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Abstract 

Plastics are ubiquitous in daily life as a useful material across many widespread sectors including 

transport, medicine, packaging and textiles. However, lack of end-of-life management and 

limitations in current recycling technologies have led to a global plastic pollution crisis. 

Polyethylene terephthalate (PET) is the most commonly used single use plastic for food 

packaging, water bottles and polyester textiles. Naturally occurring cutinase enzymes have been 

shown to hydrolyse PET. Increasing levels of PET pollution worldwide coupled with challenges 

faced by current recycling technologies require a solution. Enzymes as biocatalysts could offer a 

viable methodology but require fine-tuning in order to withstand industrial conditions, whilst still 

remaining an economically competitive and environmentally desirable approach. The studies 

described herein aim to understand PET degrading enzyme function and application at scale. 

This is achieved by biophysical characterisation, analysis of optimal conditions and product 

inhibition sensitivity of PETase and a PETase(W159H/S258F) variant. Following this, 74 putative 

PETases were discovered using a bioinformatics approach constrained to identify thermophilic 

proteins. As a result many new candidate enzymes were discovered showing desirable properties 

including thermostability and crystalline PET tolerance. Additionally, utilising synergistic enzymes 

systems to understand optimal ratios of PETase and a secondary enzyme MHETase to eliminate 

the intermediate product mono(2-hydroxyethyl) terephthalate (MHET) for a homogenous 

monomer generation; further engineering of a PETase:MHETase dual enzyme fusion improved 

PET hydrolysis by 6 fold. Finally, characterisation of the performance of accessory domains for 

industrial scale PET bio-recycling at high solids loadings of >15wt%, a key condition for industrial 

viability. We show that carbohydrate binding modules (CBMs) selected in this study do not 

enhance hydrolysis of PET film when fused to novel leaf compost cutinase variant (LCCYCCG) at 

high solids loading. Expanding this research to include different PET morphologies and %-

crystallinities with an alternative catalytic domain from Saccharopolyspora flava (SfCut) and 

CBM64 from Spirochaete thermophila shows despite enhanced binding to crystalline PET 

moieties, there is no enhancement to PET hydrolysis. The insights from these studies enhance 

our understanding of PET degrading enzymes and the fundamentals for process design, such as 

product inhibition profiles, thermostability, crystalline PET tolerance and performance at industrial 

solids loadings which is directly linked to a more feasible PET biorecycling approach.  
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1 Introduction

 Plastics and the global problem 

1.1.1 Overview 

Plastic has become abundant in society since the widespread commercialism in the 1950s, as a 

low cost valuable and versatile material. Over the following 65 years, annual production of plastics 

increased exponentially to 367 million metric tons in 2020.1 Plastics are durable, mouldable, 

flexible, and convenient with diverse applications in medicine, food distribution, textiles and 

construction industries. These desirable characteristics have led to their adopted use worldwide. 

Plastics are derived from natural organic molecules, cellulose, natural gas, coal and crude oil.2 

Plastics are made by one of two main processes, polymerisation and polycondensation. In a 

polymerisation reactor, for example identical monomers are linked together to form long polymer 

chains. Whereas, polycondensation is a chemical condensation reaction that combines different 

monomers resulting in multiple functional groups with release of a water molecule.3,4 There are 

many different types of plastics and they can be grouped into two different types of families, (1) 

Thermoplastics which soften when melted and harden when cooled, and; (2) thermosets which 

do not melt and properties are set once formed2. Thermoplastics include, Polyethylene (PE), 

Polyvinyl chloride (PVC), Polyethylene Terephthalate (PET) and Polypropylene (PP). Thermosets 

include, Epoxides (EP), resins and Polyurethanes (PU).3 From the 1960s onwards, accumulation 

of plastic waste in the environment became a growing problem. Single use plastics, make up a 

large proportion of global plastic waste.5 PET is the most commonly used single use plastic;3 

despite recycling efforts only 16% is recycled in the current methods1. There is a requirement to 

find innovative, low-socioeconomic cost, low-emission approach to processing PET plastic waste.  

1.1.2 PET plastics 

PET is a synthetic petroleum-based polymer of terephthalic acid (TPA) and ethylene glycol (EG). 

PET is lightweight, durable, flexible and versatile. These desired properties in addition to the low 

cost of virgin materials have led to widespread adoption of PET in many applications. PET is the 

most abundantly produced polyester, a polymer where each repeating unit is linked by an ester 

bond. PET is in ubiquitous circulation as packaging, beverage bottles; which makes up to 46% of 

global plastic waste, and clothing and carpets, with a further 14.9% waste contribution (Figure 

1.1)6, both of these commodity products have a short consumer lifespan before persisting in the 

environment inert to biological breakdown. However, PET can undergo physico-chemical 

processes such as breakdown by UV rays or erosion, leading to the formation of microplastics 

(microbeads, fibres and particles of > 5mm in size). Left to accumulate in the environment both 

PET macroplastics and microplastics pose a number of threats to marine ecosystems and public 

health.7,8 While the levels of PET pollution are of global concern, it is important to consider the 

value of this globally available feedstock, highlighted by recent events like COVID-19 whereby, 
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disposable PPE was essential for public health, efforts should be focussed on recovery and 

recyclability of PET plastics.  

 

 

 

Figure 1.1 Consumption and distribution of plastic waste generation worldwide.6 (A) Composition of waste 

generation by sector in 2018. (B) The global annual consumption in million metric tons (MMT) per year for the most 

frequently polluting plastics grouped by polymer backbone. C-X = C-O, C-N linkages.  

A 

B 
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1.1.3 Chemical and Physical properties of PET  

The material properties of PET, like many thermoplastic polymers are dictated by, monomer 

identity, molecular weight, high thermal melting point (Tm 230°C) tacticity; the configuration of the 

functional groups around the chiral centre,  and crystallinity.9,10 These characteristics define the 

high stability of PET as a useful commercial product, but also reinforce the resistance of PET to 

biological or chemical breakdown. Primarily, crystallinity, the degree of structural order of the 

polymer chains (Figure 1.2), combined with the aforementioned properties can affect the 

polymers response to heat. Thermoplastics like PET, melt when heated and harden when cooled. 

PET is a semi-crystalline polymer and the crystalline variety of PET is more resistant to chemical 

attack, whereas amorphous PET material has a property known as the glass transition 

temperature (Tg) (~72°C, far below the ~260 °C Tm).10 This is the temperature at which PET 

changes from a glass like state into an elastic form where the molecular chains are more mobile 

and can be stretched and aligned in various directions. Unfortunately, this means that a polymer 

with identical chemical composition can have a wide variety of properties dependant on the 

degree of crystallinity and the exposed temperatures during its lifetime.  

Figure 1.2. Schematic representation of crystalline and amorphous material properties. PET can pass through 

various states changing from a solid glass like state to a more liquid state. (A) Schematic showing the difference in 

behaviour between amorphous PET (blue solid line) and crystalline PET (purple dashed line). After the glass transition 

temperature (Tg), amorphous materials soften quickly while more crystalline PET maintains stiffness until its melting 

temperature (Tm). (B) Representation of semi-crystalline PET polymer, with ordered crystalline regions (blue boxes) and 

disordered amorphous regions present.11–13 
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 Waste management: Current recycling methods follow a 

linear approach 

Ubiquitous plastic pollution requires management of our waste and one of the key methods is to 

recycle, reuse or repurpose materials. Increasing plastic waste generation rates combined with 

inadequate waste management infrastructure across the globe has resulted in an environmental 

crisis.14 Worldwide production of PET in 2018 exceeded 60 million metric tons per year (Figure 

1.1).  This value is increasing annually to meet the worlds demands for PET material, this requires 

a critical view of current recycling technology and a look to the future for new or improved waste 

management strategies. Current methods for PET plastic recycling, include mechanical and 

chemical, of which both have pitfalls (Figure 1.3). Mechanical recycling is a cheap solution which 

damages the polymer in each turn until it cannot be further recycled, while chemical recycling is 

an energy intensive and expensive process. Recycling rates vary from country to country, 

however only 16% of plastics are recycled globally.15 A study by Borelle et al., 2020 concluded 

that a fundamental transformation of plastics management is required, whereby a circular 

framework is employed and value is shifted to end-of-life plastic products,16 in order to reduce 

plastic waste and emissions to a manageable level.  In a circular economy (Figure 1.4), landfill 

and incineration are undesirable outcomes for PET plastic waste; rather a recycled approach 

should be employed able to maintain the properties of the original material. 
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Figure 1.3. Current PET recycling methods. A flowchart to summarise the process of PET end of life management across Mechanical and Chemical approaches, the various steps 

required (blue) for each process (green) and the end product of the recycling approach. 
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1.2.1 Mechanical recycling 

Mechanical recycling of plastics, generally involves sorting collected post production or consumer 

material, melt extrusion followed by processing into new plastic products. However, the key 

bottlenecks for this method are: cost of sorting and collection, loss of material properties in each 

cycle and contamination.5,15,17 Decline in material quality via damage and contamination leads to 

increased variation of the recycled polymer. Mechanical recycling operates on two feedstocks 

(Figure 1.3): (1) Post production, extruding from pre-consumer or pure polymer streams; (2) Post-

consumer, sorting waste streams; generally using near infrared technologies to determine 

polymer type, and colour recognition, reduction in particle size and extrusion.15 Many polymers 

can undergo these processes for several cycles before material property deterioration becomes 

a concern. Both feedstocks are processed by extrusion, involving heat and rotating screws to 

induce thermal softening or plasticization, this is a cheap, large scale approach that can be 

applied to many polymers.  Virgin PET (vPET) is widely used for plastic packaging and is often 

mechanically recycled, however for most thermoplastics, like PET a sharp reduction in material 

properties occur (loss of tensile strength and crystallinity), leading to a low value end-material that 

is down-cycled into recycled textiles then destined for landfill.18 As it stands, mechanical 

technologies are a down-cycling approach and do not offer significant economic viability for a 

circular plastics economy.  

1.2.2 Chemical recycling 

In many ways that mechanical recycling fails, chemical recycling can offer advantages in recovery 

of material properties and processing of plastics otherwise not suitable for other recycling 

methods. However, chemical recycling is known to be energy intensive and expensive. 

Approaches to chemical recycling use catalysts for depolymerisation, to convert the polymeric 

waste by changing its chemical structure and to produce its constituent monomers, or other 

substance for product manufacturing.19 Frequently used methods of chemical recycling include 

(Figure 1.3): (1) Hydrolysis, chemical hydrolysis in the presence of base, acid water or steam; (2)  

Glycolysis, molecular degradation by glycols, replacing ester linkages with hydroxyl-terminals at 

high temperature 190-240°C and pressures of 0.1-0.6 MPa; (3) Methanolysis, breakdown by 

methanol at high temperature 200-240°C and high pressures 1.4-2 MPa; (4) Pyrolysis, thermal 

decomposition of polymers in an inert atmosphere.3,20–22 Glycolysis by ethylene glycol is widely 

used commercially for molecular degradation of PET, followed by hydrolysis methods, which are 

tolerant to high levels of contamination in the polymer waste streams and less costly than 

methanolysis.4 While chemical recycling can offer ways to recover material properties that 

mechanical recycling does not, this requires high energy inputs, with high emission outputs, 

higher cost material than virgin polymers and waste chemical catalyst materials. Optimisation in 

catalyst driven processes is required in order to develop a viable closed-loop circular plastics 

recycling approach for chemical recycling (Figure 1.4). The overall aim is to provide low energy 
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solutions combined with a better end of life rPET, which can have a competitive market value to 

virgin PET. 

  

Figure 1.4. Schematic of linear and circular PET economy approaches. Linear PET economy  uses unrenewable 

resources such as oil and gas to be processed into virgin plastic before the commercial product is made, following this 

the polymer is either recycled, incinerated, or sent to landfill. If recycled the material will be processed into a material of 

lower quality, this cannot be further recycled and is destined for landfill. Circular recycling, require the polymer to be 

returned to its monomeric building blocks by a catalyst, either chemical or biological before being repolymerised to a 

polymer of equal quality material.
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 Biodegradation: a route to a circular recycling economy for 

PET 

Concerning rates of worldwide plastic pollution have led to a shift in research focus over the last 

decade, to discover and explore the use of natural biocatalysts to tackle PET plastic recycling. 

Biocatalysts can be microorganism cultivated in the laboratory23–25 or purified enzymes isolated 

from cells.26–28 Learning from the natural world where biocatalysts already exist to deconstruct 

natural polymers such as cellulose, lignin, cutin and chitin efficiently.29–31 For the purpose of this 

thesis a focus will be on the use of enzymes for depolymerisation of PET to its constituent 

monomers (Figure 1.5). Biological approaches to recycling offer advantages of milder 

temperatures, higher specificity to a particular substrate and potential for processing mixed waste 

streams. 

Figure 1.5. PET and constituent monomers. PET is hydrolysed into BHET, MHET, TPA and EG 

1.3.1 Esterases  

Esterases are a classification of enzymes according to the Enzyme Commission (EC),24,32  EC 

3.1 is for any hydrolase able to break down ester bonds, this includes carboxylesterases, 

cutinases, and lipases. Carboxylesterases were productive on PET oligomers but had little 

success at PET films. For lipases, the characteristic lid domain limits access to the hydrophobic 

catalytic core for polymer substrates. To date, cutinases and their homologues show the greatest 

potential for hydrolysis of the ester bonds within PET.31 Cutinases break the ester bonds in the 

natural substrate cutin, a waxy hydrophobic substance in the cuticle layer of plant leaves.33 Cutin 

comprises of polymerised esters of fatty acids as shown in Figure 1.6 alongside PET. Structural 

studies on both fungal and bacterial cutinases reveal an exposed cleft with the catalytic site near 

to the surface, this is important for recognition and interaction with PET.34,35 The first bacterial 

origin cutinase found to be able to hydrolyse PET in 2005 was BTA-1 (formerly, PBAT) from 
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Thermobifida fusca.36 Many bacterial cutinases that have PET degrading ability have been 

discovered and characterised,31 while few fungal origin cutinases have been found primarily from 

Humincola insolens  (HiC) and Fusariam solani (FsC). Enzymes identified as able to hydrolyse 

the ester bonds within PET are summarised in Table 1.1; it is expected that many enzymes 

capable of depolymerising PET are still yet to be identified.  

The biodegradation of PET by enzymes remains inefficient due, in part, to the crystalline nature 

of PET, discovering enzymes that can tackle this resistant material and work closer to the Tg of 

PET are desired, as the temperature approaches the Tg of PET the rigid chains change from a 

glass like state into an elastic form, where the mobility of the amorphous polymer chains is 

enhanced11-13  and they become more accessible for enzymatic ester hydrolysis (Figure 1.2). 

 In the last two decades significant research has been published on the ability of cutinase 

enzymes from bacterial and fungal origin to degrade PET plastic, for the purpose of this thesis, 

the narrative will focus on PETase and Leaf Compost Cutinase (LCC) identified from an unknown 

metagenome and are covered in the next section.  

 

  

Figure 1.6. Structure of Polyesters. (A) A suggested structure of cutin a natural polyester, R represents other domains 

of polyester taken from Li-Beisson et al;36b (Bottom) Structure of PET, a synthetic polyester. 

A 

B 
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1.3.2 PETases 

The first identified ‘PETase’ was found as part of a bacterium Ideonella sakaiensis (201-F6) 

isolated outside a bottle recycling plant in Sakai City, Osaka, Japan in 2016.37,38 I. sakaiensis is 

a mesophilic bacterium equipped with a synergistic enzyme system which enables PET to be 

used as the sole carbon source.24,39 This dual enzyme system consists of, IsPETase, a secreted 

enzyme for PET ester hydrolysis for conversion to MHET (mono-2-hydroxyethyl terephthalate), 

Terephthalic acid (TPA) and a smaller yield of bis(hydroxyethyl)terephthalate (BHET) due to its 

intrinsic instability leading to a high susceptibility to hydrolysis. MHETase, intrinsic to the cell, 

following uptake of MHET further hydrolyses to TPA and EG. These building blocks of PET plastic 

are used for catabolism, suggesting this bacterium has evolved to deconstruct PET.38 

Several thermophilic cutinases are discussed as promiscuous PETases. LCC has the most 

significant activity on PET substrates at 65°C,26,40 which is close to the Tg of PET and favours 

enhanced hydrolysis due to the accessibility to the polymer chains. More recently a thermostable 

PETase that shares 94% sequence similarity with LCC, named BhrPETase, from a thermophilic 

bacterium Chloroflexi spp, was isolated from a geothermal stream.41 Comparisons using PET 

powder showed BhrPETase to be slightly more productive at PET turnover than LCC, with both 

enzymes sharing an optimum turnover at 70°C. 

 

1.3.3 Structure and function of PETases 

Cutinases have an (α/β) alpha-beta hydrolase fold and operate via His-Ser-Asp catalytic triad 

(Figure 1.7), where the nucleophilic serine is key to breaking the ester linkages within the 

substrates (Figure 1.7 and 1.8).42 The hydrolysis mechanism is well studied for IsPETase,43–45 

while other PET hydrolysing enzymes have not yet been reported. IsPETase has 2 disulfide bonds 

while many other homologous cutinases only have a single disulfide bond, the conserved disulfide 

bond (DS2) is strictly conserved across homologous cutinases, linking the C-terminal loop and 

α7 helix (Figure 1.7). Specific to PETase, Trp185 is known as the ‘wobbly tryptophan’, which in 

the apo form of the enzyme exists in three conformations (Figure 1.8). It is noted, this Trp residue 

is conserved across PET hydrolysing enzymes but presents a different conformation non-wobbly 

conformation corresponding to the c-type conformation in IsPETases apo-form.44,45 
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Figure 1.7 PETase Structural features. (A) Cartoon representation of PETase structure (PDB: 6EQE), showing α/β 

hydrolase fold, alpha helix α1-7 (blue), Beta stands β1-9 (red) and loop regions (purple). The active site region is indicated 

by the dashed circle. (B) The active site of PETase, shows the catalytic triad made up of D206, H27 and S160, Disulfide 

bonds DS1 and DS2 and the W185. (C,D) Electrostatic map to show the positive (blue) and negative (red) charged regions 

across the surface of PETase; a docked PET trimer is shown in the active site (carbon atoms in yellow).39 

The catalytic mechanism was proposed by Han et al., 2017 and Chen et al., 2018 by exploring 

complex structures of PETase with product analogs (1-)2-hydroxyethyl) 4- methyl terephthalate) 

HEMT and pNP. IsPETase binding cleft accommodates PET binding in the apo-form (Figure 1.8), 

PET binding occurs primarily through hydrophobic interactions with PET, upon binding the wobbly 

trp assumes the B conformation to accommodate the aromatic interactions with PET. The 

carbonyl group is positioned with O atom aligned with the oxyanion hole made up of M161 and 

Y87. Next, the hydrolytic reaction proceeds initially with a charge relay from the His237 to activate 

the Ser160 for nucleophilic attack of the carbonyl carbon, His237 is further stabilised by hydrogen 

bonding of D206 and then followed by a second nucleophilic attack of a water molecule to cleave 

the ester bond. The remaining benzoic acid group engages in a pi-stacking interaction with Trp185 

and the product is released from the active site. 44,45  

   

H237 
D206 
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Figure 1.8. PETase catalytic mechanism. Proposed mechanism is presented schematically44,45  
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1.3.4 Summary table of known PET hydrolases 

Table 1.1. Known PET hydrolases. The following table summarises wildtype enzymes identified that have been tested on different PET substrates and PET degrading activity 

has been identified, several of these enzymes have been used as engineering backbones and this is covered in the next section.  

Enzyme Source Organism Accession 
Number 

Reported 
Reaction 

Temp  (°C) 

Reported Substrate tested References 

FsC Fusarium solani pisi P00590.1 30-60 G-PET, BO-PET 33,46,47 

TfH (BTA1) Thermobifida fusca DSM43793; WP_011291330.1 55 G-PET, bgPET, 3PET 48–52 

Thc_cut1 Thermobifida cellulosilytica 
DSM445535 

ADV92526 55 G-PET, bgPET, 3PET 48–52 

Tfu_0883; Thermobifida fusca XY AAZ54921 55 G-PET, bgPET, 3PET 48–52 

Tf_CUT1, Thermobifida fusca DSM44342 ADV92528.1 55 3PET and G-PET film 53,54 

Tf_Cut2, Thermobifida fusca DSM44342 ADV92528.1 55 3PET and G-PET film 53,54 

Thf42_Cut1 Thermobifida fusca DSM44342 ADV92528.1 50 3PET and G-PET film 53,54 

HiC Thermomyces insolens (formerly 
Humicola insolens) 

HC307279.1 30-85 G-PET and BO-PET 47,55 

Thc_cut2 Thermobifida cellulosilytica 
DSM44535 

ADV92527.1; 50 3PET and G-PET film 53,54 

Tfu_0882 Thermobifida cellulosilytica 
DSM44535 

AAZ54920.1 50 3PET and G-PET film 53,54 
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LCC Uncultured bacterium 

(metagenome) 

AEV21261.1 50-70 G-PET film and CpPET 26,56,57 

Tha_Cut1 Thermobifida alba DSM43185 ADV92525.1 50 3PET 55 

Ta_EST119 Thermobifida alba DSM43185 ADV92525.1 50 3PET 55 

Thh_Est Thermobifida halotolerans AFA45122.1 50 G-PET, 3PET 58 

RgPETase Rhizobacter gummiphilus WP_085749752.1 30, 40 G-PET 59 

Sv_Cut190 Saccharomonospora viridis 
AHK190 

BAO42836.1 60-65 G-PET and CpPET 60 

Tcur0390 Thermomonospora curvata DSM 
43183 

CDN67546.1 50-60 PET nanoparticle suspension 61 

Tcur1278 Thermomonospora curvata DSM 
43183 

CDN67545.1 50-60 PET nanoparticle suspension 61 

TfCut1; Thermobifida fusca KW3 CBY05529.1 55-65 G-PET 53,54,62 

ThfKW3_Cut1 Thermobifida fusca KW3 CBY05529.1 55-65 G-PET 53,54,62 

TfCut2 Thermobifida fusca KW3 CBY05530.1 55-65 G-PET 62 

IsPETase Ideonella sakaiensis 201-F6 GAP38373.1 20-45 G-PET, 1PET and bottle-grade PET 37,38 

PE-H Pseudomonas aestusnigri A0A1H6AD45 30 G-PET 63 

Sub1 Streptomyces scabiei QEX94755.1 37 PET particles 64 

BhrPETase Thermophilic bacterium strain 
HR29 

GBD22443.1 70 PET powder 41 
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PET27 Aequorivita sp. CIP111184 WP_111881932.1 40-85 G-PET, CpPET 65,66 

PHL1 Compost metagenome SAY37579.1 40-85 G-PET, CpPET 67 

PHL2 Compost metagenome SAY37582.1 40-85 G-PET, CpPET 67 

PHL3 Compost metagenome SAY37583.1 40-85 G-PET, CpPET 67 

PHL4 Compost metagenome SAY37584.1 40-85 G-PET, CpPET 67 

PHL5 Compost metagenome SAY37587.1 40-85 G-PET, CpPET 67 

PHL6 Compost metagenome SAY37589.1 40-85 G-PET, CpPET 67 

PHL7 Compost metagenome SAY37592.1 40-85 G-PET, CpPET 67 

≠ Enzymes are ordered by discovery in the literature 

*G-PET = Goodfellow amorphous PET film; **CpPET = uncharacterised commercial packaging *** BO-PET = Biaxially oriented PET ****3PET = Synthesised PET 
substrate with three PET moieties *****BgPET = Bottle grade PET 
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 Pursuit of industrially useful PETases 

The discovery of PET hydrolysis by enzymes in Nature ~16 years ago, combined with the current 

environmental crisis, has catalysed a massive international community to discover, engineer, 

evolve, and implement biological solutions for PET recycling.24,68 The growing knowledge of 

known native enzymes able to hydrolyse PET provides a platform to improve key properties such 

as, enhanced hydrolysis (>90%), high yield of expression and thermostability for industrial 

application.69 In the last 6 years, since the discovery of PETase, further engineering of PET 

hydrolase enzymes has been of keen interest. Table 1.2 summarises mutations documented in 

the literature, grouped by parental enzyme. For the purpose of this thesis the narrative will focus 

on engineered variants originating from either IsPETase and LCC variants as these are further 

explored in later chapters.  

1.4.1 Engineering PET hydrolases for improved hydrolysis and 

thermostability 

The structure of PETase was solved concurrently by several research groups.39,45,70 In 2018, the 

McGeehan group engineered PETase by identifying key residues based on the difference 

between conserved cutinase sequences and PETase, Mutations W159H and S238F were 

introduced to expand the active site cleft to be more ‘cutinase-like’, surprisingly this resulted in a 

20% increase in PET hydrolysis, reiterating how little is known about the structure-function 

relationship of PET hydrolases. Further focus has been pinpointed on the differences between 

PETase and other homologous cutinases for backbones templates of rational mutation with the 

intention to improve catalysis and stability. Son et al., introduced three-point mutations to 

IsPETase, specifically the S121E/D186H/R280A variant showed a 2.1-fold increased activity at 

30 °C after 72h, as well as 1.54-fold increased activity at 40 °C.71 Many research studies have 

focussed on introducing rational mutations to residues around the active for improved 

hydrolysis.72  

Another approach to protein engineering applies a focus on key amino acid residues that have a 

role in thermo-stabilisation of PET hydrolases can increase the number of candidate enzymes for 

industrial processing of PET waste. As the accessibility to ester bonds within PET is enhanced 

toward the Tg of PET, for thermostability a common approach has been to engineer disulphide 

bridges within potential calcium binding sites,68,72,73 this replaces requirements for metal ions and 

enhances enzyme stability. Of note, Carbios, a biotechnological company, published a study on 

an engineered LCC enzyme (leaf compost cutinase) with enhanced turnover and thermostability 

using this approach and additional mutation screening.  Two variants of LCC showed a significant 

increase in thermostability (at 72°C) and were able to degrade PET by 90% in 10.5 hours (WCCG 

(F243W/D238C/S283C/Y127G) and ICCG (F243I/D238C/S283C/Y127G) shown in Figure 1.9.68 

Interestingly, these variants were effective with post-consumer waste PET (PcW-PET) 

demonstrating the plausible use of enzymes in waste management at industry scale (1L reactions, 
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200g PET loading, pH control) with a commercial plant predicted to open in 2025.  However, the 

substrate has to undergo an extensive pre-treatment to make the PET amorphous which is not 

an energy efficient process for a long-term solution, this leaves an opportunity to engineer 

enzymes able to deconstruct semi-crystalline PET more rapidly overcoming, the need for pre-

treatments of waste PET. 

 

Figure 1.9. Structure of LCC thermostable variant ICCG68 (PDB code: 7W45) Overview of alpha/beta hydrolase fold 

represented by blue alpha helix, red beta sheets and purple loop regions .Annotated disulphide bonds, DS1 (C175-C292) 

and DS2 (C238-283) shown in yellow, G127 and I243 residues specific to this variant shown in green. Catalytic triad 

residues D210, H242 and S165 are shown in navy blue. 

IsPETase has been of interest as a template for increased thermostability, as an enzyme that has 

an optimised catalytic performance at milder temperatures (30-40°C), for industrial use it would 

be beneficial to have an enzyme able to work efficiently at temperatures near or above the Tg of 

PET. For example, Cui et al., engineered IsPETase via a GRAPE strategy which utilised 

computational prediction for stabilising mutations to the parent enzyme and further grouped these 

into clusters of position and efficiency.74 This resulted in DuraPETase, a more stable PETase with 

a 31°C increase in melting temperature and able to hydrolyse PET at 60°C.74 A different approach 

of directed evolution was employed for IsPETase by Bell et al. This involved several rounds of 

evolution with catalytic performance at elevated temperature used as the primary selective 

pressure, this led to a new variant of IsPETase, named HotPETase with 21 mutations and an 

increased melting temperature of 82.5°C.75  

To summarise efforts in enzyme engineering for PET deconstruction, there are several enzymes 

able to efficiently achieve close to complete hydrolysis of model amorphous PET substrates 



40 

 

identified to date, however a focus on enzymes able to deconstruct crystalline PET material is 

required. It is suggested that PETase is able to deconstruct crystalline PET more rapidly than 

LCC however this has not been shown at industrial scale (>500 mL, high solids loading of 20wt% 

and pH control) and requires further experimental work. Looking to the future, the use of enzymes 

at industry should be analysis driven. In 2021, Singh et al., showed a technoeconomic-analysis 

(TEA) and life cycle analysis (LCA)  of enzymatic PET recycling, in order for this to become an 

economically viable process the recycled PET (rPET) should be a competitive feedstock when 

compared to virgin PET (vPET). It was identified that enzymes able to tackle crystalline PET, 

specifically at high solids loading of >15%, while achieving high depolymerisation levels of >90% 

would offer an industrially competitive approach.69 Any improvements in these areas will enhance 

the feasibility of enzymatic PET recycling at scale. Therefore, the focus should reside on 

discovering enzymes able to tackle crystalline PET substrates, optimising at industrial scales and 

fine tuning of these enzyme for recycling technologies for deployment on real world substrates for 

proof of principle industrial scale PET bio-recycling. 



