated than the four types of enzymes described 

above. These enzymes act directly on PET as a substrate. Meanwhile, metagenomes are known to 

have an array of enzymes in multiple metabolic pathways that are responsible for not only the 

complete breakdown of the polymer backbone but also, its integration into cellular (Giangeri et 

al., 2022) . 

There are numerous reports of the specific activities of cutinases, weight loss, etc., under different 

conditions. Table 2.4 lists key examples of specific activities with their respective substrates and 

test conditions of PHEs. 

Apart from the usually studied enzymes like hydrolases, cutinases, esterases, and lipases, Inderthal 

et al. (2021) suggests exploiting alkane hydroxylases for depolymerizations that use a single 

substrate where certain desired products are sought. 
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Table 2.4. Enzyme, origin, reaction system, and specific activity of lipases, esterases, cutinases, hydrolases, and enzyme combinations. 

LIPASES 

Enzyme Origin Reaction system Specific Activity Reference 

Lipozyme TL IM 

LIPASE 

Novozyme Different protocols are used for 

each substrate and enzyme 

combination. 

Esterase activity: 

with olive oil: 187.3 U/mg 

with pNPB: 1.8 U/mg 

Lipase activity: 

with olive oil: 297.4 U/mg 

with pNPP: 45.8 U/mg 

Lopes et al., 

2011 

PsL Sigma, Germany 0.1M phosphate buffer pH 7.0, 

temperature: 40 ºC, 50 rpm, 3 

weeks 

Negligible weight loss with PET R. J. Müller 

et al., 2005 

CaL Fluka, Germany 0.1M phosphate buffer pH 7.0, 

temperature: 55 ºC, 50 rpm, 3 

weeks 

Negligible weight loss with PET R. J. Müller 

et al., 2005 

CUTINASES 

LC Cutinase Expressed: E. coli 

BL21-CodonPlus 

(DE3)  

pH 8.5, temperature: 50 ºC, 24 

hrs 

with pNPB: 4.5 ± 0.52 µkat/mg 

with cutin: 6 µmol/hr/ mg of enzyme 

with PET: 12 mg/h/mg of enzyme 

Sulaiman et 

al., 2012 

LC Cutinase (codon 

optimized) 

Expressed: E. coli 

BL21-DE3  

pH 8.0, temperature: 65 ºC with PET 93.2 mg of TPA equivalents/h/mg of 

enzyme 

Tournier et 

al., 2020 

Cutinase Fusarium solani PBU-

RU-5B 

pH 7.0, temperature: 25 ºC with pNPB: 11.4 µg/h/µg of enzyme Nimchua et 

al., 2008 

Cutinase (FsC) F. solani f. sp. pisi pH 7.0, temperature: 30 ºC with pNPB: 2.8 µg/h/µg of enzyme Nimchua et 
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al., 2007 

FsC Expressed: Pichia 

pastoris X33. 

pH 7.0, temperature: 65 ºC Activity with pNPB: 456.5 U/mg 

Degraded 44.3% of PCL at 40ºC 

Ping et al., 

2017 

FsC Expressed: Pichia 

pastoris X33. 

14.5 mM Tris-HCl, 0.75% 

glycerol, pH 7.5, temperature: 

25 ºC 

Catalytic efficiency with pNPB (kcat/Km): 0.32 ± 

0.03 min-1.µM-1 

Baker et al., 

2012 

FsC Expressed: E. coli 

BL21-DE3  

PET: 0.1 M phosphate buffer pH 

7.5, 90 rpm, temperature: 37 ºC, 

24 hrs. 

with pNPB: 210 U/mg 

TPA formed: 0.024 mM 

Araújo et al., 

2007 

FsC mutant 

(L182A) 

Expressed: E. coli 

BL21-DE3  

PET: 0.1M phosphate buffer pH 

7.5, 90 rpm, temperature: 37 ºC, 

24 hrs. 

with pNPB: 976.5 U/mg  

TPA formed: 0.127 mM 

Araújo et al., 

2007 

FsC mutant 

(V184A) 

Expressed: E. coli 

BL21-DE3  

PET: 0.1 M phosphate buffer pH 

7.5, 90 rpm, temperature: 37 ºC, 

24 hrs. 

with pNPB: 606.9 U/mg  

TPA formed: 0.049 mM 

Araújo et al., 

2007 

FsC mutant (L81A) Expressed: E. coli 

BL21-DE3  

PET: 0.1 M phosphate buffer pH 

7.5, 90 rpm, temperature: 37 ºC, 

24 hrs. 

with pNPB: 262.5 U/mg  

TPA formed: 0.096 mM 

Araújo et al., 

2007 

Cutinase  

(FspC) 

Expressed: E. coli 

BL21-DE3  

pH 7.0, temperature: 30 ºC. 

20 mM Tris-HCl + 10mM 

NaOH, pH 8.0, temp 40 ºC 

with pNPB: 5 µg/h/µg of enzyme 

Catalytic efficiency (kcat/Km): 3.2 s-1.µM-1 

S. Chen et 

al., 2010; 

Nimchua et 

al., 2007 

Cutinase (FoCut5a) Expressed: E. coli 

BL21-DE3  

pH 6.0, temperature: 40 ºC, 0.1 

M citrate phosphate buffer, 10 

mins. 

Catalytic efficiency with pNPB (kcat/Km): 152.5 

s-1.mM-1 

Dimarogona 

et al., 2015 
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Cutinase 

(A. oryzae) 

Expressed: Pichia 

pastoris X33. 

14.5 mM Tris-HCl, 0.75% 

glycerol, pH 7.5, temperature: 

25 ºC 

Catalytic efficiency (kcat/Km): 3.4 ± 0.41 min-

1.µM-1 

Baker et al., 

2012 

Cutinase 

(A. fumigatus) 

Expressed: Pichia 

pastoris X33. 

14.5 mM Tris-HCl, 0.75% 

glycerol, pH 7.5, temperature: 

25 ºC 

Catalytic efficiency (kcat/Km): 0.56 ± 0.01 min-

1.µM-1 

Baker et al., 

2012 

Cutinase  

(A. fumigatus) 

Expressed: Pichia 

pastoris X33. 

pH 7.0, temperature: 65 ºC Activity with pNPB: 1236.3 U/mg 

Thoroughly degraded PCL at 40ºC 

Ping et al., 

2017 

T. fusca cutinase Thermobifida fusca 

DSM43793 

pH 8.0, temperature: 60ºC, 

with PET: 55 ºC, pH 7.0 

with pNPB: 7.6 µkat/mg 

with cutin: 4 µmol/hr/mg of enzyme 

Depolymerization rate with PET: 0.05 mg/h/mg 

of enzyme 

S. Chen et 

al., 2008; R. 

J. Müller et 

al., 2005 

Cutinase 

(Tfu_0882) 

Expressed: E. coli 

BL21-DE3  

pH 8.0, temperature: 60 ºC Catalytic efficiency (kcat/Km) with pNPB: 0.7 s-

1.µM-1 

S. Chen et 

al., 2010 

Cutinase 

(Tfu_0883) 

Expressed: E. coli 

BL21-DE3  

pH 8.0, temperature: 60 ºC Catalytic efficiency (kcat/Km) with pNPB: 1.5 s-

1.µM-1 

S. Chen et 

al., 2010 

TfCut-CBMCenA Expressed: E. coli 

BL21-DE3  

pH 8.0, temperature: 50 ºC with pNPB: 20,000 U/µmol protein Zhang et al., 

2013 

Cutinase 1 

(T. cellulosilytica) 

Expressed: Pichia 

pastoris KM71H 

PET: 1 M potassium phosphate 

buffer, 100 rpm, pH 8.0, 

temperature: 65 ºC 

with pNPB: 210 U/mg 

with PET: ~55mM TPA, negligible MHET 

Gamerith et 

al., 2017 

ThC_Cut1_koAsn 

(glycosylation KO) 

Expressed: Pichia 

pastoris KM71H 

PET: 1 M potassium phosphate 

buffer, 100 rpm, pH 8.0, 

temperature: 65 ºC 

with pNPB: 210 U/mg 

with PET: ~61mM TPA, ~2mM MHET 

Gamerith et 

al., 2017 
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ThC_Cut1_koST 

(glycosylation KO) 

Expressed: Pichia 

pastoris KM71H 

PET: 1 M potassium phosphate 

buffer, 100 rpm, pH 8.0, 

temperature: 65 ºC 

with pNPB: 210 U/mg 

with PET: 62.5mM TPA, ~3mM MHET (=24%) 

Gamerith et 

al., 2017 

HiC (H. insolens 

cutinase) 

Expressed: Pichia 

pastoris X33. 

14.5 mM Tris-HCl, 0.75% 

glycerol, pH 7.5, temperature: 

25 ºC 

Catalytic efficiency (kcat/Km): 1.76 ± 0.43 min-

1.µM-1 

Baker et al., 

2012 

Cutinase  

(A. brassicicola) 

Expressed: Pichia 

pastoris X33. 

14.5 mM Tris-HCl, 0.75% 

glycerol, pH 7.5, temperature: 

25 ºC 

Catalytic efficiency (kcat/Km): 0.97 ± 0.07 min-

1.µM-1 

Baker et al., 

2012 

Engineered cutinase 

(S. viridis AHK190) 

Expressed: E. coli 

Rosetta-gami B (DE3) 

pH 8.2, temperature: 63 ºC, 0.1 

M Tris-HCl, 3 days. 

Catalytic efficiency (kcat/Km) with pNPB: 10.4 s-

1.mM-1 & 2.7 ± 0.1 mg weight loss of PET 

Kawai et al., 

2014 

Engineered cutinase 

(S. viridis Q138A) 

Expressed: E. coli 

Rosetta-gami B (DE3) 

pH 8.2, temperature: 37 ºC, 50 

mM Tris-HCl, 30 mins. 

Catalytic efficiency (kcat/Km) with PBSA: 1360 ± 

2.0 s-1.mM-1.  

Kawabata et 

al., 2017 

ESTERASE 

Esterase Induced T. fusca KW3b 

with suberin 

PET: 50 mM phosphate buffer 

pH 7.2, temperature: 55 ºC 

Modification of PET surface observed & 

increase in TPA released 

Alisch et al., 

2004 

HYDROLASES 

TfH T.fusca induced for 

increased production 

0.1 M phosphate buffer pH 7.0, 

temperature: 55 ºC, 50 rpm, 3 

weeks 

Weight loss with PET-G: 49.7 ± 1% and PET-B: 

22.4 ± 1.3% 

R. J. Müller 

et al., 2005 

rTfH (no mutation) Expressed: E. coli 

BL21 (DE3) 

0.1 M phosphate buffer pH 7.0, 

temperature: 55 ºC, 50 rpm, 3 

weeks 

Weight loss with PET-G: 54.2 ± n.d% and PET-

B: 43.1 ± 1.6% 

R. J. Müller 

et al., 2005 

ENZYME COMBINATIONS 
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Immobilized TfCa 

+ LCC (free) 

Expressed: E. coli 

BL21-DE3  

1 M potassium phosphate buffer 

pH 8.0, temperature: 60 ºC, 120 

rpm, 24 hrs 

Depolymerization products (TPA, BHET, 

MHET): 10.42 ± 1.85 mM. Weight loss: 47.9% 

Barth et al., 

2016 

Immobilised TfCa + 

TfCut2 (mobilised) 

Expressed: E. coli 

BL21-DE3  

1 M potassium phosphate buffer 

pH 8.0, temperature: 60 ºC, 120 

rpm, 24 hrs 

Depolymerization products (TPA, BHET, 

MHET): 4.44 ± 0.57 mM. Weight loss: 20.4% 

Barth et al., 

2016 

Footnotes: 

a pNPB: p-nitrophenylbutyrate 

b pNPP: para-nitrophenylpalmitate 

c PET-G: Granini fruit juice PET bottle 

d PET-B: BASF provided PET pellets 

e TPA: terephthalic acid  

f MHET: mono-(2-hydroxyethyl) terephthalic acid 

g KO: knockout (gene) 
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2.8 Methods used to quantify PET hydrolysis  

PET-hydrolyzing enzymes like cutinases and lipases have standard protocols to determine their 

primary enzyme activity, which are cutin hydrolysis and lipid hydrolysis, respectively. However, 

there is no standard protocol for their PET-hydrolyzing ability. The commonly used test is to assess 

its general esterase activity with non-analogous substrates like pNPB or (para-nitrophenyl acetic 

acid) pNPA which neither gives us sufficient information about PET-hydrolyzing activity nor the 

polymer breakdown itself. Recently, PET biological depolymerization assays using PET as a 

substrate are being developed and used. These along with other qualitative and quantitative 

methods, will be described below (for illustration see Fig. 2.5). 

 

Figure 2.5 Illustration of methodologies currently in use to analyze biological depolymerization 

of PET. 
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2.8.1 Qualitative methods 

A qualitative, non-specific method of determining PET-hydrolyzing ability is to observe a zone of 

discoloration or transparency on an agar plate, depending on the substrate used. Uniform PET 

nanoparticles can be prepared by dissolving PET in 1,1,1,3,3,3-hexofluoro-2-propanol (HFIP) 

followed by a dropwise addition into an ice-cooled beaker filled with double distilled water with 

continuous stirring at 8000 rpm (Pütz, 2006).  

Numerous substitutes, as well as their combinations, have been tested. A few examples are 

polycaprolactone (PCL) nanoparticles (prepared by solvent precipitation or evaporation 

techniques) (Jarrett et al., 1984; Nishida & Tokiwa, 1993; Wei et al., 2014), coconut oil and 

tributyrin (Molitor et al., 2020). Studies have also used water-emulsifiable polyesters, like 

Impranil® DLN emulsion (anionic aliphatic polyester polyurethane) and polycaprolactone diol 

(PCDMn530) (lower molecular weight PCL diol derivative). Furthermore, tributyrin was used for 

metagenomic library screenings (Peña-García et al., 2016). 

Some studies report lipase activity using other substrates like olive oil, para-nitrophenyl long-chain 

aliphatic esters (usually para-nitrophenyl palmitic acid) and triacylglycerides (Lopes et al., 2011). 

Apart from the PET-hydrolyzing activity, lipases have also been well-studied in food, textile, and 

detergent industries (Contesini et al., 2010; Mehta et al., 2017). 

The substrates mentioned above do not contain an aromatic component; they are not structurally 

analogous. Hence, these assays may not work as well as a substitute for an aromatic-aliphatic 

polyester like PET. With each new study, newer substrates were used to study the enzymatic 

function. While these studies shed light on the mechanism of enzyme action and substrate 

specificity, the choice of a standard substrate and protocol for determining PET-hydrolyzing 

activity would significantly help in comparing results and choosing the most efficient enzyme for 

the breakdown of PET. 
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2.8.1.1 Microscopy 

PET hydrolysis is a surface phenomenon, and visual observation is the easiest way to observe 

biological depolymerization. Microscopy with regard to enzymatic hydrolysis has been observed 

by surface modifications on the polymer. Hydrolysis results in cracks, pits, and undulations of all 

shapes, sizes, and forms on the polymer surface (Malafatti-Picca et al., 2023; N. Wang et al., 2020). 

Esterases modified the microtopography of PET fibers as opposed to lipases which were observed 

with scanning electron microscopy and atomic force microscopy (Kardas et al., 2011). 

Visual observations have also assisted with understanding the physical interaction between the 

microorganism and the polymer. For example, it was observed that Ideonella sakaiensis use cilia-

like extensions to adhere to PET films (Yoshida et al., 2016). Other groups observed protrusions 

like fimbriae (Rosenberg et al., 1982), pili (Giltner et al., 2006; Martino et al., 2003), and flagella 

(Haiko & Westerlund-Wikström, 2013) that enable adherence to polymer films. Time-lapse 

fluorescence microscopy can be used to study early biofilm formation on polymers. This could 

help shed light on the community dynamics and preferences of microorganisms with plastics in 

natural environments. Microscopy provides invaluable insights; however, it cannot be quantified. 

 

2.8.1.2 Fourier-Transform Infrared Spectroscopy (FTIR) & X-ray Photoelectron 

Spectroscopy (XPS) 

Different treatments (physical, chemical, and biological) result in changes in the chemical structure 

of PET. This may not always be evident in substantial weight loss or with imaging techniques. 

These changes in the bonds can be observed spectroscopically by FTIR and XPS. In addition, XPS 

analyses determine the percentage of observed functional groups (Hurley & Leggett, 2009). 

Biological depolymerization results in a fluctuation of the carbonyl index of PET and is sometimes 

used as an indicator of depolymerization. A ratio of the intensities at the band 1710 cm-1 to that of 
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871 cm-1 can be used as an indicator of the carbonyl index (Torena et al., 2021a). Using a similar 

approach, the ratios of peak height at 1410 cm-1 and the peak heights at 725 cm-1 (C-H aromatic), 

1090 cm-1 (C-O ester), 1240 cm-1 (C-O), and 1711 cm-1 (C=O carboxylic acid) can be indicative 

of PET biological depolymerization. These wavenumbers are key oxidation peaks, and an increase 

in their absorbances is indicative of PET polymer chain hydrolysis (Wright et al., 2021). In 

addition, the crystallinity peak can be calculated as well by the ratio of the peak areas at the bands 

1341 cm-1 and 1410 cm-1, and an increase in crystallinity can be indicative of PET biological 

depolymerization (Torena et al., 2021a). Taking this further, the lower 1340-1370 cm-1 ratio the 

more amorphous the PET polymer, making it relatively biodegradable. Similarly, higher 

absorption ratios of 1340-1370 cm-1 correspond to a higher crystalline structure (Mecozzi & Nisini, 

2019). 

These changes in functional groups can serve as a measure of biological depolymerization by 

observing the increase of crystallinity and increase in carbonyl content. Rajandas et al. (2012) 

developed a strategy to quantify the biological depolymerization of low-density polyethylene 

biological depolymerization (LDPE) using FTIR-ATR. Currently, there is no standard quantitative 

protocol for PET biological depolymerization using FTIR or XPS.  

 

2.8.1.3 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry is a thermoanalytical tool for the identification of physical and 

thermal transitions in polymers. These transitions give insights into the glass transition 

temperatures, which increase as a function of crystallinity. Crystallinity is a crucial factor in 

hydrolysis reactions. Amorphous or low crystalline plastics are easily hydrolyzed compared to 

high crystalline plastics. Commercially available plastics have varying crystallinity depending on 
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their function. Most naturally occurring enzymes and microorganisms prefer amorphous or low 

crystalline compared to high crystalline plastics. 

Furthermore, as biological depolymerization progresses, the overall crystallinity increases as 

enzymes target the amorphous regions of the plastic (Ronkvist et al., 2009). DSC can measure this 

change in crystallinity. However, the increasing crystallinity does not quantify biological 

depolymerization but indicates that biological depolymerization could have potentially occurred.  

 

2.8.2 Quantitative methods 

In recent years with the increasing understanding of the types and mechanisms of PET-hydrolyzing 

enzymes, the scientific community has managed to understand the intricate details pertaining to 

ester bond cleavage within the polyester backbone for certain enzymes (Joo et al., 2018). 

Quantitative methods help us understand the extent of the breakdown. 

 

2.8.2.1 Weight loss 

A commonly used method to determine PET hydrolysis is weight loss. This is a simple quantitative 

method, as the name suggests, where the weight loss of a PET sample following a breakdown 

process is measured. As the depolymerization progresses, the PET polymer is slowly broken down 

into oligomeric, dimer and monomer forms that are soluble in the liquid phase. This can be 

quantified with weight loss. With this method, the hydrolysis products cannot be determined. More 

sophisticated methods like spectroscopy and HPLC are required to quantify the breakdown 

products. 
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2.8.2.2 Spectrophotometric analysis 

The most common quantitative spectrophotometric analysis method to determine esterase activity 

is the ester hydrolysis of p-nitrophenyl acyl esters, of which pNPA and pNPB are widely used. 

The esterase activity of cutinase is determined by the extent of para-nitrophenol (pNP) generation, 

which can be spectrophotometrically quantified at 410 nm (Jabloune et al., 2020). At pH 6.0 and 

below, pNP predominantly absorbs at 317 nm, due to the abundance of its protonated form. While, 

at pH 10.0 or above, the majority of absorption occurs at 401 nm because the equilibrium is shifted 

to its anionic form. The absorption of pNP at neutral pH is more temperature dependent at 410 nm 

(Syedd-León et al., 2020). In a study, after engineering Cbotu_EstA by reducing the interfacial 

activation, there was a 7-fold increase in activity towards PET. There was no notable change in 

the reaction rate, turnover number, and catalytic efficiency towards pNPB (Biundo et al., 2018). 

This proved that a direct correlation could not be made between the activities towards pNPB and 

PET since both substrates have different intrinsic properties. This activity incongruence proves 

that the pNPB-hydrolyzing assay should not be the standard for gauging PET-hydrolyzing activity. 

PET hydrolysis should ideally result in two monomers, TPA and EG. TPA has its absorption 

maxima at 240 nm. Using this principle, the fluorometric estimation of TPA can correlate to the 

extent of biological depolymerization (Alisch et al., 2004; Wei et al., 2012). In most hydrolysis 

reactions, breakdown products other than TPA are generated contain the aromatic moiety as well. 

Hence, this method is not specific to TPA (Zhong-Johnson et al., 2021) but rather the total 

breakdown products containing aromatic rings. 

In addition to colorimetric detection, Wei et al. (2012), developed a fluorimetric assay for polyester 

hydrolysis by detection of oxidized TPA. Fe(II)-EDTA complex in a basic buffer oxidizes TPA to 

2-hydroxyterephthalic acid which gets excited at 328 nm and emits at 421 nm. This method 

specifically detects TPA among the various breakdown products generated during biological 
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depolymerization. Using the same principle of TPA oxidation, Nimchua et al. (2007), developed 

a method that generated hydroxyterephthalic acid in the presence of hydrogen peroxide at 90 °C. 

The fluorescence was measured at 425 nm. A slight variation of this protocol uses an excitation 

wavelength of 315 nm and an emission wavelength of 425 nm (O’Neill & Cavaco-Paulo, 2004; 

Silva et al., 2011). A thorough protocol-oriented flow-through of this assay has been elaborated 

by the same group (Pfaff et al., 2021). Liu et al. (2023), devised a novel high-throughput screening 

technique using PET as the substrate. Here, a combination of fluorescein dilaurate embedded in 

PET and fluorescent-protein label was used to screen IsPETase and its generated mutants for 

increase PETase activity. The reaction was a co-hydrolysis of PET and fluorescein dilaurate. This 

was the first proof-of-concept assay that uses an aliphatic-aromatic polymer of petrochemical 

origin like PET as a substrate for an enzyme assay. 