41 

 

1.4.2 Summary table of engineered PET hydrolases   

Table 1.2. Engineered PET hydrolases 

Parent Enzyme≠ Origin Organism Enzyme Mutations 
Reported fold increased 

product release compared to 
parent enzyme 

Reported 
degradation of PET  

(%) 
Ref 

Thc_Cut 
Thermobifida 
cellulosilytica  
DSM44535 

Thc_Cut2 Variant 1 R29N 1.6 n.d 76 

Thc_Cut2 Variant 2 A30V 1.8 n.d 76 

Thc_Cut2 Variant 3 L183A 1.15 n.d 76 

Thc_Cut2 Variant 4 R187L 1.2 n.d 76 

Thc_Cut2 Variant 5 R29N,A30V 2 n.d 76 

Thc_Cut2 Variant 6 R19S, R29N, A30V 2 n.d 76 

Cut190 
Saccharomonospora 

viridis 
AHK190 

Cut190 Variant S226P 1.3 n.d 60 

Cut190 Variant S226P, R228S, T262K 2.1 n.d 60 

Cut190* S226P , R228S 2 16%a 33,77 

Cut190* Variant 1 S226P, R228S, Q138A/D250C-
E296C/Q123H/N202H 

3 34% a 

 

77 

Cut190* Variant 2 S226P, R228S, Q138A/D250C-
E296C 

2 25% a 

 

77 

Cut190* Variant 3 S226P, R228S, Q138A/D250C-
E296C/E220R-G251D 

1.2 15% a 

 

77 

Cut190* Variant 4 S226P, R228S, Q138A/D250C-
E296C/E220R-

G251D/Q123H/N202H 

1.3 18% a 77 

TfCut2 
Thermobifida fusca 

KW3 

TfCut2 Variant D204C,E253C,D174R,G205D 4 25% a 

 

73 

PETase Ideonella sakaiensis 

IsPETase CEI Variant S238F , W159H 1.2 n.d 39 

IsPETase Variant 2 R280A 1.3 n.d 43 
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DuraPETase S214H-I168R-W159H- S188Q-
R280A-A180I-G165A-Q119Y-L117F-

T140D, 

300 >80%b 74 

Variant 1 P181A 0.9 n.d 71 

Variant 2 S121D/D186H 4.4 n.d 71 

Variant 3 S121D/D186H/R280A 6 n.d 71 

Variant 4 S121E/D186H 2.9 n.d 71 

Variant 5 S121D/D186H/R280A 10.8 n.d 71 

Variant 6 S121E/D186H/R280A 13.9 n.d  

Variant 7 P181A/S121D/D186H 2.9 n.d 71 

Variant 8 P181A/S121E/D186H 2.3 n.d 71 

Premuse Variant W159H , F229Y 40 15%a 78 

HotPETase S121E,D186H,R280A,P181V,S207R
,S214Y,Q119K,S213E,N233C,S282
C,R90T,Q182M,N212K,R224L,S58A
,S61V,K95N,M154G,N241C,K252M,

T270Q 

30 31%c 75 

LCC 
Uncultured bacterium 

(from leaf-branch 
compost metagenome) 

LCC - ICCG F243I/D238C/S283C/Y127G 1.8 95%d 68 

LCC - ICCM F243I/D238C/S283C/N246M 1.6 84% d 68 

LCC - WCCG F243W/D238C/S283C/Y127G 1.7 89% d 68 

LCC - WCCM F243W/D238C/S283C/N246M 1.5 82.5% d 68 

PE-H 
Pseudomonas 

aestusnigri 
PE-H Variant Y250S 15 1%e 63 

≠ Enzymes are ordered by discovery in the literature of parent enzyme a Amorphous Goodfellow PET film  b unspecified microplastics   c Crystalline PET dPost consumer waste PET e Bottle 
grade PET
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 Exploring the industrial relevance of dual enzyme systems 

Different methods to engineering efficient PET hydrolases may reside in the interaction between 

the enzyme and the substrate.34,72,79 Since PET is an insoluble substrate, this creates challenges 

in characterising the enzyme-substrate interaction. Insoluble substrate hydrolysis is a surface 

interaction process.79 In the following section, various methods for enhancing PET hydrolysis via 

modulating the enzyme:substrate interaction is explored.  

1.5.1 Synergistic enzymes  

One approach to enhance hydrolysis utilises synergistic relationships between different enzymes 

that are optimised to work at the insoluble and soluble substrate level. Synergistic enzymes work 

in cooperation to have a combined effect that is enhanced compared to the sum of the individual 

enzymes. This can be further enhanced when the synergistic enzymes are bifunctionally fused 

(Figure 1.10).  

The benefits of a fusion enzyme of two synergistic enzymes have been previously shown by An 

et al, where this study used both xylanase (XynX) and cellulase (Cel5Z::Ω) as fusion partners to 

enhance the breakdown of crystalline cellulose. In order to explore this architecture different 

length linker regions and orientation of component domains was used. Interestingly, cellulase and 

xylanse activity was observed for the fusion enzyme when Cel5Z::Ω was fused downstream of 

XynX, however no activity was observed when xynX was fused downstream of cel5Z::Ω.80 

Indicating the importance in selection of linkers for domain flexibility and order of component 

domains. This was further explored by Kim et al., fusing a endoglucanase (Cel5B) using a glycine-

serine (GS) linker to a xylanase (Xyl10g) for a 1.4 fold enhancement in lignocellulose 

degradation.81 Specifically for PET hydrolysis, the following bifunctional fusions have been 

explored; TfCut2 and LC-cutinase have been used together with carboxylesterase for a 2.4 fold 

increase in hydrolysis in 24 hours.82 and another study using Lipase from Humicola insolens and 

CALB worked synergistically for a 7.7 fold increase in monomer TPA yield.83   
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Figure 1.10.  Schematic of dual enzyme systems for enhanced hydrolysis. (A) Representative graph of benefits 

achieved when using synergistic enzymes either (B) mixed freely in solution or (C) fused using a linker region. (B,C) For 

insoluble substrate catalysis this is particularly useful, typically one enzyme will be  at the insoluble substrate surface and 

another enzyme to process the soluble intermediates released. 

Utilising enzymes that work in synergy as has been done before could potentially lead to an 

efficient increase in product yield. More specifically, in the case of PET hydrolases and MHETases 

a more homogenous monomer generation is achieved, with complete PET conversion to TPA 

and EG.68 This minimises  monomer purification steps, which in turn reduces feedstock cost of 

rTPA for downstream processing a desirable outcome for industrial ester hydrolysis. 

1.5.2 Ancillary domains 

The interaction between the enzyme and the substrate is a key property for enhanced PET 

hydrolysis, adsorption of PET hydrolases could be enhanced by the addition of ancillary domains. 

The characterisation of insoluble polymer hydrolysis has been well studied for the polysaccharide 

cellulose;84,85 many enzymes that break down cellulose have a common architecture of a core 

catalytic domain accompanied by a non-catalytic carbohydrate binding domain.86–88  
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Figure 1.11. Example of  accessory binding domains. (A,D)Trichoderma reesei CBM1 from cellulase Cel7a, PDB: 

CBH1 (purple).89 (B) Spirochete thermophillia CBM64, PDB: 5E9P (blue).90 (C) Trichoderma reesei hydrophobin HFB1, 

PDB: 2FZ6 (green).91 (D) Conserved surface tyrosine’s typical of family 1 CBM(s) shown (green) for planar binding 

interactions. 

This type of dual enzyme architecture involving a non-catalytic binding module has been explored 

further for enhancements to PET hydrolysis. Various types of non-catalytic binding domains 

(Figure 1.11) have been explored including, Hydrophobins (HFB)92–95, Polyhydroxybutryate 

binding domains (PHB/PBMs),96–98 Carbohydrate binding domains (CBMs).96,97,99–101 and 

others.102,103 Many of these studies have reported fold increases to PET hydrolysis, ranging from 

1.4 – 22.7-fold; these are summarised in Table 1.3. However, these studies focus on a low PET 

solids loading >3 wt%, and as shown by the aforementioned TEA that highlighted the importance 

of PET solids loadings of >15 wt% for viable enzymatic bio-recycling. In a seminal study, Varnai 

et al. showed CBMs only convey an advantage to substrate hydrolysis at low solids loadings for 

cellulose breakdown, for the field of PET hydrolysis this remains to be tested.104,105
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1.5.3 Summary table of accessory domains for improved PET hydrolysis 

Table 1.3. Accessory domains for improved PET hydrolysis  

Enzyme Fusion partner Organism of origin of 

fusion partner 

PET substrate Reported Fold 

enhancement 

References 

TfCut CBMcenA (W68L/W68Y) Cellulomonas fimi fiber 1.4a 99 

HiC HFB4* Trichoderma spp. film 3.4a 92 

HFB7* film 0a 

Thc_Cut1 HFB4 Trichoderma spp. film 16b 93 

HFB7 film 16b 

HFB9b film 0b 

FsC (CUT-N1) CBM N1 Cellulomonas fimi PC-PET particles 18a 106 

Thc_Cut1 

 

TrCBM1 Hypocrea jecorina 

(Tricoderma reesei) 

film 3.8a 96 
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AfPBM Alicaligenes faecalis film 3.7a 

IsPETase 

 

RolA* Aspergillus oryzae film 1.5a 95 

HGFI* Grifola frondosa film 1.6a 94 

poly(EK) peptides n.a Film and bottle grade PET 11.5a 102 

TrCBM1 Trichoderma reesei film 1.7a 101 

AfPBM Alicaligenes faecalis film 0a 

HFB4 Tricohderma spp. film 0a 

Tfuc2 DSI Dermaseptin SI aPET particles 22.7b 103 

LCCICCG 

 

AfPBM Alicaligenes faecalis film 0a 97 

TrCBM1 Trichoderma reesei film 1.1a 

HFB4 Tricohderma spp. film 0a 
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Chitin binding domain [ChBD] 

 

film 1.3a 

CBM binding only TrCBM1* Trichoderma reesei bo-PET No hydrolysis 

experiments reported 

100 

PpCBM1* Pichia pastoris bo-PET 

BaCBM2* Bacillus anthracus bo-PET 

BsCBM2* Bacillus subtillis bo-PET 

BlCBM5* Bacillus licheniformis bo-PET 

BaCBM5* metagenome bo-PET 

PaCBM10* Pseudomona aeruginosa bo-PET 

≠Reported in order of publication with CBM binding characterisation only following fusion constructs   Enhancement measured by: a Product release b Initial rat
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 Aims and objectives  

The overall aim of this thesis is to further explore and characterise PET hydrolases as potential 

biocatalysts for industrial PET recycling. In order to have an applicable biocatalyst for viable economic 

biorecycling with resulting recycled PET competitive to virgin PET feedstocks, the following must be 

satisfied according to the TEA/LCA: able to reach near to complete conversion of PET to constituent 

monomers (>90%); thermostability close to the Tg of PET; and efficient hydrolysis at high solids 

loading >15wt%.  

Throughout this thesis the following concepts are explored with a focus on industrial relevance of 

PET hydrolases: Chapter 1 explores the identification of optimal PET hydrolysis conditions for 

PETase and the PETase (W159H/S258F) variant; Chapter 2 takes a focus on discovery of putative 

PETases with increased thermotolerance to enable catalysis towards the Tg of PET; In chapters 4-6 

a focus on enhancing PET hydrolysis using dual enzyme systems, exploring the synergistic 

relationship of a PETase:MHETase chimera in chapter 4, followed by exploring the industrial 

relevance of accessory domains in chapter 5 and 6.
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 Contribution 

This chapter consists of a research article published in the peer reviewed journal 

CHEMSUSCHEM in 2021. This is a continuation of research by Austin et al., 2018 as part of 

collaboration between UoP and NREL. Expanding on the characterisation of PET hydrolases, 

previous research by this group, showed PETase variant W159H and S258F enhanced hydrolysis 

of PET,6 this study takes a deeper look at the comparative performance of this variant and the 

wildtype IsPETase to further our understanding of the effect of these beneficial mutations. For 

this study I expressed and purified both enzymes at university of Portsmouth for analysis using 

differential scanning calorimetry (DSC). The Tm of each enzyme was measured and a ~9°C 

difference was observed between PETase and the two-point variant, this supports PETase 

(W159H/S258F) increased PET hydrolysis and stability at higher temperatures of 40°C reported 

in this study. Similarly, DSC was used to investigate the effect of product accumulation on the Tm 

of each enzyme, Incubations with TPA and EG revealed no substantial effect on the Tm of PETase 

or PETase(W159H/S258F) in the presence of monomers at various concentrations. 

 Abstract 

There is keen interest to develop new technologies to recycle the plastic poly(ethylene 

terephthalate) (PET). To this end, the use of PET-hydrolyzing enzymes has shown promise for 

PET deconstruction to its monomers, terephthalate (TPA) and ethylene glycol (EG). Here, we 

compare the Ideonella sakaiensis PETase wild-type enzyme to a previously reported improved 

variant (W159H/S238F). We compare the thermostability of each enzyme and describe a 1.45 Å 
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resolution structure of the mutant, highlighting changes in the substrate binding cleft compared to 

the wild-type enzyme. Subsequently, the performance of the wild-type and variant enzyme was 

compared as a function of temperature, substrate morphology, and reaction mixture composition. 

These studies show that reaction temperature has the strongest influence on performance 

between the two enzymes. We also show that both enzymes achieve higher levels of PET 

conversion for substrates with moderate crystallinity relative to amorphous substrates. Finally, we 

assess the impact of product accumulation on reaction progress for the hydrolysis of both PET 

and bis(2-hydroxyethyl) terephthalate (BHET). Each enzyme displays different inhibition profiles 

to mono(2-hydroxyethyl) terephthalate (MHET) and TPA, while both are sensitive to inhibition by 

EG. Overall, this study highlights the importance of reaction conditions, substrate selection, and 

product accumulation for catalytic performance of PET-hydrolysing enzymes, which have 

implications for enzyme screening in the development of enzyme-based polyester recycling. 

 Introduction 

Enzymatic depolymerization of poly(ethylene terephthalate) (PET) is a promising approach for 

recycling of this abundant polyester.[1] Multiple PET hydrolases have been identified and 

characterized,[2] including the PETase enzyme from Ideonella sakaiensis.[3] IsPETase, together 

with a second enzyme, MHETase, form a two-enzyme system for the conversion of PET to its 

monomers, terephthalic acid (TPA) and ethylene glycol (EG).[4] Using IsPETase as a model 

system, numerous engineering studies have been reported that present modified enzymes with 

improved thermal stability and catalytic activity relative to the wild-type enzyme.[5] Of relevance to 

this work, a mutant variant of IsPETase (W159H/S238F) was previously reported,[6] where two 

amino acid substitutions modify the enzyme’s active site to more closely match that of a cutinase 

from Thermobifida fusca, TfCut2.[7] 

Here, we present an assessment of enzymatic performance for the wild-type IsPETase[3, 5a, 5c, 8] 

(hereafter, WT) and a double mutant variant (W159H/S238F) (hereafter, DM) to understand the 

implications of altering the active site of this mesophilic PET hydrolase to more closely resemble 

that of a thermophilic cutinase. Performance is compared across factors likely to impact hydrolysis 

rate and conversion extent, including reaction temperature, reaction mixture composition, 

agitation during hydrolysis, enzyme loading, substrate loading, and product accumulation. These 

studies highlight the impacts of reaction conditions on catalytic performance, where reaction 

rates, substrate specificity, and inhibition can be significantly different even for two closely related 

enzymes. This has important implications for the development of PET-active biocatalysts, 

especially when considering enzyme screening strategies for process-relevant PET hydrolases.[9] 
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 Results  

2.4.1 Structural and biophysical comparison of the W159H/S238F variant 

of IsPETase reveal conformational and stability changes compared 

to the WT 

To compare structural differences between the WT and DM, a high-resolution X-ray crystal 

structure of the DM was solved with diffraction data extending to a resolution of 1.45 Å (PDB ID: 

7OSB) (Figure 2.1, Figure S1, Table S1). The two amino acid substitutions (W159H/S238F) 

(Figure 2.1) in the DM induce narrowing of the active site cleft (Figure 2.1B) compared to the 

WT enzyme (PDB ID: 6EQE)[6] (Figure 2.1E), and otherwise result in minimal conformational 

changes to the structure (Figure S2).

Figure 2.1. Structural comparison of the DM and WT IsPETase enzymes. A) Ribbon representation of the structure 

of the DM IsPETase at 1.45Å resolution (PDB ID: 7OSB). The active site cleft at the top is indicated with a dashed red 

circle. B) View along the active site cleft of the DM enzyme. The width of the cleft measures 3.88 Å between the oxygen 

of Thr88 and the nearest carbon of Phe238, accounting for the van Der Waal’s radius of each atom. C) Close-up of active 

site residues of the DM enzyme. The catalytic triad residues (Ser160, Asp206, His237) are highlighted in green. The 

mutated residues (His159, Phe238, orange) are shown alongside Trp185 (orange) which is predicted to be critical in 

providing the PET polymer access to the active site.[10] D) Calorimetric enthalpy curves showing the molar specific heat 

capacity (Cp) of the enzyme in solution as a function of temperature for the WT and DM enzymes. The apparent Tm of 

each enzyme is indicated. Solid lines represent the average, and the faint dotted lines indicate the standard deviation 

range measured over three biological replicates. E) The active site cleft of WT IsPETase (blue) is wider than the DM 

enzyme with a width of 8.46 Å between the oxygen of Thr88 and the nearest carbon of Ser238. F) Comparative view of 

the WT IsPETase active site with the catalytic triad residues (green). Residues Ser238 and Trp159 (blue) are shown 

alongside Trp185 (blue). Information about the structure is provided in Table S1. 

Despite the small change in overall structure, these point mutations have a marked effect on the 

thermal stability of the DM enzyme relative to the WT (Figure 2.1D, Figure S3). The apparent Tm 

of the WT is 46.76  0.04°C, measured by differential scanning calorimetry (DSC), while the 
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apparent Tm of the DM is 56.49  0.22°C (Figure 2.1D). In comparing the thermodynamic stability 

(resistance to thermal unfolding) of each enzyme as a function of temperature, the WT and DM 

enzymes have comparable stability at 30°C (Figure S3A). As the temperature increases, the 

relative stability of the DM compared to the WT increases, reaching a maximum relative difference 

in stability at 47°C (Figure S3B). At 47°C, the WT has a 19-fold increased propensity for thermal 

denaturation compared to the DM at the same temperature. 

2.4.2 Substrates used in this study include amorphous and crystalline PET 

The primary PET substrates utilized for all studies include an amorphous film (2.0  1.6% 

crystallinity), a biaxially oriented film (30.7  5.5% crystallinity), and a crystalline powder (37.7  

2.6% crystallinity), all sourced from Goodfellow, unless noted otherwise. Detailed characterization 

of each substrate used in these studies was performed (Table S2).[9a] 

2.4.3 DMSO in the reaction mixture promotes conversion of amorphous 

PET film 

PET hydrolysis reaction parameters reported in the literature vary widely. In some studies, 

dimethyl sulfoxide (DMSO) is included in the reaction[3-4, 6, 11] to promote solubility of liberated 

monomers. In other studies, DMSO is not included,[2a, 2b, 7, 12] leading us to study the influence of 

DMSO on PET conversion. Likewise, some studies have included agitation of the reaction to 

facilitate mass transfer and promote association between the enzyme and the substrate.[12-13] To 

understand if either inclusion of DMSO in the reaction mixture or agitation of the reaction during 

hydrolysis appreciably influence the extent of PET conversion, we compared reactions over 96 h 

using both the WT and DM incubated at 30°C and 40°C (Figure 2.2, Figure S4). All reactions 

were performed using 1 mg/g enzyme loading and 2.9% by mass (29 g/L) substrate loading of an 

amorphous PET film and a crystalline PET powder (Table S2). The reaction buffer for samples 

without DMSO (- DMSO) was 50 mM NaH2PO4, 100 mM NaCl, pH 7.5. The solvent inclusion 

condition (+ DMSO) was performed using a buffer comprising 90% (v/v) 50 mM NaH2PO4, 100 

mM NaCl, 10% (v/v) DMSO, pH 7.5. Agitation was performed using an incubated orbital shaker 

at 225 rpm.  
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Figure 2.2. Contribution of agitation and DMSO to product release. Enzymatic conversion of PET reported as the 

sum of aromatic products released from (A-D) an amorphous PET film substrate, and (E-H) a crystalline PET powder 

substrate at 48 h and 96 h for the WT and DM. Graphs show a comparison of reactions with and without 10% DMSO in 

the reaction mixture, and with or agitation of the reaction, using an orbital shaker. All reactions were performed in duplicate 

and error bars represent the absolute error between replicates. Progress curves showing aromatic product release over 

96 h are available for each dataset in Figure S4. Information about statistical analysis of these datasets is in Table S3. All 

reactions were performed in duplicate. The data for these plots is in Dataset S1.

In comparing product release between PET substrates, this study highlights the impact of 

substrate selection on conversion extent. For both enzymes in most reaction conditions, a 2-5-

fold increase in total product release is measured for reactions containing crystalline powder 

compared to the same mass loading of an amorphous film (Figure 2.2). These results also 

highlight that the WT and the DM have different temperature-dependent activity profiles, where a 

change of 10°C in the reaction temperature has a larger differential effect on catalytic 

performance for the DM at 48 h and 96 h reaction times. 

In general, product release was highest in the presence of DMSO, while agitation resulted in 

slightly less product release, on average. Reactions without DMSO tended to reach a lower PET 

conversion extent over 48 and 96 h, which is most apparent for reactions with amorphous PET. 

The DM enzyme on crystalline PET exhibits the least variation in PET conversion across all four 

conditions tested (Figure 2.2G, H). As the + DMSO / - Agitation condition generally resulted in 

the highest PET conversion, all subsequent reactions presented subsequently were performed 

using this reaction condition, unless noted otherwise. 
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2.4.4 Reaction progress and endpoint analysis reveal differential activity 

profiles for the WT and DM enzymes 

Hydrolytic performance on PET was evaluated for the WT and DM at 30°C and 40°C to assess 

how the difference in apparent Tm might influence the rate and extent of PET conversion. The 

lower temperature is the isolation temperature of the host organism[3] and the typical reaction 

temperature reported for IsPETase activity. The higher temperature, which is below the apparent 

Tm of the WT, was selected to identify if increased temperature would result in faster conversion. 

Conversion extent was evaluated by substrate mass loss and measurement of the aromatic 

monomers released (as the sum of BHET, MHET, and TPA). The effect of reaction temperature 

was examined over 168 h using two enzyme loadings (0.2 mg enzyme/g PET (Figure S5, Table 

S4) and 1.0 mg enzyme/g PET (Figure 2.3, Table S5)), and a substrate loading of 2.9% by mass 

(29 g/L) of amorphous PET film. The resulting trend in reaction progress curves is similar for both 

enzymes at both enzyme loadings, where reactions incubated at 40°C accumulate more aromatic 

product at early time points (<48 h) (Figure 2.3A). For the WT, at 40°C product accumulation 

plateaus by 48 h, while at 30°C the enzyme continues hydrolyzing amorphous PET film through 

the 168 h timepoint. The DM exhibits low relative activity at 30°C, but at 40°C remains active 

through 168 h and accumulates the highest total concentration of aromatic product monomer from 

72 h onward. 

 

Figure 2.3. Reaction progress analysis and endpoint analysis comparing the WT and DM IsPETase enzymes 

across reaction temperatures. Sacrificial samples were generated for each timepoint. Each reaction contains 1 mg 

enzyme/g PET and 2.9% amorphous PET film by mass (29 g/L). Reactions were evaluated for 168 h to compare enzyme 

stability. A) Progress curves show variation in total aromatic product release over time for each condition evaluated. B) 

Three different endpoint analyses, at 24, 96, and 168 h provide three different performance comparisons between the WT 

and DM. There is no significant difference in product release between WT - 30°C and DM - 40°C reactions at both 24 h 

and 96 h according to 2-way ANOVA multiple comparison. Additional statistical analysis information is in Table S6. Error 

bars represent the standard deviation of reactions performed in triplicate. Datasets for these plots are in Dataset S2.



 

67 

 

2.4.5 Catalytic efficiency and substrate affinity are improved at 40°C for 

both the WT and DM 

In addition to conversion extent, we also evaluated initial rates of hydrolysis for the WT and DM 

using the conventional (convMM) and inverse (invMM) Michaelis-Menten (MM) kinetic models.[14] 

The convMM model examines reaction regimes in which the substrate is present in great excess 

of the biocatalyst, while the invMM model is a study with enzyme in excess of the substrate. Given 

the nature of the insoluble PET substrates hydrolysed by these enzymes, achieving the conditions 

required for the convMM reactions is not trivial, and therefore we explored both kinetic models. 

Using the kinetic parameters derived from these models, we can compare the performance of 

each enzyme by comparing affinity between the enzyme and the substrate (convKm, Equation S1 

and invKm, Equation S2) and maximal reaction velocity (convVmax, Equation S3 and invVmax, Equation 

S4). 

Specifically, sacrificial samples were generated for each time point over a reaction time of 6 – 10 

h (while initial reaction rates remain linear). Kinetic parameters were determined by fitting for both 

enzymes at 30°C and 40°C on two different PET substrates, amorphous PET film and a crystalline 

PET powder. Initial rate measurements were collected for the convMM dataset (Figure 2.4, Table 

2.1) using 950 nM enzyme and varying the substrate loading over a range of 0 – 11.6% by mass 

(0 – 116 g/L) to identify a saturating substrate load, or when substrate is sufficiently in excess that 

all enzymes in the reaction are engaged. Initial rate measurements were also collected for the 

invMM dataset (Figure 2.5, Table 2.1) using a substrate loading of 2.9% by mass (29 g/L) and 

varying the enzyme loading over a range of 0 – 2 mg enzyme per g PET (corresponding to 0 – 

1.9 µM enzyme) to identify a saturating enzyme load. The data are generally well-represented by 

the conventional (Equation S1) and inverse (Equation S2) MM equations (Figures 2.4-5). An 

exception to the conventional MM model is observed in the case of WT - 40°C on crystalline PET 

powder (Figure 2.4B). At 40°C, the WT showed the expected behavior at low substrate loadings, 

but turnover rate decreases at higher substrate loadings (Figure 2.4B), leading to a poor fit of 

Equation S1 (Figure S6, Table S7). This behavior was not observed in previous interfacial 

kinetics studies using the same substrate;[15] however, in those studies only the DM was tested 

and the substrate loadings evaluated were much lower, encompassing 0-0.6% loading by mass 

(0-6 g/L PET). Data for the convMM plots using WT - 40°C on crystalline powder were fitted until 

the drop in turnover rate, from 0 - 58 g/L PET loading (Figure 2.4B). 

The convMM and invMM datasets for each enzyme/temperature combination are in accord, 

showing that reaction velocities for the WT and DM are higher on the crystalline powder, except 

in the case of the DM at 30°C. This increased reaction velocity is likely due to the higher surface 

area of the powder, and therefore increased availability of reaction sites. It is important to note 

that the powder is more crystalline (Table S2), and previous studies suggest that the amorphous 

regions of the polymer are preferentially depolymerized by PET hydrolases.[16] Regardless, the 

WT and DM generally show higher affinity (based on convKm values) and catalytic efficiency (based 
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on the specificity constant = convkcat/convKm, Table S8) for the powder substrate compared to the 

amorphous film. Comparison of derived kinetic parameters from the convMM datasets (Table 2.1) 

reveals that while there is variation in catalytic rate (kcat) across enzymes, temperatures, and 

substrates, the range is not overly large. This is unexpected, given the increase in reaction 

temperature.[17] Rather, there is a large variation in convKm across enzymes and temperatures. The 

convKm values drop significantly between the 30°C and 40°C reactions for both enzymes on both 

substrates, indicating there is a temperature dependence for affinity between the enzyme and the 

substrate. On amorphous film, the specificity constant of the WT incubated at 30°C is comparable 

to the DM incubated at 30°C, and similarly WT - 40°C is comparable to the DM - 40°C (Table S8). 

On crystalline PET powder, however, the WT has much higher specificity than the DM at both 

temperatures (Table S8). 

Comparison of the derived kinetic parameters from the invMM datasets (Table 2.1) shows that 

WT requires less enzyme to reach saturation on amorphous PET. As one might expect, on 

powder, the concentration of enzyme needed to saturate the substrate is significantly higher, with 

invKm values between 3 and 10-fold higher than on film. The 40°C datasets achieve the highest 

maximal reaction velocity per available reactive site (invVmax / So), which provides a measure of 

nmol product released per second per g of substrate. For all datasets, save DM at 30°C, this 

parameter is between 5 and 20-fold higher on powder compared to film. The reactive site density, 

 provides the concentration of reactive sites available per g of substrate (calculated values for  

are in Table S8). Notably, the reactive site density calculated for the WT on crystalline powder is 

higher than the DM on the same substrate. 
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Figure 2.4. Conventional Michaelis-Menten plots at 30°C and 40°C. The plots show PET hydrolysis rates as a function 

of substrate loading (g/L). Square symbols represent turnover rates determined from experimental data using 950 nM 

enzyme and 0 - 116 g/L substrate. The derived kinetic parameters are in Table 2.1. Hydrolysis rates of (A) amorphous 

PET film and (B) of crystalline PET powder by the WT enzyme at 30°C (light blue), WT - 40°C (dark blue), DM enzyme 

incubated at 30°C (light orange), and DM - 40°C (dark orange) were fitted using Equation S1, and fits are shown by 

dashed lines. B) The WT enzyme at 40°C on crystalline PET powder showed a decline in initial reaction rates at higher 

solids loadings. The dotted line (dark blue) indicates the fit of the data using Equation S1 until the drop (0 - 58 g/L PET) 

for the WT enzyme at 40°C. Error bars represent the standard deviation of reactions performed in triplicate. Datasets are 

in Dataset S3.  

 

Figure 2.5. Inverse Michaelis-Menten plots at 30°C and 40°C. The plots show PET hydrolysis rates as a function of 

enzyme loading (mg enzyme per g PET). Square symbols represent turnover rates determined from experimental data 

using 2.9% substrate loading (29 g/L) and 0 – 2 mg/g enzyme loading (corresponding to 0 – 1.9 µM enzyme). The derived 

kinetic parameters can be found in Table 2.1. Hydrolysis rates of (A) amorphous PET film and (B) of crystalline PET 

powder by the WT - 30°C (light blue), WT - 40°C (dark blue), DM - 30°C (light orange), and DM - 40°C (dark orange) were 

fitted using Equation S2, and fits are shown by dashed lines.  Error bars represent the standard deviation of reactions 

performed in triplicate. Datasets for these plots are provided in Dataset S3.  
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Table 2.1. Kinetic parameters derived from conventional and inverse Michaelis-Menten plots at 30°C 

and 40°C for WT and DM. Error represents the standard deviation of fitting triplicate measurements. 