The turbid nature of PET nanoparticles in an aqueous solvent was exploited for a turbidimetric 

analysis. The reaction system consisted of PET nanoparticles suspended in buffer with 2% agarose 

and the enzyme added to commence the reaction. A solidifying agent like agarose held the PET 

nanoparticles suspended throughout the buffer and not settle down. The decrease in turbidity 

(observed at 600nm) was proportional to the incubation time with the enzyme (Wei et al., 2014). 

Another gelling agent, like polyacrylamide was used for this method (Belisário-Ferrari et al., 

2019). 

The performance of polyester hydrolases was assessed by impedance spectroscopy (Frank et al., 

2022). Impedance is the measure of opposition to electric flow (measured in ohms). A change in 

the dielectric potential of PET was used to evaluate PETase performances. In this non-invasive 

assessment method, a change in the dielectric potential of PET was used. This approach has the 

potential to be used to evaluate other plastic hydrolases as well. 
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2.8.2.3 High-Performance Liquid Chromatography (HPLC)  

One of the most useful methods for quantifying PET hydrolysis products is HPLC. It is generally 

used to determine the PET hydrolysis activity by determining and quantifying the breakdown 

products. This method depends on several factors like the extraction protocol, the efficiency of the 

extraction protocol, and the sensitivity of the column and detector. The column that is usually used 

for the analysis of PET hydrolysis products is a C18 column with a UV detector. The same 

principle of aromatic absorbance in the UV range (see Section 5.2.2) is used to detect the 

monomers TPA, MHET, and BHET. Due to the absence of an aromatic ring in ethylene glycol, it 

cannot be detected with the same protocol. Some of the HPLC columns and detectors reported in 

PET depolymerization literature are given in Table 2.5. Even the initial rate of PET hydrolysis can 

be assessed with a combination of a plate-reader assay and RP-HPLC (Arnling Bååth et al., 2020). 

Ronkvist et al. (2009) demonstrated the correlation between the TPA detected by HPLC and the 

weight loss of lcPET when treated with HiC, confirming the HPLC protocol used. 
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Table 2.5 HPLC columns and detectors used in analysis of breakdown products in supernatant 

post PET biological depolymerization  

PET type Column & Detector Products 

observed 

Ref. 

lcPETa, hcPETb, 

BHETc, MHETd 

Cosmosil 5C18-AR-II guard column (4.6 × 

10 mm) and a Cosmosil 5C18-AR-II 

analytical column (4.6 × 250 mm) and 

detected at 254 nm 

TPAe, MHET, 

BHET 

Yoshida et 

al. 2016 

Commercial PET 

film (UBIGEO, 

Korea) & BHET 

Eclipse Plus-C18 column and detected at 

260 nm 

TPA, MHET, 

BHET 

Joo et al. 

2018 

BHET Diamonsil‐C18 column with a UV detector 

(254 nm) 

TPA, MHET, 

BHET 

Qiu et al. 

2020 

Cyclic PET 

trimer 

Chromsep Microsorb 300-5 C18 column and 

detected at 241 nm 

TPA, MHET, 

BHET 

Billig et 

al. 2010 

PET fibres RP-C18 column and detected at 240 nm TPA, BHET Zhang et 

al. 2013 

 

Footnotes: 
a lcPET: Low crystalline polyethylene terephthalic acid 
b hcPET: High crystalline polyethylene terephthalic acid 
c BHET: Bis(2-hydroxyethyl) terephthalic acid 
d MHET: Mono-(2-hydroxyethyl) terephthalic acid 
e TPA: Terephthalic acid 

 

2.8.2.4 Gel Permeation Chromatography (GPC)  

GPC is a type of size exclusion chromatography that separates sample components by size. The 

elution time of the standards of the expected products of breakdown can be used to separate the 

components in the hydrolyzed sample. Quantification of these purer components will be done by 

the HPLC method. Yoshida et al. (2016) dissolved PET in HFIP and used the HFIP-803 gel column 

to study the elution profiles of Ideonella sakaiensis-mediated biological depolymerization.  
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2.9 Induction of cutinase 

Cutinase production can be enhanced through induction mechanisms as described below. Cutin is 

the insoluble, waxy polymer part of the cuticle, a plant structural component. The cuticle acts as a 

protective layer that protects the plant from pathogenic infections. Cutin consists of ω-hydroxy 

fatty acids, dihydroxy palmitic acids, saturated and unsaturated fatty acids (Alves Macedo & 

Fontes Pio, 2005). These monomers are linked to each other via ester bonds, which are similar to 

the bonds present between PET monomers. It has fewer phenolic groups than suberin, its structural 

and functional counterpart in potatoes (Nawrath, 2002). Cutinases are enzymes that can 

hydrolytically cleave the ester bonds in cutin. Hence these enzymes are considered for hydrolysis 

of PET to its monomeric components. Plant pathogens produce cutinases to disturb the structural 

integrity in order to elicit a disease (Köller et al., 2011). The following sections describe the 

molecular mechanism of cutinase induction and the factors affecting its gene expression. 

2.9.1 Molecular mechanism of cutinase induction 

Induction of cutinase begins when the plant pathogen encounters cutin in the cuticle. Most 

inducible enzymes have a basal-level expression (Köller et al., 2011). This allows some cleavage 

of cutin, which results in a few free monomers. These monomers are recognized and transported 

across the membrane via active transporters. This in turn triggers the production of cAMP and 

protein kinases which are responsible for the activation of gene expression for inducible enzymes 

like cutinases (Carvalho et al., 1999; Woloshuk & Kolattukudy, 1986). Cutinase induction utilizes 

transcription factors like zinc-fingers and helix-turn-helix (Podila et al., 1988). Most cutinase 

encoding genes contain signal peptides that allow the enzyme to be transported across the 

membrane into the extracellular environment. This process creates a positive feedback loop that 
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ultimately leads to the increased production of cutinase (Köller et al., 2011) which has been 

illustrated in a schematic in Figure 2.6. 

 

Figure 2.6 Schematic of the positive feedback loop involved in cutinase induction during the initial 

and subsequent contacts with cutin 

2.9.2 Factors affecting cutinase induction 

Most inducible enzymes are affected by inducers and carbon sources. As described earlier, cutin 

is a naturally occurring polymer that consists of various fatty acids of varying saturation. This 

means that cutin composition varies between genera and can sometimes even vary between 

cultivars. Studies have reported variations in monomeric constituents between species and 

cultivars of certain fruits like apples (Arrieta-Baez et al., 2020). The monomers, 10,16-

dihyrdoxyhexadecanoic acid and 9,10,18-trihydroxyoctadecanoic acid, occur in nature only as 

components of cutin (Podila et al., 1988). These monomers widely present in apple and tomato 

cutin and are important in inducers of cutinase in Thermobifida spps (Arrieta-Baez et al., 2020; 
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Osman et al., 1999). Similarly, watermelon cutin has been demonstrated to induce cutinase 

production in Streptomyces spps (Chaudhari & Singhal, 2015; Sales et al., 2020).  

In addition to the monomers, carbon sources have been shown to have an effect cutinase 

production. Most inducible enzymes are repressed in the presence of glucose due to the limited 

availability of cyclic AMP (cAMP), which is necessary in the induction process (Brückner & 

Titgemeyer, 2002). Trace amounts of glucose can cause catabolite repression. Meanwhile, an 

increased production of cutinase was observed under batch formation conditions, using sodium 

acetate and a combination of sodium lactate and sodium butyrate (He et al., 2009). The 

optimization of the factors affecting cutinase induction for enhanced production of cutinase or 

PET-hydrolyzing enzyme is specific for the microorganism.  

2.10 Mining more cutinases using bioinformatic tools 

Extensive bioinformatic efforts have led to the identification of numerous cutinase genes across 

diverse species. For instance, a study utilizing BLAST analysis with the Fusarium solani cutinase 

as a query identified 15,848 non-redundant amino acid sequences. After filtering for sequences of 

appropriate length, 1,243 sequences were subjected to phylogenetic analysis, resulting in 211 

distinct clusters. From these, 43 cutinases were selected for recombinant expression and further 

molecular studies (Bhunia et al., 2018). T. fusca YX has two previously identified cutinases, tfcut1 

and tfcut2 (tfu_1823), of which TfCut2 has been extensively studied. A similar approach to 

studying cutinases like in Bhunia et al., could benefit the scientific community in understanding 

the workings of the cutinases as PHEs. Additionally, bioinformatic analyses of 69 cutinases have 

revealed different types of cutinases, viz., type I, IIa and IIb (Joo et al., 2018). Thermobifida fusca 

YX was originally isolated as a plant pathogen and since then has been studied for its series of 

lytic enzymes. The actinomycete has been extensively studied for its cellulases. Reports include 



73 
 

from simple characterization to metabolic modelling using metabolic flux analysis and proteomic 

analysis (Adav et al., 2011; Lykidis et al., 2007; Stutzenberger & Kahler, 1986). Most previous 

reports determined the presence of these lytic enzymes by means of isolation. Lykidis et al. 

sequenced the entire genome of Thermobifida fusca YX and studied the genes upregulated and 

downregulated in cellulose depolymerization (Lykidis et al., 2007). However, with the genome 

sequenced, the presence of more lytic enzymes, regulatory factors and potential interacting 

proteins can be determined using bioinformatic tools. 

In addition to the discovery of novel PHEs, the development of advanced bioinformatics tools has 

made it easy to predict de novo structures(Hegedűs et al., 2021; Kim et al., 2004), understand the 

interactions within the secondary structures (Donald et al., 2011; Kumar & Bansal, 1998), potential 

ion interactions, and molecular docking with relevant substrates (Y. Liu et al., 2022). Tools like 

the Robetta web server (Kim et al., 2004) (https://robetta.bakerlab.org/), and AlphaFold2 (Hegedűs 

et al., 2021) are crucial in de novo tertiary structure prediction which use already predicted 

structures of similar cutinases. The whole genome sequence of T. fusca YX has not been used for 

any other analyses yet. Although, partially annotated, the data provided with the sequence of the 

whole genome could provide insight into the presence of more PHEs or PET-modifying enzymes, 

which has been explored in Chapter 5.  

 

2.11 Summary 

Polyethylene terephthalic acid (PET) is a water-insoluble, chemically inert polymer that has been 

polluting the environment for decades. Despite our current recycling technologies and the future 

plans for recycling of PET, there will be a still vast amount of PET littered in the environment. 

Biological depolymerization has been catching up to the other degradative methods currently in 

https://robetta.bakerlab.org/
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use. However, the increase in the efficiency of PET-hydrolyzing enzymes has only been through 

its engineering. As mentioned earlier, this results in challenges downstream for environmental 

applications. This study aims to focus on understanding all the aspects included in PET biological 

depolymerization, viz. effects of physicochemical factors on PET, optimizing the bacterial growth 

medium for the maximum production of PET-hydrolyzing enzymes and finally taking a deeper 

dive into the genome by mining potential enzymes present within the bacterial chassis, 

Thermobifida fusca YX.  
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Chapter 3 

Objective 1 

 

Pretreatment of polyethylene terephthalate (PET) using physicochemical methods and 

their effects on biological depolymerization 
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Abstract 

Biological depolymerization has gained importance as a potential solution to alleviate pollution. 

This study involved the physicochemical transformations of polyethylene terephthalate (PET) by 

pretreatment to enhance biological depolymerization efficiency. PET films were subjected to 

pretreatments, including UV irradiation, thermal oxidation, size reduction, and thermal oxidation 

of size-reduced particles. These pretreated samples were then biodegraded using either an 

immobilized cutinase or whole-cell broths of Thermobifida fusca YX. The physicochemical effects 

of these treatments were evaluated through techniques such as attenuated total reflectance Fourier 

transform infrared (ATR-FTIR) spectroscopy, scanning electron microscopy (SEM), and weight-

loss analysis. The findings revealed that UV irradiation caused repetitive cycles of photo-oxidation 

over three hours, which impaired biological depolymerization due to increased crystallinity. 

Conversely, thermal oxidation improved biological depolymerization up to an optimal temperature 

of 80 °C. Higher temperatures were favorable for whole-cell biological depolymerization, while 

slightly lower temperatures (70–80 °C) were optimal for enzyme-mediated processes. A similar 

trend was observed for thermally oxidized size-reduced particles, with the smallest particle size 

exhibiting the highest biological depolymerization rates, 21.25 ± 0.24% with the immobilized 

enzyme and 16.61 ± 0.63% with whole cells. The study indicated that all pretreatments primarily 

targeted the ester linkage, specifically the C=O and C-H bonds. Additionally, the effects of 

pretreatments were tested by chemical hydrolysis under optimized conditions developed in our 

lab.  Due to its inherently caustic nature, chemical hydrolysis did not require any pretreatment. 

These findings shed light on the interplay of physical and chemical factors influencing biological 

depolymerization, offering valuable insights into importance of pretreatments for biological 

hydrolysis of such polymers. 
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3.1 Introduction 

Since its invention in 1941, the production and consumption of polyethylene terephthalate (PET) 

based products has skyrocketed. The desirable properties of PET include its inertness, transparent 

nature, flexibility, and the availability of cheap monomers, albeit from fossil resources. Hence, it 

has been used for the mass-production of a list of products including water bottles, containers, 

textile fibres and packaging material (Nisticò, 2020). However, these very attributes have made 

PET inert to breakdown and ubiquitous in terrestrial and marine systems. Its accumulation has 

resulted in substantial environmental issues (Amanna et al., 2023; Webb et al., 2012). In 2021, 

390.7 million metric tons of plastics were produced globally, of which 6.2% was PET 

(PlasticsEurope (PEMRG), 2021). In 2022, Canada recycled an average of 110,359 tonnes of the 

243,743 tonnes of rigid PET waste, meaning that only 45% of the rigid PET was recycled (Canada 

Plastics Pact, 2024). Each year, more than 300 million metric tons of plastic waste are globally 

produced (Gourmelon, 2015). As a result of these challenges, many countries are looking for ways 

to solve the serious plastic pollution issue by developing methods to reuse the plastics, thereby 

coming closer to a circular economy (Amanna et al., 2021; PlasticsEurope (PEMRG), 2021). Many 

countries are increasingly using their unrecycled plastic waste for energy recovery (Walker, 2021). 

Unfortunately, these processes generate numerous toxic and hazardous compounds (Koshti et al., 

2018; Paul et al., 2020; Revel et al., 2018; Shen et al., 2019; Wu et al., 2017). Managing over nine 

billion metric tons of plastics (Ian Tiseo, 2023) currently on our planet into a sustainable circular 

economy is a challenge that needs to be addressed urgently. 

A circular economy requires the reuse of presently discarded plastics to produce new plastic items. 

The currently used recycling technology involves melting PET products after use, followed by its 

use for other lower value products. This is because melted PET flakes lead to plastics of varied 

functionality like reduced mechanical and optical properties and allows migration of 
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nonintentional added substances into food and pharmaceutical products, thus limiting the 

application of PET in this way (Brouwer et al., 2020; Thoden van Velzen et al., 2020; Welle, 2011, 

2013). An efficient circular economic method would break down the waste PET into its monomeric 

constituents, terephthalic acid (TPA) and ethylene glycol (EG) which can be re-polymerized to get 

back products of required characteristics. This would eliminate the issue of migration of chemicals 

into PET, generating high quality recycled PET from waste PET.  

Chemical hydrolysis is one such method that can depolymerise PET to TPA and EG. A recent 

study developed and optimized a chemical hydrolysis process that was able to hydrolyze used 

single-use PET bottles (Moges, 2022). This process was able to recover nearly 84% of TPA from 

amorphous PET films as well as a single-use PET bottle following ozonation pretreatment. Even 

though chemical hydrolysis working under caustic conditions may be able to recover higher yields 

of the monomers, processes which operate under near ambient conditions and require no toxic 

chemicals are preferred.  

Biological depolymerization is a preferred route for its clean, near ambient conditions and green 

approach. In the last few decades, scientists have reported numerous enzymes and microorganisms 

with PET-hydrolyzing ability (Farzi et al., 2019; Q. S. Huang et al., 2022; Maheswaran et al., 

2023; Qi et al., 2022; Torena et al., 2021b). Functional groups like C=O and -OH increase the 

wettability or the hydrophilicity of the polymer surface which in turn increases biological 

depolymerization (Benke et al., 2022; Donelli et al., 2010). Additionally, factors like adhesion, 

surface topology, molecular weight and additives used in the production of the polymer have a 

significant impact on biological depolymerization (Vague et al., 2019). Pretreatments help modify 

these intrinsic properties, making PET more accessible for biological depolymerization. 
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Pretreatments such as size reduction augment the overall surface area for reaction, while thermal 

and ultraviolet (UV) pretreatments induce polymer oxidation, subsequently leading to the 

generation of radicals (B. Singh & Sharma, 2008). Both, thermal and photo-oxidation, increase the 

incorporation of atmospheric oxygen into the polymer, decreasing the hydrophobicity (Hurley & 

Leggett, 2009; B. Singh & Sharma, 2008). The efficacy of UV pretreatment depends on its ability 

to penetrate through PET surface since the reaction is a surface phenomenon. Irradiation with UVA 

with natural weathering conditions resulted in chain scission of PET (Gok et al., 2015). 

Furthermore, Vague et al. (2019) reported change in functional groups after UVA irradiation with 

no further detail on its effects on biological depolymerization. Falkenstein et al., (Falkenstein et 

al., 2020) also reports an impairment in the biological depolymerization post UV irradiation. 

Different UV ranges have different energies and hence different penetrative and bond cleavage 

abilities. Similarly, temperature also affects biological depolymerization. Temperatures around the 

glass transition temperatures (amorphous: 67 °C and crystalline: 81 °C) allow movement of the 

polymer chains (Botelho et al., 2001; Panowicz et al., 2021). Most studies of exposing PET to heat 

follows thermal depolymerization and has not been used a method to modify the polymer’s 

physical structure to augment biological depolymerization. Both the physical and chemical nature 

of PET affect biological depolymerization. Sepperumal et al. (2013) reported modification of the 

functional groups of powdered PET after biological depolymerization with Penicillium spps. 

Furthermore, Farzi et al. (2019) reported about 70% biological depolymerization of PET powder 

(size 212 μm) by Streptomyces spps after 18 days. Ma et al. (2012b), further reduced the size of 

PET to nanometers, and observed biological depolymerization up to 50%. Most studies of PET 

pretreatment and biological depolymerization focus on using one type of pretreatment with one 

type of biological depolymerization process. This makes the comparison of such processes 
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difficult. Therefore, a comprehensive study focussing on various pretreatments followed by 

enzymatic, whole cell and chemical hydrolyses was carried out to shed some light on the best 

combination required for PET biological depolymerization. 

This study focusses on the effect of physicochemical pretreatments of PET for biological 

depolymerization using biological catalysts. Eighteen different pretreatments which include acid 

treatment, thermal oxidation, photooxidation, size reduction and a combination of thermal 

oxidation and size reduction were carried out. The effect of pretreatment on the physical and 

molecular structure of PET were analyzed and subsequently its impact on biological 

depolymerization were analyzed. PET samples were biodegraded using two types of bioagents, 

whole-cell broths of Thermobifida fusca YX and immobilized cutinase enzyme. The results of 

these experiments were compared to the chemical hydrolysis of PET. 

3.2. Materials & Methods 

3.2.1 Biological Agents and Chemicals 

All experiments were carried out using amorphous PET films purchased from Goodfellow 

(Canada) (Product code: ES30-FM-000145). The actinomycete, Thermobifida fusca YX (ATCC 

BA-629), was purchased from Cedarlane (Canada). The immobilized enzyme Novozym® 51032 

(1,3 Lipase from Humicola insolens) was purchased from Cedarlane (Canada) (Product code: 

IMML51-T1-350-2). The immobilized enzyme beads had the particle size ranging from 300 to 

700 µm (immobilized by adsorption onto polymethacrylate divinylbenzene copolymer beads). All 

the other chemicals and solvents were purchased from Sigma-Aldrich (St. Louis, Missouri, USA) 

of reagent grade and used without modification unless specified otherwise. 
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3.2.2 Physicochemical pretreatments of PET 

3.2.2.1 Ultraviolet (UV) pretreatment 

The 1x1 inch amorphous PET film samples were exposed to two UV wavelengths, 254 nm (UVC) 

and 311 nm (UVB). The UVC pretreatment used was a modified protocol used by Hurley & 

Leggett (2009). The sample was kept 3 cm from the UVC light source inside a biosafety cabinet 

(maximal peak at 254 nm) for 2, 4, and 6 hours. The same protocol was used for comparison with 

the UVB light source using a Philips Narrowband purchased from Philips, Canada.  

3.2.2.3 Size reduction 

Amorphous PET was pulverized in a high-speed superfine pulveriser with 2 minutes intervals to 

reduce the effect of heat on the PET particles. The PET particles were separated with mesh sizes 

1mm, 500 µm, and 250 µm. For subsequent experiments, 185 mg of the separated particles were 

used for each condition evaluated.  

3.2.2.4 Thermal pretreatment of films and size-reduced PET  

Amorphous PET film was cut into 1x1 inch samples and the size-reduced PET samples (1mm, 500 

µm, and 250 µm) were incubated at 70 ºC, 80 ºC, and 90 ºC in a hot air oven, respectively, for two 

weeks.  

3.2.2.5 Acid pretreatment 

A modified protocol adapted from Rajandas et al. (2012) was used for the acid pretreatment of 

PET films. The amorphous PET film was cut into 1x1 inch samples and submerged in 10 mL of 

65% v/v nitric acid in 25 mL glass bottles with lids for two weeks. After every pretreatment, the 

PET films were washed with 0.1% SDS and subsequently washed three times with distilled water.  
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3.2.3 Analysis methods 

3.2.3.1 Fourier Transform Infrared Spectrometry (FTIR) 

The test film samples were washed thoroughly with deionized water. Spectra were collected in the 

4000 to 600 cm-1 range at 2 cm-1 spectral resolution using a single-beam Bruker Tensor 37 FTIR 

which had the Bruker OPUS 5.5 software available at the Lakehead University Instrumentation 

Laboratory (LUIL), Lakehead University, Thunder Bay, Canada.  

3.2.3.2 Differential Scanning Calorimetry 

The untreated and pretreated PET film samples were cut into 2 x 2 mm squares. Differential 

scanning calorimetry was carried out in the DSC Q2000 TA Instruments (New Castle, USA) the 

temperature range was 20 to 270 °C and heating rate of 10 °C per min. The obtained values were 

viewed and analysed using TA Universal Analysis. 

The degree of crystallinity (ΧC) was calculated according to equation (1): 

 … Equation (1) 

Where, ΔHcc is the cold crystallization enthalpy of the sample. ΔHm is the heat of melting of the 

sample, while ΔH0
m is the heat of melting of a pure crystalline sample which is 140 J.g-1 according 

to (Mehta et al., 1978). 

3.2.3.3 Scanning electron microscopy 

The untreated and pretreated PET film samples were washed thrice with deionized water and air-

dried before imaging. These samples were imaged using the SEM/EDS: Hitachi Su-70 Schottky 

Field Emission scanning electron microscope operated at an electron beam intensity of 5 kV at 

LUIL, Lakehead University, Thunder Bay, Canada. Before viewing under the microscope, the 

samples were carbon coated using the BOC Edwards Auto 306 to increase the electron density. 
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3.2.3.4 Gravimetric weight loss 

The pretreated samples were weighed before and after the pretreatments using the Sartorius 

Quintix weighing balance. The samples were also weighed before and after biological hydrolysis 

and chemical hydrolysis. 

3.2.4 Biological hydrolysis  

Two types of biological hydrolyses, enzyme mediated and whole cell-based methods, were 

employed to determine the efficacy of pretreatment. After the biological hydrolysis, the PET films 

and particles were separated by vacuum filtration. The PET films and particles were then washed 

with deionized water three times and were dried at 50 ºC in a hot air oven for 6 hours then weighed. 

Biological hydrolysis was done in triplicates and subsequently subjected to a t-test to determine 

significance. 

3.2.4.1 Enzyme-mediated hydrolysis 

The reaction system consisted of 700 mg immobilized Novozym® enzyme (with an activity of 

10,000 μmol.g-1.min-1) and the pretreated sample in 10 mL of 200 mM Tris HCl buffer at pH 8.0. 

This system was incubated at 60 ± 2 ºC at 150 rpm for three days. The enzyme was separated by 

vacuum filtration, and the PET samples were washed with deionized water thrice before drying in 

the hot air oven at 50 ºC. These samples were then weighed to determine weight loss. 

3.2.4.2 Whole-cell mediated hydrolysis 

The actinomycete T. fusca YX was grown in 25 mL of Hagerdahl’s for 5 days at 150 rpm at 50 

°C. The enzyme activity of the extracellular broth was determined to be 28.36 μmol.ml-1.min-1. 

The pretreated sample was incubated with 100 µL of T. fusca YX inoculum in Hagerdahl’s 

medium for two weeks.  
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3.2.5 Chemical hydrolysis by non-aqueous alkali 

Chemical hydrolysis of PET was adapted from Bhogle & Pandit (2018). It was carried out by 

incubating amorphous PET samples (1x1 inch) in 20 mL of 8.5% w/w NaOH in methanol in a 125 

mL Erlenmeyer flask in a CPX series ultrasonic bath (40 Hz, CAT: 15-337-419), Fisher Scientific 

(New Hampshire, USA) set at 60 °C for 2.9 hours. The reaction was stopped by the addition of an 

equal volume of chilled deionized water. The unhydrolyzed PET was separated using vacuum 

filtration, and then washed thrice with deionized water, followed by drying at 80 ºC for 45 minutes 

to remove any residual methanol. After this, the weight of the unhydrolyzed PET was determined 

using the Sartorius Quintix weighing balance. The TPA in the filtrate was precipitated at pH 2.5 

using undiluted sulphuric acid. The insoluble white precipitate was washed thrice with deionized 

water to remove soluble salts. The TPA salt was then dried in the hot air oven at 80 ºC for 45 

minutes. The pH of the filtrate was increased to 7 to analyze the non-precipitated oligomers by 

HPLC (See Section 3.2.4.4). The TPA yield was calculated using the TPA recovered after 

precipitation and the theoretical expected TPA. The theoretical calculations for expected TPA and 

EG were based on the equations from Bhogle & Pandit (2018). The total monomer yield was 

calculated using the formula in equation 2.  

  𝑇𝑃𝐴 𝑦𝑖𝑒𝑙𝑑 =
𝑄𝑢𝑎𝑛𝑡𝑖𝑓𝑖𝑒𝑑 𝑇𝑃𝐴

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑇𝑃𝐴
 𝑥 100         ---- Equation (2) 

Where, 

Quantified TPA is the number of moles of TPA quantified after hydrolysis. 

 Theoretical TPA is the number of moles of TPA expected after complete hydrolysis. 
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3.3. Results & Discussion 

3.3.1 Photo-oxidative depolymerization using ultraviolet radiation 

Most previous studies report weathering of PET by exposure to most of the UV range (400 nm to 

250 nm) (A. L. Day & Wiles, 1972; M. Day & Wiles, 1972; Falkenstein et al., 2020). In this study, 

to determine the effect of wavelength and exposure time of UV radiation, PET films were exposed 

to two specific wavelengths with different energies, 254 nm, and 311 nm. They were irradiated for 

3, 4, and 6 hours at each wavelength. The surface structure after irradiation remained unchanged 

when imaged. However, with ATR-FTIR analysis, changes in the intensity of functional groups 

were observed. Untreated PET samples showed characteristic absorption peaks which include 

2864 cm-1 and 2945 cm-1 for stretching of the asymmetrical/symmetrical C-H bond in a methylene 

group, 1714 cm-1 for C=O stretching in an α/β-unsaturated ester in a benzene ring, 1408 cm-1 for 

stretching of C=C in the benzene ring, 1257 cm-1 and 1242 cm-1 for stretching of C-O in a 

carboxylic acid, 1095 cm-1 for stretching of C-H bond in the benzene ring, 870 cm-1 for bending 

of C=C in cyclic or conjugated alkene and 725 cm-1 for C-H bending in a monosubstituted benzene 

ring (Alzuhairi & Al-Ghaban, 2016; Y. Huang et al., 2021; Zhu & Kelley, 2005). Furthermore, the 

degree of crystallinity of the untreated PET films, as calculated using Equation 1, was found to be 

6.69%. 

For PET samples irradiated with UVB or UVC, a general reduction in peak intensities was 

observed. UVC irradiation for 3 hours caused a decrease in peak intensities, followed by an 

increase at 4 hours, and then a return to the 3-hour levels after 6 hours. Specifically, the 

asymmetrical/symmetrical C-H bond in a methylene group at 2945 cm⁻¹ and the C=O stretching 

in an α/β-unsaturated ester at 1714 cm⁻¹ showed reductions, indicating bond cleavage near the 

aromatic moiety (see Fig. 3.1) (Smith, 2022). After 4 hours, the peak intensities increased, 

suggesting chain scission and exposure of more functional groups. By 6 hours, the intensities 
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decreased again, resembling the 3-hour spectrum (see Fig. 3.2). Photolysis initiated by UV 

disrupted C-O and C-H bonds at 2945 cm⁻¹ and unsaturated sites at 1714 cm⁻¹ (B. Singh & Sharma, 

2008), are evident after 3 hours of UVC exposure. Furthermore, differential scanning calorimetry 

(DSC) analyses of the films subjected to UVB and UVC irradiation revealed a progressive increase 

in the degree of crystallinity over time. Specifically, the degree of crystallinity for the UVB 

irradiated samples was determined to be 7.87%, 8.44%, and 10.37% after 3, 4, and 6 hours of 

exposure, respectively (see Supplementary fig. 1). In comparison, UVC irradiated samples 

exhibited degrees of crystallinity of 8.83%, 9.07%, and 11.43% following 3, 4, and 6 hours of 

irradiation, respectively (see Supplementary fig. 2). 

Propagation reactions are auto-oxidation cycles which can be observed by the increase after 4 

hours of irradiation followed by a drop in the peak intensity after 6 hours of irradiation. Photolysis 

occurs through Norrish I and II reactions following the β-scission route. Norrish reactions in 

polyesters like PET commence by the formation of an excited terephthalic acid radical (DeCosta 

et al., 1999; Fechine et al., 2004; Zhu & Kelley, 2005). Due to the domination of type I reaction, 

carbonyl bonds are cleaved. These scissions occur in the amorphous domain creating two free ends 

that can restructure to increase the crystallinity of the polymer. The results obtained in this study 

with UV photolysis pretreatment are similar to that described previously by Singh & Sharma (B. 

Singh & Sharma, 2008). Irradiation with shorter wavelengths like 254 nm are known to reduce the 

molecular weight of PET, while 310 nm has a much-reduced extent of molecular weight reduction. 

Reduced molecular weight polymers can restructure with ease compared to their larger counter 

parts (M. Day & Wiles, 1972). 

Following UV irradiation, the efficacy of biological depolymerization was assessed. There was an 

increase in T. fusca-mediated biological depolymerization with UVB-irradiated PET films. PET 
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films irradiated with UVB for 6 hours demonstrated nearly a 4 % weight loss compared to the 

untreated PET sample at 1 % (p-value: 0.0017). In comparison, enzyme-mediated biological 

depolymerization showed a 15% decrease compared to its untreated PET counterpart after 3 hours 

of UVB irradiation. With UVC irradiation, there was a decrease in the biological depolymerization 

performance with both enzyme-mediated, HiC, and whole-cell T. fusca biological 

depolymerization (see Fig. 3.3). Falkenstein et al. found that weathering of PET for 14 days with 

focus on UV exposure resulted in an increase in the abundance of C-O bonds due to intra-chain 

scissions (Falkenstein et al., 2020). However, this was accompanied by a decrease in the biological 

depolymerization efficiency. This was attributed to the increase in the crystallinity of the PET film 

after irradiation. In this study, a narrower range of wavelengths with peak intensities of 311 nm 

(UVB), and 254 nm (UVC) with shorter time exposures resulted in no new peaks, but a variation 

in the abundance of C=O and C-H which corroborates the findings of Falkenstein et al. Suggesting 

that the effects of UV exposure on PET films are demonstrated in 4 hours. This indicates that the 

4-hour mark of UVC exposure is the critical time point beyond which impairment of biological 

depolymerization occurs. Hence, UVC exposure of more than 4 hours would not be a 

recommended pretreatment method.  

 

Figure 3.1 Schematic of the postulated photodegradative process as a result of UV irradiation 
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Figure 3.2 ATR-FTIR spectra of amorphous PET films exposed to (A) UVB and (B) UVC for 3, 

4, and 6 hours versus untreated PET 
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Figure 3.3 Weight loss of PET based on enzymatic biological depolymerization by immobilized 

HiC and whole-cell biological depolymerization by Thermobifida fusca YX following 

pretreatment by UVB and UVC irradiation, thermal oxidation, size reduction, and thermal 

oxidation of size reduced particles 

 

3.3.2 Thermal oxidation  

Thermal oxidation was assessed by exposing the PET film to dry heat at three temperatures, 70 

°C, 80 °C, and 90 °C for two weeks. With each increase in temperature, there was a corresponding 

increase in the haziness of the films. Haze can be caused due to surface roughness, internal optical 

irregularities, level of crystallization, and porosity (Horváth et al., 2014; Molnár et al., 2020). At 

higher temperatures, the polymer chains can shift freely enough to be able to form crystals. DSC 

analysis of the treated films revealed a temperature-dependent increase in crystallinity. This was 
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which were measured to be 7.23%, 7.35%, and 7.51%, respectively (see Supplementary fig. 3). 

The effects of thermal treatment on the surface of the films were imaged using a scanning electron 

microscope. Multiple physical deformities like bulbous protrusions and cracks of varying widths 

were present on the film's surface. These deformities increased in frequency and intensity with 

increase in temperature (See Supplementary fig. 4).  

There were no shifts in the hybridization state or electron distribution of the molecular groups 

within the fingerprint region when observed by ATR-FTIR. However, there was a variation in the 

abundance of the functional groups as indicated by a change in the peak intensity (Norman Jones 

et al., 1952). There was a slight increase in the stretching in the asymmetrical C-H bond at 2945 

cm-1 when the PET films were exposed to 70 °C and 80 °C for two weeks. Meanwhile, there was 

a decrease when exposed to 90 °C for two weeks (see Fig. 3.4). We observed a shift in the paradigm 

when exposed to 90 °C. This suggests a reduction in the C-H bonds upon an increase in temperature 

from 80 to 90 °C, which corresponds to the reduction in the bond between the asymmetrical C-

atoms on either side of the aromatic ring with their corresponding H-atoms. This can be further 

confirmed by the reduction in the peak intensity at 1714.64 cm-1 which corresponds to the 

stretching of the bond between the C=O of an α/β-unsaturated ester in a benzene ring. This strongly 

indicates the cleavage of the bond or bonds between the asymmetrical carbons and the respective 

substitutions. Correspondingly, at peak 1714.64 cm-1 we observed a progressive increase in the 

stretching of C=O up to 80 °C but observed a decrease when the temperature is increased to 90 

°C. Thermal oxidation, similar to photo-oxidation follow similar initiation and propagation 

reactions (B. Singh & Sharma, 2008). Additionally, thermal oxidation of PET and its structural 

homolog, ethylene dibenzoate resulted in a radical formation across C-O in the ester bond (Botelho 
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et al., 2001). These results suggest that the initiation of thermal oxidation can occur with 

temperatures close to the glass transition temperature, that is as low as 70 C. 

 
 

Figure 3.4 ATR-FTIR spectra of amorphous PET film exposed to exposed to 70 °C, 80 °C, and 

90 °C for two weeks versus untreated PET 
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increase in temperature when biodegraded with whole-cell T. fusca. Like cellulases, T. fusca YX 

could harbor multiple active PET-hydrolyzing enzymes as well as modifying enzymes that resulted 

in higher weight loss. This could contribute towards the increase in biological depolymerization 

of PET which has been thermally oxidized at 90 °C. Although the biological depolymerization of 

T. fusca YX increases with temperature, the energy consumption associated with a two-week 

thermal treatment is disproportionate to the observed biological depolymerization. While the 

method shows potential, its viability requires further evaluation through a comprehensive life cycle 

analysis. 

3.3.3 Size-reduction 

In order to determine the effect of particle size, PET samples were pulverized to 1 mm, 500 μm, 

and 250 μm. When imaged, the structure of the cross-sectional surface showed rough edges and 

several cracks resulting from pulverizing. In some cases, bulbous protrusions could be observed 

(see Supplementary fig. 2). Similar to the effect of thermal oxidation, there were no changes in the 

particles' hybridization states or functional groups, but there were variations in the abundance of 

the functional groups. A slight shift in peaks is observed upon size reduction compared to the 

standard PET film. Particle size 1 mm shows a peak shift to 2949 cm-1, while 500 μm and 250 μm 

show a shift to 2927 cm-1 (see Supplementary fig. 6). These shifts still fall in the methyl C-H 

asymmetrical stretch. Furthermore, with progressive increase in size, there is corresponding 

increase in the peak intensities. This confirms the increase in the exposure of functional groups 

due to the increase in surface area.  

Previous reports demonstrate an inverse correlation between particle size and biological 

depolymerization, i.e., a decrease in particle size has increased biological depolymerization (Farzi 

et al., 2019). Both enzyme-mediated and whole-cell-mediated biological depolymerization showed 
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a similar trend of increase in overall weight loss with a decrease in particle size. Weight loss was 

more substantial with HiC-mediated biological depolymerization compared to T. fusca-mediated 

biological depolymerization. The highest weight loss of 16.85 ± 1.08 % (absolute weight loss of 

33.26 ± 1.96 mg) was observed with the smallest particle size, 250 μm with enzymatic biological 

depolymerization with immobilized HiC. This is 2.7 times more than the weight loss observed 

with untreated PET films, 6.2 ± 0.46% (absolute weight loss of 13 ± 0.5 mg) after three days of 

enzymatic hydrolysis. Furthermore, there was three times increase in biological depolymerization 

(3.03 ± 0.5% weight loss) with whole cell mediated biological depolymerization with 250 μm 

particles than with untreated PET films. The reduction in particle size increases the surface area 

available per unit mass available for reaction increasing reaction rates. However, the energy input 

for the size reduction and the ability to bring about size reduction at higher volumes needs to be 

studied as at large scale this cost can be prohibitive. 

3.3.4 Combination of thermal oxidation with size-reduction 

As observed, reduction in particle size and thermally oxidized PET increases the overall biological 

depolymerization. To assess the combined effect, sized-reduced PET particles sizes, 1 mm, 500 

μm, and 250 μm were thermally treated at three temperatures 70 °C, 80 °C, and 90 °C for two 

weeks. When imaged, all samples were observed to have an increased number of fine cracks 

throughout the surface. In addition, several broken-like structures were found toward the particles’ 

sides. With an increase in temperature, various undulating protrusions were observed on the 

particle’s surface compared to the untreated film (see Supplementary figs. 7-9).  

After the assessment of changes in the physical structure, the change in the molecular bonds and 

functional groups were assessed. The variation in functional groups resulting from the combination 

of thermal oxidation and size reduction pretreatments were assessed using ATR-FTIR. The 
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combination of size reduction and temperature resulted in the variation of peak intensities 

following the thermally affected peaks, 2945 cm-1 and 1714 cm-1. The peak at 2945 cm-1 

corresponds to the stretching of the asymmetrical methyl C-H bond on either side of the aromatic 

ring and peak 1714 cm-1 corresponds to the stretching of the bond between the C=O of an α/β-

unsaturated ester in a benzene ring respectively (see Supplementary fig. 10). The combination of 

size reduction with exposure to 70 °C have increased overall peak intensities when compared to 

their corresponding controls of unheated size-reduced particles. An increase in the functional 

groups has been previously reported to be conducive to biological hydrolysis (Rajandas et al., 

2012). This was confirmed in our study, where the combination of 250 μm size particles treated at 

70 °C for two weeks resulted in the highest weight loss of 21.25 ± 0.24%. When exposed to 80 °C 

for two weeks, interestingly, there was both an increase and decrease in peak intensities at different 

wavelengths. With decrease in size up to 500 μm, there was a decrease in peak intensities. With 

further decrease in size to 250 μm, there was an increase in peak intensities. This suggests an 

increase in the stretching of the C-H bond corresponding to the increase in abundance of the 

methylene group. The increase in the abundance of functional groups in the sample with particle 

size of 250 μm was due to the increased surface area. These results suggest the increase in bond 

cleavage with incremental decrease in size resulting in an increase in abundance of functional 

groups C=O and C-H. When combined with even increased temperature, 90 °C there was a further 

reduction in the peak intensity. Following the earlier mentioned peaks, 2945 cm-1 and 1714 cm-1, 

similar bond cleavage can be observed. The reduction in the asymmetrical C-bond on either side 

of the aromatic ring is indicative of its cleavage and the reduction in the stretching of the bond 

between the C=O of an α/β-unsaturated ester in a benzene ring which is indicative of the cleavage 

of the bond. There seemed to be a greater effect of bond cleavage with 250 μm exposed to 90 °C.  
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As mentioned earlier, size reduction and thermal treatment confer unique properties to the 

previously smooth polymer. Size reduction increases the overall surface area, roughness and 

exposure of functional groups due to the pulverizing process. Depending on the temperature there 

can either be an increase (at 70 °C and 80 °C) or decrease (at 90 °C) in the abundance of functional 

groups. The combination of these treatments resulted in both physical and chemical changes in 

PET, which augmented biological depolymerization. The combination of different sizes with 

different temperatures did not result in a synergistic effect for enzyme-mediated hydrolysis. 

However, there was an increase in weight loss compared to their non-temperature-treated 

counterparts. The highest weight loss with whole cell mediated hydrolysis was 16.41 ± 0.63% with 

250 μm particles treated at 90 °C. As mentioned earlier, T. fusca YX could have a battery of PET-

hydrolyzing enzymes (PHEs) as well as modifying enzymes. Meanwhile, the highest weight loss 

with immobilized enzyme was 21.25 ∓ 0.24% with 250 μm particles treated at 70 °C. Our results 

suggest that immobilized HiC as a better option for biological depolymerization of size-reduced 

PET particles. However, there was a synergistic effect of the combination of size reduction and 

temperature with whole cell mediated biological depolymerization with uninduced T. fusca YX. 

Induction of cutinases from T. fusca YX could potentially increase the overall biological 

depolymerization of PET particles.  

The reduction of PET particle size presents inherent challenges, including the risk of microplastic 

and nanoplastic release into the environment (Amanna et al., 2023) and the substantial energy 

required for the size reduction process. Additionally, thermal treatment for two weeks would 

further increase energy consumption. However, the significant weight loss observed through both 

whole-cell and immobilized enzymatic biological depolymerization highlights the potential of the 

biological method. Optimizing the process to minimize energy consumption, followed by a 
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comprehensive life cycle analysis, could provide valuable insights into the feasibility and 

sustainability of this approach. 

3.3.5 Acid pretreatment 

PET films were treated with 65% v/v nitric acid to assess the effect of strong acid on the polyester. 

After 2 weeks, the films had turned completely white and were extremely brittle to handle. When 

viewed under the electron microscope, the surface of the films was completely deteriorated. There 

were craters and tiny holes throughout the surface of the film (See Supplementary fig. 11). Despite 

the visual indication of deterioration of the film, interestingly, the weight of the film increased by 

5.73 ± 0.71% after the acid treatment. The assessment of functional groups by ATR-FTIR 

determined a change in the functional groups present, there was an additional broad peak ranging 

from 3206 cm-1 to 3583 cm-1 which suggests the presence of an -OH bond. Meanwhile, the other 

peaks remained unchanged (See Supplementary fig. 12). The drastic change in the physical 

structure and the formation of a new functional group did not augment biological 

depolymerization. In fact, there was no change in weight after enzymatic hydrolysis with HiC, 

indicating that no biological depolymerization occurred. With whole-cell hydrolysis, there was 

5.68 ± 0.38 % weight loss. This suggests that different enzymes were expressed by T. fusca YX 

that had a different cleavage mechanism than HiC. The actinomycete has been previously 

described to have a battery of enzymes for cellulolytic activity (Lykidis et al., 2007) and is 

currently being explored for other functions, like esterase activity. Additionally, the variation in 

the physical states of HiC (immobilized) and the whole cells (free suspension) could have affected 

the biological depolymerization.  
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3.3.6 Chemical hydrolysis by non-aqueous alkali 

Chemical hydrolysis involving non-aqueous alkalis have been gaining interest due to their ability 

to hydrolyze in-use plastic that would otherwise end up in the landfill. Recent studies report the 

use of standard PET films as well as waste PET able to be hydrolyzed with non-aqueous alkali. 

One such study reports the chemical breakdown of amorphous untreated PET films results in over 

80% TPA recovery (Moges, 2022). As observed earlier in this study, pretreatments cause chemical 

and, in some cases, physical changes. To determine the effect of pretreatment on TPA yield, each 

sample was exposed to individual and combined pretreatments prior to being chemically 

hydrolyzed using 8.5% NaOH in methanol in combination with ultrasonic waves for 2.9 hours. 