 Conventional Model Parameters Inverse Model Parameters 

 Amorphous PET film Crystalline PET powder Amorphous PET film 
Crystalline PET 

powder 

 

Conventional 
Km 

(g/L) 

kcat 

(ConvVmax/Eo) 

(s-1) 

Conventional 
Km 

(g/L) 

kcat 

(ConvVmax/Eo) 

(s-1) 

Inverse 

Km 

(nM) 

kcat x  [a] 

(InvVmax/So) 

(nmol s-1 
g-1) 

Inverse 

Km 

(nM) 

kcat x  

(InvVmax/So) 

(nmol s-1 
g-1) 

WT – 
30°C 

697  179 1.5  0.7 54 1 0.8  0.0 235  18 0.2  0.0 
2162  

346 
3.0  0.7 

WT – 
40°C 

87  9 0.5  0.0 26  4 1.7  0.2 309  18 0.6  0.0 
2037  

314 
5.8  1.0 

DM – 
30°C 

302  5 0.5  0.0 479  86 0.5  0.1 
2690  

676 
0.4  0.2 1303 13 0.2  0.0 

DM – 
40°C 

141  6 0.5  0.1 95  11 1.2  0.2 527  26 0.5  0.0 
1874  

367 
2.2 0.6 

[a]  = Reactive site density (nmol reactive sites per g of substrate) (Equation S5)

Kinetic parameters derived from initial rates are not predictive of reaction productivity over longer 

reaction times 

Substrate loading, extent of conversion, residence time, and enzyme loading are key performance 

metrics that drive process cost for enzymatic PET recycling.[9b] Evaluation of reaction productivity 

as a function of enzyme loading and substrate loading can thus help identify optimal process 

conditions. To that end, we measured product release over 96 h for the WT enzyme at 30°C and 

40°C and for the DM enzyme at 40°C, evaluating the impact of substrate loading and enzyme 

loading on performance over three productivity measures: the rate of aromatic product release 

over a designated reaction duration (24 h in Figure 2.6A, D, G, 10 h and 48 h in Figures S7-

S8), the rate of product release per unit of enzyme (Figure 2.6B, E, H), and percent conversion 

of the initial substrate (Figure 2.6C, F, I). All reactions used crystalline powder, substrate loadings 

of 2.9% - 23.2% by mass (29 – 232 g/L), and enzyme loadings of 0.5 – 3 mg enzyme per g PET. 

For optimization of total product release per unit of time, evaluation of the reactions at 24 h shows 

that increasing the substrate loading and the enzyme loading yields the highest concentrations of 

product release per hour (Figure 2.6A, D, G). Performance was also evaluated at 10 h and 48 h 

for to evaluate different reaction times (Figures S7-S9). For all three reaction durations analyzed 

(10 -48 h), the DM at 40°C showed the highest overall product release rate (Figure 2.6G, Figures 

S7-S8). 
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For optimization of product release rate per unit of enzyme in the reaction, after 24 h reaction 

time, two trends are observed. Reactions at 40°C are optimized at high enzyme loadings and low 

substrate loadings (Figure 2.6E, H). In contrast, the WT incubated at 30°C shows its highest 

hydrolytic rates at the lowest enzyme loading evaluated (0.5 mg enzyme per g PET) (Figure 

2.6B). The DM enzyme incubated at 40°C demonstrates the highest product release rates per 

mg of enzyme measured in this comparison at high enzyme loadings (2 - 3 mg enzyme per g 

PET) and the lowest substrate loading (29 g/L) (Figure 2.6H).  

For optimization of the reaction based on substrate conversion, unsurprisingly, low solids loading 

and high enzyme loading result in the highest percent of depolymerization of the substrate for all 

reaction conditions tested (Figure 2.6C, F, I). Again, the DM at 40°C demonstrates the highest 

overall conversion of the 29 g/L substrate samples (Figure 2.6I).  
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Figure 2.6. Functional catalytic performance as a function of enzyme and substrate loading. Comparative 

performance evaluation at 24 h for the WT enzyme at 30°C and 40°C and the DM enzyme at 40°C using crystalline PET 

powder substrate. Performance is reported across three metrics: product release rate (µM per hour), product release per 

unit of enzyme (µM per hour per mg enzyme), and percent conversion of the substrate. Various enzyme and substrate 

loadings were tested for performance optimization. For substrate loadings, from least to most: 2.9% (29 g/L), 5.8% (58 

g/L), 11.6% (116 g/L), and 23.2% (232 g/L); for enzyme loadings, from least to most: 0.5 mg/g, 1 mg/g, 2 mg/g, and 3 

mg/g. Colour gradients facilitate identification of the best performance across the enzymes and temperatures tested. 

Additional comparisons at 10 h and 48 h are presented in Figures S7-S8 respectively. Progress curves for each dataset 

over 96 h are presented in Figure S9. Values used to derive this figure along with error, representing the standard deviation 

of triplicate measurements, are included in Dataset S4. 
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2.4.6 Increased PET conversion correlates with increased PET film 

crystallinity until a crystallinity threshold  

Enzyme specificity as it relates to substrate crystallinity is a key economic and sustainability driver 

for biological PET hydrolysis.[9b] Improved rates (Table 2.1) and conversion extents (Figure 2.2) 

were observed for crystalline PET powder compared to amorphous PET film. To decouple the 

influence of increased solvent accessible surface area from the influence of substrate crystallinity 

in these observations, we examined product release using PET films with the same surface area 

and varying crystallinity. Conversion extent after 96 h was measured using an amorphous film 

(2.0  1.6% crystallinity), a biaxially oriented film (30.7  5.5% crystallinity), and annealed films 

with crystallinities ranging from 3.0  1.7% to 25.1  1.8% (Figure 2.7, Figure S10A, Table S9). 

In general, conversion extent after 96 h increased as crystallinity increased until the percent 

crystallinity crossed a threshold around 20% (Figure 2.7). Samples with 16.4  1.2% crystallinity 

show the highest product release, while a highly crystalline annealed film (25.1  1.8%) and the 

biaxially oriented film (30.7  5.5%) demonstrate low conversion extents (Figure 2.7). 

 

Figure 2.7. PET conversion as a function of substrate crystallinity. Total aromatic product release at 96 h for PET 

films with crystallinity ranging from 2.0 – 30.7%. Films were approximately 0.25 mm thick. All reactions were performed 

with 2.9% by mass (29 g/L) substrate loading and 1 mg/g enzyme loading at 30°C or 40°C. Error bars represent the 

standard deviation of reactions performed in triplicate. Data for reactions with 0.2 mg/g enzyme loading are in Figure 

2.S10B. The dataset for this figure is in Dataset S5. Data on annealed films used as substrates are in Figure 2.S10A, 

Table 2.S9. 
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2.4.7 The WT and DM enzymes display different sensitivities to 

accumulation of depolymerization products  

High extents of conversion will result in the accumulation of high concentrations of product 

monomer. To understand how monomer accumulation influences IsPETase, we first investigated 

the influence of monomer accumulation on BHET hydrolysis over a timescale that affords 

complete or near-complete substrate conversion. Using an initial substrate concentration of 2.25 

mM BHET and 50 nM of the WT or DM, conversion was monitored over 18 h at 30°C (Figure 

2.8). For the WT, 12.0  1.1% of the initial substrate concentration remains after 18 h (Figure 

2.8A), while for the DM only 1.4  0.2% remains (Figure 2.8D). To test the hypothesis that the 

WT is more susceptible to slowed hydrolysis due to accumulation of MHET, we next tested the 

same reaction scenario with both IsPETase and IsMHETase (50 nM each). With both enzymes 

present, the WT retains only 4.34 0.4% of the initial substrate (Figure 8B), while the DM in the 

presence of MHETase retains 27.9  0.5% of the initial substrate (Figure 2.8E), suggesting the 

DM is more susceptible to a slowed rate of hydrolysis with accumulated TPA.  
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Figure 2.8. Accumulation of monomers influences extent of BHET hydrolysis at 30°C. BHET hydrolysis was 

evaluated at 30°C over 18 h reaction time using 50 nM of WT or DM PETase, or 50 nM WT or DM PETase and 50 nM 

MHETase. All reactions used a starting concentration of 2.25 mM BHET in reaction buffer. A) BHET hydrolysis by the WT 

yields primarily MHET. Conversion of the initial 2.25 mM BHET supplied in the reaction is incomplete over 18 h reaction 

time. B) Combining PETase WT and MHETase in the reaction increases extent of BHET conversion over 18 h. C) Product 

accumulation for each of the constituent monomers is simulated by addition of 1.25 mM starting concentration to the initial 

BHET substrate. Bar graph shows % of initial BHET concentration remaining over 18 h reaction. In the presence of excess 

MHET (green) and EG (purple), the WT shows slower hydrolysis of BHET compared to the reactions containing BHET 

only. In the presence of excess TPA (blue), BHET hydrolysis is faster than reactions containing BHET only. D) BHET 

hydrolysis by the DM yields primarily MHET. Conversion of the initial 2.25 mM BHET is nearly complete by 18 h. E) 

Combining DM and MHETase in the reaction mixture yields primarily TPA. Accumulation of TPA appears to slow the 

conversion of BHET over the 18 h reaction observed. F) When product accumulation is simulated, addition of excess 

MHET (green), TPA (blue), and EG (purple) all slow BHET hydrolysis by the DM compared to reactions containing only 

BHET. Panels A, B, D, and E represent datasets with a sample size of n = 6. Experiments in panels C and F were 

performed in triplicate. Error bars show the standard deviation across independent samples. Progress curves showing 

analyte concentrations for all datasets represented in panels C and F are shown in Figure S11. Figure datasets provided 

in Datasets S6-S8. 

To distinguish whether the effect of slowed hydrolysis was influenced by accumulating monomer 

or the presence of the second enzyme, we also evaluated how BHET hydrolysis was influenced 

by an initial concentration of monomer (1.25 mM MHET, TPA, or EG) in addition to the initial 

substrate concentration of 2.25 mM BHET. Over 18 h for the WT, BHET hydrolysis is slowed in 

the presence of excess MHET and EG, relative to the reaction containing only BHET. BHET 

hydrolysis is slightly improved in the presence of excess TPA (Figure 2.8C). For the DM, 

however, all three product monomers (MHET, TPA, and EG) slow the rate of BHET hydrolysis 

over 18 h (Figure 2.8F). 
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Figure 2.9. Accumulation of product monomers influences hydrolysis rates of amorphous PET film. Product 

accumulation was simulated through the addition of 1.25 mM monomer to the reaction mixture along with amorphous PET 

film substrate. Aromatic product accumulation over 96 h is compared to reactions containing only the amorphous PET 

film (grey). Monomer accumulation simulation was performed at A) 30°C with the WT, B) 30°C with the DM, and C) 40°C 

with the DM using 1 mg/g enzyme loading and 2.9% by mass (29 g/L) loading of the film for all reactions. Reaction 

progress is represented by the sum of aromatic products, BHET, MHET, and TPA, accounting for the starting 

concentration of product monomer. Error bars indicate the standard deviation of reactions performed in triplicate. Progress 

curves showing analyte concentrations are shown in Figure S13. Datasets provided in Dataset S9. 

We subsequently investigated if accumulation of product monomers exhibits a similar effect on 

conversion of amorphous PET film over 96 h, again by initiating reactions in the presence of 

product (1.25 mM BHET, MHET, TPA, or EG) along with the PET film (2.9% by mass or 29 g/L). 

Reactions containing 1 mg/g enzyme loading were evaluated for product release, accounting for 

the initial concentration of product monomer (Figure 2.9). For the WT incubated at 30°C, product 

release is increased in the presence of TPA, and slowed by the accumulation of MHET and EG 

over time, relative to reactions containing only PET film (Figure 2.9A). For the DM, simulated 

accumulation of MHET had little effect on product release at 30°C or 40°C (Figure 2.9B-C). 

Simulated accumulation of TPA and EG show reduced product release at 30°C and 40°C (Figure 

2.9B-C). To ensure the enzyme is not destabilized in the presence of EG or TPA, we also 

measured the thermal stability of both the WT and DM under increasing concentrations of each 

product. The apparent Tm did not change significantly in the presence of either monomer for 
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concentrations ranging from 0 – 4 mM (Figure S12), indicating no denaturation or destabilization 

of the enzymes occurs in the presence of these monomers; this does not eliminate the possibility 

that these monomers interact with the enzyme. 

 Discussion 

Enzymatic hydrolysis of waste PET holds promise for addressing accumulation of this abundant 

polyester. Accordingly, the major focus of enzymatic PET hydrolysis studies to date has been 

identification and engineering of new enzymes to this end. To address real waste streams at scale 

using an enzymatic recycling technology, additional process factors will be critical. Techno-

economic analysis and life cycle assessment of such a process indicates that substrate loading, 

extent of depolymerization, reaction residence time, enzyme loading, and enzyme cost are all 

within the top 10 process considerations impacting the cost.[9b]  Tolerance to product inhibition, 

specificity for the array of possible substrate morphologies (including high crystallinity substrates), 

and stability over the reaction residence time are also important considerations for minimizing 

process cost, and represent important challenges and opportunities for additional prospecting, 

characterization, and engineering of PET-hydrolyzing enzymes. 

In this study, we compare the WT and a DM variant of the PET-hydrolyzing enzyme from I. 

sakaiensis across multiple factors that drive process costs, highlighting the effects these reaction 

variables can have on performance. For example, while the WT enzyme demonstrates high 

specificity for PET films under ambient conditions, there are limitations in enzyme stability (Figure 

2.3). Techno-economic analysis of a modeled enzymatic PET recycling process shows that 

varying temperature (40 – 80°C) imparts no change to process costs. In contrast, reaction 

residence time and enzyme price, both of which would be influenced by an unstable enzyme, 

contribute substantially to minimum selling price of the product.[9b] 

Not only will structural and biophysical properties of the biocatalyst determine catalytic 

performance, but structural and physical properties of the substrate are also critical variables to 

consider.[13b, 16e] We observe a range of catalytic activity depending on the characteristics of the 

substrate, as demonstrated using the annealed PET films of varying crystallinity (Figure 2.7, 

Figure S10). Both the WT and DM demonstrate a clear preference for more crystalline substrates, 

a trait that has not been reported for other PET-active enzymes. In the case of crystalline powder, 

the substrate also presents a high surface area, so continued work to deconvolute the influence 

of surface area and crystallinity on reaction rate and substrate affinity is worthwhile. In particular, 

it would be interesting to identify if PETase has a higher specificity for crystalline PET compared 

to other PET hydrolases, because while some enzymes have demonstrated remarkable hydrolytic 

activity on amorphized PET,[1e] far better than any activities reported for PETase or its variants, 

efficient degradation of highly crystalline substrates remains a key opportunity in the development 

of robust and cost-effective enzymatic depolymerization systems.[9b] 
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The observed performance differences between the WT and DM are unlikely to be solely due to 

increased thermal stability of the DM, as the DM enzyme shows the poorest performance at 30°C, 

despite improved stability. Similarly, the potential increase in PET polymer flexibility at 40°C 

cannot be the primary cause, as the WT at 30°C demonstrates comparable performance to the 

DM at 40°C, still well below the PET Tg. The steady-state kinetic parameters derived from the 

convMM and invMM models suggest there is an important temperature-dependent change in 

affinity between the enzyme and the substrate at 40°C, perhaps indicating that association 

between the enzyme and the substrate is better at 40°C, but this is true for both enzymes. A 

temperature-dependent improvement in association between the polyester chain and the enzyme 

could explain this phenomenon, but whether that is due to increased flexibility of the polyester, or 

a conformational change of the enzyme is yet unknown. 

Study of enzymes with specificity to PET has led to important discoveries about the catalytic 

mechanisms[4] and structural properties of the enzymes. Extending these discoveries to facilitate 

comparative biochemistry requires a balance of functional assessment and elucidation of 

meaningful kinetic parameters.[14] Functional assessment is critical for process development, 

uncovering relationships between time-dependence, dose-dependence, and conversion extent. 

Structure-function relationships, however, are traditionally studied through the comparison of 

kinetic parameters based on initial reaction rates. For either methodology of comparison, without 

consistent reaction conditions, direct comparisons between studies are challenging. In this study, 

we consider both approaches for comparing the WT and DM.  

The typical model employed for derivation of kinetic parameters is based on the conventional MM 

theory. For interfacial biocatalysts, however, the applicability of this conventional model to 

reactions taking place at the interface of a solid substrate and aqueous media remains 

controversial,[14] specifically regarding the assumption that substrate be available in great excess 

relative to the enzyme concentration. To address the limited applicability of the conventional MM 

model for interfacial reactions, an alternative model has been proposed that instead looks at 

reaction regimes with a large excess of available enzyme, coined an “inverse” MM model.[14-15] 

This model has previously been applied to PET-hydrolyzing enzymes.[15] 

In contrast to our observations, the previous interfacial kinetics study of the PETase DM showed 

that initial reaction rates declined in response to increased enzyme loading in the invMM reaction 

regime.[15] A hypothesis was proposed to suggest that “overcrowding” of active and/or denatured 

enzyme at the surface of the substrate, in combination with a reduction in the number of available 

reactive sites due to fast turnover of the substrate would lead to this inhibition behavior. [15] If 

limitation in surface accessibility were the primary cause, this inhibition behavior would be 

expected to occur more markedly on substrates with less surface area accessible, such as films, 

but that behavior is not apparent in the studies presented here. 
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With regard to satisfying the requirements of the conventional MM model, we selected an enzyme 

loading consistent with other experiments from this study, which also corresponds to the midpoint 

of the enzyme loadings using for the invMM experiment. This enzyme loading may have been too 

high to satisfy the requirements of the convMM model. From a “concentration” perspective, PET 

monomers comprising the initial substrate load are in great excess of the enzyme, however we 

do not know the relative concentration of available reaction sites for these solid substrates a priori. 

The implications of this are that if the enzyme concentration is too high for the convMM dataset, 

at all solids loadings we observe here, the substrate is saturated with enzyme, and the 

requirement that substrate be in great excess is not met. For reference, the previous study [15] to 

look at initial reaction rates for PET hydrolysis used 30 nM enzyme loading (relative to 950 nM 

used in this study), but solids loadings up to only 0.6% (relative to 11.6% in this. study). While 

this study uses approximately 30 times the enzyme concentration of the previous study, it also 

explores solids loadings of approximately 20 times higher as well.  Despite the differences in 

experimental design, we observe a similar kcat from the conventional model (0.52 s-1 reported by 

Bååth and colleagues compared to 1.2 s-1 reported here) and a similar invVmax/S0 from the inverse 

model (2.6 nmol s-1 g-1 from Bååth and colleagues compared to 2.2 nmol s-1 g-1 reported here) 

when using the same enzyme, same substrate, and same temperature. 

The kinetic parameters derived from these studies should allow one to compare performance of 

various enzymes, especially with regard to establishing structure-function relationships. The 

potential for performance based on the first moments or hours of a reaction, however, is not 

always reflective of functional performance. Based on the kinetic parameters derived from these 

studies, we would conclude that WT - 40°C is the superior enzyme/temperature combination, 

however the WT is less stable at 40°C and the lifetime of this performance is limited relative to 

using the same enzyme at a lower temperature. Similarly, employing the DM at 40°C, where it 

can maintain stability for longer, also allows for more PET conversion using the same amount of 

enzyme. 

For any enzymatic process, but certainly for enzymatic reactions performed at an industrial scale, 

loss of catalytic performance due to inhibition can have a significant impact on process costs. 

Both the WT and DM enzymes show slowed rates of hydrolysis upon accumulation of product 

monomers. Each enzyme has a different inhibition sensitivity profile, which is somewhat 

unexpected. While we see potentially significant impacts of product inhibition at the small scale, 

we do not know if the influence is still significant at large scale. It is also an open question if the 

product accumulation profile and inhibition sensitivity profile might change in a pH-controlled 

reaction relative to the small-volume closed-system reactions we have presented here.[16b] 
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 Conclusion 

By evaluating the catalytic performance of the WT and DM IsPETase across several critical 

variables, we observe important and surprising differences between these closely related 

enzymes. This study highlights the importance of understanding and optimizing reaction variables 

that drive process cost from a holistic perspective, rather than focusing on individual 

characteristics of a biocatalyst. 

 Methods 

Descriptions of all materials and methods used in this study are detailed in the Supplemental 

Information Appendix, Experimental Details. 
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  Closing remarks 

In the past 10 years increasing progress has been made in the identification, characterisation and 

engineering of PET hydrolases;1-4 PETase from I. sakaiensis is the focus of this study. We are not at 

the point where strategies for feasible scale-up of enzymatic recycling are within reach. It is now 

essential to consider; alongside approaches to engineer enzymes, fine-tuning and process design in-

line with characteristics of PET waste streams. Optimization of reaction conditions is essential to have 

both an environmental and economically viable approach.9 For each enzyme, it is important to 

establish conditions for optimal activity in order to ensure we are making equivalent comparisons that 

will inform their industrial applications.  

The 9 °C elevation in Tm by the introduction of two-point mutations around the active site was 

surprising and further illustrated how little we understand about the fundamentals of engineering 

thermophilic PETases. It would be beneficial to map Tm enhancements to individual mutations and 

apply this more widely as a tool for rational design of thermostable PETases. The Tm for the IsPETase 

double mutant is still below the Tg of PET (~70°C), so this PETase is still not stable for catalysis at 

the high temperatures required for high extent depolymerisation (>90%) that are desirable for 

industrial recycling approaches.9 More recent approaches, like directed evolution that endeavour to 

significantly enhance the catalysis and thermostability of PETase are required. This article was 

featured as the cover for ChemSusChem (Figure 2.10). 
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Figure 2.10. ChemSusChem Journal Cover . This research article was featured as part of the cover story for the journal, 

artwork was designed by Rita Clare a PhD student in Montana State University (MSU). 
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 Contribution 

This chapter consists of a research article published at Nature Communications, this work is a large 

collaborative effort from UoP, NREL and MSU. I was involved in early discussions and conception of 

the project, followed by working on several enzymes that were assigned to me for expression and 

purification trials (104, 202, 205, 304, 406, 710, and 714).  Later in the project I took a supporting role 

of data collection on the DSC and crystallisation trials for several enzymes. This study aimed to 

identify novel candidate PETases from thermophilic organisms, termed project 74 due to the 74 target 

proteins to produce and characterise. Interestingly it was found that a wide variety of these enzymes 

were able to hydrolase PET, to some degree across a wide range of buffer and pH conditions. An 

enzyme with a family 35 CBM was identified in the original 74 enzymes, further illustrating the variety 

of enzyme targets from the project.  
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 Abstract: 

 Enzymatic deconstruction of poly(ethylene terephthalate) (PET) is under intense investigation, given 

the ability of hydrolase enzymes to depolymerize PET to its constituent monomers near the polymer 

glass transition temperature. To date, reported PET hydrolases have been sourced from a relatively 

narrow sequence space. Here, we sought to identify additional PET-active biocatalysts from natural 

diversity by using bioinformatics and machine learning to identify 74 putative thermotolerant PET 

hydrolases. We successfully expressed, purified, and assayed 51 enzymes from seven distinct 

phylogenetic groups, observing PET hydrolysis activity on amorphous PET film from 37 enzymes in 

reactions spanning pH from 4.5-9.0 and temperatures from 30-70°C. We conducted PET hydrolysis 

time-course reactions with the best-performing enzymes, where we observed marked differences in 

substrate selectivity as function of PET morphology. We employed X-ray crystallography and 

AlphaFold to examine the enzyme architectures of all 74 candidates, revealing protein folds and 

accessory domains not previously associated with PET deconstruction. Overall, this study expands 

the number and diversity of thermotolerant scaffolds for enzymatic PET deconstruction.

 Introduction 

Poly(ethylene terephthalate) (PET) is one of the most commonly discarded plastics. Given its ubiquity 

in consumer plastics and the relative ease of ester bond cleavage, PET is among the most well-

studied polymers for chemical recycling.1-5 For biocatalytic PET conversion, the use of hydrolase 

enzymes has witnessed major advances, both in terms of advancing the industrial relevance of this 

approach, and the discovery of natural microbial systems that respond to the presence of PET in 

nature.5-15 

Multiple serine hydrolase family enzymes have been confirmed to deconstruct PET to mono(2-

hydroxyethyl) terephthalate (MHET), terephthalic acid (TPA), and ethylene glycol (EG) (Table 3.S1), 

with new discoveries being reported frequently.16,17 Most known PET hydrolases are cutinases, 

lipases, and carboxylesterases (Enzyme Commission 3.1.1.-).10-12,15 Based upon pioneering 

discoveries,5,6,8,12,15,16,18-23 further efforts have aimed to identify the necessary features for PET 

hydrolytic activity and to improve these enzymes for industrial use.9,11,13,24-41 Notably, the most 

efficient PET-degrading biocatalysts reported thus far are thermostable enzymes that exhibit optimal 

PET hydrolysis activity near the PET glass transition temperature (PET Tg ~65-80°C) and to date, 

mostly on amorphous PET substrates. For example, the thermotolerant leaf-branch compost cutinase 

(LCC) has been engineered for improved amorphous PET hydrolysis,6,9,13 with similar work on 

Thermobifida cutinases and the mesophilic Ideonella sakaiensis PETase, among 

others.8,25,26,28,33,35,42,43 
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The sequence and structural features that confer PET hydrolysis activity are not yet fully understood,3 

both within and beyond the sequence space explored thus far. Similarly, the diversity of enzymes 

naturally able to hydrolyse PET remains unclear. To address these questions, Danso et al. applied a 

Hidden Markov Model (HMM) to search metagenomic databases for potential PET hydrolases. They 

identified 504 putative PET hydrolases, based on known sequences at the time.16 They proposed that 

PET hydrolysis activity is likely quite rare in nature. As these authors discussed, there remains an 

urgent need to further develop the suite of known PET-active enzymes from natural diversity.10,15,16 

To that end, the current study aims to expand the catalog of thermotolerant PET hydrolase scaffolds 

available for future enzyme discovery and engineering. We combined an HMM approach with 

machine learning (ML) to identify PET hydrolases and predict the temperature where the enzymes 

would be optimally active based on sequence. From this analysis, we selected 74 putative 

thermotolerant PET hydrolases for experimental screening, sourced from seven distinct phylogenetic 

groups, including several from which no PET hydrolysis activity has been previously reported to our 

knowledge. Expression and purification trials for each enzyme were conducted, and the proteins 

successfully expressed were screened for amorphous PET hydrolysis as a function of pH and 

temperature. For the best-performing enzymes from each group, we conducted thermal 

characterization to measure the melting temperature (Tm). To examine substrate selectivity, which is 

critical for applications of PET hydrolases to semi-crystalline post-consumer PET waste,44,45 we 

performed time course deconstruction reactions using crystalline PET powder, amorphous PET 

powder, and amorphous PET films as substrate to ascertain differences in reactivity as a function of 

substrate properties. Next, we explored the relationship between enzyme charge and optimal reaction 

pH for each of the three PET substrates. We then integrated high-throughput X-ray crystallography 

and AlphaFold46-48 for structural characterization of all 74 enzymes to gain insights into a significantly 

broadened diversity of folds. Together, this work demonstrates that PET hydrolytic activity can be 

sourced from a wider range of natural sequence diversity than previously reported and expands the 

number of enzyme scaffolds for thermotolerant PET hydrolysis. 

 Results 

3.4.1 Bioinformatics and ML enables identification of 74 diverse putative 

thermotolerant PET hydrolases.  

Similar to other successes in identifying PET hydrolases with HMM,16,49,50 we constructed an HMM 

from 17 characterized enzymes that had been confirmed to exhibit PET hydrolysis activity as of 

December 2018 (Table S1), and applied the HMM to search sequences in the National Center for 

Biotechnology Information (NCBI) non-redundant database51 and select thermal metagenomes from 

the Joint Genome Institute Integrated Microbial Genome (JGI IMG) database (Table 3.S2).52 We 

sought to limit the search to thermostable enzymes capable of PET hydrolysis near the PET Tg. To 
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this end, we leveraged the correlation between enzyme maximum temperatures and the optimal 

growth temperature (OGT) of the organism or the environment where the sequence was detected.53,54 

Hence, the HMM sequence hits were mapped to OGT data retrieved from the NCBI Bioproject 

database, the BacDive database,55 and the JGI IMG metagenome sample temperature. Sequences 

with OGT lower than 50°C were discarded. For sequences that could not be mapped to OGT data, 

we trained a ML model (ThermoProt) to discriminate between 8,000 proteins from thermophiles 

(>50°C) and 8,000 proteins from non-thermophiles (<50°C) using the support vector machine method 

with calculated amino acid features. ThermoProt demonstrated an accuracy of 86.6% in five-fold 

cross-validation tests (Tables 3.S3-3.S7). 

We observed that many of the top HMM hits from the JGI IMG metagenomes were identical or very 

similar to hits from NCBI. To diversify the sequence search space further, we selected proteins with 

predicted thermostability and high HMM scores (>100, E-value<8.0e-26) from the NCBI hits, but 

thermophile-derived proteins with relatively low scores (<55, E-value>2.0e-11) from the JGI IMG hits. 

Consequently, 74 sequences were selected. We note that 14 of these sequences have been reported 

in other studies (Tables 3.S1, 3.S8) to our knowledge and were retained in our assays as 

benchmarks. As illustrated in Figure. 3.1A, phylogenetic analysis showed that these 74 sequences 

comprise at least seven distinct phylogenetic groups, with the more diverse JGI IMG sequences 

forming three clades (which we termed groups 1-3) that are clearly separate from the NCBI 

sequences. The NCBI sequences form two clades (which we termed groups 6 and 7) and two 

paraphyletic groups (termed groups 4 and 5) (Figure. 3.1A). Based on these results, the 74 PET 

hydrolase candidate sequences were assigned identification numbers according to these 

phylogenetic groups (101 and 102 in group 1, 201 and 202 in group 2, and so on). The full list of 

candidate sequences is provided in Table SD1 and an annotated description with accession numbers 

for each is provided in Table 3.S9. 

Upon classifying the sequences according to families from the ESTHER database,56 results reveal 

that all candidate sequences in groups 4-7 with high HMM scores (>100) belong to the polyesterase-

lipase-cutinase family, along with nearly all previously reported PET hydrolases, and are associated 

with carboxyl ester hydrolase (3.1.1.-) and cutinase (3.1.1.74) activities (Figure. 3.S1, Table 3.S10).57 

However, the sequences derived from lower HMM scores (groups 1-3) diverge from canonical PET 

hydrolases and are associated with distant families, including peptidases (3.4.-.-). A sequence 

similarity network (Figure. 3.1B), plotted at a level of stringency sufficient to subdivide the sequence 

set into functional families, demonstrates the clustering of currently known and group 5-7 candidate 

PET hydrolases in the polyesterase-lipase-cutinase family, and the divergence of candidate 

sequences from groups 1-3. 
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Figure 3.1. Bioinformatics and machine learning to derive PET hydrolase sequences from natural diversity. (A) PET 

hydrolase candidates (74 total) selected by HMM and ML shown with a minimum-evolution phylogenetic tree. Sequences 

retrieved from environmental (meta)genomes in JGI IMG with lower HMM scores (groups 1 to 3) are notably diverse compared 

to the sequences that comprise the rest of the tree (groups 4-7). The symbols around the tree show expression, activity, and 

previously reported PET activity. Full organism names and accession numbers are shown in Table S9, and sequence identity 

between these 74 sequences and previously reported PETases is shown in Table 3.S8. A maximum-likelihood phylogenetic 

tree of all experimentally confirmed PET hydrolases is shown in Figure. 3.S1. (B) Sequence Similarity Network (SSN) of 

PETases with experimentally confirmed PET hydrolase activity, including sequences examined in this study and previously 

reported PETases. Edges represent pairwise BLAST similarity with E-value < 1e-10. The SSN clusters are consistent with the 

associated families in the ESTHER database 56, and show that most reported PET hydrolases fall in the polyester-lipase-

cutinase family. We note that these clusters are different from phylogenetic groups in (A). Full details of experimentally verified 

PETases are shown in Tables 3.S1 and 3.S10. 
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3.4.2 Screening on amorphous PET shows that PET hydrolysis activity is 

distributed among all seven phylogenetic groups. 