Under these conditions all PET samples had a 100% weight loss. Untreated PET sample resulted 

in as high as 90.85 ± 0.84% TPA recovered (using equation 2). As demonstrated by a previous 

study, HPLC analysis of the supernatant after the precipitation of TPA revealed trace amounts of 

TPA, MHET, BHET, and other oligomers (Moges, 2022). There was no significant difference 

between the TPA yields between the untreated film and pretreated samples (p-value: 0.96) (see 

Fig. 3.5). Due to the caustic nature of the treatment, no pretreatment would be required. 
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Figure 3.5 Precipitated terephthalic acid (TPA) after chemical hydrolysis compared to 

theoretical TPA yield 

3.4 Conclusion 

This study aimed to identify the physicochemical changes in amorphous PET films by pretreatment 

and their ability to augment biological depolymerization. Pretreatments like thermal oxidation with 

dry heat and photooxidation by UV irradiation, targeted C=O and C-H bonds. Despite targeting 

the same bonds, UV irradiation impaired biological depolymerization while thermal oxidation 

increased biological depolymerization. Interestingly, T. fusca-mediated biological 

depolymerization was better than a singular enzyme, HiC, when PET was exposed to higher 
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depolymerization and can be attributed to the increased surface area of PET. The combination with 

the highest weight loss, 21.25 ∓ 0.24 % was with the smallest particle size, 250 m at 70 C with 

the immobilized HiC enzyme. However, this process is not only energy intensive but could also 

lead to the generation of several microplastics that could potentially enter the environment. These 

results suggest that whole-cell biological depolymerization is not just dependent on the shift in the 

hybridization peaks but also its abundance. Biological depolymerization is thus affected by the 

size of the particle, exposure to shorter wavelengths like UV, thermal treatments closer to glass 

transition temperatures and roughness of surface. Commercial PET films with increased 

crystallinity (20–30%) may exhibit behavior distinct from or analogous to the effects observed in 

the pretreatments discussed in this study, albeit at a different magnitude. This elevated crystallinity 

could potentially lead to a reduction in the biological depolymerization efficiency typically 

observed with amorphous PET, as the denser crystalline structure may further limit enzymatic or 

microbial access to the polymer chains. Biological depolymerization requires modification of PET 

via physicochemical pretreatments while chemical hydrolysis does not require any pretreatment. 

The caustic nature of the chemical process overcomes the need for any modification. Further life 

cycle assessments of the described physicochemical and biological depolymerization methods 

need to be studied to identify the most optimal route for reduction in pollution under milder 

conditions like biological reactions that can lead to a circular economy.  
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Appendix A 

 

 

Supplementary Figure 3.1 Differential scanning calorimetric analysis of untreated PET (black) 

and UVB irradiated PET (3h (orange), 4h (green), 6h (blue)) 

 

 

Supplementary Figure 3.2 Differential scanning calorimetric analysis of untreated PET (black) 

and UVC irradiated PET (3h (orange), 4h (green), 6h (blue)) 
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Supplementary Figure 3.3 Differential scanning calorimetric analysis of untreated PET (black) 

and thermally treated PET (70 °C (orange), 80 °C (green), and 90 °C (blue)) 
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Supplementary Figure 3.4 Scanning electron images of amorphous PET films exposed to (A) 

70 °C, (B) 80 °C, and (C) 90 °C for two weeks. Image of untreated PET film (D). 
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Supplementary Figure 3.5 Scanning electron images of PET particles at sizes (A) 1 mm, (B) 

500 μm, and (C) 250 μm. Image of untreated PET film (D). 
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Supplementary Figure 3.6 FTIR spectra of PET particles at sizes 1 mm (orange), 500 μm 

(yellow), and 250 μm (green) versus untreated PET spectra (black). 
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Supplementary Figure 3.7 Scanning electron images of PET particles at sizes (A) 1 mm, (B) 

500 μm, and (C) 250 μm pretreated at 70 °C for two weeks. Image of untreated PET film (D). 
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Supplementary Figure 3.8 Scanning electron images of PET particles at sizes (A) 1 mm, (B) 

500 μm, and (C) 250 μm pretreated at 80 °C for two weeks. Image of untreated PET film (D). 
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Supplementary Figure 3.9 Scanning electron images of PET particles at sizes (A) 1 mm, (B) 

500 μm, and (C) 250 μm pretreated at 90 °C for two weeks. Image of untreated PET film (D). 
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Supplementary Figure 3.10 ATR-FTIR spectra of size reduced particles thermally treated at 

(A) 70 °C, (B) 80 °C, and (C) 90 °C for two weeks. Untreated PET particles are depicted as 

follows: 1 mm (green), 500 μm (yellow), and 250 μm (red). (A) FTIR spectra of PET particles at 

sizes 1 mm (dark green), 500 μm (orange), and 250 μm (dark red) exposed to 70 °C for two 

weeks versus their corresponding untreated samples. (B) FTIR spectra of PET particles at sizes 1 

mm (dark green), 500 μm (orange), and 250 μm (dark red) exposed to 80 °C for two weeks 

versus their corresponding untreated samples. (C) FTIR spectra of PET particles at sizes 1 mm 

(dark green), 500 μm (orange), and 250 μm (dark red) exposed to 90 °C for two weeks versus 

their corresponding untreated samples 
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Supplementary Figure 3.11 Scanning electron images of PET films treated with (A) acid and 

(B) image of untreated PET film 

 

 
 

Supplementary Figure 3.12 FTIR spectra of acid treated PET film (red) versus untreated PET 

spectra (black) 
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Chapter 4 

Objective 2 

 

Response surface methodology optimization for maximum cutinase production from 

Thermobifida fusca YX by modification of carbon and cutin sources 
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Abstract 

Cutinase, an enzyme with significant industrial potential for applications in bioremediation related 

to the textile, and polymer industries and the biological depolymerization of polyethylene 

terephthalate (PET) plastics. Optimization of its production conditions need to be carried out to 

meet commercial demands. Several studies focus on genetically engineering the enzyme. 

However, its subsequent translation to larger scale applications is limited due to the complications 

generated as a result of genetic engineering. This study focuses on maximizing cutinase production 

using the actinomycete Thermobifida fusca YX through the application of Response Surface 

Methodology (RSM). RSM is a statistical technique that helps in the optimization of process 

parameters using experimental design to determine the relationships between multiple variables 

and their combined effects. A Central Composite Design (CCD) was utilized to systematically 

vary the levels of these critical factors and obtain a predictive model based on experimental results. 

The model's adequacy and predictive capability were assessed using Analysis of Variance 

(ANOVA) and regression analysis. Optimization results indicated a 42% increase in cutinase yield 

when grown under the predicted optimal conditions of 0.98 g/L sodium butyrate, 0.98 g/L sodium 

lactate and 1.6 g/L of Roma tomato cutin, highlighting the efficiency of RSM in enhancing cutinase 

production. The cutinase obtained as a result was used for the biological depolymerization of PET. 

This study demonstrates the use of RSM for determining the global maximum for enzyme 

production taking into account the critical parameters which effect enzyme production using 

rigorous optimization methods. 
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Graphical abstract 
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4.1 Introduction 

Of the multitude of global challenges our society currently faces, plastic accumulation has attracted 

considerable attention to invoke a change in our current environmental management system. 

Single-use plastics like polyethylene terephthalate (PET or PETE) are one of the largest 

contributors of disposed plastics in our environment (Geyer et al., 2017). The scientific community 

has made significant effort for the biological depolymerization of PET using PET-hydrolyzing 

enzymes (PHEs) (Z. Chen et al., 2020; Pirillo et al., 2023; Puspitasari et al., 2021; Sagong et al., 

2020; Sulaiman et al., 2012; Tournier et al., 2020). Cutinase is one such enzyme that has attracted 

attention for its PET biological depolymerization abilities. 

Cutinase enzyme production by microbes can be induced by cutin, a naturally occurring aliphatic 

polyester that consists of long chain fatty acid (Fett et al., 1999). Several plant pathogens and 

opportunistic pathogens secrete cutinase to cleave the hydrophobic cutin. Cutin is the protective 

layer over most leaves and fruits and usually consists of different monomeric units depending on 

its origin (Fich et al., 2016b; Nawrath, 2002). Studies have reported variations in monomeric 

constituents even between species/cultivars of certain fruits like apples. Cutin from apples and 

tomatoes have been shown to increase cutinase production in Thermobifida fusca spps (Fett et al., 

1999). Cutins from apples and tomatoes have high concentrations of the monomer 10,16-

dihydroxydecanoic acid (Arrieta-Baez et al., 2020; Osman et al., 1999). This monomer has been 

speculated to be an important inducer for cutinase production. Additionally, watermelon cutin has 

been reported to increase cutinase production in Streptomyces spps. (Chaudhari & Singhal, 2015; 

Sales et al., 2020). In addition to inducers, carbon sources used in microbial media also play a role 

in cutinase production. Glucose has been known to have catabolite repression and sometimes is 

not good for enzyme production (Brückner & Titgemeyer, 2002). Other carbon sources have been 
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shown to increase enzyme production under fermentation conditions. Sodium acetate, and a 

combination of butyrate and lactate have been previously shown to increase the production of 

cutinase in a batch fermenter (He et al., 2009). However, there are very few studies that focus on 

how carbon sources affect enzyme production (Dalmau et al., 2000; Kakde & Chavan, 2011; 

Kanwal & Reddy, 2011). A combination of carbon sources and inducers which can lead to 

manifold increase in enzyme production.  

Genetic engineering has emerged as one of the most extensively researched strategies for 

enhancing PET biological depolymerization, as demonstrated by numerous studies (Cui et al., 

2021; Puspitasari et al., 2021; Silva et al., 2011; Son et al., 2019; Tournier et al., 2020; Wei et al., 

2016). However, despite its promise, this approach comes with significant challenges that cannot 

be overlooked (Gero et al., 1997). Central to genetic engineering is the use of marker genes found 

in plasmids, which are transmissible elements whose mobility allows them to transfer across 

various bacterial species and sometimes, even genera. These marker genes, which may include 

metabolic breakdown indicators, antibiotic resistance genes, or chromophore producers, raise 

serious concerns regarding environmental safety. The potential for these plasmids to inadvertently 

spread traits among different organisms poses a risk that could have far-reaching ecological 

implications. Moreover, the process of developing such genetic constructs is complex, demands 

substantial financial resources, time and skilled labour (Berry, 2007; Gero et al., 1997). Additional 

complications like predictability of genetic stability in different environmental conditions, 

complex interactions with the existing microorganisms in the environment, the risk of disrupting 

the existing microbial balance in the environment, challenges controlling the population growth of 

the genetically modified bacterium, complicate the path to effective and reliable solutions (Berry, 

2007; Gero et al., 1997). Given these challenges, it is crucial to explore alternative strategies that 
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might yield safer and more sustainable outcomes. One promising avenue is the optimization of the 

bacterium’s environment to enhance enzyme production naturally. This approach not only 

circumvents the risks associated with genetic manipulation but also embraces a more holistic 

method of fostering biological depolymerization processes. By focusing on environmental 

modifications, we can potentially maximize efficiency while minimizing ecological impact, 

paving the way for a more sustainable solution in PET biological depolymerization. 

Most studies for optimization of fermentation control variables follow a “One Variable At a Time 

(OVAT)” approach, which does not consider interacting variables. Response Surface 

Methodology (RSM) allows the study of relationships between several interacting response 

variables using methods like central composite design (CCD), Box Behnken design or Pareto chart. 

One of the first studies for cutinase production from Fusarium oxysporum optimized all the media 

components required for maximal production of cutinase using RSM (Alves Macedo & Fontes 

Pio, 2005). Another group isolated Aspergillus sp. RL2Ct which demonstrated high esterolytic 

activity and optimized the cutin concentration, temperature, and calcium chloride concentration in 

the medium using CCD (Kumari et al., 2016). In a more recent study, cutinase production from 

Fusarium verticillioides was optimized for its application as a potential insecticide degrader using 

RSM (Parmar & Rahi, 2023). 

This study aims to focus on the optimization of the environment (bacterial growth medium) of 

Thermobifida fusca YX for the maximal production of cutinase. We explore combinations of the 

carbon sources sodium acetate, sodium butyrate and sodium lactate and cutin (inducer) obtained 

from Royal gala apples, Roma tomatoes and watermelons. The interacting variables of cutin 

sources and carbon sources were optimized using Response Surface Methodology with a Central 
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Composite Design to find the optimal concentration for maximal cutinase production. The 

predicted values obtained by optimization for the maximum production of cutinase were then 

experimentally validated. Cutinase was produced at larger volumes so that partial purification of 

the extracellular enzyme could be carried out. The partially purified enzyme was tested for PET 

biological depolymerization. 

4.2 Materials and Methods 

4.2.1 Chemical, microorganism and cultivation 

The actinomycete, Thermobifida fusca strain YX (ATCC BA-629), was purchased from Cedarlane 

(Canada). All the other chemicals and solvents were purchased from Fisher Scientific (New 

Hampshire, USA) at reagent grade and used without further modification unless specified 

otherwise. The strain was cultivated in 50 mL of tryptone yeast extract (TYE) broth in an unbaffled 

100 mL Erlenmeyer flask for 3 days at 50 °C at 150 rpm in a rotary shaker. Amorphous PET film 

used for the hydrolysis studies were purchased from Goodfellow (Canada) (Product no.: 

ES301445). 

4.2.2 Carbon source experiments 

Studies for determination of media conditions to maximize production of cutinase began with 

selecting the carbon sources. The carbon sources selected, based on literature review, were sodium 

acetate, sodium butyrate, sodium lactate, and glucose. First, the range of each of the carbon sources 

was determined. For this, T. fusca YX was grown in Tryptone Yeast Extract (TYE) medium with 

one of the chosen carbon sources. Additionally, combinations of the carbon sources were assessed 

for additive or synergistic effect on cutinase production. The concentration was up to 10 g/L of 

each carbon source with 0.5 g/L increments. Glucose was used as a negative control due to 
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catabolite repression and its ability to reduce inducible enzyme production (Brückner & 

Titgemeyer, 2002). After the determination of the upper limit for the carbon sources, T. fusca YX 

was grown in the presence of 0.4% w/v cutin from Royal Gala apple peels (see Section 2.3). The 

supernatant was assessed for cutinase activity (see Section 2.5).  

4.2.3 Cutin extraction 

The protocol for cutin extraction was adapted from Fett et al. (1999). Royal gala apple peels, 

tomato peels and watermelon peels were placed in the -20 °C freezer for 4 hours. An oxalate buffer 

was prepared by mixing 16 g/L ammonium oxalate and 4 g/L oxalic acid. The peels were then 

added to the oxalate buffer solution (pH 3.5) and incubated at 80 °C for 2 hours. After 2 hours, the 

cutin containing films were peeled off the rinds and rinsed with deionized water twice before being 

dried in in the hot air oven at 50 °C overnight. The dried films were powdered using a mortar and 

pestle for further experiments. 

4.2.4 Experimental design using Response Surface Methodology (RSM) with Central 

Composite Design (CCD) 

In order to improve the effectiveness of cutinase production, the environmental conditions of 

Thermobifida fusca were optimized for maximum cutinase expression and secretion. The 

experimental design was carried out in central composite design technique under Response Surface 

Methodology in Minitab v.17. This software was used for experimental design, statistical analysis, 

quadratic model buildings, and generation of graph plots. The two main affecting factors for 

cutinase expression are carbon and inducer sources and concentrations. As previously mentioned, 

the carbon sources selected after preliminary experiments were sodium acetate, and a combination 

of sodium butyrate and sodium lactate. The range for these were 0.5 – 3.5 g/L. Cutin is a polymer, 

whose constituent monomers vary slightly depending on its origin. Cutin from Roma tomatoes, 
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Royal Gala apples and watermelons were chosen as inducers. From the experiments described in 

Section 2.2, the range for inducers was 0-3.5 g/L based on Fett et al. (1999). The range of the 

independent variables and their coded and actual levels are listed in Table 4.1. The end points of 

the ranges are coded as α and -α, while 1 and -1 are the midpoint values between the endpoint and 

zero. Six combinations were used in this study: Combination 1, 2 and included sodium acetate as 

carbon source and Roma tomato, Royal Gala apple and watermelon cutin respectively, 

Combination 4, 5 and 6 included sodium butyrate and sodium lactate combination source and 

Roma tomato cutin, Royal Gala apple cutin and watermelon cutin respectively. The data was 

analyzed using a one-way analysis of variance (ANOVA) using Minitab v.17 software. 

 

Table 4.1. The experimental range and levels of independent variables for maximum cutinase 

production. (Combinations 1,2 and 3 used sodium acetate as the carbon source with cutin from 

Roma tomato, Royal Gala apple and watermelon respectively. Combinations 4,5 and 6 had 

sodium butyrate and sodium lactate as carbon sources with the cutin from Roma tomato, Royal 

Gala apple and watermelon respectively) 

Combinations Variables 
Coded factor levels (in g/L) 

-α -1 0 1 α 

1, 2, & 3 
Na-acetate  0* 0.5 1.75 3 3.518 

Cutin 0.172 0.4 0.95 1.5 1.728 

4, 5, & 6 

Na-butyrate 0.98 0.5 2.25 3 3.51 

Na-lactate 0.98 0.5 2.25 3 3.51 

Cutin 0.025 0.4 0.95 1.5 1.87 

*At this point, the statistical model gave a value of -0.018 g/L of Na-acetate, hence, the 

experiment was carried out without adding the carbon source. 
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4.2.5 Analysis of esterase activity by para-nitrophenyl butyric acid (pNPB) hydrolysis assay 

Cutinase (esterase enzyme) activity was quantified using pNPB (10 μL of 10 mM) as the substrate 

in 1 mL of 200 mM Tris-Cl (pH 8.0). The reaction was started by the addition of 100 μL of 

extracellular enzyme supernatant obtained after fermentation and incubated at 60 ℃ for 8 minutes. 

The generation of para-nitrophenol was quantified at 405 nm using the xMark™ Microplate 

Absorbance Spectrophotometer, Bio-Rad Laboratories Inc. Protein concentration in the 

supernatant was determined by measuring absorbance at 280 nm (Stoschek, 1990) using a 

calculated molar coefficient of 16,180 M-1.cm-1.  

4.2.6 Partial purification and concentration of cutinase 

The production of cutinase was scaled up 10 times to a level of 250 mL with TYE along with 

carbon and cutin concentrations at level determined by optimization. The actinomycete, T. fusca 

YX was grown for 5 days at 50 °C at 150 rpm. The secreted cutinase was precipitated using 

ammonium sulphate (60% saturation). The precipitated protein was separated by centrifugation 

and resuspended in 50 mL of 200 mM Tris-Cl buffer pH 8.0. The partially purified enzyme was 

tested for PET biological depolymerization, which is described in Section 4.2.7. 

4.2.7 PET biological depolymerization 

The reaction system consisted of amorphous PET films (1x1 inch) and 100 μL of crude enzyme 

extract that were incubated with 10 mL of 200 mM Tris HCl buffer at pH 8. This system was 

incubated at 60 ± 2 ºC at 150 rpm. After 3 days, the PET samples were washed with deionized 

water thrice before drying in the hot air oven at 40 ºC. These samples were then weighed to 

determine weight loss. 



132 
 

4.3 Results and Discussion 

4.3.1 Effect of carbon source on cutinase production 

Cutinase production is affected by the kinds and amounts of carbon and nitrogen sources (Du et 

al., 2007) as well as cutin sources and concentration (Fett et al., 1999). To ascertain the optimal 

concentration range of carbon source for cutinase production, Thermobifida fusca YX was 

cultivated using either a single carbon source and a mixture of carbon sources, viz., glucose, 

sodium acetate, sodium butyrate and sodium lactate. Bacteria grown in the presence of organic 

acids exhibit a change in their metabolic behavior to accommodate the uptake and utilization of a 

non-sugar carbon source (Dalmau et al., 2000; Deng, 2011). Additionally, organic acids like acetic 

acid, lactic acid and butyric acid are end products of fermentation pathways that can inhibit 

bacterial growth at higher concentrations (Nakai & Siebert, 2003; Pinhal et al., 2019). However, 

when used as a primary carbon source at optimal concentrations, it can increase enzyme 

production. 

The actinomycete did not grow in in any medium with concentrations above 5 g/L for both a single 

carbon source and two carbon sources. However, T. fusca YX did grow in the medium without 

any carbon source indicating that the secondary nutrient sources in the medium, tryptone and yeast 

extract, supported the growth of the actinomycete. Additionally, the combination of sodium 

butyrate with sodium lactate or sodium acetate inhibited the growth of T. fusca YX (p-value: 

0.0070). Furthermore, to determine the optimal combinations of carbon sources that yield elevated 

levels of cutinase, T. fusca YX was cultivated using maximum tolerable concentrations of various 

carbon sources in conjunction with Royal Gala apple cutin. Cutinase production increased up to 

15-fold for all carbon source combinations tested in the presence of cutin. Carbon sources had an 

influence on enzyme production as well. Two combinations of carbon sources with cutin showed 
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an increase compared to the control (TYE + cutin), viz., acetate, and the combination of butyrate 

and lactate. The combination of butyrate, lactate and 0.4% w/v cutin derived from Royal Gala 

apple peels resulted in 37.56 μmol/min enzyme activity while acetate and with the same level and 

concentration of cutin resulted in 35.85 μmol/min enzyme activity (p-value: 4.407E-15) (see Fig. 

4.1). The range selected for the optimization experiments were 0.5-3g/L for each carbon source, 

thus allowing a total of 6 g/L for two carbon source combinations. 

 

Figure 4.1. Comparison of cutinase expression when grown in the presence of Royal Gala apple 

cutin and different carbon sources, glucose (5g/L), acetate (5g/L), lactate (5g/L), butyrate (5g/L), 

acetate-lactate (2.5g/L + 2.5g/L), butyrate-acetate (2.5g/L + 2.5g/L), and butyrate-lactate (2.5g/L 

+ 2.5g/L). 
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After the preliminary experiments, the carbon sources acetate, and the combination of butyrate and 

lactate were further optimized for maximum production of cutinase using RSM (see next section). 