 The 74 enzymes were expressed in Escherichia coli with each putative PET hydrolase gene codon-

optimized and cloned into a pET21b(+) plasmid with a C-terminal hexa-histidine epitope tag, as 

detailed in the SI. Given the diversity of enzymes to be expressed and purified, we adopted a 4-stage 

expression screening approach that varied E. coli expression strains, growth medium composition, 

incubation temperature and duration, induction protocol, and other relevant expression parameters, 

as described in the SI. Enzyme purification followed a standardized protocol of affinity 

chromatography, buffer exchange, and size exclusion chromatography as described in the SI. Table 

3.S11 details the expression strategies that enabled production of 51 of the 74 enzymes, and Figure. 

3.S2 shows the expression yield for each enzyme. 

We employed a comprehensive, semi-quantitative screening assay to first detect PET hydrolytic 

activity from each enzyme. In this initial activity screen, we employed commercially-available 

amorphous PET film from Goodfellow, thereby enabling inter- and intra-study comparisons.3,24 All 

reactions were conducted for 96 h at an enzyme loading of 0.7 mg enzyme/g PET and a substrate 

loading of 2.9%. The aromatic reaction products, bis(2-hydroxyethyl) terephthalate (BHET), MHET, 

and TPA, were quantitated via ultra-high-performance liquid chromatography up to a product 

concentration of 500 mg/L accounting for dilution, above which the calibration curve was outside of 

the linear range. For this substrate loading, the upper limit of quantitation of product corresponds to 

a maximum extent of conversion of 2.1% by mass. Aromatic product release concentrations, relative 

to background aromatic product release detected in no-enzyme control reactions at each pH and 

temperature, are presented throughout. For comparison to the state-of-the-art from the PET 

hydrolase literature, we also tested four thermophilic PET hydrolases, the LCC wild-type enzyme6,27 

two improved mutant variants (ICCG and WCCG),13 and T. fusca cutinase BTA-1,26 to serve as 

benchmark datasets. We also tested representative mesophilic PET hydrolases, including the 

PETase wild-type enzyme from I. sakaiensis8 and an improved double mutant variant 

(W159H/S238F).30,58 The 6 benchmark enzyme sequences are provided in Table SD2 and accession 

numbers are in Table 3.S9. The ICCG variant of LCC is reported as a control for all experiments. 

Figure. 3.2 shows illustrative heat maps of total aromatic product release across 30 reaction 

conditions using amorphous PET film as substrate for the 19 best-performing enzymes from each of 

the seven phylogenetic groups, alongside the ICCG variant of LCC. Figure. 3.S3 and Table SD3 

contain the full screening data for all 51 expressed and purified candidate enzymes and the 6 

benchmark PET hydrolases. At least one enzyme from each of the phylogenetic groups shown in 

Figure. 3.1 exhibited measurable PET hydrolysis activity. Overall, 37 enzymes were found to be 

active for PET hydrolysis at levels above the lower limit of aromatic product quantitation, while 14 of 

the 51 enzymes did not exhibit any detectable PET hydrolytic activity. Figure. 3.2 shows that 

enzymes in groups 5-7 exhibited the highest detected activity. This is not surprising given that most 
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of the enzyme discovery efforts to date for PET hydrolases have identified enzymes belonging to the 

polyesterase-lipase-cutinase family, to which the enzymes in groups 5-7 also belong.11,12,16 Groups 1 

and 4 also exhibited appreciable PET hydrolysis activity, while groups 2 and 3 displayed only minimal 

activity above the no-enzyme control background. Overall, this screening highlights 23 thermostable 

enzymes that have not been previously reported, to our knowledge, and that exhibit PET hydrolase 

activity beyond the 36 previously reported enzymes (Table S8).  

Figure 3.2. Enzyme activities. Heat map profiles of pH and temperature screening for hydrolytic activity on amorphous PET 

film by a diverse selection of 19 candidate enzymes and a positive control enzyme, LCC ICCG. The heat map gradient indicates 

the extent of measured product release up to 500 mg/L of total aromatic products after 96 h reaction time. Each heat map 

displays the reaction conditions utilized (citrate at pH 6.0, NaH2PO4 at pH 7.0, NaH2PO4 at pH 7.5, HEPES (H) at pH 7.5, bicine 

at pH 8.0, and glycine at pH 9.0), and reaction temperature (30°C, 40°C, 50°C, 60°C, or 70°C). The heat maps for all other 

enzymes tested on amorphous PET film are shown in Figure. 3.S3, and the quantitative data for all enzymes screened are 

provided in Table SD3.  

As shown in Figure. 3.2, there is a breadth of activity across the pH and temperature ranges studied, 

with activity of at least one enzyme in every condition tested. For the four enzymes that exhibited 

optimal or near optimal activity at pH 6.0 (102, 611, 702, 715), we further extended the pH screen. 

As shown in Figure. 3.S4 and Table SD4, the ICCG variant of LCC is active in buffered medium with 

a pH as low as 5.0, while 102 was not active at pH below 6.0, and 611, 702, and 715 all exhibit 

detectable activity at pH less than 6.0. 
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3.4.3 Characterization of the best-performing enzymes highlights reactivity 

differences as a function of substrate. 

 We were also interested to learn if the best-performing enzymes from each phylogenetic group would 

exhibit different reactivity profiles as a function of PET substrate. For these comparisons we used two 

commercially available substrates that have been thoroughly characterized,58 namely a crystalline 

Goodfellow PET powder and the same Goodfellow amorphous PET film used for screening. This set 

included 12 enzymes selected to represent a diverse group for which the highest extents of 

conversion were observed during screening, and hydrolysis reactions utilized the single best reaction 

condition identified during screening on amorphous PET film (Figure. 3.S5-3.S6). These reactions 

proceeded for 168 h to compare effects due to enzyme stability. As shown in Figure. 3.S5, the control 

enzyme (LCC ICCG) and several group 7 enzymes (701, 704, 714, 716) exhibited higher activity on 

amorphous PET film, consistent with prior work.24,36,59-61 However, we also identified enzymes with 

higher activity on crystalline PET powder compared to amorphous PET film (Figure. 3.S5), which has 

not previously been reported for wild-type thermophilic PET hydrolases, to our knowledge. Additional 

comparisons of the 168 h reactions are in Figure. 3.S6. Table 3.S12 and Table SD5 show the 

corresponding reaction conditions employed in these experiments and the data, respectively. 

Given that the hydrolytic activity on crystalline PET powder was higher than expected, for a selection 

of 18 candidate enzymes, including a subset of 9 of the 12 selected enzymes above, we repeated 

the screening experiment over 30 reaction conditions using the crystalline PET powder from 

Goodfellow, as well as an amorphous PET powder with the same particle size distribution profile as 

the crystalline powder, to control for accessible substrate surface area. Detailed characterization of 

the amorphous powder is described in the SI. As shown in Figure. 3.3A and Table 3.S13, the optimal 

reaction conditions identified for each enzyme varies with each specific substrate morphology 

(Figure. 3.S7). Additional 168 h time course reactions were performed for the selected enzymes also 

using the amorphous PET powder, comparing the single best reaction condition from amorphous PET 

film screening, even though this is not necessarily the best reaction condition shared across all 

substrate morphologies (Figure. 3.S8). We observed that most enzymes demonstrate the highest 

levels of PET hydrolysis on this amorphous powder substrate (Figure. 3.3B). This is not unexpected 

and aligns with process conditions recommended for optimal hydrolysis reported in previous 

studies.13 Despite this, especially when comparing across conditions, we observe 3 enzymes from 

this selected set that demonstrate higher hydrolysis for crystalline powder compared to either 

amorphous powder or amorphous film (enzymes 503, 602, and 711) (Figure. 3.S9, Table 3.S13). 

Also, of note are enzymes with better hydrolytic performance on amorphous film compared to 

amorphous powder (enzymes 701 and 704) (Figure. 3.S9, Table 3.S13).  
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Figure 3.3. Substrate selectivity varies across PET morphologies. (A) Heat map profiles of pH and temperature screening 

for hydrolytic activity on 3 PET substrate morphologies, the same amorphous PET film presented in Figure. 3.2, as well as an 

amorphous PET powder and a crystalline PET powder, using a subset of 9 candidate enzymes and a positive control enzyme, 

LCC ICCG. The heat map gradient indicates the extent of measured product release up to 500 mg/L of total aromatic products 

after 96 h reaction time. Each heat map displays the reaction conditions utilized (citrate at pH 6.0, NaH2PO4 at pH 7.0, NaH2PO4 

at pH 7.5, HEPES (H) at pH 7.5, bicine at pH 8.0, and glycine at pH 9.0), and reaction temperature (30°C, 40°C, 50°C, 60°C, 

or 70°C). The heat maps for all other enzymes tested on the 3 PET substrate morphologies are shown in Figure. 3.S6, and 

the quantitative data for all enzymes screened are provided in Table SD6.  (B) Log-plot of the sum of aromatic products 

measured after 168 h reaction time as measured from time course experiments using amorphous PET film (aFilm, black 

squares), crystalline PET powder (cryPow, open circles) and amorphous PET powder (aPow, grey circles) as substrates. 
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Reaction conditions used for time course experiments correspond to the pH and temperature resulting in the highest product 

release observed in amorphous PET film screening reactions, and are listed in Table 3.S13. Ratios of product release observed 

from hydrolysis reactions for each PET substrate morphology pairwise comparison, demonstrating differences in substrate 

selectivity for each selected enzyme is presented in Figure. 3.S9. For all enzymatic reactions shown in panels A-B, the enzyme 

loading was 0.7 mg enzyme/g PET and the solids loading was 2.9% (29 g/L). The reaction products were quantified with 

UHPLC, and the results show the sum of aromatic products, including BHET, MHET, and TPA. All reactions shown here were 

conducted in triplicate, and error bars represent the standard deviation. Numerical data for product release as a function of 

time for each time course is provided in Table SD7. 

 

Of the total expressed and purified enzymes, 20 were of sufficient yield and solubility for 

thermostability analysis by differential scanning calorimetry (DSC), including at least one member 

from each of the seven distinct phylogenetic groups, as show in Table 3.S14. Enzyme 306 exhibited 

the highest Tm (92.6°C) of all 20 enzymes analyzed, including wild-type LCC.  

3.4.4 Structural characterization highlights diversity of PET-active enzymes. 

 Given the range of sequence diversity captured in this work (Figure. 3.1B) and the opportunities to 

develop structure-function relationships across a broad group, we conducted comprehensive 

crystallization screening, resulting in eight high-resolution X-ray structures for enzymes 202 (7QJM), 

306 (7QJN), 606 (7QJO), 611 (7QJP), 702 (7QJQ), 703 (7QJR), 705 (7QJS), and 711 (7QJT) at 

resolutions extending between 1.43-2.19 Å (Table 3.S15). As we screened enzymes more divergent 

from those originating from I. sakaiensis, Thermobifida, and LCC, the success rate of crystallization 

hits fell. Given that PET-active representatives were identified in all seven phylogenetic groups, we 

also employed AlphaFold46 to interrogate the structural diversity of all 74 enzymes (Figure. 3.S10-

S12) to better understand structural features across the entire cohort for PET-active and inactive 

enzymes.  

As shown in Figure. 3.4A, representatives of known PET hydrolase enzymes, such as those in 

groups 5-7, share highly similar structures. However, in groups 1-4, the expanded primary sequence 

diversity correlates with a large increase in structural diversity, including large core deletions, 

modifications, and substantial fold extensions or additions (Figure. 3.4B). Overall, this group of 

enzymes spans molecular weights ranging from 13 to 55 kDa (I. sakaiensis PETase is ~27 kDa) and 

isoelectric points from 4.3 to 9.7 (Table 3.S9).  
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Figure 3.4. Structural diversity of PET-active and representative enzymes from phylogenetic groups. All structural 

models are shown to scale, rendered as cartoons with transparent accessible surface areas and putative active sites 

highlighted with the Ser-His-Asp catalytic triad in red sticks. (A) PET hydrolase scaffolds identified from mesophilic (top, I. 

sakaiensis PETase, PDB ID 6EQE 30) and thermophilic (middle, LCC, PDB ID 4EB0 27, and bottom, T. fusca cutinase 1 

DSM44342 (703; PDB ID 7QJR)) sources occupy a narrow structural space with highly conserved α/β hydrolase folds. (B) A 

selection of representatives from more distant phylogenetic groups reveals multiple additional and alternative structural 

features with substantial increases (102) and reductions (307) in the core fold. (C) Several additional distinct domains were 

revealed, including a Peripheral Subunit-Binding Domain (PSBD) and a Family 35 carbohydrate binding module (CBM).  
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Figure 3.5. Increasing degrees of structural diversity across phylogenetic groups. (A) Conserved canonical folds with 

surface residue changes in groups 5 and 6. Electrostatic surface representations are coloured with a gradient from red (acidic) 

at −7 kT/e to blue (basic) at 7 kT/e (where k is Boltzmann’s constant, T is temperature, and e is the charge on an electron). 

The general location of active site cleft is indicated with a star. Known (LCC) and predicted catalytic triad residues are shown 

as stick representations in the corresponding images below. (B) Accessory lid domains in group 2 enzymes. The peptidase-

like core is generally conserved across this group, with exception of helical deletions distal from the predicted active sites. 

Examples of alternative lid domains are highlighted in green. (C) Mini-PETases are created from large core deletions to the 

canonical fold. LCC is shown in the middle column (yellow) as a cartoon with the catalytic triad highlighted in red, and a surface 

representation below with a PET trimer (blue) docked in the active site cleft. A comparison with 307 on the left (cartoon above 

shown without the lid domain for clarity) reveals the extent of the core deletion, removing four of the eight β-strands and 

corresponding helices. A comparison with 305 on the right reveals an almost complementary set of deletions. Enzyme 307 

approximates the left half of the LCC core domain while 305 approximates the right half. These major rearrangements generate 

alternative binding clefts and docking studies predict vastly different binding modes (PET trimers in blue). Superpositions of 

the three enzymes in this panel are depicted in Figure. 3.S19. (D) An alternative enzyme family for PET hydrolysis. The 

enzymes 101 (left) and 102 (right) are colored according to the 3-domain arrangement in the Geobacillus stearothermophilus 

carboxylesterase EST55 (PDB ID 2OGT). Both enzymes display a truncated version of the catalytic domain (pink) compared 

to EST55 (Figure. 3.S20) and have modified versions of the / domain (blue). Only enzyme 101 has a version of the 

regulatory domain, the absence of which in 102 disrupts the formation of the canonical active site (locations highlighted with 

red dashes). While the catalytic Ser and Glu residues are conserved between EST55 and 101 (pink and yellow sticks), there 

is no direct substitute for the His residue. In enzyme 102, only the catalytic Ser is position is conserved, although there are 

other candidate residues that could potentially form a productive triad (Figure. 3.S20). 
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3.4.5 Surface residue modifications provide functional diversity while 

maintaining a conserved catalytic core.  

The group 5-7 enzymes share many common features including a highly conserved core domain with 

a 9-stranded β-sheet flanked by 8 or 9 -helices. These groups represent generally the most active 

members of the cohort of 74, with the exception of 712 and 713, which have truncated sequences 

and are inactive on PET.  

A comparison of LCC with enzymes 504 and 611 reveals high similarities, and almost identical active 

site triad geometries (Figure. 3.5A) making the selectivity of these two enzymes for crystalline PET 

powder, relative to LCC, surprising. Analysis of the surface charge distribution revealed a highly acidic 

patch adjacent to the active site cavity of enzyme 504 compared to LCC, while 611 displays an 

exceptionally acidic surface extending around multiple faces, in stark contrast to canonical PET 

hydrolases that are generally more positively charged on the solvent-exposed surface (Figure. 3.5A). 

This correlates with an isoelectric point of 4.3 for enzyme 611, compared to 9.3 for LCC. 

3.4.6 Structural features provide clues for mechanism of substrate 

selectivity.  

In search of a mechanistic explanation for the diverse substrate selectivity behavior observed via 

biochemical assay, two hypotheses based on structural characterization were explored. First, the 

diverse surface charges, represented by a broad range of isoelectric points, may be key in mediating 

enzyme:substrate interactions or enzyme access to reactive sites on the surface of the substrate. For 

example, enzyme 611, which has a very low pI (4.3), shows a significant change in substrate 

selectivity across substrate morphologies under different reaction pH conditions (Figure. 3.S6D). To 

understand if enzyme pI correlates with optimal reaction pH for any of the PET substrate 

morphologies, optimal reaction pH was plotted against enzyme pI (Figure. 3.S13). No correlation is 

observed in our experiments, as has been previously reported for other enzymes.62 A second 

hypothesis explores the active site cleft conformation and the constraints it sets for accommodating 

PET polymers. Computational substrate docking reveals that LCC accommodates a PET trimer deep 

within a cleft, which leads to a strong preference for twisting of the adjacent monomers in the polymer 

chain (Figure. 3.S14). Enzymes 504, 606, and 611 all present shallower clefts that enable the 

polymer chain to adopt low energy conformations where the monomer units adopt a more linear 

arrangement, similar to that observed in crystalline PET. These results therefore provide a potential 

structural rationale for the observed preferential breakdown of crystalline rather than amorphous PET 

by these enzymes. (Figure. S6D and 3.S13). 

3.4.7 Evolution of lid and accessory domains generates additional variety.  

A variety of accessory domains are observed in groups 2-4, ranging from small lids that cap or partially 

occlude the predicted active site regions, to large independent folds connected by flexible linkers 
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(Figure. 3.4C, 3.5B). These include a Peripheral Subunit-Binding Domain (PSBD) in enzyme 202, 

and a Family 35 carbohydrate binding module (CBM) in enzyme 407 (Figure. 3.4C). Enzyme 408 

contains a putative cell wall anchor domain, and enzyme 212 contains a predicted extended 

transmembrane anchor (Figure. 3.S15). 

The group 2 enzymes are peptidase-like hydrolases with sparing activity on PET, all characterized 

by a central core with the addition of lid domains in a variety of constructions. Examples include a 

mixed helical and β-sheet arrangement (204), a three-helix bundle (211), and for enzyme 214, a 

substantial 80-residue extended helical domain which creates a 40 Å wide flat surface platform of 

unknown function (Figure. 3.5B, Figure. 3.S16). 

It is of particular note that the shapes of the group 2 active site clefts are also unusual. In example, 

enzyme 204 displays a partially covered active site (Figure. 3.S17). In a departure from classical PET 

hydrolases, the active site of 202 is completely buried in this apo crystal structure, however the 

occluding helix sits on what appears to be a hinge-like structure which may have the potential to 

swing open to accommodate the polymer chain (Figure. 3.S18).  

3.4.8 Mini-PETases reconstitute productive active sites from only half the 

core domain. 

 Enzyme 307 has a large deletion of around one half of the core domain, with only four strands in the 

central -sheet compared to the typical eight or more strands found in canonical PET hydrolases 

(Figure. 3.5C, Figure. 3.S19). Despite the absence of four helices in the core, this enzyme 

remarkably retains the conserved canonical active site, which conveys a low level of PET hydrolysis 

activity (Figure. 3.S3, 3.S5). As a result of the deletion, the 307 active site is open and docking studies 

predict potential electrostatic interactions that may stabilize an otherwise flexible protein following 

substrate binding. Docking simulations with a PET trimer reveal the potential for binding within a large 

open cleft, as compared to the relatively narrow groove of the LCC active site (Figure. 3.5C).  

Enzyme 305 also displays a major deletion, but more surprisingly in the opposite half of the core 

compared to 307. The missing -helical region would normally contribute half of the active site cavity 

and the His residue of the active site triad in the canonical fold. On closer inspection, an alternative 

His is positioned in the triad, reconstituting what appears to be a unique active site from the same 

half of the core (Figure. 3.S19). Both mini-PETases offer opportunities to investigate the minimal 

protein chain required for PET hydrolysis, and these examples offer two alternative active sites. 

Experimental validation of the predicted catalytic residues are still needed to fully understand the 

implications of these alternative active sites. 
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3.4.9 Newly identified PET-active family members offer alternative folds, 

binding surfaces, and active site geometries.  

The group 1 enzymes exhibit a distinct fold, closer to carboxylesterases, such as the EST55 enzyme 

from G. stearothermophilus (PDB ID 2OGT)63 (Figure. 3.5D) and a previously-identified mesophilic 

enzyme with PET activity, Bacillus subtilis p-nitrobenzylesterase, BsEstB.64,65 An AlphaFold structural 

model reveals that the BsEstB enzyme is similar to EST55, sharing the same 3-domain architecture 

(catalytic, regulatory, and /β) with conserved active site triad residues (Figure. 3.S20). However, 

enzymes 101 and 102 have comparatively large deletions in the main catalytic domain, and enzyme 

102 lacks the regulatory domain entirely (Figure. 3.5D). These truncations are significant because in 

the canonical fold they contribute around one half of the active site environment, including the catalytic 

His and Glu residues (Figure. 3.S20). Both 101 and 102 conserve the position of the catalytic Ser, 

but there is no equivalently positioned His in 101, and no equivalently positioned His or Glu in 102. 

Further experimental validation of the non-canonical predicted catalytic residues will be necessary to 

identify if there may be additional alternative active site residues involved in PET hydrolysis. 

 Discussion 

Enzymes capable of PET hydrolysis have been identified thus far from a relatively narrow sequence 

space,5,10-12 and therefore are unlikely to fully encompass the natural diversity that can catalyze this 

reaction. Using bioinformatics and ML to gather sequences from environmental and cultivar genomes, 

we discovered distinct enzymes that hydrolyse PET, likely all via a serine hydrolase mechanism 

based on almost universally complete conservation of the catalytic triad, but with different active site 

architectures, including several variations that will benefit from more study. Many of these 

rearrangements and adaptations create alternative active site clefts, gorges, and planes, which may 

provide a useful diversity of structural motifs to achieve efficient interfacial biocatalysis for PET 

deconstruction. Furthermore, distinct differences in surface charge and in binding mode provide 

tractable parameters for enzyme engineering to develop biocatalysts with high selectivity for different 

morphologies of PET, as commercially available model substrates are not necessarily representative 

of PET waste streams. 

The JGI IMG sequences in groups 1-3 yielded low alignment scores with the PET hydrolase HMM 

(Table 3.S9), though several of these sequences demonstrated hydrolytic activity on PET despite 

being markedly diverse relative to canonical PET hydrolases. This finding suggests that the 

distribution of currently known PET hydrolases, which are largely limited to the polyesterase-lipase-

cutinase family (Figure. 3.1B), may result from biases of sequence similarity and HMM methods that 

limit the search to a narrow sequence space within the vicinity of these first studied PET-active 

enzymes. To understand these limitations, we further examined the ability of HMM scores to 

discriminate between active PET hydrolases and inactive homologs by computing the area under the 
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curve (AUC) of the receiver operating characteristic plot and the Spearman correlation coefficient (ρ) 

between HMM scores and our experimental activity data (Figure. 3.S21A-C). Our results indicate 

that the HMM scores demonstrate mediocre performance in predicting the PET hydrolase activity of 

putative hits (AUC=0.581, ρ=0.167). Furthermore, we investigated the distribution of amino acids at 

each position in a multiple sequence alignment (MSA) of active PET hydrolases and inactive 

homologs to identify positions that correlate with activity and, therefore, could play key roles in PET 

hydrolysis activity 66. We did not find statistically significant (p < 0.01) relationships between positional 

variation in the MSA and activity (Figure. 3.S21D). This suggests that pairwise covariation and 

higher-order interactions that are not captured by the HMM67 could play dominant roles in PET 

hydrolase activity. Recent studies have shown that ML can successfully capture such complex 

pairwise interactions.67-69 Consequently, the application of ML with our experimental activity data 

within a semi-supervised framework provides promise for improved prospecting of additional active 

PET hydrolases.70 

Our analysis of candidates from this study already extends to some industrially relevant parameters. 

For example, previous studies have shown that high substrate crystallinity leads to reduced 

conversion extents relative to amorphous PET.9,13,24,33,36,58 This has led to an emphasis on substrate 

pretreatment to amorphize PET.13,15 We recently reported a techno-economic analysis and life cycle 

assessment of enzymatic PET recycling.44 Of relevance to PET crystallinity and pretreatment, the 

process model included thermal extrusion, rapid quenching, and mechanical size reduction via a 

microgranulator to reduce the crystallinity of PET from post-consumer PET flake.13 Sensitivity analysis 

indicates the potential to reduce process electricity usage by 67%, overall process energy by nearly 

50%, and a savings of $0.24/kg recovered TPA if substrate pretreatment could be avoided, thus 

motivating an interest in enzymes with specificity to crystalline substrates. As shown in Figure. 3.2 

and Figure. 3.3, newly characterized enzymes reported here preferentially deconstruct crystalline 

PET powder relative to some morphologies of amorphous PET, suggesting exciting possibilities in 

biocatalyst development for crystalline PET deconstruction,44,45 and highlight the potential for 

identifying additional desirable biocatalyst characteristics from natural diversity toward the 

development of enzymatic PET recycling. 

 Data Availability 

The atomic coordinates and structure factors have been deposited in the Protein Data Bank, 

https://www.wwpdb.org/ (PDB ID codes 7QJM, 7QJN, 7QJO, 7QJP, 7QJQ, 7QJR, 7QJS, and 7QJT). 

Genetic expression constructs for the 74 sequences have been deposited at AddGene, 

https://www.addgene.org/Gregg_Beckham/. The ThermoProt code and AlphaFold models are 

available at Github, https://github.com/Beckham-Lab. 
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3.10.2 SI Appendix Materials and Methods 

 Sequence search and alignments 

Environmental metagenomes (n=3,136) were retrieved from the Joint Genome Institute Integrated 

Microbial Genome (JGI IMG) database (1) in April 2017. The metagenomes were first categorized into 

sub-categories (thermal springs, groundwater) as previously reported (2, 3), and only thermal spring 

metagenomes were considered further (Table. 3. S2). Sequences from these metagenomes were 

retrieved (~38 million sequences). The National Center for Biotechnology Information (NCBI) non-

redundant database (4) was also downloaded as of 20 December 2018 (~184 million sequences). A 

dataset of 17 enzymes that have been confirmed to exhibit PET hydrolysis activity as of 20 December 

2018 was compiled (Table. 3. S1). Sequences of the 17 PETases were retrieved and aligned with T-

Coffee (5). T-Coffee performed better in aligning the distantly related sequences, compared to MAFFT 

(6), ClustalW2 (7), and MUSCLE (8), particularly in correct placement of the catalytic Ser and His 

residues and the terminal Cys residues. 

A profile hidden Markov Model (HMM) was constructed with the PETase alignment using the HMMER 

software (version 3.1b2) (9) and putative PET hydrolases were retrieved by hmmsearch of the HMM 

against the retrieved NCBI and JGI IMG sequences. The NCBI search returned 2,165 hits with 

alignment scores ranging from 100 to 442 (E-value: 7.7e-25 to 8.6e-129). To diversify the sequence 

search space, the HMM threshold was lowered for the JGI IMG search and sequences with relatively 

lower scores were selected. The JGI search returned 1,367 hits with alignment scores ranging from 

26 to 360 (E-value: 1.0e-2 to 1.8e-104). For organisms from which the NCBI sequence hits were 

derived, optimal growth temperature (OGT) data were retrieved from the NCBI Bioproject database 

(https://www.ncbi.nlm.nih.gov/bioproject/) and the BacDive database (10) (https://bacdive.dsmz.de/). 

The sample temperatures of the JGI IMG metagenomes (Table. 3. S2) were used as the OGT for the 

JGI IMG sequence hits. To limit the search to thermostable sequences, only thermophilic sequences 

with OGT of 50°C or greater were selected. Among the NCBI hits, 31 were selected as thermophilic, 

1,777 were mesophilic and were discarded, and 353 were from organisms that could not be mapped 

to OGT data. The thermophilicity of these sequences that could not be mapped to OGT data was 

predicted with ThermoProt (vide infra). The final selection included 58 thermophilic sequences 

(predicted/OGT) from NCBI (scores: 104 – 442, E-values: 8.0e-26 – 8.6e-129) and 35 sequences 

from JGI IMG (scores: 27 – 35, E-values: 3.0e-3 – 2.6e-5). Redundant sequences (100% identity, 

excluding the predicted signal peptide region) were removed, which left 74 putative thermophilic PET 

hydrolases in the selection (Table. 3. S9). 

Unless otherwise stated, structure-based multiple sequence alignments were used in all further 

analyses. The structure-based alignment was performed as follows. First, a structural alignment of all 

crystal structures and AlphaFold structure models presented in this work was performed with the 

Promals3D web server (11). Then, all sequences to be analysed were aligned with MAFFT using the 

https://www.ncbi.nlm.nih.gov/bioproject/
https://bacdive.dsmz.de/
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structural alignment as constraint (6). Sequence analyses were implemented with the Biopython 

package (12). 

 Prediction of thermophilicity with machine learning (ThermoProt) 

From the NCBI and BacDive databases, sequence and OGT data were retrieved for 24 organisms 

classified as psychrophilic (<15°C), mesophilic (25-37°C), thermophilic (45-70°C), or 

hyperthermophilic (>80°C) (Table. 3. S3). A separate testing set was formed of 22,299 proteins from 

an organism in each OGT class, and the remaining sequences (231,171) were used in training and 

validation. To prevent overestimation of the validation performance, the sequences were clustered at 

40% sequence-identity threshold using the CD-HIT algorithm (13). From the CD-HIT output, 40,000 

sequences were selected for validation such that there were 10,000 sequences in each class, with 

8,000 sequences (2,000 in each class) set aside for hyperparameter optimization and feature 

selection, while the remaining 32,000 (8,000 in each class) were used for training, validation, and 

analysis. 

Three categories of features were derived from the protein sequences. 

1. Amino acid composition features: the relative amounts of 20 canonical amino acids in the 

sequence. 

2. g-gap dipeptide composition: the relative amounts of the peptide, a(x)gb, where a and b are 

specific amino acids and (x)g represents g amino acids of any type, sandwiched between a and 

b (14). In this work, 1,200 g-gap dipeptides (i.e., g = 0, 1, and 2) were tested and the top 10 were 

selected by their relative (Gini) importance in a random forest model. Additional g-gap dipeptides 

beyond 10 did not improve the random-forest classification performance. 

3. Residue type and physiochemical features: in addition, 20 features that have been shown in 

previous studies to correlate with thermal stability were selected, namely the composition of 

acidic, basic, non-polar, acyclic, aliphatic, aromatic, charged, and EFMR (Glu, Phe, Met, Arg) 

residues; the ratio of basic to acidic, non-polar to polar, acyclic to cyclic, and charged to non-

charged residues (15); the composition of tiny (Ala, Gly, Pro, Ser) and small (Thr, Asp) residues, 

the average maximum solvent accessible area (ASA) (16), the ratio of (Glu + Lys) to (Gln + His) 

(17), charged vs. polar composition (18), IVYWREL (Ile, Val, Tyr, Trp, Arg, Glu, Leu) composition 

(19), molecular weight, and heat capacity (20). 

Table. 3. S4 shows a full description of the 50 features derived for each sequence and the Spearman 

correlation coefficient between these features and the thermostability class (psychrophilic=1, 

mesophilic=2, thermophilic=3, hyperthermophilic=4) using the dataset of 32,000 proteins. 

Five machine-learning methods were tested with the Scikit-learn Python package (21): random forests, 

logistic regression, Gaussian naïve Bayes, K-nearest neighbour, and support vector machine (SVM). 

Hyperparameters for each method were optimized with a grid search using dataset of 8,000 proteins 
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(2,000 per class). Four binary classifiers were tested: psychrophilic vs. mesophilic (PM), mesophilic 

vs. thermophilic (MT), thermophilic vs. hyperthermophilic (TH), and mesophilic vs. 

thermophilic/hyperthermophilic (MTH). Table. 3.S5-S7 show the performance of the machine-

learning methods with the different binary classification schemes measured over fivefold cross-

validation with the dataset of 32,000 proteins (8,000 per class). All methods achieve accuracies 

between 68.0% and 86.6%.  In addition to the accuracy, the true positive rate (recall), true negative 

rate (specificity), and Matthew’s correlation coefficient were also computed. The SVM method (termed 

ThermoProt) yielded the best performance (MTH, 86.6% accuracy) and was applied to the PETase 

HMM hits without OGT data to predict the thermophilicity. 

It is important to note that while this work was ongoing, a dataset of OGT for 21,498 microbes was 

published (22), which enabled regression models that directly predict the OGT (23, 24), and the optimal 

catalytic temperature (Topt) of an enzyme (24, 25). These regression methods could be applied in future 

works for more precise prediction of the thermotolerance of putative PETases. 

 Discrimination of active PETases from inactive homologs with hidden 

Markov Models (HMM) 

Sequence data of 60 enzymes with experimentally confirmed PET hydrolase activity were compiled, 

comprising 36 PETases reported in other studies (Table. 3. S1) and 24 non-redundant PETases 

newly presented in this study (Table. 3. S11). Sequence data of 19 homologs that are experimentally 

confirmed to be inactive on PET were also compiled, comprising 15 sequences from this study (Table. 

3. S11), and PET28, PET29, PET38 (26), and Cbotu_EstB (27) reported previously. A structure-based 

alignment of all 79 active and inactive sequences was performed, and the alignment was split to 

separate sub-alignment of active and inactive sequences. 

The performance of HMM in discriminating active PETases from inactive homologs was evaluated 

with fivefold cross-validation. The active/inactive sequences were split into five folds and the HMM 

was repeatedly built with the data in four folds and evaluated with the data in the left-out fold such 

that each fold was iteratively used in training and testing. Two methods of HMM prediction were 

considered. First, an HMM was built with active PETases in the training set and searched against 

sequences in the testing set. The HMM alignment score of test sequences was construed as a 

predictive measure of PET hydrolase activity (score method). In the second method (difference 

method), an additional HMM was built with inactive homologs in the training set, and searched against 

the testing set. The difference between the HMM score obtained from the active PETase HMM and 

the score from the inactive homologs HMM was construed as the predictive measure of PET 

hydrolase activity. With the score method, it is expected that sequences exhibiting high PET 

hydrolase activity would have high scores when searched against an HMM of active PETases, while 

inactive sequences or sequences with low activity would have low scores. With the difference method, 

it is expected that active sequences would have higher scores when searched against an HMM of 
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active PETases than when searched against an HMM of inactive homologs, and, consequently, a 

higher score difference. Similar HMM approaches have proven remarkably successful in 

discriminating functional subtypes in protein families (28, 29). However, the results indicate that HMM 

only demonstrates mediocre performance in discriminating PETases from inactive homologs (Figure. 

3. S21). 

In addition, the amino-acid distribution in the alignment of active PET hydrolases and inactive 

homologs was investigated. If a residue position plays key roles in activity, it is expected that the 

amino acid distribution at that position would significantly vary between actives and inactives (28). A 

chi-squared test of independence was performed to compare the amino-acid distribution at each 

position in the structure-based alignment between 60 active PETases and 19 inactive homologs. 

Positions with gaps in more than 90% of the sequences were removed (805 removed, 437 remaining). 

The test was also performed to compare the distribution of amino acid types (aliphatic: Ala, Gly, Val, 

Leu, Ile, Met, Cys, Pro; aromatic: Phe, Trp, Tyr, His; positive: Arg, Lys; negative: Asp, Glu; polar: Asn, 

Gln, Ser, Thr). The results indicate that no single position in the alignment shows statistically 

significant difference (p < 0.01) between active PETase and inactive homologs (Figure. 3. S21D). 

 Phylogenetic analyses and sequence similarity network 

Phylogenetic analyses were conducted with the MEGAX software (30, 31). For the phylogeny of 74 

candidate sequences (Figure. 3. 1A, main text), the evolutionary history was inferred using the 

Minimum Evolution (ME) method (32). The evolutionary distances were computed using the JTT 

matrix-based model and are in the units of the number of amino acid substitutions per site (33). The 

ME tree was searched using the Close-Neighbour-Interchange (CNI) algorithm at a search level of 1 

(34). The Neighbour-joining algorithm was used to generate the initial tree (35). All ambiguous positions 

were removed for each sequence pair with the pairwise deletion option.  

A separate tree was constructed to further illustrate the phylogenetic relationships of 36 previously 

reported PET-hydrolases and the unique PET-hydrolases presented in this study (Figure. 3. S1) 

using the maximum likelihood method with 1000 replicates and the JTT matrix-based model. The 

initial tree for the heuristic search was obtained by applying the Neighbour-Join and BioNJ algorithms 

to a matrix of pairwise distances estimated using the JTT model, and then selecting the topology with 

superior log likelihood value. All positions with less than 95% site coverage were eliminated. The 

phylogenetic trees were visualized with the Interactive Tree of Life (iTOL) online tool (36).  

The sequence similarity network (SSN) (Figure. 3. 1B, main text) was implemented with the Enzyme 

Function Initiative Enzyme Similarity Tool (EFI-EST) (37). Sequences were subjected to a BLASTall 

pairwise search and the SSN was constructed with a threshold of 1e-10. The SSN was visualized 

with Cytoscape (38). 
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 Materials 

Amorphous PET film (Goodfellow Product ES30-FM-000145) and crystalline PET powder 

(Goodfellow Product ES30-PD-006031) were purchased from Goodfellow Corporation (USA). 

Percent crystallinity was for each substrate has previously been reported (39). All reagents and buffer 

components were acquired from Sigma-Aldrich. 

 Amorphous PET powder production and analysis 

For generation of an amorphous PET powder, 300mm x 300mm sheets of 0.25 mm-thick amorphous 

PET film (Goodfellow Product ES30-FM-000145) were first cut into 100 mm x 100 mm squares with 

a guillotine. These were then rolled, immersed in liquid nitrogen and cryo-cut at 2,400 rpm in a SM300 

cutting mill (Retsch) equipped with a stainless-steel V-rotor, a bottom sieve with 4 mm square holes, 

and a cyclone trap for product collection. Subsequently, this cryo-cut product was immersed in liquid 

nitrogen and subjected to further size reduction by cryo-milling at 18,000 rpm in a ZM200 centrifugal 

mill equipped with a stainless-steel 12-teeth push-fit rotor, a 0.12 mm ring sieve with trapezoidal 

holes, and a cyclone trap.  

A 200 mg sample of the cryo-milled amorphous PET powder was dried under vacuum for 30 min at 

45°C, and its particle size and shape distributions were compared to that of the purchased crystalline 

PET powder by dynamic image analysis using a CAMSIZER X2 (Microtrac MRB) equipped with an 

X-Fall module to measure the cross-sectional area and aspect ratio (Figure. 3. S22). 

 Plasmid construction 

Coding sequences were codon optimized for Escherichia coli str. K-12 MG1655 using a guided 

random approach from the OPTIMIZER server (http://genomes.urv.es/OPTIMIZER). Optimized 

sequences for expression of the 6 control hydrolases (wild-type IsPETase, mutant variant IsPETase 

(W159H/S238F), wild-type LCC, the ICCG variant of LCC, the WCCG variant of LCC, and BTA-1), 

and all versions of the 74 candidate enzymes were synthesized by Twist Biosciences in pET21b(+) 

(EMD Millipore)-based plasmids. Each construct includes a C-terminal hexa-histidine epitope tag. 

Sequences are provided in Table. 3. SD1 (candidates) and Table. 3. SD2 (controls). All 74 genetic 

expression constructs have been deposited at AddGene at 

https://www.addgene.org/Gregg_Beckham/. 

 Enzyme expression 

For identifying soluble heterologous protein expression, BL21 (DE3) E. coli (NEB), OverExpressTM 

C41 (DE3) (Lucigen), and Lemo21 (DE3) (NEB) competent cells were used. Competent cells were 

transformed with pET21b(+) plasmids encoding the enzyme of interest. Single colonies from 

transformation were then inoculated into a starter culture of lysogeny broth (LB) media containing 100 

μg/mL ampicillin and grown at 37°C overnight. Four expression strategies were evaluated using 50 

mL cultures and soluble expression was evaluated by SDS-PAGE with Coomassie staining and 

http://genomes.urv.es/OPTIMIZER
https://www.addgene.org/Gregg_Beckham/
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Western blot using primary antibody against the hexa-histidine epitope tag (Invitrogen). Using results 

from the 50 mL scale expression tests, the best condition was chosen for each control or candidate 

and scaled to 1-5 L, depending on expression level. Table. 3. S11 details which competent cell line 

and expression strategy was used for each control and candidate enzyme, and the final expression 

level (mg enzyme/L culture) obtained for each enzyme. 

In strategy A, the starter culture was inoculated at a 100-fold dilution into a 2xYT medium (10 g NaCl, 

10 g yeast extract, 16 g tryptone per L culture) containing 100 μg/mL ampicillin and grown at 37°C 

until the optical density measured at 600 nm (OD600) reached 0.6-0.8. Protein expression was then 

induced by addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM. 

Cells were induced at 20°C for 18 to 24 h following IPTG addition, harvested by centrifugation, and 

stored at -80°C until purification.  

In strategy B, the starter culture was inoculated at a 100-fold dilution into a 2xYT medium containing 

100 µg/mL ampicillin and grown at 37°C until the OD600 reached 0.6. Protein expression was then 

induced by addition of IPTG to a final concentration of 0.5 mM. Cells were induced at 25°C for 16 to 

18 h following IPTG addition, harvested by centrifugation, and stored at -80°C until purification. 

In strategy C, the starter culture was inoculated at a 1000-fold dilution into ZYP-5052 medium (40) 

containing 100 µg/mL ampicillin and grown at 28°C for 24 h. Cells were harvested by centrifugation 

and stored at -80°C until purification. 

In strategy D, the starter culture was inoculated at a 500-fold dilution into ZYP-5052 medium with 0.3 

M NaCl containing 100 µg/mL ampicillin and grown at 25°C for 72 h. Cells were harvested by 

centrifugation and stored at -80°C until purification. 

 Enzyme purification 

Harvested cells were thawed on ice and resuspended in a lysis buffer (300 mM NaCl, 10 mM 

imidazole, 20 mM Tris HCl, pH 8.0,) with 0.25 mg/mL lysozyme, and 12.5 U/mL DNase I. Cells were 

lysed using either a bead beater (BioSpec Products, Inc.) or sonication with a microtip (39% power, 

20 s ON, 20 s OFF for a total of 2 min 20 s ON). Lysate was clarified by centrifugation at 40,000 x g 

for 40 minutes at 4°C. Clarified lysate was filtered through a 0.45 µm PVDF membrane, then applied 

to a 5 mL HisTrap HP (Cytiva) affinity column using an ÄKTA Pure chromatography system (Cytiva) 

and eluted using a buffer comprising 300 mM NaCl, 500 mM imidazole, 20 mM Tris HCl, pH 8.0. 

Resulting fractions containing the protein of interest were pooled and dialyzed at room temperature 

(25°C) using 3.5 kDa molecular weight exclusion membranes in an exchange reservoir at least 300 

times the pooled sample volume of 300 mM NaCl, 20 mM Tris, pH 8.0 buffer. After 16 to 20 h of buffer 

exchange, samples were centrifuged and evaluated by SDS-PAGE with Coomassie staining. Pooled 

samples were concentrated using 3.5 kDa molecular weight cut-off spin columns and applied to a 

HiLoad Superdex 75 pg 16/60 (Cytiva) size exclusion column equilibrated with 300 mM NaCl, 20 mM 
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Tris, pH 8.0 for use in screening or time course analysis. Protein in eluted fractions from affinity and 

size exclusion columns were assessed using SDS-PAGE with Coomassie staining and Western blot 

using primary antibody against the hexa-histidine epitope tag (Invitrogen). Total protein was assessed 

by BCA assay (41).  

Using E. coli strains transformed with only the empty pET21b(+) expression vector, no PET hydrolysis 

activity is observed using the cell lysate or using endogenous E. coli protein that demonstrates non-

specific binding to the Ni-NTA affinity column. 

  Signal peptide sequences 

Presence of signal peptide sequences was predicted using SignalP 5.0 (42). From 74 putative 

thermophilic PET hydrolase sequences, 36 signal peptides were removed for construct synthesis. A 

selection of 12 truncated constructs that proved challenging to express were re-synthesized to include 

the native signal peptide (nSP) and compared for changes in expression and activity. Of these signal 

peptide-containing constructs, 7 were successfully expressed and screened, of which, only 607 could 

not be expressed without the native signal peptide. Sequences for the nSP-containing candidates are 

provided in Table. 3. SD1. Additionally, expression of the Thh_Est enzyme (710) was previously 

reported from an expression plasmid (pET26b(+)) containing an N-terminal pelB signal peptide (43). 

Both the truncated version of 710 and the pelB-containing version (710-pelB) expressed enzyme, but 

neither showed activity during screening (data not shown for 710-pelB). 

  Protein calorimetry (DSC) 

Apparent melting temperature (Tm) values for those purified enzymes that were sufficiently soluble 

(>0.1 mg/mL) in neutral buffer were assessed by differential scanning calorimetry (DSC). Immediately 

prior to DSC analysis, to ensure both mono-dispersity and an optimal buffer match, each enzyme 

was prepared by size-exclusion chromatography (SEC) through a HiLoad Superdex 75 pg column 

(Cytiva) pre-equilibrated with the DSC reference buffer comprising 50 mM NaH2PO4, pH 7.5, with 

either 300 mM NaCl (for 606) or 100 mM NaCl (for all other enzymes). The SEC column was 

calibrated with a mixture of globular protein standards (Sigma-Aldrich) – thyroglobulin (670 kDa), γ-

globulin (158 kDa), albumin (67.0 kDa) and ribonuclease A (13.7 kDa) – to allow for the calculation 

of an apparent molecular weight (MWapp) for each enzyme from its elution volume. Subsequently, 

triplicate DSC analyses, each using 0.1 – 0.2 mg/mL enzyme, were performed on a MicroCal PEAQ-

DSC-Automated instrument (Malvern Panalytical). The temperature of the sample and reference cells 

was raised from 30°C to 120°C at a rate of 1.5 °C/min using low feedback. Thereafter, reference 

buffer subtraction, baseline correction and apparent Tm determination were performed using the 

instrument’s data analysis software (v1.60). 
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  Monomer quantitation  

Analyte analysis of BHET, MHET, and TPA was performed on an Infinity II 1290 ultra-high-

performance liquid chromatography (UHPLC) system (Agilent Technologies) equipped with a 

G7117A diode array detector (DAD). Samples and standards were injected using a volume of 0.25 

µL onto a Zorbax Eclipse Plus C18 Rapid Resolution HD (2.1 x 50 mm, 1.8 µm) (Agilent Technologies) 

column maintained at 40°C. The mobile phase used to separate the analytes of interest was 

composed of (A) 20 mM phosphoric acid in ultrapure water and (B) 100% methanol. Separation of 

analytes was carried out using a constant flow rate of 0.7 mL/min and a gradient program with a total 

run time of 3 min. The gradient program proceeded as follows: at t = 0 min, (A) = 80% and (B) = 20%; 

at t = 2 min, (A) = 35% and (B) = 65%; from t = 2.01 min until the end at t = 3 min, (A) = 80% and (B) 

= 20%. The calibration curve for each analyte was evaluated between concentrations of 1 – 200 mg/L 

with DAD detection at a wavelength of 240 nm. Ten calibration standards were used with an R2 

coefficient of 0.995 or better. Calibration verification standards (CVS) for each analyte was analyzed 

every 12-24 samples to ensure the integrity of the initial calibration. Samples were diluted with 

ultrapure water for analysis and maintained at 15°C during the analysis. 

  Screening for activity on amorphous PET film 

In each screening reaction, 2.9% loading by mass of an amorphous PET film (Goodfellow) was 

incubated with 10 µg enzyme of interest (0.7 mg enzyme/g PET), unless noted otherwise in Table. 

3. S11 due to low expression levels. Reactions were performed in polypropylene tubes containing 

100 mM NaCl and 50 mM buffering agent (citrate at pH 6.0, NaH2PO4 at pH 7.0, NaH2PO4 at pH 7.5, 

HEPES at pH 7.5, bicine at pH 8.0, and glycine at pH 9.0) and incubated at 30°C, 40°C, 50°C, 60°C, 

or 70°C. All reactions were terminated after 96 h by addition of equal volume 100% methanol and 

PET was removed from the reaction solution. Soluble fractions were filtered through 0.2 µm nylon 

filters for monomer quantitation. All PET hydrolysis screening reactions were performed in triplicate. 

For enzymes with peak activity at pH 6.0, an extended pH screening assay was performed using 

2.9% loading by mass of amorphous PET film (Goodfellow) and 10 µg enzyme of interest (0.7 mg 

enzyme/g PET enzyme loading) in polypropylene tubes containing 100 mM NaCl and 50 mM citrate 

(pH 5.5 and pH 5.0) or 50 mM sodium acetate (pH 5.0 and pH 4.5). All reactions were terminated 

after 96 h by addition of equal volume 100% methanol and PET was removed from the reaction 

solution. Soluble fractions were filtered through 0.2 µm nylon filters for monomer quantitation. All PET 

hydrolysis screening reactions were performed in triplicate. 

Aromatic product release data are reported throughout relative to background aromatic product 

release detected in no-enzyme control reactions at each pH and temperature. Background aromatic 

product release for both amorphous PET film and crystalline PET powder was below the detection 

limit for all pH and temperature combinations tested. 
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  Characterization of PET hydrolysis activity on varied substrates with time 

resolution 

Using the reaction conditions (buffer and temperature combination) where peak PET hydrolysis 

activity was measured from the screening assays, a selection of enzymes was further characterized 

over a 168 h reaction on amorphous PET film (Goodfellow), crystalline PET powder (Goodfellow), 

and an amorphous PET powder produced in-house via cyromilling of the Goodfellow amorphous PET 

film. Each reaction was performed using 2.9% by mass substrate loading and 10 µg enzyme of 

interest (0.7 mg enzyme/g PET). Reactions were terminated at the designated timepoint by addition 

of equal volume 100% methanol and PET was removed from the reaction solution. Soluble fractions 

were filtered through 0.2 µm nylon filters for monomer quantitation. All time course experiments were 

performed in triplicate and samples were diluted with ultrapure water for analyte quantitation. Table. 

3.S12-3.S13 provide details on the enzyme and reaction condition pairings evaluated over 168 h 

reaction time. 

  Structure determination 

For crystallography, all proteins were concentrated and sitting drop crystallization trials were set up 

with a Mosquito crystallization robot (SPT Labtech) using SWISSCI 3-lens low profile crystallization 

plates. The proteins were crystallized using the following screens and conditions:  

202 - JCSG-plus screen (Molecular Dimensions), G7, 15 % PEG 3350, 0.1 M succinic acid 

306 - SaltRx screen (Hampton Research), E8, 1.8 M sodium phosphate monobasic monohydrate, 

potassium phosphate dibasic pH 5.0 

606 - Structure screen (Molecular Dimensions), F5,  0.1 M Sodium HEPES pH 7.5, 70% (v/v) MPD 

611 - PACT screen (Molecular Dimensions), F1, 20 % PEG 3350, 0.2 M sodium fluoride, 0.1 M Bis-

Tris propane pH 6.5  

702 - PACT screen (Molecular Dimensions),  F8, 20 % PEG 3350, 0.2 M sodium sulfate, 0.1 M Bis-

Tris propane pH 6.5 

703 - PACT screen (Molecular Dimensions), F10, 20 % PEG 3350, 0.02 M sodium/potassium 

phosphate, 0.1 M Bis-Tris propane pH 6.5 

705 - JCSG screen (Molecular Dimensions), F1, 0.05 M Cesium Chloride, 0.1 M MES pH 6.5, 30% 

(v/v) Jeffamine M-600 
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711 - JCSG screen (Molecular Dimensions),  D6, 0.2 M Magnesium Chloride Hexahydrate, 0.1 M Tris 

pH 8.5, 20 % (w/v) PEG 8000 

All crystals were cryo-protected with 20% glycerol in the crystallization solution and flash-frozen into 

liquid nitrogen. Diffraction data were collected at the Diamond Light Source (Didcot, UK) and 

automatically processed using Autoproc on ISPyB (44). STARANISO (45) was also used for 

processing anisotropic data and calculating ellipsoidal completeness. The structure was solved within 

CCP4 Cloud by molecular replacement with Molrep (46) using search models created by Phyre2 (47). 

For 306, MR was solved with an AlphaFold structure prediction (Figure. 3. S11) (48). Model buildings 

were performed in Coot (49) and the structures were refined with BUSTER (50) and REFMAC5 (51). 

MolProbity (52) was used to evaluate the final models and PyMOL (Schrödinger, LLC) for protein model 

visualizations. Data and refinement statistics are summarized in Table. 3. S15. The atomic 

coordinates have been deposited in the Protein Data Bank, and PDB IDs are included in Table. 3. 

S15. Search for structural protein homologs and calculation of RMSD values were performed with the 

DALI server (53).  

AlphaFold structure predictions were generated using the same models and inference procedure as 

employed in CASP14. This is described in the recent AlphaFold paper (48). Mean pLDDT (predicted 

local distance difference test) over the structure was used for model ranking, and pLDDT values were 

written into the B-factor column of each structure file. 

  Molecular docking 

Molecular docking calculations were performed using the program Molecular Operating Environment 

(MOE) (54).  Flexible PET dimers and trimers were optimized inside a rigid host structure. Initial 

placement of the PET oligomer units was carried out using the Triangle Matcher approach, with 

subsequent refinement via molecular mechanics using the MMFF94x forcefield. The position and 

energy of 200 poses were optimized and their ranking was carried out based on the most favourable 

molecular mechanics interaction energy, E_refine. Results were discarded where the distance 

between the carbonyl group of a monomer unit and the serine of the catalytic triad exceeded 4Å. 
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3.10.3  SI Figures  

 

Figure 3.S1. Maximum likelihood phylogenetic tree of 36 experimentally confirmed PET hydrolases previously 

reported (Table. 3. S1) and 23 from this study (Table. 3. S11). Sequences in the tree are coloured according to the 

associated families in ESTHER. Two main clades form in the tree. The first clade consists of canonical PETases in the 

polyesterase-lipase-cutinase family, and the second clade includes divergent sequences. 
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Figure 3.S2. Protein yield of enzymes screened for PET hydrolysis activity. Protein yield (mg enzyme / L culture) from E. 

coli cultivations is provided for each enzyme candidate expressed and screened. Insoluble enzymes and enzymes with yields 

below 0.1 mg/L were not screened. The numerical data are provided in Table. 3. S11. 
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Figure 3.S3. Heat map data for 51 candidate enzymes, 7 native signal peptide-containing variants (nSP), and 6 benchmark 

enzymes from the enzymatic PET hydrolysis literature (dark grey), all screened for PET hydrolysis activity across a range of 

pH and temperature reaction conditions. Each heat map displays the reaction conditions utilized (citrate at pH 6.0, NaH2PO4 

at pH 7.0, NaH2PO4 at pH 7.5, HEPES (H) at pH 7.5, bicine at pH 8.0, and glycine at pH 9.0), and reaction temperature (30°C, 

40°C, 50°C, 60°C, or 70°C). The numerical data for these experiments are provided in Table. 3. SD3. Buffer compositions are 

provided in the Materials and Methods section.  
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Figure 3.S4. Heat map data for the extended pH screen of selected PET hydrolase enzymes. Each heat map displays 

the reaction conditions utilized (sodium acetate (NaAc) at pH 4.5 and 5.0, citrate (C) at pH 5.0, 5.5, and 6.0, NaH2PO4 at pH 

7.0 and 7.5, HEPES (H) at pH 7.5, bicine at pH 8.0, and glycine at pH 9.0), and reaction temperature (30°C, 40°C, 50°C, 60°C, 

or 70°C). The numerical data for these experiments are provided in Table. 3. SD4. Buffer compositions are provided in the 

Materials and Methods section. 
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Figure 3.S5. Log-plot of the sum of aromatic products measured after 168 h reaction time as measured from time 

course experiments using amorphous PET film (black squares) and crystalline PET powder (open squares) as substrates. 

Reaction conditions used for time course experiments correspond to the pH and temperature resulting in the highest product 

release observed in amorphous PET film screening reactions, and are listed in Table. 3. S12. 
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Figure 3.S6. Time course plots comparing aromatic product release from amorphous PET film and crystalline PET 

powder over 168 h reaction time. Each plot provides the reaction conditions utilized (citrate at pH 6.0 = C6, NaH2PO4 at pH 

7.0 = NP7, NaH2PO4 at pH 7.5 = NP7.5, HEPES at pH 7.5 = H7.5, bicine at pH 8.0 = B8, and glycine at pH 9.0 = G9), and 

reaction temperature (30°C, 40°C, 50°C, 60°C, or 70°C). Error bars represent the standard deviation of reactions measured in 

triplicate. The numerical data for these plots is provided in Table. 3. SD5. (A) Comparison of benchmark enzymes using peak 

activity reaction conditions from screening on amorphous PET film. (B) Comparison of selected candidate enzymes using peak 

activity conditions from screening on amorphous PET film. (C) Comparison of two reaction conditions for enzyme 606 showing 

that 606 has higher activity in more alkaline reaction conditions. (D) Comparison of two reaction conditions for enzyme 611. 

Enzyme 611 is more selective for crystalline PET powder compared to amorphous PET film in both conditions tested. (E) 

Comparison of two reaction conditions for enzyme 704, showing that while 704 prefers a more alkaline reaction environment 

(pH 9), comparable activity is achieved even at pH 7. 
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Figure 3.S7. Heat map profiles of pH and temperature screening for hydrolytic activity on 3 PET substrate 

morphologies, amorphous PET film, amorphous PET powder, and a crystalline PET powder, for a selection of 18 

candidate enzymes and a positive control enzyme, LCC ICCG. The heat map gradient indicates the extent of measured 

product release up to 500 mg/L of total aromatic products after 96 h reaction time. Each heat map displays the reaction 

conditions utilized (citrate at pH 6.0, NaH2PO4 at pH 7.0, NaH2PO4 at pH 7.5, HEPES (H) at pH 7.5, bicine at pH 8.0, and 

glycine at pH 9.0), and reaction temperature (30°C, 40°C, 50°C, 60°C, or 70°C). Quantitative data for all enzymes screened 

are provided in Table. 3. SD6.
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Figure 3.S8. Time course plots comparing aromatic product release from amorphous PET film (aFilm, black 

squares), amorphous PET powder (aPow, grey circles), and crystalline PET powder (cryPow, open squares) 

over 168 h reaction time. Each plot provides the reaction conditions utilized (citrate at pH 6.0 = C6, NaH2PO4 at pH 7.0 = 

NP7, NaH2PO4 at pH 7.5 = NP7.5, HEPES at pH 7.5 = H7.5, bicine at pH 8.0 = B8, and glycine at pH 9.0 = G9), and reaction 

temperature (30°C, 40°C, 50°C, 60°C, or 70°C). Error bars represent the standard deviation of reactions measured in triplicate. 

The numerical data for these plots is provided in Table. 3. SD7.  
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Figure 3.S9. Ratios of product release values observed from hydrolysis reactions for each PET substrate morphology 

pairwise comparison, demonstrating differences in substrate selectivity for each selected enzyme. (A) Amorphous 

powder (aPow, grey) compared to crystalline powder (cryPow, white) is shown in grey and white hatch; (B) amorphous powder 

(aPow, grey) compared to amorphous film (aFilm, black) is shown in grey and black hatch; and (C) crystalline powder (cryPow, 

white) compared to amorphous film (aFilm, black) is shown in white and black hatch. Selective preference for a given substrate 

morphology is indicated by the direction of the bar for each enzyme. Numerical data is provided in Table. 3. S13 and Table. 