Interestingly, T. fusca YX grown with butyrate and a second carbon source resulted in no growth 

and hence no enzyme production. However, T. fusca YX grew with the two carbon sources in the 

presence of cutin. This suggests that cutin negates the inhibitory effect of the combination of 

butyrate and lactate. In fact, the T. fusca YX grown with butyrate, lactate in the presence of cutin, 

gave the highest enzyme activity among the combinations studied. In a similar study, T. fusca 

WSH03-11, was grown on various ratios of acetate, lactate and butyrate along with 1.5 g/L apple 

cutin. Highest cutinase activity was reported with a 4:1:3 ratio of butyrate, acetate, and lactate, 

indicating that higher quantities of butyrate and lactate are preferred for cutinase production in the 

presence of apple cutin. Subsequently, T. fusca WSH03-11 was cultivated using a two-stage 

fermentation strategy, batch cultivation using carbon sources acetate and lactate, followed by a 

fed-batch cultivation with a 12 mL/h feed rate of butyrate which resulted in a 70% increase in 

cutinase activity (He et al., 2009). 

Despite grown in the presence of cutin, there was low levels of enzyme production when T. fusca 

YX was grown on glucose. Glucose being a readily consumable sugar causes catabolite repression. 

Catabolite repression occurs via the PEP uptake system that inhibits several other metabolic 

pathways by inhibiting their uptake from the extracellular environment (Brückner & Titgemeyer, 

2002; Doelle et al., 1982). Additionally, since all the metabolic pathways of T. fusca YX have not 

yet been elucidated, it can be speculated that the reduction in enzyme activity observed with 

sodium lactate and sodium butyrate could be due to catabolite repression. 
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4.3.2 Optimization of carbon and cutin sources using Response Surface Methodology  

A central composite design was utilized to identify the combination with the maximum enzyme 

production by analyzing two factors: the concentration of carbon source and inducer. Cutin from 

various sources have varying monomeric constituents that could contribute towards induction of 

enzyme production. Hence, enzyme production was optimized by selecting two carbon sources, 

Na-acetate, and a combination of Na-butyrate and Na-lactate, with the addition of cutin from three 

sources, Roma tomatoes, Royal Gala apples and watermelon peels. The optimizations using these 

six combinations were assessed using the Statgraphics Centurion XV software. Using RSM and 

the limits listed in Table 1, experimental design generated a series of combinations to be conducted 

experimentally (Tables 4.2 & 4.3). A series of thirteen experiments were performed for the two 

variable combinations, acetate and cutin, and twenty experiments for the three variable 

combinations, butyrate, lactate and cutin. After determining the enzyme activity for each 

combination, an approximate regression model of the enzyme activity based on the experimental 

results was evaluated and expressed as quadratic equations (see Table 4.4). The graphical 

representation of the response surface is displayed as the three-dimensional contour plot. The 

generated model was analyzed using ANOVA (see Supplementary Tables 1-6 in Appendix B). 

The second-order response surface plot for optimizing three variables based on the suggested 

statistically optimized model is displayed in Figs. 4.2 and 4.3. Each three-dimensional response 

plot represents the maximum points within the area of experimentation. Additionally, the optimal 

values for each of the variables are described in Table 4.5. The optimal values for each variable 

predicted for every combination were then validated. 

The graphs presented in Figure 2 demonstrate that, across all cutin sources, enzyme activity tends 

to be higher at lower concentrations of Na-acetate. These findings align with the research by He 

et al. (2009), who cultivated T. fusca YX using varying concentrations of Na-acetate while 
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maintaining a constant concentration of 4 g/L Na-butyrate. Their results indicated that both cell 

growth and enzymatic activity diminished as the acetate concentration increased. In a similar vein, 

Peng et al., (2024) observed that the growth of a genetically modified Fusarium verticillioides, 

along with its ability to transcribe cutinase, was significantly impacted when Na-acetate was 

utilized as a carbon source. 

When examining the mixture of Na-butyrate and Na-lactate as carbon sources, only tomato cutin 

exhibited behavior similar to that observed with Na-acetate as the sole carbon source, showing 

increased production at lower carbon source concentrations. Conversely, enzyme activity was 

enhanced with apple and watermelon cutin as inducers. Overall, the enzyme activity with 

combinations 4, 5, and 6 (Na-butyrate and Na-lactate) exceeded that observed with combinations 

1, 2, and 3 (Na-acetate), as previously mentioned. Graphical representations of the response 

surface are displayed as the three-dimensional contour plot in Fig. 4.2. The second-order response 

surface plot for optimizing three variables based on the suggested statistically optimized model is 

displayed. Each three-dimensional response plot represents the maximum points within the area 

of experimentation. Additionally, the optimal values for each of the variables are displayed in Fig. 

4.3 and Table 4.5. The optimal points for each variable predicted for each combination were then 

experimentally validated. 
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Table 4.2. Experimentally determined enzyme activity using the experimental design provided 

by RSM for Combinations 1, 2, and 3. (Combination 1,2 and 3 used sodium acetate as the carbon 

source with cutin from Roma tomato, Royal Gala apple and watermelon respectively) 

 

Run Na-

acetate 

(g/L) 

Cutin 

(g/L) 

Enzyme activity 

with tomato cutin 

(μmol/min/mL) 

Enzyme activity 

with apple cutin 

(μmol/min/mL) 

Enzyme activity 

with watermelon 

cutin 

(μmol/min/mL) 

1 1.75 0.95 39.42 41.45 36.98 

2 1.75 0.95 33.46 46.5 30.74 

3 0.5 1.5 33.14 41.79 29.14 

4 3.0 1.5 32.83 34.83 30.17 

5 0 0.95 33.87 35.94 30.56 

6 1.75 0.95 30.53 38.46 27.35 

7 1.75 0.95 32.05 35.78 27.87 

8 1.75 0.95 34.77 36.68 30.88 

9 1.75 1.72 33.13 36.86 31.03 

10 1.75 0.17 32.07 33.76 28.39 

11 3.51 0.95 34.34 39.32 30.44 

12 3.0 0.4 35.82 37.04 27.91 

13 0.5 0.4 37.75 33.71 37.51 

 

 

Table 4.3.  Experimentally determined enzyme activity using the experimental design provided 

by RSM for Combinations 4, 5, and 6. (Combination 4,5 and 6 had sodium butyrate and sodium 

lactate as carbon sources with the cutin from Roma tomato, Royal Gala apple and watermelon 

respectively) 
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Run Na-

butyrate 

(g/L) 

Na-

lactate 

(g/L) 

Cutin 

(g/L) 

Enzyme 

activity with 

tomato cutin 

(μmol/min/mL) 

Enzyme 

activity with 

apple cutin 

(μmol/min/mL) 

Enzyme 

activity with 

watermelon 

cutin 

(μmol/min/mL) 

1 2.25 2.25 0.95 38.28 38.11 37.6 

2 1.5 1.5 0.4 27.23 29.85 33.48 

3 2.25 2.25 0.95 30.43 33.76 27.18 

4 2.25 2.25 1.87 37.19 34.58 33.76 

5 2.25 0.98 0.95 35.57 33.76 33.24 

6 1.5 3.0 0.4 32.49 30.22 32.09 

7 2.25 2.25 0.95 34.65 32.86 31.87 

8 0.98 2.25 0.95 33.57 33.83 30.51 

9 2.25 2.25 0.95 32.28 33.15 35.66 

10 2.25 2.25 0.95 31.52 32.81 34.27 

11 1.5 3.0 1.5 33.71 31.59 32.35 

12 2.25 2.25 0.95 33.73 31.82 32.37 

13 3.0 1.5 1.5 28.41 32.01 34.79 

14 3.0 1.5 0.4 28.57 25.31 30.06 

15 2.25 3.51 0.95 28.9 30.01 32.74 

16 2.25 2.25 0.025 11.42 13.35 1.57 

17 3.0 3.0 1.5 36.28 33.17 40.52 

18 1.5 1.5 1.5 36.72 25.93 29.04 

19 3.0 3.0 0.4 32.39 24.51 29.94 

20 3.51 2.25 0.95 29.14 36.33 39.04 

 

 



139 
 

Table 4.4. Optimized quadratic equations for enzyme activity of the predicted regression models 

(Combination 1,2 and 3 used sodium acetate as the carbon source with cutin from Roma tomato, 

Royal Gala apple and watermelon respectively. Combination 4,5 and 6 had sodium butyrate and 

sodium lactate as carbon sources with the cutin from Roma tomato, Royal Gala apple and 

watermelon respectively) 

Combination Equation for enzyme activity in terms of the carbon and cutin sources 

1a 36.4369 - 1.67096*acetate - 0.281024*cutin + 0.271188*acetate^2 + 

0.589091*acetate*cutin - 1.12445*cutin^2 

2b 22.841 + 5.86114*acetate + 22.2887*cutin - 0.625144*acetate^2 - 

3.74182*acetate*cutin - 7.05792*cutin^2 

3c 38.7673 - 4.89521*acetate - 5.68758*cutin + 0.0980244*acetate^2 + 

3.86545*acetate*cutin - 0.851088* cutin^2 

4d 24.0343 - 2.80935*butyrate - 4.66044*lactate + 31.8229*cutin - 

0.237328*butyrate^2 + 2.09778*butyrate*lactate - 2.11515*butyrate*cutin + 

0.315798*lactate^2 - 1.27879*lactate*cutin - 8.68112*cutin^2 

5e 20.6082 - 4.18578*butyrate + 7.77033*lactate + 12.399*cutin + 

0.449443*butyrate^2 - 1.26*butyrate*lactate + 5.42727*butyrate*cutin - 

1.55874*lactate^2 + 2.19697*lactate*cutin - 12.1551*cutin^2 

6f 50.5048 - 17.5632*butyrate - 11.5036*lactate + 16.5276*cutin + 

2.73851*butyrate^2 + 0.82*butyrate*lactate + 5.90606*butyrate*cutin + 

1.61656*lactate^2 + 3.19697*lactate*cutin - 14.9054*cutin^2 

Footnotes: 
a Combination 1: Roma tomato cutin and sodium acetate 
b Combination 2: Royal Gala apple cutin and sodium acetate 
c Combination 3: Watermelon cutin and sodium acetate 
e Combination 4: Roma tomato cutin, sodium butyrate and sodium lactate 
f Combination 5: Royal Gala apple cutin, sodium butyrate and sodium lactate 
g Combination 6: Watermelon cutin, sodium butyrate and sodium lactate 
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Figure 4.2. Graphical representation of the response surface plots for each combination. The 

surface responses for both lactate and butyrate with Roma tomato cutin (A & B), Royal Gala 

apple cutin (C & D), and watermelon cutin (E & F). Combination 1,2 and 3 used Sodium acetate 

as the carbon source with cutin from Roma tomato, Royal Gala apple and watermelon 

respectively. Combination 4,5 and 6 had Na-butyrate and Na-lactate as carbon sources with the 

cutin from Roma tomato, Royal Gala apple and watermelon respectively 
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Figure 4.3 Optimization plots of variables for the predicted maximum cutinase production for 

each combination. Combination 1,2 and 3 used Sodium acetate as the carbon source with cutin 

from Roma tomato, Royal Gala apple and watermelon respectively. Combination 4,5 and 6 had 

Na-butyrate and Na-lactate as carbon sources with the cutin from Roma tomato, Royal Gala 

apple and watermelon respectively 
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Table 4.5. The predicted optimized factors for maximal enzyme activity using Thermobifida 

fusca YX. (Combination 1,2 and 3 used Sodium acetate as the carbon source with cutin from 

Roma tomato, Royal Gala apple and watermelon respectively. Combination 4,5 and 6 had Na-

butyrate and Na-lactate as carbon sources with the cutin from Roma tomato, Royal Gala apple 

and watermelon respectively)  

Combination Predicted optimized factors 

1 0 g/L sodium acetate 

0.17 g/L of Roma tomato cutin 

2 0 g/L sodium acetate 

1.58 g/L of Royal Gala apple cutin 

3 2.73 g/L sodium acetate 

1.42 g/L watermelon cutin 

4 0.98 g/L sodium butyrate 

0.98 g/L sodium lactate 

1.6 g/L Roma tomato cutin 

5 3.51 g/L sodium butyrate 

2.11 g/L sodium lactate 

1.48 g/L Royal Gala apple cutin 

6 3.51 g/L sodium butyrate 

3.51 g/L sodium lactate 

1.63 g/L watermelon cutin 

 

4.3.3 Validation experiments and adequacy of the regression models 

The second order polynomial regression equation models and the optimized values obtained were 

then experimentally validated. In order to confirm the validity of the statistical experimental 

strategies and to gain a better understanding of factors influencing enzyme activity, six 

confirmation runs were performed, one for each combination. In most of the combinations, the 

experimental enzyme activity exceeded the predicted enzyme activity (see Fig. 4.4). The optimized 
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combination 4 produced the highest enzyme activity of 48.74 μmol/min at 50 °C (see Fig. 4.4). 

There was some increase in the enzyme activity in cutin combinations when acetate was used as a 

carbon source. Despite Combination 2 not providing the highest enzyme activity, the fact that it 

used less carbon and only a moderate level of cutin could suggest that use of this combination 

would prove to be beneficial from an economic standpoint for applicative purposes. However, 

because the optimized Combination 4 produced the highest enzyme activity, it was used for further 

experiments. The optimization of two factors, viz., carbon source and inducer resulted in a 

maximum of 42% increase in enzyme activity. Similar results are reported in literature using other 

organisms. Optimization of ten physicochemical factors using RSM led to a 2.5-fold increase in 

the cutinase activity of Aspergillus sp. RL2Ct (Kumari et al., 2016). The optimization of four 

factors of the bacterial growth medium of Pseudomonas cepacia NRRL B 2320 led to a two-fold 

increase in the cutinase activity (Dutta et al., 2013). Our results using Thermobifida fusca, the most 

researched organism for cutinase enzyme genetic engineering and enzyme production, could be 

value inputs for further study and increase in production of this important enzyme. 
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Figure 4.4 The enzyme activity of the predicted optimized values obtained after RSM 

optimization (in solid) versus the experimental value of the predicted optimized combinations (in 

striped). (Combination 1,2 and 3 used Sodium acetate as the carbon source with cutin from 

Roma tomato, Royal Gala apple and watermelon respectively. Combination 4,5 and 6 had Na-

butyrate and Na-lactate as carbon sources with the cutin from Roma tomato, Royal Gala apple 

and watermelon respectively) 

 

For Combinations 1, 2, and 3, sodium acetate was not an influencing factor for cutinase production. 

The secondary carbon sources, tryptone and yeast extract, in the growth medium proved to be 

sufficient for cutinase production. Additionally, lower concentrations of the inducer, cutin, was 

sufficient for maximum production of cutinase in Combinations 1 and 3. These combinations could 

be a more economically feasible way to mass produce cutinase with minimum carbon source and 

inducer. For Combination 6, the predicted optimum carbon sources are the boundary value, 3.51 

g/L. Compared to the other combinations, Combination 6 would require a higher quantity of 
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resources. The optimized Combination 4 produced the highest enzyme activity of 48.74 μmol/min 

(see Fig. 4.4). There was some increase in the enzyme activity in cutin combinations when acetate 

was used as a carbon source. Overall, the optimization of two factors, viz., carbon source and 

inducer, followed by partial purification resulted in a maximum of 42% increase in enzyme activity 

as mentioned earlier. In comparison, Pio & Macedo, (2007) reported a 22.68 μmol/min/mL 

cutinase production by Fusarium oxysporum after 48 hours by optimizing the inducer, flaxseed 

oil, carbon source and nitrogen source. The optimization of the bacterial growth medium of 

Pseudomonas cepacia NRRL B 2320 led to a 2-fold increase in cutinase activity (Dutta et al., 

2013). Optimization of the cutinase production from Thermobifida fusca has been studied using 

Eschericha coli BL21 as an expression chassis after genetic engineering with the genes encoding 

for cutinase, tfu_0883 (Hegde & Veeranki, 2013; Su et al., 2015). This is the first study that reports 

optimization of cutinase expression from T. fusca YX without any genetic engineering. 

As seen in Figure 4.4, cutin from varying sources affects the cutinase production in T. fusca YX. 

As mentioned earlier, cutin from different sources can have different monomers or different 

quantities of similar monomers. Tomato cutin has been previously shown to significantly increase 

cutinase production due to its monomeric constituents. The most commonly occurring monomers 

for tomato cutin are 10,16-dihydroxyhexadecanoic acid and 16-hydroxyhexadecanoic acid 

(Osman et al., 1999). Similarly, apple cutin is rich in 10,16-dihydroxyhexadecanoic acid, as well 

as 9,10,18-trihydroxyoctadecanoic acid (Arrieta-Baez et al., 2020). Watermelon cutin has been 

shown to induce cutinase production in Streptomyces spps and Yarrowia lipolytica (Chaudhari & 

Singhal, 2015; Sales et al., 2020). The effect of specific major components of cutins from different 

sources can be studied further. This can also be done with other organisms capable of producing 

cutinase enzymes and lead to further increase in enzyme production.  
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4.3.5 PET biological depolymerization  

The crude enzyme extract obtained after partial purification with ammonium sulphate was tested 

for its esterolytic activity on a real application, the biological depolymerization of PET. The 

partially purified enzyme degraded 26.01 ± 0.71% (weight loss quantity: 48.1 ± 0.88 mg) of the 

untreated PET film (original weight: ~ 185 mg)(see Fig. 4.5). An overall 4.26-fold increase in the 

weight loss of PET films due to biological depolymerization by the crude enzyme obtained under 

unoptimized conditions. Meanwhile, Sales et al. (2021) reported only 11.5 ± 0.7 μmol/L of TPA, 

along with MHET and BHET by depolymerization of PET (original weight used: 10 mg) after 3 

days of incubation. In another study, cutinase production from a yeast, Fusarium falciforme was 

optimized using CCD to increase the hydrophilicity of PET fabric (Sooksai et al., 2019). Most 

studies report on the optimization of growth media and environmental conditions for expression 

bacterial chasses like, E. coli BL21 DE3. Here, we demonstrate that large quantities of PET 

degrading enzyme can be produced by the non-engineered bacteria.  

 

 
 

Figure 4.5. Comparison of the weight loss of PET when biodegraded with broth from uninduced 

Thermobifida fusca YX, T. fusca YX induced with Royal Gala apple cutin (0.4% w/v) and T. 
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fusca YX induced with the optimized Combination 4 (0.98 g/L sodium butyrate, 0.98 g/L sodium 

lactate, and 1.6 g/L Roma tomato cutin). 

 

4.4 Conclusion 

In conclusion, the study successfully demonstrated that Response Surface Methodology (RSM) is 

an effective and efficient approach for optimizing the production of cutinase from Thermobifida 

fusca YX. This is the first study on the optimization of two key factors, carbon source and inducer, 

for the maximum production of cutinase from Thermobifida fusca YX. Through the systematic 

evaluation and adjustment of carbon sources and cutin sources we achieved a significant increase 

in esterolytic activity. The parameters affecting esterase production were cutins from all three 

sources, Royal Gala apple, Roma tomato and watermelon, and the combination of sodium butyrate 

and sodium lactate. This optimization process provides a valuable framework for scaling up 

cutinase production in industrial applications, where maximizing yield is crucial for cost-

effectiveness and process efficiency. Additionally, this study circumvents the need for genetic 

engineering by demonstrating the increase in PET biological depolymerization using RSM. 

Furthermore, an increase in the production of enzymes without the use of genetic engineering 

provides us insight into the effect of the environment with regard to gene expression. Gene 

expression is not a one-to-one relation but is a congruence of multiple affecting factors like the 

environment, inducer, and gene copies. Future research can build on these findings by exploring 

other factors affecting enzyme production like metal ions and alternative substrates to further 

enhance cutinase production and its applicability in various biotechnological fields. 
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Appendix B 

 

Supplementary Table 1. Analysis of Variance of the regression model of combination 1 

(sodium acetate and tomato cutin) 

Source DF Adj SS Adj MS F-value P-value 

Model  5 547.84 109.57 0.2 0.951 

Linear  2 410.8 205.4 0.38 0.698 

cutin  1 391.18 391.18 0.72 0.424 

acetate 1 19.62 19.62 0.04 0.855 

Square  2 95.25 47.62 0.09 0.917 

cutin*cutin 1 21.74 21.74 0.04 0.847 

acetate*acetate 1 62.29 62.29 0.11 0.745 

2-Way Interaction 1 41.8 41.8 0.08 0.789 

cutin*acetate  1 41.8 41.8 0.08 0.789 

Error   7 3795.64 542.23 
  

Lack-of-Fit 3 848.06 282.69 0.38 0.771 

Pure Error 4 2947.58 736.9 
  

Total 12 4343.49 
   

 

Supplementary Table 2. Analysis of Variance of the regression model of combination 2 

(sodium acetate and apple cutin) 

Source DF Adj SS Adj MS F-value P-value 

Model  5 4782.6 956.52 1.23 0.386 

Linear  2 854.4 427.2 0.55 0.600 

cutin  1 843.1 843.1 1.09 0.332 

acetate 1 11.3 11.3 0.01 0.907 

Square  2 2233.4 1116.71 1.44 0.300 

cutin*cutin 1 2017.6 2017.6 2.60 0.151 

acetate*acetate 1 412.8 412.8 0.53 0.490 

2-Way Interaction 1 1695.8 1695.8 2.18 0.183 

cutin*acetate  1 1695.8 1695.8 2.18 0.183 
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Error   7 5432.9 776.14   

Lack-of-Fit 3 608.7 202.90 0.17 0.913 

Pure Error 4 4824.2 1206.06   

Total 12 10215.5    

 

Supplementary Table 3. Analysis of Variance of the regression model of combination 3 

(sodium acetate and watermelon cutin) 

Source DF Adj SS Adj MS F-value P-value 

Model  5 638.37  0.23 0.938 

Linear  2 225.15  0.20 0.821 

cutin  1 213.77 213.77 0.39 0.554 

acetate 1 11.38 11.38 0.02 0.890 

Square  2 261.06  0.24 0.796 

cutin*cutin 1 235.15 235.15 0.42 0.536 

acetate*acetate 1 49.66 49.66 0.09 0.773 

2-Way Interaction 1 152.15 152.15 0.27 0.617 

cutin*acetate  1 152.15 152.15 0.27 0.617 

Error   7 3883.71 554.82   

Lack-of-Fit 3 132.88 44.29 0.05 0.985 

Pure Error 4 3750.83 937.71   

Total 12 4522.08    

 

Supplementary Table 4. Analysis of Variance of the regression model of combination 4 

(sodium butyrate, sodium lactate and tomato cutin) 