3. SD7. 
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Figure 3.S10. Crystallographic and AlphaFold structural comparisons. (A) Superposition of crystallographic (orange) and 

AlphaFold (blue) models of enzyme 611 reveals an almost perfect match to all secondary and tertiary structure elements. The 

active site region is highlighted with red dashes. (B) Closeup of the 611 active site with the catalytic triad shown as sticks. High 

accuracy alignment can be seen for these and surrounding residues. (C) Superposition of crystallographic (green) and 

AlphaFold (blue) models of enzyme 202 reveals high accuracy. The AlphaFold model predicts an extra domain (cyan) not 

captured in the crystal structure. (D) Close-up of the top helix highlighted in C with red dashes. Alignments are also accurate 

for both buried and surface exposed residues. (E) View of the helical region highlighted with purple dashes in C. The cartoon 

depicts the crystal structure colored according to B-factor scale, from dark blue (low) to lighter orange and yellow (high). This 

surface-exposed helix has high B-factors compared to the core of the 202 enzyme and is likely to be dynamic. (F) The same 

region is shown for the AlphaFold model, colored using the pLDDT scale, where dark blue is high confidence predictions and 

lighter blue and green lower confidence scores. In common with the eight crystallographic-AlphaFold comparisons analyzed 

in this study, high B-factors often correlate to lower pLDDT scores, making this metric useful for predicting areas of flexibility 

more generally. 
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Figure 3.S11. Molecular replacement solution of enzyme 306 using an AlphaFold search model. (A) Superposition of the solved 306 

structure (green) with a model based on PDB ID 6EIC, monoglyceride lipase from Mycobacterium Tuberculosis (18.4 % 

sequence identity) (blue), and the AlphaFold model (grey). Molecular replacement with the M. Tuberculosis model was 

unsuccessful, blue arrows indicate regions of discrepancy. (B) Major differences in loop region prediction between the M. 

Tuberculosis model (blue) and AlphaFold models (grey). (C) The structure was solved (green) using the more closely modelled 

AlphaFold model (RMSD = 1.46 Å, 2224 atoms). 
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Figure 3.S12. Structure gallery. Cartoon models of all 74 structures are shown grouped according to the phylogenetic colour 

scheme in Figure. 3. 1. The central diagram depicts the minimum-evolution phylogenetic tree of the 74 PET-hydrolase 

candidates selected by HMM and ML. All models are to scale and incorporate accessory domains where they were observed. 

Each structure is labelled, and those representatives determined by X-ray crystallography are underlined.  
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Figure 3.S13. Exploring the relationship between enzyme surface charge, represented by the enzyme pI, and the 

optimal reaction pH. (A) Showing the pI of a selection of PET-active enzymes spanning low and high pI from amongst the 

cohort of 74 candidates, including the ICCG variant of LCC as a control. (B) Plot of enzyme pI compared to optimal reaction 

pH as determined by highest product release observed over 96 h screening reactions using three PET substrates with different 

morphologies, amorphous film (aFilm, black squares), crystalline powder (cryPow, open circles), and amorphous powder 

(aPow, grey circles). 
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Figure 3.S14. Docking analysis of PET comparing binding modes of enzymes LCC, 504, 606, and 611. (A, D, G & J) 

Active site clefts are shown as surface representations with the location of the catalytic serine colored in red. (B, E, H & K) 

Docking of PET chains are shown in the cleft. (C, F, I & L) Alternative view of docked PET. These docking poses reveal that 

the polymer chain sits deeper in the cleft of LCC compared to 504, 606, and 611. LCC also induces a significant twist in the 

polymer chain as can been seen in the orientation of alternate aromatics in the trimer. In contrast, as shown with a dimer bound 

to 504, 606, and 611 clefts, adjacent aromatics bind in a relatively straight conformation. 
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Figure 3.S15. Additional appendages. Several additional structures and domains (highlighted in pink) are found in this 

enzyme cohort predicted as 202 - Peripheral Subunit-Binding Domain, 212 - Transmembrane Helix, 215 – Lipoyl Domain 

(similar to PDB ID 2DNC), 407 - Family 35 CBM, and 408 - Choice-of-anchor A Domain. 
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Figure 3.S16. Extended helical domain of enzyme 214 creates an unusual flat surface. (A) The catalytic domain is shown 

in green with a multi-helix platform in pink. (B) Surface representation in the same orientation as A. (C) Top view of the major 

helices that make up the surface which is approximately 35 x 45 Å. (D) Electrostatic surface potential in the same orientation 

as C reveals strongly polarized areas. The surface is colored with a gradient from red (acidic) at −7 kT/e to blue (basic) at  7 

kT/e (where k is Boltzmann’s constant, T is temperature, and e is the charge on an electron). 

 



 

 
136 

 

 

Figure 3.S17. The active site of 204. (A-C) A superposition of LCC with 204 is shown as cartoon in the middle, with LCC 

(yellow) and 204 (green) either side in the same orientation. A comparison reveals that the enzyme 204 fold has a more 

compact core, but with an additional lid domain. A PET trimer docked to LCC is shown in orange. (D-G) Surface rendering 

depicts the active site cleft of LCC (yellow) and 204 (green) with the location of the catalytic Ser shown in red. (H-I) Active site 

residues highlighted as sticks for LCC and 204. 
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Figure 3.S18. The buried active site of enzyme 202. (A) A semi-transparent surface representation reveals a helix (green 

and outlined in red dashes) and loop region (cyan) that come together to close off the active site triad which is located beneath. 

(B) Key residue interactions between the occluding helix and loop include the aromatic residues Phe271, 279 and 349. The 

model is colored by crystallographic B-factor, indicating that both helix and loop regions are potential dynamic. (C) B-factor 

colouring indicates the relative difference in flexibility between the core (blue, lower B-factors) and the helical cap (green, 

higher B-factors). (D) Despite the substantial differences to canonical PET hydrolases, a familiar active site geometry is 

retained, constituted by Ser192, Asp 319 and His348.  
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Figure 3.S19. Mini-PETase superpositions with LCC. Cartoon representations are shown with LCC in yellow with a docked 

PET trimer in orange sticks. (A, B, C) Superposition of 307 (blue, active on PET), 201 (green, not experimentally validated to 

be an active PET hydrolase), and 305 (light blue, active on PET) with LCC. (D, E, F). Individual enzymes 307, 201, and 305 

shown with predicted active site catalytic residues highlighted in red sticks. 
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Figure. 3. S20. Truncated carboxylesterase scaffolds. (A) The group 1 enzymes are homologues to carboxylesterases 

such as the EST55 enzyme from Geobacillus stearothermophilus (55), a 3-domain protein with catalytic (orange), regulatory 

(yellow) and a distinct / (blue) components. The active site residues, highlighted in red sticks within the dashed area, are 

contributed by the catalytic and regulatory domains. (B) The Bacillus subtilis p-nitrobenzylesterase BsEstB enzyme was 

previously shown to have activity on PET (56) thus an AlphaFold model was generated for comparison (Enzyme PnbA, 

Genbank: HM040886.1), revealing the same overall fold as the EST55 enzyme (RMSD of 0.69 Å) with only minor differences, 

mainly in loop regions. (C) Enzyme 101 has a highly truncated catalytic domain (pink) as compared to the EST55 and BsEstB 

enzymes (orange and green in A and B, respectively), but does have alternative versions of both the regulatory and / 

domains. (D) Enzyme 102 is similar to 101 but lacks the regulatory domain all together. (E-H) Comparisons of predicted active 

site residues in EST55, BsEstB, 101, and 102 enzymes. While EST55 and BsEstB have well defined triads, enzyme 101 lacks 

an obvious His residue in the vicinity of the catalytic Ser, and 102 lacks both His and Glu residues in the canonical positions. 

While the Ser position is conserved across this group, further studies will be required to define the mechanism of these highly 

truncated thermotolerant versions. 
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Figure 3.S21. Performance of Hidden Markov model (HMM) in predicting PET hydrolase activity (A) Relationship 

between HMM scores and PET-hydrolase activity. HMM scores were derived by searching HMMs constructed from 

experimentally confirmed PET hydrolases against a dataset of 60 PET hydrolases and 19 inactive homologs. The analysis 

was done with fivefold cross-validation such that sequences used in evaluating the HMM were absent from the training set. 

The maximum PET-hydrolase activity observed for the enzymes assayed in this study is shown on the y-axis, and was 

measured as the total amount of aromatic products (BHET, MHET, TPA) released in mg/L (Figure. 3. 2, Table. 3. SD3). The 

Spearman (ρ) and Pearson (r) correlation coefficient are reported for the data and show a weak relationship between 

experimental activity and the alignment scores. (B) Relationship between the HMM score difference and PET-hydrolase 

activity. The HMM score difference is derived as the difference between the score obtained by a search against the HMM built 

on active PETases and the score obtained by a search against the HMM built on inactive homologs. See Supplementary 

Methods and Materials. (C) Receiver operating characteristic (ROC) curve showing the true positive rate and false positive 

rate obtained from classifying sequences as PETase or non-PETase with varying thresholds of the HMM scores. While a 

random classifier would be described by the 45° line and an area under the curve (AUC) of 0.5, a hypothetically perfect 

classifier would be described by the dashed curve and an AUC of 1.0. Classification using HMM scores performs only slightly 

better than random prediction (0.581), and the HMM difference method performs worse than random prediction (AUC=0.448). 

(D) Chi-squared test of independence on amino acid distribution at residue positions in the alignment. A structure-based 

alignment of 60 PET hydrolases and 19 inactive homologs was performed (1,242 positions) and positions with gaps in more 

than 90% of sequences were removed (437 positions remaining, x-axes). For each position, Chi-squared test of independence 

was conducted to test the hypothesis that the amino acid distribution at that position is significantly different between the sub-

alignment of active PETases and the sub-alignment of inactive homologs. The p-value of the Chi-squared test is shown on the 

y-axes, and no position in the alignment shows statistically significant (p < 0.01) difference between PET-hydrolases and 

inactive homologs. The first plot above (purple) shows the results of the test for the distribution of 20 canonical amino acids at 

each position. The plot below (blue) shows the results of the test for the distribution of five amino acid types at each position. 

Amino acid types were formulated as follows: (aliphatic: Ala, Gly, Val, Leu, Ile, Met, Cys, Pro; aromatic: Phe, Trp, Tyr, His; 

positive: Arg, Lys; negative: Asp, Glu; polar: Asn, Gln, Ser, Thr). 
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Figure 3.S22. Dynamic image analysis of amorphous and crystalline PET powders. (A) Population distributions of (A) 

particle cross-sectional area and (B) aspect ratio (breadth/length), for the commercial crystalline PET powder (green) and the 

in-house cryo-milled amorphous PET powder (red). In (A), x_area is the radius of a circle within the equivalent cross-sectional 

area as the particle. The analysis reveals that the two powders have similar cross-sectional area distributions, but the 

amorphous particles are more elongated. (C) DSC analysis of samples evaluated in triplicate for determination of PET 

crystallinity. 
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3.10.4 SI Appendix Tables 

Table. 3. S1. List of experimentally verified PET hydrolases at the time of this study. The HMM column 

shows the 17 sequences used in constructing the HMM, which were among the PET hydrolases known at the 

time of the initial enzyme candidate selection (see Supplementary Materials and Methods). The Candidate 

Enzyme ID column shows the identifier for sequences that are also contained in our set of 74 putative PET 

hydrolases. 

 
Organism Name Accession HMM 

Candidate 

Enzyme ID 
References 

1 Ideonella sakaiensis IsPETase GAP38373.1 1 
 

(57-60) 

2 Thermobifida fusca DSM43793 
BTA-1 (TfH, Tfu_0883, 

Cut2) 
WP_011291330.1 2 715 (58, 59, 61-67) 

 

3 Uncultured bacterium LCC AEV21261 3 501 (58, 59, 68, 69) 

4 Fusarium solani pisi FsC 1CEX_A 4 
 

(58, 59, 63, 70-

72) 

5 Thermobifida cellulosilytica DSM44535 Thc_cut1 ADV92526.1 5 
 

(59, 73) 

6 Thermobifida cellulosilytica DSM44535 Thc_cut2 ADV92527.1 6 716 (DM) (59, 73, 74) 

7 Thermobifida fusca DSM44342 Thf42_cut1 ADV92528.1 7 703 (59, 73) 

8 Thermobifida alba Tha_cut1 ADV92525.1 8 707 (59, 75) 

9 Thermobifida halotolerans DSM44931 Thh_Est AFA45122.1 9 710 (43, 59) 

10 Saccharomonospora viridus AHK190 Cut190 BAO42836.1 10 
 

(59, 76) 

11 Humicola insolens HiC 4OYY_A 11 
 

(59, 72, 75) 

12 Bacillus subtilis BsEstB ADH43200.1 12 
 

(56, 59) 

13 Thermonospora curvata DSM43183 Tcur1278 CDN67545.1 13 601 (77) 
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14 Uncultured bacterium PET2 (lipIAF5-2) ACC95208.1 14 401 (78, 79) 

15 Oleispira anarctica RB-8 PET5 (lipA) CCK74972.1 15 
 

(78) 

16 Vibrio gazogenes PET6 WP_021018894.1 16 
 

(78) 

17 Polyangium brachysporum PET12 (AAW51_2473) WP_047194864.1 17 
 

(78) 

18 Thermonospora curvata DSM43183 Tcur0390 CDN67546.1 
 

602 (77) 

19 Thermobifida fusca KW3 TfCut1 CBY05529.1 
 

704 (67) 

20 Thermobifida fusca BTA2 CAH17554.1 
 

706 (58, 66, 67) 

21 Thermobifida fusca KW3 TfCut2 CBY05530.1  
 

714 (67, 80-82) 

22 Thermobifida fusca YX Tf_0882 (Cut1) AAZ54920.1 
 

705 (64, 67, 83) 

23 Streptomyces scabiei Sub1 QEX94755.1 
  

(84) 

24 Clostridium botulinum ATCC3502 Cbotu_EstA AKZ20828.1 
  

(27) 

25 Bacterium HR29 BhrPETase GBD22443.1 
  

(85) 

26 Pseudomonas aestusnigri Pe-H 6SBN_A 
  

(86) 

27 Aequorivita sp. CIP111184 PET27 WP_111881932.1  
  

(87) 

28 Chryseobacterium (Kaistella) jeonii PET30 WP_039353427.1 
  

(87) 

29 Compost metagenome PHL1 LT571440  
  

(88) 

30 Compost metagenome PHL2 LT571441 
  

(88) 

31 Compost metagenome PHL3 LT571442 
  

(88) 

32 Compost metagenome PHL4 LT571443 
  

(88) 

33 Compost metagenome PHL5 LT571444 
  

(88) 
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34 Compost metagenome PHL6 LT571445 
  

(88) 

35 Compost metagenome PHL7 LT571446 
  

(88) 

36 Thermobifida alba AHK119 Est119 (Est2) BAK48590.1  717 (89) 
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Table. 3. S2. JGI IMG metagenomes from which putative sequences were derived. These metagenomes 

comprised a total of 38 million sequences, which were searched against the PETase HMM to derive putative 

PET hydrolases. The rows that are bolded in the Scaffold Key column highlight metagenomes from which the 

JGI candidates in our dataset (27 out of 74) were derived. 

Scaffold Key 

IMG 

Genome ID 

Gold Ecosystem 

Type 

Geographic 

Location 

Sample Temp. 

 

Sample pH 

Deep 3300001781 Marine Cayman Islands, UK - - 

Ga0063234 3300005209 Thermal springs Yellowstone National Park, USA - - 

Ga0063235 3300004269 Thermal springs Yellowstone National Park, USA - 
 

Ga0073359 3300005292 Thermal springs Yellowstone National Park, USA - 
 

Ga0073360 3300005291 Thermal springs Yellowstone National Park, USA - 
 

Ga0073929 3300007070 Thermal springs British Columbia, Canada 66.4 7.93 

Ga0073930 3300007071 Thermal springs British Columbia, Canada 64.7 7.94 

Ga0073931 3300006951 Thermal springs British Columbia, Canada 85.9 7.08 

Ga0073932 3300007072 Thermal springs British Columbia, Canada 64.7 7.94 

Ga0073933 3300006945 Thermal springs British Columbia, Canada 44.5 8.15 

Ga0073934 3300006865 Thermal springs British Columbia, Canada 33.1 7.16 

Ga0074394 3300005396 Thermal springs Yellowstone National Park, USA - - 

Ga0079041 3300006857 Thermal springs Yellowstone National Park, USA - - 

Ga0079042 3300006181 Thermal springs Yellowstone National Park, USA - - 

Ga0079043 3300006179 Thermal springs Yellowstone National Park, USA - - 

Ga0079044 3300006855 Thermal springs Yellowstone National Park, USA - - 
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Ga0079046 3300006859 Thermal springs Yellowstone National Park, USA - - 

Ga0079048 3300006858 Thermal springs Yellowstone National Park, USA - - 

Ga0105154 3300009598 Thermal springs Sandy's Spring West, Nevada, USA 86.6 7.03 

Ga0105155 3300009591 Thermal springs Sandy's Spring West, Nevada, USA 86.6 7.03 

Ga0105156 3300009596 Thermal springs Sandy's Spring West, Nevada, USA 86.6 7.03 

Ga0105158 3300008019 Thermal springs Little Hot Creek, California, USA 81.1 6.83 

Ga0105159 3300009590 Thermal springs Little Hot Creek, California, USA 81.1 6.83 

Ga0105160 3300009585 Thermal springs Gongxiaoshe Hot Spring, China 73.8 7.29 

Ga0105161 3300009013 Thermal springs Gongxiaoshe Hot Spring, China 71.7 7.46 

Ga0105162 3300008000 Thermal springs Baoshan, Yunnan, China 78.2 6.65 

Ga0105163 3300007999 Thermal springs Baoshan, Yunnan, China 81.6 6.71 

Ga0114943 3300009626 Thermal springs Beatty, Nevada, USA - - 

Ga0114944 3300009691 Thermal springs Beatty, Nevada, USA - - 

Ga0114945 3300009444 Thermal springs Beatty, Nevada, USA - - 

Ga0116196 3300010393 Thermal springs Zodletone Spring, Oklahoma, USA 10.0 7.50 

Ga0116197 3300010317 Thermal springs Zodletone Spring, Oklahoma, USA 10.0 7.50 

Ga0116210 3300010288 Thermal springs Tshipise, South Africa - - 

Ga0116211 3300010313 Thermal springs Limpopo, South Africa - - 

Ga0123519 3300009503 Thermal springs Yellowstone National Park, USA - - 

Ga0129299 3300010289 Thermal springs California, USA 45.6 8.08 
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Ga0129301 3300010284 Thermal springs California, USA 45.6 8.08 

Ga0129302 3300010291 Thermal springs California, USA - 7.48 

Ga0137047 3300010484 Thermal springs British Columbia, Canada 85.9 7.08 

Ga0137159 3300010494 Thermal springs British Columbia, Canada 85.9 7.08 

Ga0137169 3300010514 Thermal springs British Columbia, Canada 85.9 7.08 

Ga0137224 3300010600 Thermal springs British Columbia, Canada 85.9 
 

Ga0137240 3300010575 Thermal springs British Columbia, Canada 85.9 7.08 

Ga0167615 3300013009 Thermal springs Yellowstone National Park, USA 68.0 3.00 

Ga0167616 3300013008 Thermal springs Yellowstone National Park, USA 78.0 3.00 

Ga0170330 3300013082 Thermal springs British Columbia, Canada 85.9 7.08 

Ga0170563 3300013084 Thermal springs British Columbia, Canada 85.9 7.08 

Ga0170564 3300013085 Thermal springs British Columbia, Canada 85.9 7.08 

GxsBSedJan11 3300000865 Thermal springs Gongxiaoshe pool, Tengchong, China 73.8 7.29 

JGI20127J14776 3300001382 Thermal springs Yellowstone National Park, USA - - 

JGI20128J18817 3300001684 
Non-marine saline and 

alkaline 
Yellowstone National Park, USA - - 

JGI20132J14458 3300001339 Thermal springs Yellowstone National Park, USA 83.0 8.60 

JGI24227J36426 3300002555 Thermal springs Yellowstone National Park, USA - - 

JGI24228J36427 3300002539 Thermal springs Yellowstone National Park, USA - - 

JGI24229J36425 3300002556 Thermal springs Yellowstone National Park, USA - - 

JGI24230J36428 3300002540 Thermal springs Yellowstone National Park, USA - - 
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JGI24231J26847 3300002208 Thermal springs Yellowstone National Park, USA - - 

JGI24717J26846 3300002207 Thermal springs Yellowstone National Park, USA - - 

JGI24718J22297 3300001986 Thermal springs Yellowstone National Park, USA - - 

JGI24721J26819 3300002182 Thermal springs Yellowstone National Park, USA - - 

JGI24721J44947 3300005573 Thermal springs Yellowstone National Park, USA - - 

JGI26464J51801 3300003604 Thermal springs Yellowstone National Park, USA - - 

JGI26465J51735 3300003598 Thermal springs Yellowstone National Park, USA - - 

JGI26466J51736 3300003603 Thermal springs Yellowstone National Park, USA -- - 

JGIcombinedJ22296 3300001987 Thermal springs Yellowstone National Park, USA - - 

JzSedJan11 3300000866 Thermal springs Baoshan, Yunnan, China 81.6 6.71 

shallow 3300001835 Marine Cayman Islands, UK - - 

YNP11 2014031007 Thermal springs Yellowstone National Park, USA 82.0 7.90 

YNP15294550 2015219002 Thermal springs Yellowstone National Park, USA 59.9 8.20 

YNP15490790 2015219002 Thermal springs Yellowstone National Park, USA 59.9 8.20 

YNP16 2016842003 Thermal springs Yellowstone National Park, USA 36.0 9.10 

YNP17 2016842005 Thermal springs Yellowstone National Park, USA 56.0 5.70 

YNP18 2016842004 Thermal springs Yellowstone National Park, USA 76.0 6.40 

YNP20 2016842008 Thermal springs Yellowstone National Park, USA 52.0 6.30 

YNP3 2014031003 Thermal springs Yellowstone National Park, USA 80.0 4.00 

YNP3A 2016842001 Thermal springs Yellowstone National Park, USA 80.0 4.00 
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YNP6 2013515000 Thermal springs Yellowstone National Park, USA 50.0 - 

YNP7 2014031006 Thermal springs Yellowstone National Park, USA 52.9 6.00 

YNPsite05 2022920003 Thermal springs Yellowstone National Park, USA 57.6 6.20 

YNPsite06 2022920004 Thermal springs Yellowstone National Park, USA 50.0 - 

YNPsite07 2022920013 Thermal springs Yellowstone National Park, USA 52.9 6.00 

YNPsite11 2022920012 Thermal springs Yellowstone National Park, USA 82.0 7.90 

YNPsite15 2022920016 Thermal springs Yellowstone National Park, USA 59.9 8.20 

YNPsite16 2022920018 Thermal springs Yellowstone National Park, USA 36.0 

 

9.10 

YNPsite17 2022920021 Thermal springs Yellowstone National Park, USA 56.0 5.70 

YNPsite18 2022920019 Thermal springs Yellowstone National Park, USA 76.0 6.40 

YNPsite20 2022920020 Thermal springs Yellowstone National Park, USA 52.0 6.20 
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Table. 3. S3. Organism and sequence dataset used in machine learning prediction of thermophilicity 

(ThermoProt). Details of the sequence selection and machine learning are in the Supplementary Materials and 

Methods. 

 
Organism Group 

Growth/Optimum 

Temp (oC) 
Number of 

Proteins 
Class Used in 

NCBI BacDive 

1 Psychroflexus torquis Bacteria 0-15 4 9,953 Psychrophilic Validation 

2 Moritella sp. Bacteria 5-8 5 31,433 Psychrophilic Validation 

3 Colwellia psychrerythraea Bacteria 8 10 31,845 Psychrophilic Validation 

4 Rhodonellum psychrophilum Bacteria 5 5 - 28 5,035 Psychrophilic Testing 

5 Vibrio mediterranei Bacteria 26 25-28 48,521 Mesophilic Validation 

6 Parvimonas micra Bacteria 37 37 12,460 Mesophilic Validation 

7 Aeromonas enteropelogenes Bacteria 36 30 27,934 Mesophilic Validation 

8 Methylobacillus flagellatus Bacteria 30 - 42 30 5,743 Mesophilic Testing 

9 Thermogemmatispora onikobensis Bacteria 60-65 60-65 4,255 Thermophilic Validation 

10 Thermovenabulum gondwanense Bacteria 65 65 4,424 Thermophilic Validation 

11 Acidianus brierleyi Archaea 70 70 10,479 Thermophilic Validation 

12 Metallosphaera sedula Archaea 70 65 18,352 Thermophilic Validation 

13 Thermomicrobium roseum Bacteria 70 70 5,641 Thermophilic Validation 

14 Thermobifida fusca Bacteria 50-55 45-60 19,415 Thermophilic Validation 

15 Ardenticatena maritima Bacteria 60 62 - 65 8,881 Thermophilic Testing 

16 Methanocaldococcus vulcanius Archaea 80 80 3,446 Hyperthermophilic Validation 
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17 Thermococcus sp. Archaea 85 80 39,447 Hyperthermophilic Validation 

18 Vulcanisaeta distributa Archaea 85-90 90 4,921 Hyperthermophilic Validation 

19 Geoglobus ahangari Archaea 88 85 3,958 Hyperthermophilic Validation 

20 Thermococcus guaymasensis Archaea 88 88 4,121 Hyperthermophilic Validation 

21 Aeropyrum pernix Archaea 90-95 90-95 18,861 Hyperthermophilic Validation 

22 Pyrococcus kukulkanii Archaea 105 105 4,061 Hyperthermophilic Validation 

23 Pyrolobus fumarii Archaea 106 103 3,875 Hyperthermophilic Validation 

24 Thermotoga petrophila Bacteria 80 80 2,640 Hyperthermophilic Testing 
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Table. 3. S4. Sequence features used in machine-learning prediction of thermophilicity (ThermoProt). 

The last column shows the Spearman correlation coefficient between the computed features and the 

thermostability class (psychrophilic=1, mesophilic=2, thermophilic=3, hyperthermophilic=4).  

 Feature Description Correlation (ρ) 

1 A composition 
𝑛𝐴

𝑛𝑡𝑜𝑡𝑎𝑙
⁄  0.013 

2 C composition 
𝑛𝐶

𝑛𝑡𝑜𝑡𝑎𝑙
⁄  -0.081 

3 D composition 
𝑛𝐷

𝑛𝑡𝑜𝑡𝑎𝑙
⁄  -0.158 

4 E composition 
𝑛𝐸

𝑛𝑡𝑜𝑡𝑎𝑙
⁄  0.216 

5 F composition 
𝑛𝐹

𝑛𝑡𝑜𝑡𝑎𝑙
⁄  -0.137 

6 G composition 
𝑛𝐺

𝑛𝑡𝑜𝑡𝑎𝑙
⁄  0.201 

7 H composition 
𝑛𝐻

𝑛𝑡𝑜𝑡𝑎𝑙
⁄  -0.162 

8 I composition 
𝑛𝐼

𝑛𝑡𝑜𝑡𝑎𝑙
⁄  0.010 

9 K composition 
𝑛𝐾

𝑛𝑡𝑜𝑡𝑎𝑙
⁄  -0.085 

10 L composition 
𝑛𝐿

𝑛𝑡𝑜𝑡𝑎𝑙
⁄  0.071 

11 M composition 
𝑛𝑀

𝑛𝑡𝑜𝑡𝑎𝑙
⁄  -0.039 

12 N composition 
𝑛𝑁

𝑛𝑡𝑜𝑡𝑎𝑙
⁄  -0.318 

13 P composition 
𝑛𝑃

𝑛𝑡𝑜𝑡𝑎𝑙
⁄  0.196 

14 Q composition 
𝑛𝑄

𝑛𝑡𝑜𝑡𝑎𝑙
⁄  -0.427 

15 R composition 
𝑛𝑅

𝑛𝑡𝑜𝑡𝑎𝑙
⁄  0.358 

16 S composition 
𝑛𝑆

𝑛𝑡𝑜𝑡𝑎𝑙
⁄  -0.258 

17 T composition 
𝑛𝑇

𝑛𝑡𝑜𝑡𝑎𝑙
⁄  -0.182 
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18 V composition 
𝑛𝑉

𝑛𝑡𝑜𝑡𝑎𝑙
⁄  0.316 

19 W composition 
𝑛𝑊

𝑛𝑡𝑜𝑡𝑎𝑙
⁄  0.024 

20 Y composition 
𝑛𝑌

𝑛𝑡𝑜𝑡𝑎𝑙
⁄  0.088 

21 AA 0-gap dipeptide composition 
𝑛𝐴𝐴

(𝑛𝑡𝑜𝑡𝑎𝑙 − 1)⁄  -0.033 

22 RE 0-gap dipeptide composition 
𝑛𝑅𝐸

(𝑛𝑡𝑜𝑡𝑎𝑙 − 1)⁄  0.274 

23 RR 0-gap dipeptide composition 
𝑛𝑅𝑅

(𝑛𝑡𝑜𝑡𝑎𝑙 − 1)⁄  0.272 

24 EQ 0-gap dipeptide composition 
𝑛𝐸𝑄

(𝑛𝑡𝑜𝑡𝑎𝑙 − 1)⁄  -0.230 

25 QA 0-gap dipeptide composition 
𝑛𝑄𝐴

(𝑛𝑡𝑜𝑡𝑎𝑙 − 1)⁄  -0.198 

26 KQ 0-gap dipeptide composition 
𝑛𝐾𝑄

(𝑛𝑡𝑜𝑡𝑎𝑙 − 1)⁄  -0.240 

27 R*R 1-gap dipeptide composition 
𝑛𝑅∗𝑅

(𝑛𝑡𝑜𝑡𝑎𝑙 − 2)⁄  0.187 

28 A**R 2-gap dipeptide composition 
𝑛𝐴∗∗𝑅

(𝑛𝑡𝑜𝑡𝑎𝑙 − 3)⁄  0.095 

29 L**Q 2-gap dipeptide composition 
𝑛𝐿∗∗𝑄

(𝑛𝑡𝑜𝑡𝑎𝑙 − 3)⁄  -0.302 

30 R**R 2-gap dipeptide composition 
𝑛𝑅∗∗𝑅

(𝑛𝑡𝑜𝑡𝑎𝑙 − 3)⁄  0.259 

31 Acidic residue composition 
∑

𝑛𝑥
𝑛𝑡𝑜𝑡𝑎𝑙

⁄   

for x in [D,E] 

0.081 

32 Basic residue composition 
∑

𝑛𝑥
𝑛𝑡𝑜𝑡𝑎𝑙

⁄   

for x in [K,R,H] 

0.141 

33 Non-polar residue composition 
∑

𝑛𝑥
𝑛𝑡𝑜𝑡𝑎𝑙

⁄   

for x in [A,G,I,L,M,F,P,W,V] 

0.231 

34 Cyclic residue composition 
∑

𝑛𝑥
𝑛𝑡𝑜𝑡𝑎𝑙

⁄   

 for x in [F,Y,W,P,H] 

0.021 

35 Aliphatic residue composition 
∑

𝑛𝑥
𝑛𝑡𝑜𝑡𝑎𝑙

⁄   

for x in [A,G,I,L,V] 

0.248 

36 Aromatic residue composition 
∑

𝑛𝑥
𝑛𝑡𝑜𝑡𝑎𝑙

⁄   

for x in [H,F,W,Y] 

-0.094 

37 Charged residue composition 
∑

𝑛𝑥
𝑛𝑡𝑜𝑡𝑎𝑙

⁄   

for x in [D,E,K,R,H] 

0.131 

38 Basic/acidic ratio 𝐵𝑎𝑠𝑖𝑐
𝐴𝑐𝑖𝑑𝑖𝑐⁄  0.019 

39 Non-polar/polar ratio 
𝑁𝑜𝑛−𝑝𝑜𝑙𝑎𝑟

(1 − 𝑁𝑜𝑛−𝑝𝑜𝑙𝑎𝑟)⁄  0.192 

40 Cyclic/acyclic ratio 
𝐶𝑦𝑐𝑙𝑖𝑐

(1 − 𝐶𝑦𝑐𝑙𝑖𝑐)⁄  0.023 

41 Charged/non-charged ratio 
𝐶ℎ𝑎𝑟𝑔𝑒𝑑

(1 − 𝐶ℎ𝑎𝑟𝑔𝑒𝑑)⁄  0.152 

42 EFMR composition 
∑

𝑛𝑥
𝑛𝑡𝑜𝑡𝑎𝑙

⁄   

for x in [E, F, M, R] 

0.310 

43 

(E+K)/(Q+H)  

 

𝑛𝐸 + 𝑛𝐾

𝑛𝑄 + 𝑛𝐻

 0.290 

44 Charged vs. polar 
∑

𝑛𝑥
𝑛𝑡𝑜𝑡𝑎𝑙

⁄ −  ∑
𝑛𝑦

𝑛𝑡𝑜𝑡𝑎𝑙
⁄  

for x in [D,E,K,R], for y in [N,Q,S,T] 

0.396 

45 IVYWREL composition 
∑

𝑛𝑥
𝑛𝑡𝑜𝑡𝑎𝑙

⁄   

for x in [I,V,Y,W,R,E,L] 

0.525 

46 Tiny residues composition 
∑

𝑛𝑥
𝑛𝑡𝑜𝑡𝑎𝑙

⁄   

for x in [A,G,P,S] 

0.062 

47 Small residues (TD) composition 
∑

𝑛𝑥
𝑛𝑡𝑜𝑡𝑎𝑙

⁄   

for x in [T,D] 

-0.246 

48 Average maximum ASA ∑(𝑛𝑥
𝑛𝑡𝑜𝑡𝑎𝑙

⁄ × 𝐴𝑥) 0.023 



 

 
154 

for x in all 20 amino acids, Ax is the maximum solvent 

accessible surface area of amino acid, x. 

49 Molecular weight (kDa) 

∑(𝑛𝑥 × 𝑊𝑥) 

for x in all 20 amino acids, Wx is the molecular weight of 

amino acid, x. 

-0.063 

50 Heat capacity 

∑(𝑛𝑥
𝑛𝑡𝑜𝑡𝑎𝑙

⁄ × 𝑐𝑥) 

for x in all 20 amino acids, cx is heat capacity of amino 

acid, x. 

-0.178 
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Table. 3. S5. Accuracy (%) of binary classifiers in discriminating psychrophilic from mesophilic proteins 

(PM), mesophilic from thermophilic proteins (MT), thermophilic from hyperthermophilic proteins (TH), 

and mesophilic from thermophilic and hyperthermophilic proteins (MTH). Errors represent one standard 

deviation over fivefold cross-validation on the dataset of 32,000 proteins. 

 
PM MT TH MTH 

Logistic 

regression 

71.0 ± 0.9 80.5 ± 0.9 76.6 ± 0.2 82.4 ± 0.8 

KNN 69.6 ± 0.8 83.3 ± 0.4 81.0 ± 0.9 83.6 ± 0.3 

Naïve Bayes 68.0 ± 0.9 73.9 ± 0.7 70.8 ± 0.6 77.0 ± 1.2 

Random 

forests 

73.0 ± 0.6 84.5 ± 0.5 82.9 ± 0.5 85.2 ± 0.5 

SVM (RBF 

kernel) 
74.0 ± 0.5 85.5 ± 0.4 83.3 ± 0.6 86.6 ± 0.8 

 

Table. 3. S6. Validation performance of the SVM (ThermoProt) measured over fivefold cross-validation.  

 
PM MT TH MTH 

Accuracy 74.0 ± 0.5 85.5 ± 0.4 83.3 ± 0.6 86.6 ± 0.8 

True positive rate 76.2 ± 0.7 86.1 ± 0.5 80.5 ± 0.5 87.0 ± 1.2 

True negative rate 72.1 ± 0.5 85.0 ± 0.5 86.6 ± 1.5 86.3 ± 0.9 

Matthew’s Correlation 

Coefficient (MCC) 
0.48 ± 0.01 0.71 ± 0.01 0.67 ± 0.01 0.73 ± 0.02 
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Table. 3. S7. Accuracy of ThermoProt on the separate testing dataset of 22,299 proteins. 

Organism 

Accuracy 

PM MT TH MTH 

R. psychrophilum (P) 75.0 - - - 

M. flagellatus (M) 87.1 80.1 - 82.5 

A. maritima (T) - 80.2 85.8 77.2 

T. petrophila (H) - - 86.1 86.9 
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Table. 3. S8. Maximum sequence identity between 37 experimentally confirmed PET hydrolases 

presented in this study (Table. 3. S10) as well as enzyme 709, which was previously reported as an active 

PET hydrolase (Thh_Est) but did not show activity in our assay conditions, and previously reported PET 

hydrolases (Table. 3. S1). Sequence identities were determined from a multiple sequence alignment and the 

sequences in bold (14 sequences) are identical to previously reported PET hydrolases.  

 

Enzyme ID 

(this study) 
Most similar previously reported enzyme 

Maximum sequence 

identity (%) 

1 101 BsEstB 42.2 

2 102 BsEstB 39.2 

3 202 PHL7 21.6 

4 204 Pe-H 22.8 

5 211 PET5 20.5 

6 214 BTA2 20.9 

7 301 Pe-H 30.0 

8 305 Tcur1278 20.3 

9 307 Pe-H 16.9 

10 401 PET2 100.0 

11 403 PET5 65.0 

12 405 PHL2 61.5 

13 406 PET12 53.0 

14 407 PHL2 54.6 

15 409 PET30 31.7 

16 412 Thc_cut2 31.3 
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17 501 LCC 100.0 

18 503 Tcur1278 56.6 

19 504 Tcur1278 53.5 

20 601 Tcur1278 100.0 

21 602 Tcur0390 100.0 

22 606 PHL2 71.2 

23 607-nSP PHL7 68.0 

24 611 PHL7 66.0 

25 701 Thf42_cut1 99.6 

26 702 BTA-1 98.9 

27 703 Thf42_cut1 100.0 

28 704 TfCut1 100.0 

29 705 Tf_0882 100.0 

30 706 BTA2 100.0 

31 707 Tha_cut1 100.0 

32 708 Est119 95.0 

33 709 Thh_Est 100.0 

34 711 Est119 80.4 

35 714 TfCut2 100.0 

36 715 BTA-1 100.0 
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37 716 Thc_cut2 98.9 

38 717 Est119 100.0 
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Table. 3. S9. Annotated list of the 74 candidate enzymes. The HMM score column shows the alignment scores obtained by searching the HMM built with 17 

experimentally confirmed PETases against the NCBI and JGI databases. Sequences in groups 1 to 3 were retrieved from JGI IMG and the accession column shows 

the scaffold ID mapping the sequence to the corresponding metagenome (see Table. 3. S2). Sequences in groups 4 to 7 were retrieved from NCBI and the accession 

column shows the GenBank accession number. OGT indicates the optimal growth temperature, or the specific environment temperature, if available. Otherwise 

(N/A), the sequence was selected as a thermophilic enzyme by prediction with ThermoProt. Enzymes selected for additional characterization based on the predicted 

pI are highlighted in light grey. 

 Group 
Enzyme 

ID 
Accession/ID Organism 

HMM 
score 

HMM Coverage 
Sequence 

Length 
OGT (ºC) Theoretical pI 

Predicted molecular 
weight 

(w/o His tag) 

1 

1 

101 YNPsite06_CeleraDRAFT_263770 Environmental sample 34.6 5-273 301 N/A 7.10 32.2 

2 102 YNP6_02150 Environmental sample 35.1 20-228 326 N/A 5.42 31.0 

3 103 GxsBSedJan11_10003667 Environmental sample 35.3 89-393 518 73.8 6.49 55.0 

4 104 YNP16_304900 Environmental sample 30.8 86-213 366 N/A 4.97 41.0 

5 

2 

201 YNP15490790 Environmental sample 28.9 19-115 137 59.9 5.08 15.6 

6 202 YNPsite05_CeleraDRAFT_401410 Environmental sample 30.3 85-223 380 57.6 6.03 41.5 

7 203 YNP16_189140 Environmental sample 27.5 82-189 197 N/A 9.47 21.6 

8 204 YNP18_240440 Environmental sample 40.5 45-241 241 N/A 6.07 27.0 

9 205 JzSedJan11_10146151 Environmental sample 45.4 3-176 195 81.6 5.99 22.2 

10 206 JGI20127J14776_10147151 Environmental sample 37.8 46-241 241 80.0 6.33 27.0 

11 207 YNPsite18_CeleraDRAFT_262380 Environmental sample 45.8 20-213 214 N/A 6.91 24.0 

12 208 JzSedJan11_10131225 Environmental sample 37.6 20-248 256 81.6 6.51 29.0 

13 209 YNPsite20_CeleraDRAFT_325860 Environmental sample 29.8 84-222 345 N/A 5.77 37.4 

14 210 JzSedJan11_10073025 Environmental sample 28.3 33-258 275 81.6 8.98 31.5 

15 211 JzSedJan11_10004914 Environmental sample 27.5 18-244 263 81.6 8.98 30.0 

16 212 JGI20127J14776_100005829 Environmental sample 31.7 100-266 300 80.0 9.03 34.0 

17 213 JzSedJan11_10131031 Environmental sample 30.9 28-253 274 81.6 6.73 31.5 

18 214 YNPsite06_CeleraDRAFT_160970 Environmental sample 28.0 23-150 239 N/A 6.22 26.5 

19 215 GxsBSedJan11_10061611 Environmental sample 28.4 180-269 321 73.8 5.59 34.0 

20 

3 

301 YNPsite06_CeleraDRAFT_367810 Environmental sample 54.1 26-194 238 N/A 5.86 22.5 

21 302 YNPsite16_CeleraDRAFT_71360 Environmental sample 30.7 54-180 218 N/A 7.06 23.5 

22 303 YNPsite16_CeleraDRAFT_248770 Environmental sample 54.4 59-265 338 N/A 6.00 37.0 

23 304 YNP11_222720 Environmental sample 38.9 20-180 224 N/A 9.1 26.0 

24 305 GxsBSedJan11_10251181 Environmental sample 27.8 29-147 231 73.8 6.5 25.5 

25 306 GxsBSedJan11_10009658 Environmental sample 27.2 29-246 283 73.8 6.01 32.1 

26 307 JGI20132J14458_10325381 Environmental sample 30.7 11-173 177 80 9.66 21.1 

27 308 JzSedJan11_10355852 Environmental sample 27.7 13-247 283 81.6 8.35 33.0 

28 

4 

401 ACC95208.1 uncultured bacterium 360.0 21-308 308 N/A 5.40 30.0 

29 402 WP_101893885.1 Ketobacter alkanivorans 360.7 23-314 314 N/A 5.57 32.0 

30 403 RLU00646.1 Ketobacter sp. 353.9 21-312 312 N/A 4.52 31.0 

31 404 WP_012854926.1 Thermomonospora curvata 329.5 26-294 295 50.0 5.83 29.0 

32 405 WP_082414832.1 Actinobacteria bacterium 318.5 12-299 302 N/A 4.37 29.0 



 

 
161 

33 406 ODU60407.1 Comamonadaceae bacterium 298.2 22-305 305 N/A 8.30 31.5 

34 407 WP_117215036.1 Micromonosporaceae bacterium 247.8 20-298 434 N/A 7.68 41.5 

35 408 RCL73670.1 Flavobacteriales bacterium 137.9 57-279 366 N/A 4.29 40.0 

36 409 RLT92980.1 Ketobacter sp. 122.8 40-254 269 N/A 7.75 29.0 

37 410 RLT88027.1 Alcanivoracaceae bacterium 111.0 40-290 311 N/A 6.41 30.2 

38 411 RLU03930.1 Ketobacter sp. 104.9 40-269 287 N/A 4.75 29.5 

39 412 WP_101893509.1 Ketobacter alkanivorans 114.5 39-265 283 N/A 8.49 30.2 

40 413 WP_115481747.1 Robinsoniella sp. 104.2 38-299 315 N/A 9.43 34.0 

41 

5 

501 4EB0_A uncultured bacterium 355.1 22-257 258 N/A 9.32 28.0 

42 502 PKO68961.1 Betaproteobacteria bacterium 335.5 24-289 289 N/A 9.49 28.0 

43 503 EGD44994.1 Nocardioidaceae bacterium 296.7 21-293 294 N/A 5.10 28.0 

44 504 WP_062195544.1 Caldimonas taiwanensis+D57 314.9 11-292 292 55.0 9.26 29.5 

45 505 OGP67040.1 Deltaproteobacteria bacterium 228.9 7-282 282 N/A 9.26 27.5 

46 

6 

601 WP_012851645.1 Thermomonospora curvata 383.2 15-288 289 50.0 8.93 29.0 

47 602 WP_012850775.1 Thermomonospora curvata 377.4 24-291 292 50.0 6.08 29.0 

48 603 WP_119925005.1 Streptosporangiaceae bacterium 377.7 35-303 305 N/A 5.82 28.5 

49 604 WP_113973098.1 Micromonospora sp. 364.5 30-295 296 N/A 6.08 27.5 

50 605 WP_106963453.1 Actinomycetia 369.4 24-285 287 N/A 6.42 29.0 

51 606 WP_078759821.1 Marinactinospora thermotolerans 365.7 39-309 311 55.0 4.43 29.0 

52 607 WP_107095481.1 Actinobacteria bacterium 378.2 45-308 310 N/A 5.47 28.0 

53 608 WP_119951510.1 Frankiales bacterium 355.0 47-313 313 N/A 6.30 28.0 

54 609 WP_125778035.1 Promicromonosporaceae bacterium 369.3 39-306 307 N/A 5.39 28.5 

55 610 WP_125089638.1 Saccharopolyspora sp. 347.8 33-293 293 45.0 4.48 29.0 

56 611 WP_093412886.1 Saccharopolyspora flava 353.5 32-293 293 45.0 4.31 28.5 

57 612 OWY58880.1 cyanobacterium TDX16 214.0 1-175 175 N/A 6.4 19.0 

58 

7 

701 WP_104613137.1 Thermobifida fusca 435.8 28-301 301 50.0 8.52 29.0 

59 702 ADM47605.1 Thermobifida fusca 433.5 2-262 262 50.0 6.3 29.0 

60 703 ADV92528.1 Thermobifida fusca 432.0 2-262 262 50.0 7.02 28.5 

61 704 CBY05529.1 Thermobifida fusca 430.5 46-319 319 50.0 8.50 29.0 

62 705 AAZ54920.1 Thermobifida fusca 426.2 48-319 319 50.0 6.97 29.0 

63 706 CAH17554.1 Thermobifida fusca 425.6 30-301 301 50.0 8.5 29.0 

64 707 ADV92525.1 Thermobifida alba 424.8 2-262 262 50.0 6.59 28.5 

65 708 BAI99230.2 Thermobifida alba 414.4 23-287 296 50.0 5.74 29.0 

66 709 WP_068752972.1 Thermobifida cellulosilytica 411.8 25-300 300 50.0 6.30 29.0 

67 710 AFA45122.1 Thermobifida halotolerans 405.8 2-262 262 50.0 5.24 29.0 

68 711 WP_083947829.1 Thermobifida cellulosilytica 403.9 11-284 284 50.0 5.87 29.0 

69 712 RII04304.1 Thermobifida halotolerans 182.2 28-162 162 50.0 4.47 13.0 

70 713 RII04310.1 Thermobifida halotolerans 180.9 35-168 168 50.0 4.67 13.5 

71 714 CDN67547.1 Thermobifida fusca 437.5 1-261 262 50.0 6.59 29.0 

72 715 ALF04778.1 Thermobifida fusca 437.2 1-261 269 50.0 6.30 28.5 

73 716 5LUK_A Thermobifida cellulosilytica 426.6 2-262 265 50.0 6.21 29.0 

74 717 3VIS_A Thermobifida alba 408.1 31-306 306 50.0 5.96 29.0 
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Table. 3. S10. ESTHER family classification and EC number prediction of candidate sequences with 

experimental PET hydrolase activity. Each sequence was searched against the families in ESTHER database 

with HMMER (http://bioweb.supagro.inra.fr/ESTHER/general?what=index). The top ESTHER family returned by 

the search, the search E-value, and the associated EC number are reported. All sequence candidates sourced 

from NCBI with high HMM scores fall into the polyesterase-lipase-cutinase family with E-values of 1.0e-45 or 

better, as is typical of canonical PET hydrolases. Sequence candidates sourced from JGI IMG with lower HMM 

scores fall into different ESTHER families and are associated with carboxyl ester hydrolase (3.1.1.-) or peptidase 

(3.4.-.-) activities. Each sequence was also searched against the SwissProt database using BLAST and the best 

hit with annotated E.C number is shown. The deep-learning method, DeepEC, was additionally applied to predict 

E.C. numbers of the sequence and the E.C number with the highest predicted probability is reported. 

 

Enzyme 

ID 
Top ESTHER family ESTHER E-value 

ESTHER 

EC number 

E-value of 

SwissProt 

top hit 

EC number of 

SwissProt 

top hit 

DeepEC 

predicted 

EC number 

1 101 Carb_B_root 1.7e-86 3.1.1.1 5.0e-49 3.1.1.87 3.1.1.- 

2 102 Carb_B_Bacteria 6.2e-101 3.1.1.1 1.9e-65 3.1.1.87 3.1.1.- 

3 202 Xaa-Pro_like_dom 1.0e-52 3.4.14.11 5.1e-17 3.1.-.- 3.7.1.- 

4 204 5_AlphaBeta_hydrolase 1.9E-29 - 7.8E-08 3.1.1.23 2.3.1 

5 211 Abhydrolase_5 2E-33 - 3.0E-09 3.4.21.- 3.1.1.- 

6 214 Xaa-Pro_like_dom 1.3E-45 3.4.14.11 3.0e-17 3.1.-.- 4.2.99 

7 301 Chlorophyllase 2.7e-27 3.1.1.14 3.3e-12 3.1.1.74 3.1.1.- 

8 305 Duf_1400 8.3e-68 - 1.8e-04 3.1.1.14 3.1.1.- 

9 307 Duf_1100-S 6.4e-22 - 3.1e-05 3.4.14.- 3.1.1.- 

10 401 Polyesterase-lipase-cutinase 4.40E-97 3.1.1.74 4.10E-88 3.1.1.74 3.1.1.- 

11 403 Polyesterase-lipase-cutinase 8.30E-105 3.1.1.74 4.40E-88 3.1.1.74 3.1.1.- 

12 405 Polyesterase-lipase-cutinase 1.10E-106 3.1.1.74 1.30E-80 3.1.1.101 3.1.1.- 

13 406 Polyesterase-lipase-cutinase 5.20E-92 3.1.1.74 5.60E-84 3.1.1.74 3.1.1.- 

http://bioweb.supagro.inra.fr/ESTHER/general?what=index
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14 407 Polyesterase-lipase-cutinase 7.10E-88 3.1.1.74 4.50E-64 3.1.1.101 3.1.1.- 

15 409 Polyesterase-lipase-cutinase 1.30E-48 3.1.1.74 3.10E-40 3.1.1.74 3.1.1.- 

16 412 Polyesterase-lipase-cutinase 1.60E-45 3.1.1.74 1.40E-38 3.1.1.74 3.1.1.- 

17 501 Polyesterase-lipase-cutinase 6.10E-120 3.1.1.74 0.0 3.1.1.101 3.1.1.- 

18 503 Polyesterase-lipase-cutinase 3.50E-105 3.1.1.74 1.70E-89 3.1.1.101 3.1.1.- 

19 504 Polyesterase-lipase-cutinase 7.30E-101 3.1.1.74 1.40E-90 3.1.1.74 3.1.1.- 

20 601 Polyesterase-lipase-cutinase 2.00E-134 3.1.1.74 1.10E-98 3.1.1.101 3.1.1.- 

21 602 Polyesterase-lipase-cutinase 2.40E-130 3.1.1.74 1.10E-98 3.1.1.101 3.1.1.- 

22 606 Polyesterase-lipase-cutinase 7.60E-122 3.1.1.74 9.70E-95 3.1.1.101 3.1.1.- 

23 607-nSP Polyesterase-lipase-cutinase 4.20E-133 3.1.1.74 1.30E-97 3.1.1.101 3.1.1.- 

24 611 Polyesterase-lipase-cutinase 1.50E-117 3.1.1.74 1.20E-87 3.1.1.101 3.1.1.- 

25 701 Polyesterase-lipase-cutinase 7.10E-136 3.1.1.74 7.00E-102 3.1.1.101 3.1.1.- 

26 702 Polyesterase-lipase-cutinase 2.30E-135 3.1.1.74 1.50E-103 3.1.1.101 3.1.1.- 

27 703 Polyesterase-lipase-cutinase 6.50E-136 3.1.1.74 1.40E-101 3.1.1.101 3.1.1.- 

28 704 Polyesterase-lipase-cutinase 2.50E-136 3.1.1.74 9.90E-102 3.1.1.101 3.1.1.- 

29 705 Polyesterase-lipase-cutinase 1.10E-136 3.1.1.74 2.00E-101 3.1.1.101 3.1.1.- 

30 706 Polyesterase-lipase-cutinase 1.10E-136 3.1.1.74 4.00E-101 3.1.1.101 3.1.1.- 

31 707 Polyesterase-lipase-cutinase 4.40E-132 3.1.1.74 2.00E-101 3.1.1.101 3.1.1.- 

32 708 Polyesterase-lipase-cutinase 1.10E-137 3.1.1.74 5.60E-106 3.1.1.101 3.1.1.- 

33 709 Polyesterase-lipase-cutinase 1.30E-132 3.1.1.74 8.60E-103 3.1.1.101 3.1.1.- 
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34 711 Polyesterase-lipase-cutinase 1.50E-128 3.1.1.74 4.20E-98 3.1.1.101 3.1.1.- 

35 714 Polyesterase-lipase-cutinase 2.10E-136 3.1.1.74 8.90E-103 3.1.1.101 3.1.1.- 

36 715 Polyesterase-lipase-cutinase 2.20E-136 3.1.1.74 2.10E-103 3.1.1.101 3.1.1.- 

37 716 Polyesterase-lipase-cutinase 6.20E-137 3.1.1.74 3.90E-102 3.1.1.101 3.1.1.- 

38 717 Polyesterase-lipase-cutinase 5.90E-137 3.1.1.74 3.70E-104 3.1.1.101 3.1.1.- 
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Table. 3. S11. Expression and purification trial results for all 74 enzymes and the signal peptide-

containing variants. Enzymes previously reported to have PET hydrolysis activity are shown in peach. 

Constructs that were not expressed sufficiently for screening are shown in grey. Expression yields are also 

shown in Figure. 3. S2. Candidates noted nSP encode the native signal peptide sequence at the N-terminus of 

the expression sequence. The expression approaches employed are described in the Materials and Methods, 

annotated as strategies A-D. Briefly, in strategy A, induction in 2xYT media with 1 mM IPTG at 20°C was used; 

in strategy B, induction in 2xYT media with 0.5 mM IPTG at 25°C was used; in strategy C, autoinduction in ZYP-

5052 media at 28°C was used; and in strategy D, autoinduction in ZYP-5052 media supplemented with 0.3 M 

NaCl at 25°C was used. The final concentration of protein per L of culture is reported after affinity and size 

exclusion chromatography. Also reported is the pH and temperature combination that resulted in the highest 

level of product release from the screening assays. C6 = citrate, pH 6; NP7 = NaH2PO4, pH 7; NP7.5 = NaH2PO4, 

pH 7.5; H7.5 = HEPES, pH 7.5; B8 = bicine, pH 8; G9 = glycine, pH 9. The enzyme loading (in µg enzyme per 

reaction) for each screening reaction is noted. 

 
Enzyme ID Competent Cell Line Expression Strategy 

Expression Level 

(mg/L) 

Activity optimum 

(pH / Temperature) 

Enzyme loading 

(µg/rxn) 

1 101 BL21 (DE3) C 1.8 G9 / 70°C 10 

2 102 BL21 (DE3) B 0.9 C6 / 60°C 10 

3 103 BL21 (DE3) C 0.2 No Activity 5 

4 104  
  

  

5 201  
  

  

6 202 BL21 (DE3) A 110 C6 / 70°C 10 

7 203  
 

insoluble   

8 204 BL21 (DE3) C 0.3 B8 / 70°C 3 

9 205  
  

  

10 206 C41 (DE3) D 0.2 No Activity 2 

11 207 BL21 (DE3), C41 (DE3) 
 

<0.1   

12 208 BL21 (DE3), C41 (DE3) 
 

<0.1   
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13 209 BL21 (DE3) B 1.9 No Activity 10 

14 210  
 

insoluble   

15 211 BL21 (DE3) C 2.6 NP7.5 / 70°C 10 

16 212  
  

  

17 213  
  

  

18 214 BL21 (DE3) C 1.1 G9 / 50°C 10 

19 215 BL21 (DE3) C 88 No Activity 10 

20 301 BL21 (DE3) B 2.9 C6 / 70°C 10 

21 302 BL21 (DE3), C41 (DE3) 
 

<0.1   

22 303  
  

  

23 304  
  

  

24 305 BL21 (DE3) A 0.3 C6 / 70°C 2 

25 306 BL21 (DE3) C 17.4 No Activity 10 

26 307 C41 (DE3) C 4.1 G9 / 60°C 10 

27 308  
  

  

28 401 BL21 (DE3) A 1.1 NP7.5 / 70°C 10 

29 402 BL21 (DE3) C 0.1 No Activity 3 

30 403 BL21 (DE3) C 2.5 G9 / 70°C 10 

31 404  
  

  

32 405 BL21 (DE3) A 2.8 G9 / 70°C 10 
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33 406 BL21 (DE3) C 1.6 G9 / 70°C 10 

34 407 BL21 (DE3) A 3.2 G9 / 50°C 10 

35 408  
  

  

36 409 BL21 (DE3) A 5.6 G9 / 60°C 10 

37 410 BL21 (DE3) C 8.4 No Activity 10 

38 411      

39 412 BL21 (DE3) A 3.2 C6 / 60°C 10 

40 413   insoluble   

41 501 C41 (DE3) C 10.1 NP7.5 / 60°C 10 

42 502      

43 503 BL21 (DE3) A 5.1 G9 / 30°C 10 

44 504 BL21 (DE3) A 1.7 B8 / 50°C 10 

45 505      

46 601 BL21 (DE3) C 1.1 NP7.5 / 60°C 10 

47 602 BL21 (DE3) C 0.9 H7.5 / 60°C 10 

48 603   insoluble   

49 604 BL21 (DE3) D 0.6 No Activity 10 

50 605 BL21 (DE3) C 2.1 No Activity 10 

51 606 C41 (DE3) C 6 G9 / 60°C 10 

52 607      
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53 608 BL21 (DE3) A 2.7 No Activity 10 

54 609      

55 610 BL21 (DE3) A 1.4 No Activity 10 

56 611 BL21 (DE3) A 31.1 C6 / 50°C 10 

57 612      

58 701 C41 (DE3) A 0.7 NP7.5 / 60°C 10 

59 702 BL21 (DE3) C 105.7 C6 / 50°C 10 

60 703 BL21 (DE3) A 45.9 NP7.5 / 60°C 10 

61 704 BL21 (DE3) B 41.4 NP7 / 60°C 10 

62 705 BL21 (DE3) A 97.3 NP7.5 / 60°C 10 

63 706 BL21 (DE3) C 50.5 NP7.5 / 60°C 10 

64 707 BL21 (DE3) B 16.3 C6 / 70°C 10 

65 708 BL21 (DE3) A 65.4 NP7 / 40°C 10 

66 709 BL21 (DE3) C 88.2 No Activity 10 

67 710 BL21 (DE3) B 2.2 No Activity 10 

68 711 BL21 (DE3) A 40.8 NP7 / 30*C 10 

69 712 BL21 (DE3) A 3.6 No Activity 10 

70 713 BL21 (DE3) C 11.6 No Activity 10 

71 714 BL21 (DE3) C 24.8 NP7 / 60°C 10 

72 715 BL21 (DE3) B 125.1 C6 / 60°C 10 
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73 716 BL21 (DE3) C 38.3 NP7.5 / 60°C 10 

74 717 BL21 (DE3) B 5.8 C6 / 70°C 10 

75 102-nSP      

76 301-nSP C41 (DE3) D 0.3 No Activity 3 

77 401-nSP C41 (DE3) C 15 NP7 / 50°C 10 

78 402-nSP      

79 403-nSP C41 (DE3) C 20.6 H7.5 / 70°C 10 

80 410-nSP C41 (DE3) D 5 No Activity 10 

81 505-nSP      

82 603-nSP   insoluble   

83 606-nSP C41 (DE3) C 2.5 C6 / 70°C 10 

84 607-nSP C41 (DE3) A 4.4 B8 / 50°C 10 

85 610-nSP   insoluble   

86 711-nSP C41 (DE3) D 5.7 No Activity 10 
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Table. 3. S12. Enzymes and reaction conditions tested in 168 h time course experiments using two PET 

substrate morphologies, either amorphous PET film (A) or crystalline PET powder (C). Selectivity ratio provides 

the mass ratio of measured aromatic products at 168 h, and which substrate experienced higher levels of 

hydrolysis is noted (A or C). Reaction conditions tested that are not shown in Figure. 3. S5 are noted with an 

asterisk (*).  