Source DF Adj SS Adj MS F-value P-value 

Model  9 24153.3 2683.7 1.7 0.210 

Linear  3 16345.8 5448.6 3.45 0.059 

cutin  1 15639.3 15639.3 9.92 0.01 

butyrate 1 669.3 669.3 0.42 0.529 

lactate 1 37.2 37.2 0.02 0.881 

Square  3 6564.4 2188.1 1.39 0.303 

cutin*cutin 1 6372.4 6372.4 4.04 0.072 
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butyrate*butyrate 1 16.7 16.7 0.01 0.920 

lactate*lactate 1 31.5 31.5 0.02 0.891 

2-Way Interaction 3 1243.2 414.4 0.26 0.851 

cutin*butyrate  1 388.4 388.4 0.25 0.630 

cutin*lactate 1 142.6 142.6 0.09 0.770 

butyrate*lactate 1 712.2 712.2 0.45 0.517 

Error   10 15771.3 1577.1   

Lack-of-Fit 5 13272.4 2654.5 5.31 0.045 

Pure Error 5 2498.9 499.8   

Total 19 39924.6    

 

Supplementary Table 5. Analysis of Variance of the regression model of combination 5 

(sodium butyrate, sodium lactate and apple cutin) 

Source DF Adj SS Adj MS F-value P-value 

Model  9 27410.5 3045.6 4.09 0.019 

Linear  3 11050.3 3683.4 4.94 0.023 

cutin  1 11033.9 11033.9 14.80 0.003 

butyrate 1 12.0 12.0 0.02 0.902 

lactate 1 4.4 4.4 0.01 0.940 

Square  3 13109.6 4369.9 5.86 0.014 

cutin*cutin 1 12342.3 12342.3 16.56 0.002 

butyrate*butyrate 1 68.8 68.8 0.09 0.767 

lactate*lactate 1 832.6 832.6 1.12 0.315 

2-Way Interaction 3 3250.7 1083.6 1.45 0.285 

cutin*butyrate  1 2572.2 2572.2 3.45 0.093 

cutin*lactate 1 421.8 421.8 0.57 0.469 

butyrate*lactate 1 256.6 256.6 0.34 0.570 

Error   10 7455.1 745.5   

Lack-of-Fit 5 5870.6 1174.1 3.71 0.088 

Pure Error 5 1584.4 316.9   

Total 19 34865.6    
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Supplementary Table 6. Analysis of Variance of the regression model of combination 6 

(sodium butyrate, sodium lactate and watermelon cutin) 

Source DF Adj SS Adj MS F-value P-value 

Model  9 50342.1 5593.6 2.39 0.096 

Linear  3 22545.6 7515.2 3.21 0.07 

cutin  1 19913.1 19913.1 8.50 0.015 

butyrate 1 2427.2 2427.2 1.04 0.33 

lactate 1 205.2 205.2 0.09 0.773 

Square  3 23740.2 7913.4 3.38 0.062 

cutin*cutin 1 18760.7 18760.7 8.01 0.018 

butyrate*butyrate 1 2187.7 2187.7 0.93 0.357 

lactate*lactate 1 759.5 759.5 0.32 0.582 

2-Way Interaction 3 4056.4 1352.1 0.58 0.643 

cutin*butyrate  1 3063.1 3063.1 1.31 0.279 

cutin*lactate 1 880.3 880.3 0.38 0.554 

butyrate*lactate 1 113.0 113.0 0.05 0.831 

Error   10 23420.6 2342.1   

Lack-of-Fit 5 19244.1 3848.8 4.61 0.060 

Pure Error 5 4176.5 835.3   

Total 19 73762.7    



156 
 

 

Chapter 5 

 Research Objective 3 

 

Genomic study of Thermobifida fusca YX for novel PET-hydrolyzing enzymes and their 

subsequent molecular docking with polyethylene terephthalate and cutin ligands 
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Abstract 

Polyethylene terephthalic acid (PET or PETE) plastic has been a major polluter of the environment 

for several decades. This has resulted in the substantial increase in the number of studies focusing 

on enzymatic hydrolysis of PET. The biological depolymerization of PET has been of considerable 

interest because of its non-toxic nature and because it can be carried at nearly ambient conditions.  

Considerable scientific research has been focused on genetically manipulating organisms for 

enhanced production of a few enzymes. This in turn has limited our focus on exploring the 

potential battery of enzymes already present in bacteria that are primarily hydrolytic in nature. The 

actinomycete Thermobifida fusca YX is one such bacteria, with the singular enzyme (protein 

encoded by Tfu_0883) being the focus of recent research. The present study addresses this gap by 

studying other potential PET-hydrolyzing enzymes (PHEs) in T. fusca YX based on structural and 

functional homology. The study discovered six potential PHEs, of which three were extracellular, 

two were transmembrane proteins and one was intracellular. Using a series of software and web 

servers, the primary, secondary, and tertiary structures of the potential PHEs were analyzed for 

their stability, both structurally and thermally. Molecular docking studies of the enzymes revealed 

exergonic binding energies with PET ligands and their variants. Additionally, we studied the in 

silico binding of constructed cutin dimers with enzymes, making it the first study understanding 

the intricate binding interactions between cutin ligands and potential PHEs. 

 

Keywords: molecular docking, PET-hydrolyzing enzymes, cutin, PET, ligand, Thermobifida 

fusca YX 
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5.1. Introduction 

Recently, plastic consumption has skyrocketed causing a corresponding increase in the waste 

generated, this particularly true for single-use plastics (Heidbreder et al., 2019; Jia et al., 2019; 

Walker & Xanthos, 2018; Xanthos & Walker, 2017). Polyethylene terephthalic acid (PET) is one 

of the main polymers for single-use products that need to be eliminated over time (Law & Narayan, 

2021). Along with constant improvement in recycling technology, there has been considerable 

effort in developing enzymes that efficiently biodegrade PET plastics (Tournier et al., 2020; 

Yoshida et al., 2016). These PET-hydrolyzing enzymes (PHEs) have been the focus of 

considerable interest due to the inertness of PET, and its implications as an environmental hazard. 

Research groups around the world have focused on studying and modifying a few PHEs that have 

demonstrated potential (Brott et al., 2022; Fecker et al., 2018; Son et al., 2019; Sulaiman et al., 

2012; Tournier et al., 2020). There is considerable scope for looking beyond these few enzymes 

to other enzymes with the same functionality but higher efficiency. In addition, the methods used 

to isolate the enzymes further limit our understanding of all the possible hydrolyzing and 

modifying enzymes present within microorganisms. For example, few enzymes from 

microorganisms like Thermobifida fusca, Ideonella sakaiensis, and Humicola insolens have been 

genetically studied in detail (Carniel et al., 2017; Yoshida et al., 2016; Zimmermann & Billig, 

2011). Despite having their entire genomes sequenced, the scientific community has not looked 

beyond the already studied PET-hydrolyzing enzymes. In order to harness potential enzymes that 

better fit our needs we need to explore the battery of potential PHEs within each of those genomes. 

Our current understanding of PHEs involves the classes cutinases, lipases, esterases, a few 

hydrolases, and PETases (Amanna & Rakshit, 2023). Cutinases have been a prime interest as the 

formation of the enzyme-substrate complex with PET and cutin involve the ester bond that joins 

the monomers in PET. In the recent past, there has been an increase in the discovery of PHEs that 
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belong to these classes (Ho et al., 2023; X. Huang et al., 2018; Puspitasari et al., 2021; Son et al., 

2019; N. Wang et al., 2020). Despite these discoveries, PET biological depolymerization research 

has narrowed its mission by focusing on the development of a single, efficient enzyme to hydrolyze 

PET by mutating cutinases from Ideonella sakaiensis and Leaf-Compost Cutinase (Tournier et al., 

2020; Yoshida et al., 2016). Although the development of such a desirable enzyme is valuable, its 

environmental application would need to be thoroughly assessed due to the potential risk of safety 

to both humans and the environment by such genetically modified enzymes (Wesseler et al., 2023). 

This would further impede the progress towards elimination of plastic in the environment. 

The actinomycete found in compost soil, Thermobifida fusca, is known for its battery of 

hydrolyzing enzymes and has been extensively studied for its cellulases (Gomez Del Pulgar & 

Saadeddin, 2014; Moreira et al., 1981; Stutzenberger & Kahler, 1986; Wilson, 2004). Considering 

the degradative nature of the actinomycete, Thermobifida fusca YX could potentially contain a 

battery of cutinases as well within its genome. Our attempts to fill this gap using in silico protein 

structure determination and other bioinformatic tools to study the genome of T. fusca YX for 

enzymes with PET-hydrolyzing capabilities. Additionally, these enzymes were analyzed for their 

binding interactions with PET based on its molecular structure and conformation. 

The availability of the genome sequence of Thermobifida fusca YX opens an avenue for studying 

all the potential PHEs and PET-modifying enzymes present in the actinomycete. Such studies have 

been carried out for cellulases (Lykidis et al., 2007). With this background, we are convinved that 

T. fusca YX could have a battery of enzymes with potential to hydrolyze or modify PET. Hence, 

the actinomycete’s whole genome (GenBank ID: CP000088.1) was assessed for potential PHEs. 

Proteins structurally similar to cutinase (gene: Tfu_0883; experimentally validated 3D structure 

PDB IS: 5ZOA (Q. L. Dong et al., 2018)) belonging to classes like aminopeptidases, lipases, 
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esterases, and hydrolases were selected for the study. In order to broaden the scope of data mining, 

two approaches were adopted, a combination of BLASTs, and the SUPFAM web server. The 

resultant enzymes were subjected to a series of analyses to predict their primary, secondary, and 

tertiary structures. Finally, the predicted structures of the potential PHEs were docked with PET 

to understand the molecular interaction with the predicted catalytic triad in the active site.  

 

5.2. Materials and Methods 

5.2.1 Identification of potential PHEs 

The first approach for mining sequences was to identify similar sequences by using tblastn 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi). This software compares a query protein sequence 

against translated nucleotide, thereby finding similar proteins to the query protein sequence 

(Madden et al., 1996). The amino acid sequence and the experimentally determined 3D structure 

of the protein expressed by the gene, Tfu_0883, was retrieved from RCSB PDB, in both FASTA 

and PDB formats. The RCSB PDB contains experimentally validated three-dimensional structures 

of proteins. The protein structure of 5ZOA does not contain hexahistidine epitope purification tag 

nor the signal peptide, meanwhile, protein structure of 4CG1, contains both the signal peptide as 

well as the histidine tag. Proteins 5ZOA and 4CG1 were used as queries to mine for other potential 

PHEs within the Thermobifida fusca YX genome (NCBI Accession ID: CP000088.1) (Lykidis et 

al., 2007), using tblastn. The filters and masking parameters and general parameters were set to 

default (Scoring Parameters were as follows, Gap Costs: Existence: 15 Extension: 2, and Word 

Size: 5), while the scoring parameter matrix was set to BLOSUM45 to broaden the range of 

alignment. The second method used a structural approach using the protein encoded by the 

Tfu_0883 gene to shortlist protein families from the α/β-hydrolase superfamily for potential PHEs. 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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SUPFAM is a superfamily database of structural and functional proteins. Using the SUPFAM web 

server (https://supfam.org), structurally significant domains compared to the protein encoded by 

Tfu_0883 were shortlisted. The proteins belonging to families with previously known PET-

hydrolyzing activity were shortlisted. The cellular location of the proteins was predicted using 

SignalP 6.0 (Teufel et al., 2022). 

5.2.2 Primary structure collection 

The primary sequence of the shortlisted PHEs were retrieved from the sequenced genome of 

Thermobifida fusca YX (NCBI Accession No. CP000088.1), NCBI. The retrieved sequences were 

input into web servers ProtParam (Gasteiger et al., 2005) and Sequence Manipulation Suite 

(Stothard, 2000) for analysis. Both ProtParam and Sequence Manipulator Suite compute the 

physical and chemical parameters of a protein. Using the protein sequence of the shortlisted 

proteins, these tools were used to predict the theoretical molecular weight, pI, instability index, 

aliphatic index, and grand average hydropathy (GRAVY) that are crucial attributes to 

understanding the nature of the proteins. Additionally, the protein sequences of the shortlisted 

proteins were aligned using ClustalW (https://www.ebi.ac.uk/jdispatcher/msa/clustalo) (Madeira 

et al., 2024) with the default settings (transition matrix used was Gonnet, gap opening penalty used 

was 6 bits, gap extension used was 1 bit, and the HHalign algorithm). The HHalign used two 

Hidden Markov Models (HMMs) to find similarities between protein sequences or structures. 

 

5.2.3 Secondary structure analysis 

Secondary structures consist of α-helices, β-sheets, β-turns and random coils. These were predicted 

using SOPMA (Geourjon & Deléage, 1995) web server using the FASTA files containing the 

https://supfam.org/
https://www.ebi.ac.uk/jdispatcher/msa/clustalo
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amino acid sequences of the proteins of interest. Its subsequent visualization was studied using the 

Heatmapper (http://heatmapper.ca/) web server.  

 

5.2.4 Tertiary structure prediction 

Prediction of the tertiary structures was done using the Robetta web server (Kim et al., 2004) 

(https://robetta.bakerlab.org/), which uses the improved deep learning based RoseTTAFold 

Modeling Method algorithm. This software predicts tertiary structure based on principles that 

govern protein folding energetics, statistical tendencies of conformational features that native 

structures acquire, and structural homology (Rohl et al., 2004). The predicted models were 

structurally validated by assessing their QMEAN using QMEANDisCo (Studer et al., 2020) and 

using Saves v6.0 web server (https://saves.mbi.ucla.edu/). The Saves v6.0 web server consists of 

multiple programs like ERRAT (Colovos & Yeates, 1993), 3D-1D (Verify 3D) score (Bowie et 

al., 1991) and Ramachandran plots (using PROCHECK (Laskowski et al., 1993)) that theoretically 

validate a predicted tertiary structure of a protein. These were further compared with the number 

of folds and sheets predicted by the secondary structure predicting software. In addition, salt 

bridges and their combinations were determined in the potential PHEs using Evaluating the Salt 

Bridges (ESBRI) web server (Costantini et al., 2008). 

 

5.2.5 Molecular docking analysis 

5.2.5.1 Ligand Preparation 

The substrate ligands sourced from PubChem (https://pubchem.ncbi.nlm.nih.gov/) in .sdf format, 

includes PET (CID PubChem 42608431), BHET (CID PubChem 13739), MHET (CID PubChem 

22062452), 10,16-dihydroxyhexadecenoic acid (CID PubChem 441449) and 9,10-epoxy-12-

http://heatmapper.ca/
https://robetta.bakerlab.org/
https://saves.mbi.ucla.edu/
https://pubchem.ncbi.nlm.nih.gov/
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octadecenoic acid (CID PubChem 5283018). The remaining ligands were constructed using 

Avogadro v1.1.1 39 software equipped with a force field (Hanwell et al., 2012). An MMFF94 

force field designed by Merck with the steepest descent was applied to minimize the total energy 

of the system (Flores-Castañón et al., 2022). 

 

5.2.5.2 Molecular docking 

The binding sites of the proteins were predicted by CB-Dock 2 (Cavity-detection guided Blind 

Docking) server (Y. Liu et al., 2022). Using a novel curvature-based cavity detection, this server 

predicts the potential cavities of the protein and calculates its center and sizes. Additionally, CB-

Dock2 provides an extensive list of all the interacting amino acids in the detected cavity. The 

software works along with AutoDock Vina which has been optimized to achieve a success rate of 

over 70% in the models. The protein structure files were submitted in .pdb format and the ligands 

in .sdf format. The program predicts five cavity-ligand interactions based on Vina Score, cavity 

volume, center, and docking size. Each interacting cavity was checked for the presence of the 

nucleophilic serine that is part of the catalytic triad for all PHEs. The resulting docking interactions 

between ligands and proteins were visualized with the Licorice and Surface options, respectively. 

Due to the limitations of CB-Dock2, the large cutin molecules were docked using USCF Chimera 

software with the AutoDock Vina function (Pettersen et al., 2004). The grid box was centered at 

x: -4.26, y: 25.106 and z: 15.893 with sizes of 109.067, 102.151 and 129.587 Å, respectively. The 

non-covalent docking using the AutoDock Vina function was performed, and ten output poses 

were generated with their calculated binding free energy. The docking model with the lowest 

binding energy was selected. The selected binding model was evaluated for the proper distances 

of the oxyanion hole.  



164 
 

5.3. Results and Discussion 

5.3.1 Identification of potential PHEs 

The whole genome of T. fusca YX has been partially annotated and has been predicted to encode 

3117 proteins (Lykidis et al., 2007). Only 68% (2181 genes) have been assigned a function, 26% 

(830 genes) display sequence similarity with no known function, and the remaining 3.3% (106 

genes) seem to be unique to T. fusca YX. The protein sequence encoded by the gene Tfu_0883 

from UniProtKB in FASTA format was used as a query sequence for all database searches unless 

mentioned otherwise. The UniProtKB code of the primary structure of the protein encoded by 

Tfu_0883 (without signal peptide) was determined to be Q47RJ6. Using the 90% identity function 

on UniProtKB, similar proteins were identified and shortlisted based on their origin, Thermobifida 

spps. Protein sequences Q6A0I4 (E-value: 1.6E-121), G8GER6 (E-value: 5.9E-114), Q47RJ7 (E-

value: 5.9E-114), E9LVH8 (E-value: 1.6E-106), E9LVH9 (E-value: 4.2E-100), A0A9P2TBN9 

(E-value: 1.0E-107) and E5BBQ2 (E-value: 3.8E-103) were thus shortlisted. Each of the mined 

UniProtKB amino acid sequences were aligned with the whole genome of T. fusca YX 

(CP000088.1) using the tblastn function. To broaden the scope of alignment, BLOSUM45 was 

used to find similar regions/domains within proteins with an e-value set at 0.001. The UniProtKB 

enzymes aligned with three gene sequences from the whole genome, Tfu_0883 (with and without 

signal peptide), Tfu_0882 (with and without signal peptide) and Tfu_0267 (partially aligned with 

an identity of 38/135) (see Table 1). Tfu_0883 and Tfu_0882 have been annotated as 

triacylglycerol lipases which have been previously demonstrated to have cutinase activity (Lykidis 

et al., 2007). Hence, to broaden the scope of mining proteins with esterase activity, the protein 

sequence encoded by Tfu_0267 (annotated as serine aminopeptidase – hypothetical protein) in 

FASTA format was used as a query in tblastn against the whole genome of T. fusca YX.  
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Table 5.1. Pairwise alignment using tblastn of the proteins mined from UniProtKB against the 

whole genome of Thermobifida fusca YX (CP000088.1) 

UniProtKB 

ID 

Gene matches in T. 

fusca YX 

E-value Identities Percent 

identity 

Percent 

positive 

Gaps 

Q6A0I4 Tfu_0883 (without 

signal peptide) 

0 301/301 100% 100% 0 

Tfu_0882 (without 

signal peptide) 

3E-169 245/263 93% 95% 0 

Tfu_0267 2E-04 38/135 28% 43% 3 

G8GER6 Tfu_0883 (with 

signal peptide) 

0 319/319 100% 100% 0 

Tfu_0882 (with 

signal peptide) 

4E-171 245/263 93% 95% 0 

Tfu_0267 2E-04 38/135 28% 43% 3 

Q47RJ7 Tfu_0883 (with 

signal peptide) 

0 319/319 100% 100% 0 

Tfu_0882 (with 

signal peptide) 

4E-171 245/263 93% 95% 0 

Tfu_0267 2E-04 38/135 28% 43% 3 

E9LVH8 Tfu_0883 (without 

signal peptide) 

0 301/301 100% 100% 0 

Tfu_0882 (without 

signal peptide) 

3E-169 245/263 93% 95% 0 

Tfu_0267 2E-04 38/135 28% 43% 3 

E9LVH9 Tfu_0883 (without 

signal peptide) 

0 301/301 100% 100% 0 

Tfu_0882 (without 

signal peptide) 

3E-169 245/263 93% 95% 0 

Tfu_0267 2E-04 38/135 28% 43% 3 

A0A9P2TBN9 Tfu_0883 (without 

signal peptide) 

0 301/301 100% 100% 0 

Tfu_0882 (without 

signal peptide) 

3E-169 245/263 93% 95% 0 

Tfu_0267 2E-04 38/135 28% 43% 3 

E5BBQ2 Tfu_0883 (with 

signal peptide) 

0 319/319 100% 100% 0 

Tfu_0882 (with 

signal peptide) 

4E-171 245/263 93% 95% 0 

Tfu_0267 2E-04 38/135 28% 43% 3 

 



166 
 

Then et al. (2015) reported the presence of five enzymes in T. fusca KW3 with cutinase activity, 

viz., TfH (NCBI ID: AAZ54921), BTA2 (NCBI ID: CAH17554), Tfu_0882 (NCBI ID: 

AAZ54920.1), Tf_Cut1 (NCBI ID: CBY05529) and Tf_Cut2 (BTA-1) (NCBI ID: CBY05530). 

The protein sequences in FASTA format were aligned against T. fusca YX genome using tblastn. 

Pairwise alignment resulted in two matching genes in T. fusca YX, Tfu_0883 (with or without 

signal peptide) and Tfu_0882 (with or without signal peptide) (see Table 5.2).  

 

Table 5.2. Pairwise alignment using tblastn of the cutinases in T. fusca KW3 against the whole 

genome of T. fusca YX (CP000088.1). 

T. fusca KW3 

cutinase  

Gene matches in T. 

fusca YX 

E-value Identities Percent 

identity 

Percent 

positive 

Gaps 

TfH Tfu_0883 (without 

signal peptide) 

0 319/319 100% 100% 0 

Tfu_0882 (without 

signal peptide) 

3E-169 245/263 93%  0 

Tfu_0267 (partial) 2E-04 38/135 28% 43% 5 

BTA2 Tfu_0882 (with partial 

signal peptide) 

0 260/262 99% 100% 0 

Tfu_0883 (with partial 

signal peptide) 

6E-174 242/262 92% 95% 0 

Tfu_0267 (partial) 1E-06 36/131 27% 44% 7 

Tfu_0882 Tfu_0882 (with signal 

peptide) 

0 319/319 100% 100% 0 

Tfu_0883 (with signal 

peptide) 

2E-175 285/309 92% 95% 0 

Tfu_0267 (partial) 6E-07 36/131 27% 44% 7 

Tf_Cut1 Tfu_0882 (with signal 

peptide) 

0 308/319 97% 98% 0 

Tfu_0883 (with signal 

peptide) 

6E-176 292/309 94% 97% 0 

Tfu_0267 (partial) 1E-04 40/145 28% 42% 7 

Tf_Cut2 

(BTA-1) 

Tfu_0883 (without 

signal peptide) 

5E-180 259/261 99% 99% 0 
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Tfu_0882 (without 

signal peptide) 

3E-168 243/261 93% 96% 0 

Tfu_0267 (partial) 1E-04 38/135 28% 43% 5 

 

In addition to the previous method, a structural search was adopted to widen the breadth to 

incorporate every active candidate. Using the SuperFamily 2.0 web server, the protein sequence 

of Tfu_0883 was used as a query. SuperFamily is a database of structural and functional 

annotations of which the annotation is based on a hidden Markov model. A total of 40 structurally 

and functionally significant domains were present in 39 proteins in T. fusca YX (see 

Supplementary Figure 5.1), of which 12 additional proteins were shortlisted based on the catalytic 

function, cellular location and product of the gene. These included enzymes belonging to the 

families carboxylesterase (Tfu_0155, Tfu_1487), lipase (Tfu_0882, Tfu_0883, Tfu_0267, 

Tfu_0899), carbon-carbon bond hydrolase (Tfu_2815, Tfu_0513, Tfu_1333), epoxide hydrolase 

(Tfu_0132, Tfu_0162, Tfu_1239) and PHB depolymerase (Tfu_0082). The cellular location of 

enzymes was predicted based on the presence of a signal peptide or a transmembrane domain 

which was predicted using the SignalP 6.0 web server which predicts the presence of five types of 

signal peptides (Teufel et al., 2022). The enzymes mentioned were further shortlisted based on 

their cellular location and their predicted activity (see Supplementary Table 1). Of all the mined 

proteins, three were predicted to be extracellular, viz., Tfu_1487, Tfu_0882 and Tfu_0883, while 

Tfu_0746 and Tfu_0082 were predicted to be transmembrane proteins. Based on the catalytic 

function and homology to Tfu_0883, enzymes Tfu_0267, Tfu_0882, and Tfu_0746 could have 

PET hydrolyzing activity. Hence, the shortlisted enzymes for all further analysis were Tfu_0082, 

Tfu_0267, Tfu_0746, Tfu_0882, Tfu_0883 and Tfu_1487. 
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5.3.2 Validation of the methodology 

Before proceeding with the analysis of the shortlisted potential PHEs, the methodology had to be 

optimized and validated. The only cutinase of interest for structural studies in T. fusca YX so far 

has been Tfu_0883 which has been annotated as a triacylglycerol hydrolase (GenBank accession 

no. AAZ54921.1). To optimize and validate the methodology flow, this enzyme was used as a 

standard. The enzyme structure used for the study was the Tfu_0883 protein without the signal 

peptide, expressed in E. coli BL21, and determined using X-ray crystallography at a resolution of 

1.54 Å (PDB ID: 5ZOA)(Q. L. Dong et al., 2018). This structure was then docked with three-

dimensional standard ligand structures PET (CID PubChem 42608431), BHET (CID PubChem 

13739) and MHET (CID PubChem 22062452) using the CB-Dock2 web server (Y. Liu et al., 

2022) (see Fig 5.1). The catalytic site was studied by assessing the interacting amino acids and the 

AutoVina score obtained with the AutoDocking mode of the web server. This was compared with 

the experimentally validated catalytic triad and active site determined in the PET hydrolase from 

Ideonella sakaiensis (IsPETase) by X-ray crystallography (Joo et al., 2018). In IsPETase, the 

distance between the -OH group of Ser160 and the -NH group of His237 is 3.01 Å, and between 

the -NH group of His237 and the -OH group of Asp206 the distance is 3.21 Å (RCSB PDB IS: 

5XJH) (Joo et al., 2018). These values were used to assess the docking of PET with 5ZOA to 

understand the spatial arrangement of the catalytic triad and active site.  
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Figure 5.1. (A) Three dimensional structures of ligands PET (CID PubChem 42608431), BHET 

(CID PubChem 13739) and MHET (CID PubChem 22062452). (B) Tertiary structure of cutinase 

Tfu_0883 (PDB ID: 5ZOA) from Thermobifida fusca YX docked with standard ligands PET, 

BHET and MHET. 
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5.3.3 Primary structure determination and their physicochemical properties 

Owing to its molecular size, the location of the shortlisted enzymes is important in understanding 

the potential interaction with PET. Being polymeric and branched in nature, large molecules of 

PET are unable to traverse across the cellular membrane of most microorganisms. Using SignalP 

v6.0 web server (Teufel et al., 2022), Tfu_0267 was predicted to not have a signal peptide, 

potentially being cytosolic in nature. Tfu_0082 and Tfu_0746 were predicted to have 

transmembrane domains, and Tfu_0882, Tfu_0883 and Tfu_1487 were predicted to be 

extracellular enzymes after analyzing their signal peptides. The primary structures of the potential 

PHEs were analyzed for their polypeptide length, molecular weight, theoretical pI, extinction 

coefficient, instability index, GRAVY (grand average of hydropathy) and aliphatic index using the 

ExPASY ProtParam web server (see Table 3)(Gasteiger et al., 2005). Both transmembrane proteins 

have been predicted to be the largest enzymes, with a predicted molecular weight of 53.57 kDa for 

Tfu_0746 followed by 43.93 kDa for Tfu_0082. The aliphatic index is an indicator of the relative 

volume of aliphatic amino acids alanine, valine, leucine, and isoleucine in a protein. It is also 

indicative of thermal stability. Proteins with an aliphatic index ≥60 have been reported to be 

thermally stable up to 60 °C (Ikai, 1980). Each of the enzymes has an aliphatic index ranging from 

79-89. The GRAVY value of each of the enzymes predicted them to be hydrophilic in nature. 

Instability index measures the stability of the protein in a test tube, which has been statistically 

determined to have a value ≤ 40. Generally, unstable enzymes have a half-life of up to 5 hours 

(Guruprasad et al., 1990). The instability index of all the enzymes with their respective signal 

peptides were below 40 indicating their stability. All the proteins were predicted to have stable 

half-lives. Enzymes Tfu_0082, Tfu_0882, Tfu_0883 and Tfu_1487 were predicted to have two 

extinction coefficients under the presumption of cysteines and cystines in the polypeptides. 

Cystines serve an important function in proteins by allowing them to retain their three-dimensional 
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structure by disulphide linkage (Wiedemann et al., 2020). Furthermore, all the enzymes showed 

the presence of the GXSXG motif (see Fig. 5.2 and Supplementary Table 5.2). This structural 

motif is a conserved motif which is representative of triacylglycerol lipases that are characteristic 

of hydrolytic activity due to the presence of the nucleophilic serine within the motif (Akoh et al., 

2004; Rajakumari & Daum, 2010). The nucleophilic serine is an amino acid within the catalytic 

triad that actively participates in cleaving the ester bond between cutin monomers, and the ester 

bond between terephthalic acid and ethylene glycol.  
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Table 5.3. Potential PHEs mined from Thermobifida fusca YX (GenBank Accession ID: CP000088.1) that are part of the alpha/beta 

hydrolase superfamily. 

Gene Tfu_0082 Tfu_0267 Tfu_0746 Tfu_0882 Tfu_0883 Tfu_1487 

Annotation Esterase, PHB 

depolymerase 

Conserved 

hypothetical 

protein 

Conserved 

hypothetical 

protein 

Triacylglycerol 

lipase/cutinase 

Triacylglycerol 

lipase/cutinase 

Esterase/lipase 

Length 414 aa 318 aa 504 aa 260 aa 260 aa 305 aa 

Mol. Wt. 43.93 kDa 35.11 kDa 53.37 kDa 28.33 kDa 32.21 kDa 32.42 kDa 

pI 5.59 9.29 5.68 7.14 7.82 5.47 

Protein ID AAZ54120.1 AAZ54305.1 AAZ54784.1 AAZ54920.1 AAZ54921.1 AAZ55523.1 

Catalytic 

Triad 

Ser119-Asp197-

His256 

Ser25-Asp27-

His3 

Ser113-Asp219-

His247 

Ser130-Asp176-

His208 

Ser130-Asp176-

His208 

Ser157-Asp216-

His211 

GXSXG 

motif 

GLSAG GSSLG GISYG GHSMG GHSMG GDSAG 

GRAVY -0.180 -0.312 -0.041 -0.247 -0.120 -0.018 

Extinction 

coefficient 

(M-1cm-1) 

97790 (cystines) 

or 97290 

(cysteines) 

61,420 104,850 38515 (cystines) 

or 38390 

(cysteines) 

37025 (cystines) 

or 36900 

(cysteines) 

37025 (cystines) 

or 36900 

(cysteines) 

Instability 

index 

37.52 28.45 36.04 36.12 38.53 38.28 

Aliphatic 

index 

71.47 89 79.06 84.39 84.39 90.39 

Location transmembrane intracellular transmembrane extracellular extracellular extracellular 
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Figure 5.2. Multiple protein sequence alignment of the alpha/beta hydrolases using the software 

ClustalW (Madeira et al., 2024). The red box indicates the presence of the GXSXG motif, the 

catalytic serines are highlighted in red while the identical amino acids are highlighted in yellow.  
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5.3.4 Secondary structure analysis  

Secondary structures consist of α-helices, β-turns, extended strands and random coils which were 

analyzed using the SOPMA web server (Geourjon & Deléage, 1995). Alpha-helices contribute 

towards the thermostability of the enzyme based on intrinsic stability (Kumar & Bansal, 1998; 

Petukhov et al., 1998). Each protein contains more α-helices (over 25%) compared to β-turns (5 ± 

1.5%.). Tfu_0267 has the highest percentage of α-helices part of its structure (35.53%) compared 

to its counterparts (see Fig. 5.3). Roughly half of their secondary structures are made of random 

coils, with the lowest being 38.67% random coils in Tfu_0267. The higher number of random coils 

in enzymes contributes to the flexibility of conformational changes. The percentage of the 

secondary structures of all the enzymes in ascending order were beta turns, extended strands, alpha 

helices, and the highest, random coils. 

 

 

Figure 5.3. Heatmap comparing the secondary structures like alpha helices, beta-turns, beta 

strands and random coils of the protein sequences derived from the genes Tfu_0082, Tfu_0267, 

Tfu_0746, Tfu_0882, Tfu_0883 and Tfu_1487 from T. fusca YX 
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5.3.5 Functional and structural motifs 

Functional analysis begins with the classification of the enzyme into its homologous superfamily 

based on their shared similarity in tertiary structures. This was done using InterPro web server 

(https://www.ebi.ac.uk/interpro/)(Paysan-Lafosse et al., 2023). InterPro classifies proteins into 

families and predicts domains and important sites that provide functional analysis based on the 

amino acid sequence. Enzymes Tfu_0082, Tfu_0883, Tfu_0882, Tfu_0746 and Tfu_1487 were 

classified as belonging to the α/β-hydrolase superfamily (InterPro ID: IPR029058). Three of the 

five, viz. Tfu_0746, Tfu_0882 and Tfu_0883 belong to the chlorophyllase/cutinase family 

(InterPro ID: IPR017395). This family consists of chlorophyllase and cutinase which share the 

PET hydrolase fold, which is an important determinant of PET-hydrolyzing activity (Ribitsch et 

al., 2017). 

Protein domains of the potential PHEs were assessed using the Conserved Domain Database 

(CDD) web server (J. Wang et al., 2023). Tfu_0082 was classified into the α/β hydrolase fold 

superfamily (cl21494). Tfu_0267 were classified into the hydrolase 4 superfamily (cl38349). The 

protein Tfu_0746 was classified into the α/β hydrolase superfamily and the x-prolyl-dipeptidyl 

aminopeptidase (cl35312). Tfu_0883 was classified into the dienelactone hydrolase superfamily 

(cl43135) which is similar to the α/β hydrolase fold superfamily (cl21494). Tfu_1487 was 

classified as an acetyl esterase lipase (cl27028). Each of these families is related to or structurally 

similar to the α/β hydrolase superfamily. In addition, each of these families has a nucleophilic 

serine that actively participates and is part of the catalytic triad.  

The domains were also assessed with GenomeNet web server (https://www.genome.jp/) 

(Tokimatsu et al., 2011), to confirm the results obtained by CDD. Tfu_0082 was classified into 

the esterase_PHB, AB Hydrolase 1, Hydrolase 4 families. Tfu_0267 was classified into Hydrolase 

4, AB hydrolase and dienelactone hydrolase superfamilies. Hydrolase 4 is a serine aminopeptidase 

https://www.ebi.ac.uk/interpro/
https://www.genome.jp/
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that contains a nucleophilic serine along with histidine and aspartic acid. AB hydrolase (or α/β 

hydrolase) superfamily (InterPro ID: IPR029058) suggests the structural motif that sheds light on 

the arrangement of the alpha helices and beta strands. Tfu_0746 was classified into the x-prolyl-

dipeptidyl aminopeptidase and alpha/beta hydrolase superfamilies. In addition to the mentioned 

superfamilies, both Tfu_0882 and Tfu_0883 were classified into the chlorophyllase/cutinase 

family (InterPro ID: IPR017395). The chlorophyllase/cutinase family domain contains the PET 

hydrolase fold along with other determinants like α/β-folds and the Ser-His-Asp catalytic triad, 

which share the PET hydrolase fold, which is an important determinant. Lastly, Tfu_1487 was 

classified into the AB hydrolase 3 and Hydrolase 4 families.  

 

5.3.6 Determination of tertiary structure and validation 

An important contributor towards structural and thermal stability in tertiary structures of proteins 

are salt bridges. Salt bridges are noncovalent interactions that link a positively charged amino acid 

with a negatively charged amino acid within 4 Å (400 pm) and are crucial for structural and thermal 

stability. The number of salt bridges present within the enzymes and their distances were predicted 

using the ESBRI web server. The most dominant salt bridge in all the enzymes was Asp-Arg with 

an average distance of 3.29 Å in Tfu_0082, 3.19 Å in Tfu_0267, 3.21 Å in Tfu_0746, 3.36 Å in 

Tfu_0882, 3.32 Å in Tfu_0883 and 3.14 Å in Tfu_1487. Asp/Arg is a stabilizing salt bridge which 

means the interacting residues are spaced and ordered such that they favor helix formation by up 

to 50% and simultaneously slow down the unfolding by 50% (Meuzelaar et al., 2016). Simulation 

studies indicate that salt bridges create kinetic barriers for unfolding the protein, thereby “locking” 

the folded structure of the native protein. Arg-Asp and Arg-Glu play a more critical role in the 

correct folding of the native structure than its stabilization (Meuzelaar et al., 2016). The salt bridge 
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between arginine and aspartic acid is known to display well-defined geometric preferences that 

contribute towards the protein’s overall stability (Donald et al., 2011). It must be considered that 

there can be salt bridges that are between 4 – 7 Å, however, those have not been considered due to 

the limitation of the web server’s algorithm. Due to varying polypeptide length, the ratio of salt 

bridges to the length of the polypeptide was determined to be 1 salt bridge per 15 amino acids for 

Tfu_0267, Tfu_0882 and Tfu_0883, while Tfu_0746 was assessed to have 1 salt bridge per 20 

amino acids and Tfu_1487 was assessed to have 1 salt bridge per 12 amino acids (see Fig. 5.4). 

 

 

Figure 5.4. Number of salt bridges present in the PHEs and their mean distance in angstrom. 

 

The tertiary structure was determined using the Robetta web server developed by Baker Lab uses 

the de novo RosETTAFold prediction algorithm which is based on fragment insertion (Kim et al., 

2004). Five model structures were predicted for each of the submitted enzyme amino acid 
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sequences with or without the signal peptide to predict the structure of the PHEs in their predicted 

cellular location. Each of these predicted structures were assessed for their QMEANDiSco, a 

composite scoring system for both global and local residues (Studer et al., 2020). The score 

indicated stability of the structure (see Table 5.4). 

Additional analyses like ERRAT, Verify 3D and PROCHECK (Ramachandran plots) (Laskowski 

et al., 1993) were performed using the SAVES v6.0 web server (https://saves.mbi.ucla.edu/). 

ERRAT analyses the statistics of non-bonded interactions between different atom types and plots 

the value of the error function versus position of a 9-residue (Colovos & Yeates, 1993). Verify3D 

determines the compatibility of an atomic model (3D) with its own amino acid sequence (1D) by 

assigning a structural class based on its location and environment (alpha, beta, loop, polar, 

nonpolar etc.)(Bowie et al., 1991). A value above 80% is indicative of a stable structure and hence, 

“passes” the test. PROCHECK checks the stereochemical quality of a protein structure by 

analyzing residue by residue geometry and overall structure geometry (Laskowski et al., 1993). 

Every predicted model displayed a disallowed serine in the Ramachandran plots (see 

Supplementary Figures 5.2-5.7). In some cases, amino acids deviate from their ideal conformation 

for the optimization of the tertiary structure of the protein like hydrogen bonding keeping 

hydrophobic residues buried, interactions with the substrate or ligand at the active site (Pal & 

Chakrabarti, 2002). Using the catalytic triad predicted that falls within the measured distance for 

optimal catalytic activity (described further in Section 5.3.8.1), the below mentioned models were 

used for the docking studies. Models 2 and 4 for protein Tfu_0082, model 2 for protein Tfu_0276, 

model 4 for protein Tfu_0746, model 1 for protein Tfu_0882, model 1 for protein Tfu_0883, and 

model 3 for protein Tfu_1487 were used for docking studies (see Fig. 5.5). 

https://saves.mbi.ucla.edu/
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Table 5.4. Structural or mathematical validation of the predicted tertiary structures of potential 

PHEs using QMEANDisCo (Studer et al., 2020), Ramachandran plots (Laskowski et al., 1993), 

ERRAT Score (Colovos & Yeates, 1993), and Verify3D (Bowie et al., 1991). 

Gene Model ERRAT Verify3D 
PROCHECK 

(Ramachandran plot) 
QMEANDisCo 

Tfu_0082 1 88.36 88.36% 

(Pass) 

Core region: 87% 

Additional allow region: 12% 

Generous allow region: 0.3% 

Disallow region: 0.6% 

0.67 ± 0.05 

2 Error 90.57% 

(Pass) 

Core region: 87.3% 

Additional allow region: 10.7% 

Generous allow region: 1.3% 

Disallow region: 0.6% 

0.68 ± 0.05 

3 86.42 89.33% 

(Pass) 

Core region: 86.4% 

Additional allow region: 11.4% 

Generous allow region: 1% 

Disallow region: 1.3% 

0.69 ± 0.05 

4 89.61 88.27% 

(Pass) 

Core region: 86.7% 

Additional allow region: 11.4% 

Generous allow region: 1% 

Disallow region: 1% 

0.67 ± 0.05 

5 88.36 89.07% 

(Pass) 

Core region: 84.4% 

Additional allow region: 13.3% 

Generous allow region: 2.3% 

Disallow region: 0% 

0.69 ± 0.05 

Tfu_0267 1 96.10 78.3% 

(Fail) 

Core region: 90.7% 

Additional allow region: 8.2% 

Generous allow region: 0.4% 

Disallow region: 0.7% 

0.62 ± 0.05 

2 98.38 83.33% 

(Pass) 

Core region: 90.3% 

Additional allow region: 6.7% 

Generous allow region: 1.5% 

Disallow region: 1.5% 

0.62 ± 0.05 

3 97.08 79.87% 

(Fail) 

Core region: 90.3% 

Additional allow region: 8.9% 

Generous allow region: 0.4% 

Disallow region: 0.4% 

0.62 ± 0.05 

4 97.39 76.73% 

(Fail) 

Core region: 90% 

Additional allow region: 8.6% 

Generous allow region: 1.1% 

Disallow region: 0.4% 

0.62 ± 0.05 

5 95.11 83.65% 

(Pass) 

Core region: 88.1% 

Additional allow region: 11.2% 

0.62 ± 0.05 
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Generous allow region: 0.0% 

Disallow region: 0.7% 

Tfu_0746 1 94.54 88.1% 

(Pass) 

Core region: 87.2% 

Additional allow region: 11.6% 

Generous allow region: 0.0% 

Disallow region: 1.2% 

0.72 ± 0.05 

2 91.51 97.87% 

(Pass) 

Core region: 86% 

Additional allow region: 10.4% 

Generous allow region: 1.2% 

Disallow region: 2.4% 

0.72 ± 0.05 

3 94.35 88.89% 

(Pass) 

Core region: 84.7% 

Additional allow region: 12.1% 

Generous allow region: 1.7% 

Disallow region: 1.5% 

0.71 ± 0.05 

4 92.71 89.09% 

(Pass) 

Core region: 87.2% 

Additional allow region: 9.7% 

Generous allow region: 1.2% 

Disallow region: 1.9% 

0.71 ± 0.05 

5 89.89 90.48% 

(Pass) 

Core region: 88.4% 

Additional allow region: 8.7% 

Generous allow region: 1.5% 

Disallow region: 1.5% 

0.72 ± 0.05 

Tfu_0882 1 92.82 92.31% 

(Pass) 

Core region: 89.4% 

Additional allow region: 9.3% 

Generous allow region: 1.4% 

Disallow region: 0.0% 

0.83 ± 0.05 

2 95.63 92.69% 

(Pass) 

Core region: 89.8% 

Additional allow region: 7.9% 

Generous allow region: 2.3% 

Disallow region: 0.0% 

0.83 ± 0.05 

3 93.97 92.69% 

(Pass) 

Core region: 84.7% 

Additional allow region: 12.5% 

Generous allow region: 1.9% 

Disallow region: 0.9% 

0.84 ± 0.05 

4 94.44 86.15% 

(Pass) 

Core region: 87% 

Additional allow region: 9.7% 

Generous allow region: 2.8% 

Disallow region: 0.5% 

0.83 ± 0.05 

5 94.69 92.31% 

(Pass) 

Core region: 90.3% 

Additional allow region: 6.9% 

Generous allow region: 1.9% 

Disallow region: 0.9% 

0.84 ± 0.05 

Tfu_0883 

(validation

) 

1 94.35 88.85% 

(Pass) 

Core region: 88.9% 

Additional allow region: 9.2% 

Generous allow region: 1.4% 

Disallow region: 0.5% 

0.84 ± 0.05 
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2 94.4 88.08% 

(Pass) 

Core region: 87.1% 

Additional allow region: 11.1% 

Generous allow region: 1.4% 

Disallow region: 0.5% 

0.84 ± 0.05 

3 96.42 88.46% 

(Pass) 

Core region: 88% 

Additional allow region: 9.2% 

Generous allow region: 1.4% 

Disallow region: 1.4% 

0.83 ± 0.05 

4 93.22 87.69% 

(Pass) 

Core region: 88% 

Additional allow region: 10.1% 

Generous allow region: 1.4% 

Disallow region: 0.5% 

0.84 ± 0.05 

5 96.42 81.92% 

(Pass) 

Core region: 88.5% 

Additional allow region: 9.2% 

Generous allow region: 1.4% 

Disallow region: 0.9% 

0.84 ± 0.05 

Tfu_1487 1 93.48 90.07% 

(Pass) 

Core region: 88.5% 

Additional allow region: 10.6% 

Generous allow region: 0.4% 

Disallow region: 0.4% 

0.79 ± 0.05 

2 95.05 89.71% 

(Pass) 

Core region: 89.4% 

Additional allow region: 9.3% 

Generous allow region: 0.9% 

Disallow region: 0.4% 

0.79. ± 0.05 

3 96.59 92.65% 

(Pass) 

Core region: 87.2% 

Additional allow region: 11.5% 

Generous allow region: 0% 

Disallow region: 1.3% 

0.78 ± 0.05 

4 98.09 91.91% 

(Pass) 

Core region: 90.3% 

Additional allow region: 6.6% 

Generous allow region: 1.3% 

Disallow region: 1.8% 

0.78 ± 0.05 

5 94.25 91.18% 

(Pass) 

Core region: 88.5% 

Additional allow region: 8.4% 

Generous allow region: 1.3% 

Disallow region: 1.8% 

0.78 ± 0.05 
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Figure 5.5. Predicted tertiary structure models of Tfu_0082, Tfu_0267, Tfu_0746, Tfu_0882, 

Tfu_0883 and Tfu_1487. 

 

5.3.7 Cutin monomers 

In addition to the standard ligands used in the previous molecular docking, the enzyme’s primary 

substrate is the cutin which is a naturally occurring polymer that protects the plant surface. Cutin 

from different sources have varying monomers. Cutin from apples primarily consists of 10,16-

dihydroxyhexadecanoic acid, 10,20-dihydroxyeicosanoic acid, 9,10,18-trihydroxyoctadecanoic 

acid (also known as phloionolic acid), 9,10-epoxy-12-octadecenoic acid and 9,10-epoxy-18-
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hydroxy-12-octadecenoic acid (Arrieta-Baez et al., 2020). Cutin from tomatoes primarily consists 

of 10,16-dihydroxyhexadecanoic acid, 16-hydroxyhexadecanoic acid (also known as juniperic 

acid), 9,10,16-trihydroxyhexadecanoic acid and 9,10,18-trihydroxyoctadecanoic acid. The 

monomers whose three-dimensional structure was not available were constructed using Avogadro 

v.1.1.1 software (see Fig. 5.6). In addition, the dimers of the commonly occurring monomers were 

constructed for docking with the three-dimensional constructed proteins. The heavily branched 

cutin polymers for both tomato and apple cutins were constructed by joining the two monomers at 

the carbonyl oxygen of one monomer with the oxygen of the hydroxyl group of the second 

monomer (Fich et al., 2016b) (see Fig. 5.7). The polymers branch outward, i.e., away from the 

xylogalacturonan, which is how it is naturally present in plant cuticles. No cross-linking has been 

shown in this depiction of cutin polymer. Due to the limitation of the docking softwares, the 

heavily branched polymers could not be used for docking. Instead, dimers of the most commonly 

occurring monomers were constructed (in Avogadro v.1.1.1) and docked with the potential PHEs. 

The most commonly occurring monomers for tomato cutin are 10,16-dihydroxyhexadecanoic acid 

and 16-hydroxyhexadecanoic acid. The most commonly occurring monomers for apple cutin are 

10,16-dihydroxyhexadecanoic acid and 9,10,18-trihydroxyoctadecanoic acid (Arrieta-Baez et al., 

2020).  
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Figure 5.6. The constructed three-dimensional structures of cutin monomers from tomato and 

apple. Cutin monomers from tomato include (1) 10,16-dihydroxyhexadecanoic acid, (2) 9,10,18-

trihydroxyoctadecanoic acid, (3) 16-hydroxyhexadecanoic acid, and (4) 9,10,16-

trihydroxyhexadecanoic acid. Cutin monomers from apple include (1) 9,10-epoxy-18-hydroxy-12-

octadecenoic acid, (2) 10,16-dihydroxyhexadecanoic acid, (3) 9,10,18-trihydroxyoctadecanoic 

acid, (4) 9,10-epoxy-12-octadecenoic acid, and (5) 10,20-dihydroxyeicosanoic acid. 
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Figure 5.7. Three-dimensional constructed cutin dimers and polymer from tomato and apple. 

The dimers used for docking studies are depicted in structures (1) while the heavily branched 

polymer is depicted in structures (2). 

 

5.3.8 Molecular docking of Tf_PHEs  

The determined structure 4CG1 (thermostable polyethylene terephthalate degrading hydrolase 

from Thermobifida fusca YX) was docked with PET (CID PubChem 42608431), BHET (CID 
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PubChem 13739) and MHET (CID PubChem 22062452) ligands using CB-Dock2 (created by Cao 

Lab, Sichuan University). Five potential interaction frameworks derived from a curvature-

dependent surface area model for the prediction of protein-ligand binding affinity pockets were 

suggested (Y. Liu et al., 2022). A cavity of interest was selected based on fulfilment of three 

criteria. Firstly, the obtained binding energy values (Vina Score) for each pocket were assessed for 

negative values suggesting an exergonic reaction. Secondly, the cavity volume was taken into 

consideration to accommodate polymers PET and cutin. Lastly, the expected interacting catalytic 

triad, viz., histidine, aspartic acid and the nucleophilic serine were present in the cavity of interest. 

Every model predicted by Robetta web server for each was docked with PET. Using the previously 

mentioned criteria, one model for each potential PHE was selected. Among the potential predicted 

PET hydrolases, Tfu_0082 had the largest cavity size while Tfu_1487 had the smallest cavity size 

(see Table 5.5). The previously studied enzyme, Tfu_0883 had a cavity size of 219 with -5.8 kJ/mol 

binding energy. All the cavities of interest demonstrated negative binding energies, which is ideal 

for substrate-ligand interactions. The predicted enzyme structures were coloured according to their 

secondary structures, where, alpha helices were magenta, and  beta sheets were yellow, meanwhile, 

the ligands were coloured according to their elements, where, nitrogen was blue, oxygen was red, 

carbon was gray, and hydrogen was white.  

Additionally, the experimentally determined structures of 5ZOA (three-dimensional structure of 

the protein encoded by the gene Tfu_0883 without the signal peptide) and 7QJS (three-dimensional 

structure of the protein encoded by the gene Tfu_0882 with the signal peptide) were docked with 

PET, BHET and MHET ligands (see Figures 5.1 & 5.8). Structures 4CG1 and 5ZOA have a 100% 

identity in their polypeptide sequence, the structure of 4CG1 contains the signal peptide as well as 

a His-tag that was used for its purification. Meanwhile, 5ZOA neither has a signal peptide nor a 
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His-tag, therefore being the closest to an accurate representation of the extracellular PHE. The 

sequence of 7QJS was 100% identical to Tfu_0882. The potential PHEs were docked with the 

ligands to assess the potential binding interaction between the predicted catalytic triad and the 

ligands (see Figures 5.9-5.18). Ligands, PET, BHET and MHET were docked with the potential 

PHEs using CB-Dock2 (Y. Liu et al., 2022). The cutin dimers of both apple and tomato origin 

were docked using the AutoDock Vina function in the UCSF Chimera due to their large size 

(Pettersen et al., 2004). Despite its accommodation on USCF Chimera, only 32 torsions of the 

dimer could be docked. The PET, BHET and MHET ligands interact with the catalytic triad 

analogous to the already studied Tfu_0883. The cutin ligands interact similarly.  

 

Table 5.5. Amino acid residues of the predicted active site cavity of the shortlisted models of the 

potential PHEs from Thermobifida fusca YX using CB-Dock2 

Enzyme 

& Model 

Cavity 

volume 

Vina 

Score 

(kJ/mol) 

Amino acid residues in the active site 

Tfu_0082 

(model 2) 

654 -7.5 GLY37 CYS38 SER39 GLN40 TYR45 ASN72 SER73 

SER74 CYS76 PHE77 TRP79 PHE80 LEU118 SER119 

ALA120 ILE145 LEU153 LEU154 ALA156 THR157 

MET160 PHE161 ALA196 ASP197 ALA198 VAL199 

VAL200 MET254 GLY255 HIS256 TYR275 

Tfu_0267 

(model 2) 

269 -8.0 MET1 ASN2 HIS3 GLY4 THR5 ARG6 GLY7 PRO8 PRO9 

GLN23 VAL24 SER25 ASP 27 ALA32 ALA34 GLY87 

ALA88 SER89 GLY90 ARG94 THR226 LEU227 

Tfu_0746 

(model 4) 

467 -8.3 ALA40 TRP41 SER42 THR43 LEU46 LEU47 TYR48 

ILE112 SER113 TYR114 LEU158 SER162 ASP 219 

HIS247 ALA248 GLU251 MET358 GLN365 
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Tfu_0882 

(model 1) 

113 -8.7 PRO58 GLY59 TYR60 THR61 GLY62 THR63 ALA65 

SER66 HIS129 SER130 MET131 TRP155 ASP176 ILE178 

HIS208 PHE209 ASN212 ILE213 

Tfu_0883 

(model 1) 

219 -5.8 GLY59 TYR60 THR61 GLY62 ALA65 SER66 HIS129 

SER130 MET131 TRP155 ASP 176 ILE178 HIS208 

PHE209 ASN212 

Tfu_1487 

(model 3) 

100 -5.8 THR154 ARG155 ALA156 SER157 GLN159 THR160 

HIS161 THR163 ALA164 PHE165 GLY210 HIS211 

ARG215 ASP216 VAL219 ALA220 GLU236 PRO238 
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Figure 5.8. 7QJS docked with PET, BHET and MHET using CB-Dock2 web server  
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Figure 5.9. Potential PHE Tfu_0082 docked with PET, BHET and MHET using CB-Dock2 web 

server 
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Figure 5.10. Potential PHE Tfu_0082 docked with apple (A) and tomato (B) cutin dimers using 

the AutoDock Vina function on USCF Chimera software. The catalytic triad is denoted as blue 

and the cutin ligand is denoted as red. 
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Figure 5.11. Potential PHE Tfu_0276 docked with PET, BHET and MHET using CB-Dock2 

web server 

  



193 
 

 

Figure 5.12. Potential PHE Tfu_0276 docked with tomato and apple cutin dimers using the 

AutoDock Vina function on USCF Chimera software. The catalytic triad is denoted as blue and 

the cutin ligand is denoted as red. 
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Figure 5.13. Potential PHE Tfu_0746 docked with PET, BHET and MHET using CB-Dock2 

web server 
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Figure 5.14. Potential PHE Tfu_0746 docked with tomato and apple cutin dimers using the 

AutoDock Vina function on USCF Chimera software. The catalytic triad is denoted as blue and 

the cutin ligand is denoted as red. 
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Figure 5.15. PHE Tfu_0882 docked with tomato and apple cutin dimers using the AutoDock 

Vina function on USCF Chimera software. The catalytic triad is denoted as blue and the cutin 

ligand is denoted as red. 
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Figure 5.16. PHE Tfu_0883 docked with tomato and apple cutin dimers using the AutoDock 

Vina function on USCF Chimera software. The catalytic triad is denoted as blue and the cutin 

ligand is denoted as red. 
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Figure 5.17. Potential PHE Tfu_1487 docked with PET, BHET and MHET using CB-Dock2 

web server. 
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Figure 5.18. PHE Tfu_1487 docked with tomato and apple cutin dimers using the AutoDock 

Vina function on USCF Chimera software. The catalytic triad is denoted as blue and the cutin 

ligand is denoted as red. 

 

5.3.8.1 Determination of catalytic triad 

Determination of the catalytic triad was done with the help of docking a standard ligand, PET, 

with the models and assessing the interacting serines in the five predicted cavities (using CB-

Dock2) of the potential PHEs. The interacting amino acids in each of the predicted active site 
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cavities were assessed for the presence of the disallowed serine, aspartic acid and histidine (see 

Table 5.5) (Nardini & Dijkstra, 1999). To further confirm the predicted amino acids in the catalytic 

triad, two independent web servers were used to predict the catalytic triad, PrankWeb webserver 

and COACH webserver. P2Rank (https://prankweb.cz/) is a machine learning method that does 

not rely on templates, designed to predict ligandability by analyzing the local chemical 

environment around points located on the solvent-accessible surface of proteins (Jendele et al., 

2019). While COACH is a meta-server, template-based approach to binding prediction between 

protein and ligand (Yang et al., 2013). The same binding cavity was determined for each protein 

using both the template-dependent and the template-independent, i.e., the lowest binding energy 

in every prediction consisted of the conserved amino acids: serine, histidine and aspartic acid. 

After this partial confirmation, the spatial geometry of the catalytic triad was assessed using UCSF 

Chimera software (Pettersen et al., 2004). The distance between the side chains of each amino acid 

(-OH for serine and aspartic acid, and both delta and epsilon -NH for histidine) were within the 3 

Å (Nardini & Dijkstra, 1999), which is necessary for the oxyanion hole formation. Thus, indicating 

that the predicted active site pockets and their corresponding catalytic triads could be the true 

active site and catalytic triad (see Fig. 5.19). 

 

https://prankweb.cz/
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Figure 5.19. The catalytic triad of the speculated active site of the potential PHEs. Serine (shown 

in red), aspartic acid (shown in teal), and histidine (shown in orange) are shown in proteins 

Tfu_0082 (A), Tfu_0267 (B), Tfu_0746 (C), Tfu_882 (D), Tfu_0883 (E), and Tfu_1487 (F). 

 

5.4 Conclusion 

One intracellular enzyme, two transmembrane enzymes and three extracellular enzymes from 

Thermobifida fusca YX were identified in this in silico study, based on an α/β superfamily 

structural and functional analysis. The potential PHEs from Thermobifida fusca YX were predicted 

to be structurally and thermally stable. Each enzyme displayed the characteristic α/β-superfamily 

barrel assembly of their α-helices and β-sheets as well as the characteristic GXSXG motif. Three-
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dimensional structure prediction revealed the catalytic triad (Ser-His-Asp) within the desired 

distances. Ramachandran plot analysis of the predicted three-dimensional structures displayed 

another key feature of PHEs, which is the presence of a serine in a disallowed region of the plot. 

The molecular docking interactions with PET and cutin ligands were found to have stable 

exergonic binding energies. This suggests that the shortlisted enzymes could potentially hydrolyze 

or modify PET, which can be further confirmed with experimental validation. This could steer 

PET-hydrolysis research in a direction that does not involve extensive genetic manipulation to 

obtain enzymes suitable for the biological depolymerization of PET. For example, with the right 

combination of augmentation, these bacteria could be potentially used for composting PET 

plastics.  Additionally, PET-degrading enzymes have been gaining attraction for their use in the 

textile and detergent industries due to their thermal stability. Furthermore, this study displays the 

repetitive nature of data on databases. 
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Appendix C 

 

 

Supplementary Figure 5.1 The result of SuperFamily 2.0 using the protein sequence of 

Tfu_0883 (give NCBI ID) as the query sequence where 39 proteins belonging to the α/β-

hydrolase superfamily in Thermobifida fusca YX. 
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Supplementary Figure 5.2. Ramachandran plot of model 2 of the predicted structure of 

Tfu_0082 
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Supplementary Figure 5.3. Ramachandran plot of model 2 of the predicted structure of 

Tfu_0276 
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Supplementary Figure 5.4. Ramachandran plot of model 4 of the predicted structure of 

Tfu_0746 
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Supplementary Figure 5.5. Ramachandran plot of model 1 of the predicted structure of 

Tfu_0882 

  



211 
 

 

Supplementary Figure 5.6. Ramachandran plot of Tfu_0883 (PDB ID: 5ZOA – experimentally 

determined three-dimensional structure by Dong et al., 2018) 
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Supplementary Figure 5.7. Ramachandran plot of model 3 of the predicted structure of 

Tfu_1487 
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Supplementary Table 5.1. Characteristics of the thirteen shortlisted proteins based on the superfamily analysis by SUPFAM. The 

product of the gene and catalytic function was obtained from the annotated whole genome of T. fusca YX (Lykidis et al., 2007) 

Family Gene Product Catalytic function Location 

Carboxylesterase Tfu_0155 Esterase/lipase undefined Intracellular 

Tfu_1487 Esterase/lipase Hydrolase  Extracellular 

Lipase Tfu_0267 Hypothetical protein (ET1)n+H2O = (ET)n-1 + 4-[(2-hydroxyethoxy) 

carbonyl] benzoate 

Intracellular 

Tfu_0882 Triacylglycerol lipase (ET)n+H2O = (ET)n-1 + 4-[(2-hydroxyethoxy) 

carbonyl] benzoate 

Extracellular 

Tfu_0883 Triacylglycerol lipase (ET)n+H2O = (ET)n-1 + 4-[(2-hydroxyethoxy) 

carbonyl] benzoate 

Extracellular 

Tfu_0899  Endopeptidase Intracellular 

 Tfu_0746 Hypothetical protein (ET)n+H2O = (ET)n-1 + 4-[(2-hydroxyethoxy) 

carbonyl] benzoate 

Transmembrane 

Carbon-carbon 

bond hydrolase 

Tfu_0513 Hydrolase Hydrolase Intracellular 

Tfu_1333 Hypothetical protein Undefined Intracellular 

Tfu_2815 Hydrolase Acyltransferase, C-C bond hydrolase Intracellular 

Epoxide hydrolase Tfu_0132 Hydrolase Hydrolase Intracellular 

Tfu_0162  Hydrolase Intracellular 

Tfu_1239 Hydrolase Hydrolase Intracellular 

PHB depolymerase Tfu_0082 Esterase, PHB depolymerase PHB depolymerase Transmembrane 

Footnotes:  1ET Ethylene terephthalate  
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Supplementary Table 5.2. Percent Identity Matrix of the multiple protein sequence 

alignment using ClustalW (Madeira et al., 2024) of the shortlisted potential PHEs from 

Thermobifida fusca YX. 

 

 

AAZ55523.1 

(Tfu_1487) 

AAZ54305.1 

(Tfu_0267) 

AAZ54784.1 

(Tfu_0746) 

AAZ54120.1 

(Tfu_0082) 

AAZ54920.1 

(Tfu_0882) 

AAZ54921.1 

(Tfu_0883) 

AAZ55523.1 100.00 17.70 23.01 18.80 13.33 13.33 

AAZ54305.1 17.70 100.00 25.82 19.67 18.00 19.50 

AAZ54784.1 23.01 25.82 100.00 22.82 19.25 18.31 

AAZ54120.1 18.80 19.67 22.82 100.00 21.74 20.55 

AAZ54920.1 13.33 18.00 19.25 21.74 100.00 93.02 

AAZ54921.1 13.33 19.50 18.31 20.55 93.02 100.00 
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Chapter 6 

Summary & Future Recommendations 

 

  



216 
 

Summary of Work Done 

While most PET biological depolymerization research has focused on engineering 

polyethylene terephthalate-hydrolyzing enzymes (PHEs), this study explores alternative 

factors influencing PET depolymerization using the actinomycete Thermobifida fusca YX. 

Three primary objectives were addressed: (1) enhancing PET biodegradability through 

physicochemical pretreatment, (2) optimizing culture conditions for improved production of 

the PET-degrading enzyme cutinase, and (3) identifying and characterizing potential PHEs 

through a genome-based in silico approach. 

In the first phase, PET films were modified by various physicochemical methods, including 

UV-induced photooxidation (UVB and UVC), thermal oxidation at 70 °C–90 °C, and size 

reduction. Among these, particle size reduction had the most pronounced effect, with 250 μm 

particles showing the highest weight loss during enzymatic hydrolysis (21.25%) and whole-

cell biological depolymerization (16.61%). Thermal treatment at 70–80 °C improved 

biological depolymerization; however, 90 °C impaired enzyme activity. UVB exposure 

enhanced whole-cell depolymerization, while UVC was detrimental. Chemical hydrolysis 

showed high recovery of terephthalic acid (TPA ~85%), but pretreatments had limited 

additional impact, highlighting the limitations of caustic depolymerization methods. Overall, 

pretreatments such as size reduction and thermal oxidation can improve PET biodegradability, 

although their effectiveness is constrained under certain conditions. The study advocates for 

an integrated pretreatment strategy to enhance PET depolymerization efficiency. 

In the second phase, the production of cutinase by T. fusca YX was optimized by varying two 

key media components: carbon sources (sodium acetate, sodium butyrate, and sodium lactate) 

and natural cutin inducers (derived from Royal Gala apples, Roma tomatoes, and watermelon 

peels). Using Central Composite Design and Response Surface Methodology (RSM), six 

combinations were tested. The optimal formulation—0.98 g/L sodium butyrate, 0.98 g/L 
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sodium lactate, and 1.6 g/L Roma tomato cutin—resulted in a 42% increase in cutinase yield. 

This enzyme facilitated a 26.01% weight loss of untreated PET films, confirming its enhanced 

biological depolymerization potential. 

In the final phase, bioinformatic analysis of the T. fusca YX genome was conducted to explore 

its enzymatic repertoire for PET depolymerization. Six candidate PHEs were identified, 

including three extracellular, two transmembrane, and one intracellular enzyme. All contained 

the conserved catalytic triad (Ser-His-Asp) characteristic of hydrolases. Protein structure 

prediction and molecular docking (using SOPMA, Robetta, CB-Dock2, and AutoDock Vina) 

revealed favorable exergonic binding interactions with PET ligands, indicating promising PET-

degrading capabilities. These findings support the use of T. fusca YX as a natural, non-

genetically modified platform for PET biological depolymerization. 

 

Future Recommendations 

Building on these findings, future research should prioritize the development of scalable and 

efficient enzymatic and microbial systems for PET biological depolymerization under ambient 

conditions. Further investigation into the environmental safety, ecological impact, and 

economic feasibility of deploying T. fusca YX in large-scale or in situ applications (e.g., 

landfills or waste treatment facilities) is recommended. If proven safe and effective, this 

monoculture could accelerate plastic breakdown in real-world settings. 

Moreover, advancements in integrated chemical-biological recycling methods could enhance 

the circularity of PET waste management. Combining optimized pretreatment protocols, 

enzyme engineering, and fermentation strategies with emerging recycling technologies may 

reduce reliance on virgin plastic production and mitigate environmental pollution. 

Finally, the six putative PHEs identified from the T. fusca YX genome warrant further 

experimental validation. Their esterase and PET-hydrolyzing activities should be 
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biochemically characterized to assess their suitability for industrial applications. Such studies 

could unlock novel biocatalysts for sustainable plastic depolymerization and contribute 

meaningfully to global efforts in managing plastic waste. 

 

 