 Enzyme ID 

Reaction Condition 

(pH / Temperature) 

Selectivity Ratio at 168 h 

(mass ratio) 

1 BTA-1 H7.5 / 60°C 8.05 (A) 

2 LCC_WT NP7.5 / 60°C 3.67 (A) 

3 LCC ICCG NP7.5 / 70°C 4.56 (A) 

4 LCC ICCG C6 / 60°C (*) 5.08 (A) 

5 102 C6 / 60°C 7.84 (C) 

6 202 NP7.5 / 70°C 1.46 (C) 

7 211 NP7.5 / 70°C 1.24 (A) 

8 407 G9 / 50°C 1.23 (C) 

9 504 B8 / 50°C 5.64 (C) 

10 601 NP7.5 / 60°C 1.86 (C) 

11 606 G9 / 60°C 3.30 (C) 

12 606 NP7.5 / 60°C (*) 3.33 (C) 

13 611 C6 / 50°C 1.24 (C) 

14 611 NP7.5 / 50°C (*) 10.31 (C) 

15 701 NP7.5 / 60°C  4.73 (A) 
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16 704 NP7 / 60°C 7.41 (A) 

17 704 NP7.5 / 60°C (*) 10.46 (A) 

18 714 NP7 / 60°C 1.95 (A) 

19 716 NP7.5 / 60°C 3.08 (A) 
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Table. 3. S13. Optimal reaction conditions identified by screening across pH and temperature on three 

PET substrate morphologies. Reaction conditions tested for 168 h time course experiments using three PET 

substrate morphologies [either amorphous PET film (aFilm), amorphous PET powder (aPow), or crystalline PET 

powder (cryPow)] are indicated in grey. Selectivity ratio provides the mass ratio of measured aromatic products 

at 168 h, and which substrate experienced higher levels of hydrolysis is noted (aFilm, aPow, or cryPow). 

Reactions and reaction conditions tested that are not shown in Figure. 3. 3B are noted with an asterisk (*). The 

Ø symbol indicates zero product quantitation in either the numerator or denominator of the ratio calculation. 

 

Enzyme ID 

Optimal Reaction Condition 

(pH / Temperature) 

Selectivity Ratio at 168 h 

(mass ratio) 

 aFilm aPow cryPow aPow v. cryPow aPow v. aFilm cryPow v. aFilm 

1 LCC ICCG NP7.5 / 70°C NP7.5 / 70°C NP7 / 60°C 5.25 (aPow) 1.15 (aPow) 4.56 (aFilm) 

2 204 B8 / 70°C NP7 / 50°C H7.5 / 50°C 1.84 (aPow) 7.37 (aPow) 4.00 (cryPow) 

3 211 NP7.5 / 70°C C6 / 60°C C6 / 60°C 3.37 (aPow) 5.13 (aPow) 1.52 (cryPow) 

4 214 G9 / 50°C (*) G9 / 70°C G9 / 70°C Ø Ø 1.56 (cryPow) 

5 301 C6 / 70°C (*) NP7 / 70°C G9 / 70°C 2.63 (aPow) 2.30 (aPow) 1.14 (aFilm) 

6 307 

NP7 / 70°C (*) H7.5 / 70°C  4.36 (aPow) 8.81 (aPow) 2.02 (cryPow) 

  C6 / 60°C (*) Ø Ø Ø 

7 401 NP7.5 / 70°C (*) NP7.5 / 60°C G9 / 50°C 1.89 (aPow) 235.35 (aPow) 124.68 (cryPow) 

8 405 G9 / 70°C (*) G9 / 70°C (*) G9 / 70°C (*) 2.65 (aPow) 3.22 (aPow) 1.21 (cryPow) 

9 503 G9 / 30°C B8 / 40°C B8 / 40°C 1.30 (cryPow) 436.1 (aPow) 569.10 (cryPow) 

10 504 B8 / 50°C B8 / 50°C G9 / 50°C 3.44 (aPow) 55.92 (aPow) 16.25 (cryPow) 

11 601 NP7.5 / 60°C B8 / 50°C G9 / 60°C 1.51 (aPow) 1.43 (aPow) 1.05 (aFilm) 

12 602 H7.5 / 60°C (*) G9 / 40°C G9 / 40°C 2.79 (cryPow) 9.96 (aPow) 27.80 (cryPow) 

13 611 C6 / 50°C   2.27 (aPow) 2.82 (aPow) 1.24 (cryPow) 
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 NP7.5 / 50°C (*) NP7.5 / 50°C (*) 2.32 (aPow) 23.97 (aPow) 10.31 (cryPow) 

14 701 NP7.5 / 60°C NP7.5 / 60°C G9 / 60°C 2.24 (aPow) 1.61 (aFilm) 3.60 (aFilm) 

15 704 NP7.5 / 60°C B8 / 60°C NP7.5 / 60°C 3.21 (aPow) 3.26 (aFilm) 10.46 (aFilm) 

16 708 NP7 / 40°C (*) NP7 / 50°C NP7 / 50°C 1.24 (aPow) 34.82 (aPow) 28.10 (cryPow) 

17 711 NP7 / 30°C (*) NP7.5 / 60°C NP7 / 40°C 2.13 (cryPow) Ø Ø 

18 714 NP7 / 60°C NP7.5 / 60°C G9 / 50°C 2.45 (aPow) 1.26 (aPow) 1.95 (aFilm) 

19 717 C6 / 70°C (*) G9 / 60°C G9 / 60°C 8.85 (aPow) 85.20 (aPow) 9.63 (cryPow) 
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Table. 3. S14. Tm data for selected proteins. 

Enzyme 

ID 
Mean Tm (°C) Tm s.d. (°C) Buffer 

102 65.96 ± 0.28 NP7.5 

202 75.13 ± 0.06 NP7.5 

306 92.57 ± 0.02 NP7.5 

407 68.20 ± 0.04 NP7.5 

501 86.91 ± 0.12 NP7.5 

504 67.25 ± 0.03 NP7.5 

601 67.18 ± 0.04 NP7.5 

606 53.90 ± 0.11 NP7.5 + 0.3 M NaCl 

611 76.21 ± 0.05 NP7.5 

701 70.28 ± 0.03 NP7.5 

702 65.57 ± 0.03 NP7.5 

703 70.86 ± 0.09 NP7.5 

704 69.93 ± 0.08 NP7.5 

705 69.02 ± 0.05 NP7.5 

706 68.35 ± 0.10 NP7.5 

709 56.05 ± 0.05 NP7.5 

711 54.16 ± 0.03 NP7.5 

714 69.96 ± 0.08 NP7.5 
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715 71.83 ± 0.03 NP7.5 

716 67.71 ± 0.15 NP7.5 

BTA-1 71.94 ± 0.03 NP7.5 
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Table. 3. S15. Crystallographic data and model refinement statistics  

  202 306 606 611 

Data collection  

  

  

Beamline DLS I24 DLS I03 DLS I03 DLS I03 

Space group I222 P3221 P21 P321 

Cell dimensions     

 a, b, c (Å) 90.7 / 124.9 / 167.0 74.9 / 74.9 / 116.5 74.0 / 45.4 / 86.6 89.3 / 89.3 / 74.3 

α, β, γ (°) 90.0 / 90.0 / 90.0 90.0 / 90.0 / 120. 0 90.0 / 108.2 / 90.0 90.0 / 90.0 / 120.0 

Resolution (Å) 50.33 – 2.19 64.88 – 1.89 82.27 – 1.93 77.37 – 1.56 

Rmerge [%] 8.9 (318.1) 13.5 (184.1) 25.3 (134.3) 14.0 (215.3) 

Rpim [%] 2.6 (89.3) 3.3 (46.5) 11.4 (55.5) 3.4 (54.8) 

<I/σI> 14.6 (0.9) 14.8 (1.7) 5.5 (1.4) 12.5 (1.4) 

Completeness (%) 100.0 (100.0) 93.7 (76.6)a 91.6 (52.0) a 94.9 (64.7) a 

Redundancy 13.1 (13.5) 17.7 (16.5) 5.9 (6.7) 17.4 (16.4) 

CC(1/2) 0.999 (0.292) 0.999 (0.634) 0.988 (0.577) 0.999 (0.632) 

      

Refinement     

Rwork / Rfree 21.6 / 24.4 21.1 / 25.1 23.2 / 28.2 14.3 / 17.1 

Ramachandran plot     

     most favored [%] 96.6 97.0 94.2 97.2 

     allowed [%] 2.9 3.0 5.2 2.8 
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     disallowed [%] 0.5 0.0 0.6 0.0 

No. atoms     

                  protein 4629 2224 4044 1969 

                  water 139 94 248 314 

                  PEG    13 

B-factors     

                 protein 80.1 38.5 20.4 19.2 

                 water 66.7 35.6 21.1 38.3 

                 PEG    46.9 

R.m.s. deviations     

Bond lengths (Å) 0.0117 0.0128 0.0110 0.0164 

Bond angles (°) 1.57 1.54 1.74 2.01 

PDB ID 7QJM 7QJN 7QJO 7QJP 

  702 703 705 711 

Data collection   

  

 

Beamline DLS I03 DLS I24 DLS I04-1 DLS I03 

Space roup P1 P3221 P21 P43212 

Cell dimensions     

 a, b, c (Å) 40.3 / 79.8 / 120.1 71.7 / 71.7 / 102.5 36.2 / 150.2 / 43.4 109.3 / 109.3 / 44.2 

α, β, γ (°) 86.3 / 87.9 / 89.5 90.0 / 90.0 / 120.0 90.0 / 92.5 / 90.0 90.0 / 90.0 / 90.0 
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Resolution (Å) 119.80 – 1.64  62.08 – 1.51 75.11 – 1.43 77.29 – 1.78 

Rmerge [%] 9.0 (77.2) 11.5 (368.2) 12.1 (117.0) 63.9 (312.7) 

Rpim [%] 5.5 (48.1) 2.7 (85.2) 4.9 (49.3) 12.6 (65.0) 

<I/σI> a 9.0 (1.5) 14.5 (0.9) 9.3 (1.5) 6.3 (1.6) 

Completeness (%) 89.5 (53.6) a 100.0 (100.0) 89.0 (55.7) a 87.1 (64.3) a 

Redundancy 3.6 (3.6) 19.4 (19.5) 6.9 (6.4) 26.2 (22.0) 

CC(1/2) 0.998 (0.567) 0.999 (0.350) 0.997 (0.567) 0.992 (0.615) 

      

Refinement     

Rwork / Rfree 16.5 / 19.9 15.4 / 18.6 18.2 / 21.6 18.2 / 24.2 

Ramachandran plot     

     most favored [%] 97.8 98.1 98.0 96.2 

     allowed [%] 2.2 1.9 2.0 3.4 

     disallowed [%] 0.0 0.0 0.0 0.4 

No. atoms     

                  protein 12006 2044 3994 2044 

                  water 1515 222 372 241 

                  PEG 42 10 29 19 

B-factors     

                 protein 21.3 22.3 16.5 19.0 
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                 water 31.7 39.1 26.8 29.2 

                 PEG 50.5 50.5 38.1 32.0 

R.m.s. deviations     

Bond lengths (Å) 0.0125 0.0166 0.0145 0.0120 

Bond angles (°) 1.63 2.05 1.86 1.78 

PDB ID 7QJQ 7QJR 7QJS 7QJT 

a ellipsoidal completeness 
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 Closing remarks 

This research endeavour set out to discover and characterise a large pool of enzymes with potential 

PETase activity. It is significant that out of 74 proteins identified using an HMM, 51 were successfully 

produced in the laboratory and 36 were found to be able to hydrolyse PET. This project is a great 

example of cross disciplinary collaborative team coming together and has led to a wealth of new 

information for the field. It is now clear that more enzymes than anticipated have the capacity to 

hydrolyse PET to some extent. If we look further than the traditional homologous cutinases, we can 

find surprisingly efficient candidates for PET, with selectivity and/or tolerance for both crystalline and 

amorphous substrates. It is important that we approach our research for efficient enzymes for 

biorecycling with an open mind and a broader window of pH and temperature screening, across 

different varieties of PET film, powders and textiles with added variation in crystallinities to understand 

fully the question ‘Is this a PET hydrolase?’. 

During this study, AlphaFold was released and took the world by storm. After the CEI director John 

McGeehan reached out by phone, a collaboration was born whereby a selection of enzymes from 

this project had their structures predicted by the AlphaFold team prior to the algorithm’s open source 

release. This led to many interesting insights for us, including identifying an accessory domain in 

enzyme 202, that was not present in the solved crystal structure. This advancement in the world of 

protein folding has significantly changed the way we approach projects with structural insights now 

available to the researcher in minutes.  The future impact with the wealth of data produced from large 

collaborative projects demonstrated here, coupled with advancements in AI like AlphaFold will 

substantially increase our insights from the newly found (this study) and yet to be identified PETases. 
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 Contribution 

This chapter consists of a peer reviewed research article published in Proceeding for the national 

academy of science (PNAS) in 2020.  My contribution to this project was working on the 

PETase:MHETase chimeric enzyme to explore the synergistic relationship of PETase and MHETase. 

Initially six constructs were designed and trialled for expression; PETase linked C-terminal linked to 

the N-terminal of MHETase and MHETase C-terminal linked to the N-terminal of PETase each 

orientation variation had flexible glycine rich linkers, combined by 8, 12 and 20 amino acids lengths 

respectively. PETase:MHETase (PM8, PM12, PM20) chimeras were expressed as insoluble 

aggregates, while MHETase:PETase (MP8, MP12, MP20) chimeras yielded soluble protein for further 

characterisation, I undertook the initial characterisations of the MP8, MP12 and MP20 ability to 

hydrolyse PET, and analysed the PET surface with atomic force microscopy (AFM) and SEM. The 

decision was made to incorporate this work as part of a larger collaborative study into the MHETase 

enzyme and led to the manuscript presented in this chapter. 
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 Abstract 

Plastics pollution represents a global environmental crisis. In response, microbes are evolving the 

capacity to utilize synthetic polymers as carbon and energy sources. Recently, Ideonella sakaiensis 

was reported to secrete a two-enzyme system to deconstruct polyethylene terephthalate (PET) to its 

constituent monomers. Specifically, the I. sakaiensis PETase depolymerizes PET, liberating soluble 

products including mono-(2-hydroxyethyl) terephthalate (MHET), which is cleaved to terephthalic acid 

and ethylene glycol by MHETase. Here, we report a 1.6 Å resolution MHETase structure, illustrating 

that the MHETase core domain is similar to PETase, capped by a lid domain. Simulations of the 

catalytic itinerary predict that MHETase follows the canonical two-step serine hydrolase mechanism. 

Bioinformatics analysis suggests that MHETase evolved from ferulic acid esterases, and two 

homologous enzymes are shown to exhibit MHET turnover. Analysis of the two homologous enzymes 

and the MHETase S131G mutant demonstrates the importance of this residue for accommodation of 

MHET in the active site. We also demonstrate that the MHETase lid is crucial for hydrolysis of MHET 

and, furthermore, that MHETase does not turnover mono-(2-hydroxyethyl)-furanoate or mono-(2-

hydroxyethyl)-isophthalate. A highly synergistic relationship between PETase and MHETase was 

observed for the conversion of amorphous PET film to monomers across all non-zero MHETase 

concentrations tested. Lastly, we compare the performance of MHETase:PETase chimeric proteins 

of varying linker lengths, which all exhibit improved PET and MHET turnover relative to the free 

enzymes. Together, these results offer insights into the two-enzyme PET depolymerization system 

and will inform future efforts in the biological deconstruction and upcycling of mixed plastics. 

4.2.1 Significance 

Deconstruction of recalcitrant polymers such as cellulose or chitin is accomplished in nature by 

synergistic enzyme cocktails that evolved over millions of years. In these systems, soluble dimeric or 

oligomeric intermediates are typically released via interfacial biocatalysis, and additional enzymes 

often process the soluble intermediates into monomers for microbial uptake. The recent discovery of 

a two-enzyme system for PET deconstruction, which employs one enzyme to convert the polymer 

into soluble intermediates (PETase) and another enzyme to produce the constituent PET monomers 

(MHETase), suggests that nature may be evolving similar deconstruction strategies for synthetic 

plastics. The current study on the characterization of the MHETase enzyme and synergy of the two-

enzyme PET depolymerization system may inform enzyme cocktail-based strategies for plastics 

upcycling. 
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 Introduction 

Synthetic polymers pervade all aspects of modern life, due to their low cost, high durability, and 

impressive range of tunability. Originally developed to avoid the use of animal-based products, 

plastics have now become so widespread that their leakage into the biosphere and accumulation in 

landfills is creating a global-scale environmental crisis. Indeed, plastics have been found widespread 

in the world’s oceans (1-4), in the soil (5), and more recently, microplastics have been observed 

entrained in the air (6). The leakage of plastics into the environment on a planetary scale has led to 

the subsequent discovery of multiple biological systems able to convert man-made polymers for use 

as a carbon and energy source (7-12). These plastic-degrading systems offer a starting point for 

biotechnology applications towards a circular materials economy (12-16). 

Among synthetic polymers manufactured today, polyethylene terephthalate (PET) is the most 

abundant polyester, which is made from petroleum-derived terephthalic acid (TPA) and ethylene 

glycol (EG). Given the prevalence of esterase enzymes in nature, PET biodegradation has been 

studied for nearly two decades, with multiple cutinase enzymes reported to perform depolymerization 

(17-26). In 2016, Yoshida et al. reported the discovery and characterization of the soil bacterium, 

Ideonella sakaiensis 201-F6, which employs a two-enzyme system to depolymerize PET to TPA and 

EG, which are further catabolized as a carbon and energy source (10). Characterization of I. sakaiensis 

revealed the PETase enzyme, which is a cutinase-like serine hydrolase that attacks the PET polymer, 

liberating bis-(hydroxyethyl) terephthalate (BHET), mono-(2-hydroxyethyl) terephthalate (MHET), and 

TPA. PETase cleaves BHET to MHET and EG, and the soluble MHET product is further hydrolysed 

by MHETase to produce TPA and EG. Multiple crystal structures and biochemical studies of I. 

sakaiensis PETase (27-33) revealed an open active site architecture that is able to bind to PET 

oligomers. The PETase enzyme likely follows the canonical serine hydrolase catalytic mechanism 

(34), but open questions remain regarding the mobility of certain residues during the catalytic cycle (27). 

Conversely, the structure and function of the MHETase enzyme is far less characterized, with only 

two published studies focused on MHETase structure and engineering to date (35, 36). These studies 

report structures at 2.1-2.2 Å resolution, wherein the similarity to ferulic acid esterase (FAE) is noted 

(37, 38). Informed by these structures, engineering efforts aimed to improve turnover of BHET by 

MHETase, which is a non-native substrate of the wild-type. Beyond these studies and the original 

report of MHETase from Yoshida et al. (10), several questions remain regarding the MHETase 

mechanism and PETase-MHETase synergy. To that end, here we combine structural, computational, 

biochemical, and bioinformatics approaches to reveal molecular insights into the MHETase structure, 

mechanism of hydrolysis, the evolution of MHETase activity from FAEs, and engineering of the two-

enzyme system for PET depolymerization. 
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 Results 

4.4.1 Structural characterization of MHETase reveals a core domain similar to 

that of PETase. 

 Four crystal structures of MHETase were obtained with the highest resolution data (6QZ3) extending 

to 1.6 Å with a benzoate molecule in the active site (Figure. 4.1, SI Appendix, Table S1). These 

data reveal a catalytic domain that adopts the α/β-hydrolase fold typical of a serine hydrolase (Figure. 

4.1A, light grey), with an extensive lid domain (Figure. 4.1A, dark grey) that partially covers the active 

site and hosts a well-coordinated Ca2+ cation. A similar Ca2+ binding site was characterized for 

Aspergillus oryzae FaeB (AoFaeB), wherein it was hypothesized to have a role in stabilizing the lid 

domain (38). Overall, the structure of MHETase is most similar to that of FAEs, as discussed previously 

(35, 36). The structural conservation between the hydrolase domains of MHETase and PETase is 

striking (Figure. 4.1D and SI Appendix, Figure. S1), and despite the large insertion of ~240 residues 

representing the lid domain, residues Ser225, Asp492, and His528 effectively reconstitute the 

catalytic triad (Figure. 4.1B). In fact, the terminal residues of the lid domain converge to within 

hydrogen-bonding distance of each other (Tyr252-Ala469, 2.9 Å), creating a compact linkage to the 

hydrolase domain. The lid domain of MHETase is exceptionally large, as average  lid domains in α/β-

hydrolases tend to be ~100 residues (34), and is more typical of a lid from tannase family members 

(vide infra). The equivalent connection site in PETase is occupied by a seven-residue loop. 

In addition, we determined two apo structures with alternative packing (6QZ2 and 6QZ4), one 

structure with a fully occupied benzoic acid ligand (6QZ3), and one with partially occupied benzoic 

acid (6QZ1). We observed that residue Phe415 adopts a ‘closed’ orientation on substrate binding 

consistent with prior substrate bound structures (PDB IDs 6QGA and 6QGB) (35), and the partially 

occupied site results in an intermediate dual ‘open/closed’ conformation (SI Appendix, Figure. S2A-

C) (35). The only other amino acid with side chain positioning correlated with ligand binding is Gln410. 

When Phe415 is in the open position, the side chain of Gln410 pivots toward the active site to a 

position wherein the heavy atoms would be as close as 1.8 Å to those of Phe415 if it were in the 

closed conformation (SI Appendix, Figure. S2D).  
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Figure. 4.1. MHETase structural analysis. A) MHETase structure (1.6 Å resolution, PDB code 6QZ3) highlighting the catalytic 

triad, five disulfides (in yellow and grey stick representation), benzoate (purple sticks), and calcium ion (green sphere). The lid 

domain is dark grey, whereas the hydrolase domain is light grey. Main chain atoms of the linkage residues Tyr252 and Ala469 

are colored lime green (also in panel B). B) Closeup of the MHETase active site with benzoate bound; catalytic triad, active 

site disulfide, Ser416, and Arg411 shown as sticks. C) The concerted movement of residues Gln410 and Phe415 on ligand 

binding is illustrated with purple arrows in a superposition of the apo enzyme (yellow) with the ligand bound state (grey). The 

relative position of benzoic acid is depicted in purple. D) Structural comparison between MHETase (grey) and PETase (PDB 

code 6EQE, in blue), highlighting regions of alignment in the hydrolase domain. A PET tetramer from a prior docking study 

(29) is shown in yellow sticks (also in panel E).  E) Electrostatic potential distribution mapped to the solvent-accessible surface 

of PETase (29) and MHETase as a colored gradient from red (acidic) at -7 kT/e to blue (basic) at 7 kT/e (where k is the 

Boltzmann’s constant, T is temperature, and e is the charge of an electron). PETase is shown with a bound PET tetramer, and 

MHETase with benzoate bound from the 6QZ3 structure (yellow). The models are drawn to scale and aligned via their catalytic 

triad demonstrating their relative size difference.

Given the difference in overall isoelectric point (pI) between PETase (9.65) and MHETase (5.11), we 

generated electrostatic surface profiles for comparison (Figure. 4.1E). As previously reported, 

PETase has a highly polarized surface charge (29), whereas MHETase exhibits a more heterogeneous 

and acidic surface charge distribution. MHETase contains five disulfide bonds (Figure. 4.1A). One of 

the MHETase disulfides is located at the active site, connecting cysteines (Cys224 and Cys529) 
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adjacent to the catalytic residues (Ser225 and His528, respectively), which is conserved in tannase 

family members (38). PETase lacks a structurally equivalent disulfide, and the aligning residues in 

PETase (Trp159 and Ser238) are the same two residues mutated by Austin et al. to yield a PETase 

substrate binding groove similar to that of cutinases, resulting in improved activity on a crystalline 

PET substrate (29).  

4.4.2 Molecular simulations of the MHETase reaction predict deacylation is 

rate-limiting. 

 The MHETase structure suggests a serine hydrolase mechanism for MHET hydrolysis (34). To 

elucidate the detailed reaction mechanism, we first constructed a Michaelis complex in silico utilizing 

the CHARMM (39) molecular simulation package (details in SI Appendix, Supplementary Methods). 

To examine MHETase dynamics and ligand stability, classical molecular dynamics (MD) simulations 

were conducted with NAMD (40) (all simulations totalling 2.25 µs) utilizing the CHARMM forcefield (41). 

Given the observed dual occupancy for Phe415 positioning in the crystal structures, we simulated in 

triplicate (each simulation 150 ns in length) the four combinations of Phe415 position (“open” and 

“closed”) and active site occupancy (empty active site and MHET-bound). In each case wherein 

Phe415 begins in the closed state (starting configurations from 6QZ3 structure, with coordinates for 

residues 56-61 from 6QZ4), Phe415 opens in the first 10 ns and rarely returns to the closed state; 

simulations that begin with Phe415 open (built from 6QZ4 structure) all remain open. To examine the 

effect of calcium binding, a fifth scenario absent of either MHET or Ca2+ was modelled in triplicate 

150 ns simulations (the prior four scenarios each include bound Ca2+). These trajectories show 

evidence for lid stabilization upon Ca2+ binding mainly in the immediate vicinity of the calcium binding 

site (SI Appendix, Figure. S3). When bound at the active site, the carboxylate motif of MHET exhibits 

stable hydrogen bonds with Arg411 and Ser416, while the carbonyl is stabilized via hydrogen bonds 

to the oxyanion hole residues, Glu226 and Gly132 (SI Appendix, Figure. S4 and S5). In all three 

simulations with MHET bound and Phe415 open, MHET maintains these interactions and remains 

bound at the active site throughout the duration of the 150 ns simulation and primed for hydrolysis 

(hydrogen bond distance between Ser225 and His528=2.0±0.2 Å; nucleophilic attack distance 

between Ser225 and MHET=3.1±0.3 Å; hydrogen bond distance between Asp492 and 

His528=1.8±0.1 Å). Further analysis of the MD simulations, including time traces for these important 

interactions, is available in the SI Appendix, Supplementary Methods.  

Serine hydrolases catalyse a two-step reaction involving formation of an acyl-enzyme intermediate 

(acylation) that is released hydrolytically in the second step (deacylation) (34). We utilized the Amber 

software package (42) to perform hybrid quantum mechanics/molecular mechanics (QM/MM) two-

dimensional umbrella sampling with  semi-empirical force field  SCC-DFTB  (43) to study the catalytic 

steps. Judicious selection of a reaction coordinate is critical for kinetically meaningful barrier 
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calculations. We chose the forming and breaking C-O bonds to map the free energy landscape for 

both reaction steps, informed by transition path sampling studies of other hydrolase enzymes (44, 45). 

In acylation, the catalytic serine (Ser225) is deprotonated by His528, activating it for nucleophilic 

attack upon the carbonyl C of MHET, liberating EG and forming the acyl-enzyme intermediate (AEI, 

Figure.4.2A-C, SI Appendix Movie S1). The minimum free energy path (MFEP) computed from 

QM/MM 2D-umbrella sampling (along the forming C-O bond between the MHET carbonyl C and 

Ser225 and the breaking MHET C-O ester bond) predicts an acylation free energy barrier (∆G‡) of 

13.9 ± 0.17 kcal/mol with an overall reaction free energy (∆Greaction) of -5.2 ± 0.04 kcal/mol (Figure. 

4.2G, SI Appendix Figure. S6A). Although serine hydrolases have at times been considered to 

proceed through metastable tetrahedral intermediates along the reaction pathway for acylation and 

deacylation (46-48), the acylation MFEP calculated from 2D umbrella sampling does not indicate 

intermediate configurations with metastability.  

Following cleavage of EG from MHET, classical MD simulation reveals that EG leaves the active site 

in the presence of the AEI (Figure. 4.2H, SI Appendix Movie S2). In one simulation, EG initially 

maintains a hydrogen bond with His528 for ~100 ps, then dislodges from the active site, and is free 

in solution within 1 ns. Three identical simulations were initiated, and EG exits the active site within 4 

ns in each. An important implication of this observation is that the deacylation reaction proceeds 

without EG in the active site. This allows greater access for water molecules to approach the charged 

nitrogen of His528 for deacylation (SI Appendix, Figure. S7). 

Deacylation involves nucleophilic attack by a water molecule on the AEI, liberating TPA (Figure. 

4.2D-F, SI Appendix Movie S3). His528 plays a similar role as in acylation, deprotonating the 

catalytic water and transferring this proton to the catalytic serine, regenerating Ser225 for another 

catalytic cycle. The MFEP computed from QM/MM 2D-umbrella sampling (along the forming C-O 

bond between MHET and water and the breaking AEI C-O bond) reveals a deacylation free energy 

barrier (∆G‡) of 19.8 ± 0.10 kcal/mol and an overall reaction free energy (∆Greaction) of 2.6 ± 0.07 

kcal/mol (Figure. 4.2I, SI Appendix Figure. 3.S6B). Together, the two catalytic steps are exergonic 

by -2.6 ± 0.08 kcal/mol. Deacylation is predicted to be the rate-limiting step, with a rate of 7.1 ± 1.1 

×10-2 s-1 (from transition state theory, at 30°C, and assuming a transmission coefficient of 1), more 

than four orders of magnitude slower than acylation (1.02 ± 0.28 ×103 s-1). As in acylation, metastable 

configurations along the MFEP are not observed. 
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4.4.3 Bioinformatics analysis suggests that MHETase evolved from a ferulic 

acid esterase. 

 Beyond structural and mechanistic investigations, we were also interested in understanding potential 

MHETase evolutionary ancestry and identifying other MHET-active enzymes from natural diversity. 

MHETase belongs to the tannase family (PFAM ID: PF07519), which consists of fungal and bacterial 

FAEs, fungal and bacterial tannases, and several bacterial homologs of unknown function (49). To 

elucidate sequence relationships between MHETase and tannase family enzymes, we performed 

bioinformatic analyses of 6,671 tannase family sequences retrieved from NCBI via PSI-BLAST (50). 

MHETase shares low sequence similarity (<53%) with most sequences in the family, with the 

exception of homologs from Comamonas thiooxydans strains DS1, DF1 and DF2 (strain: 

NCBI:txid363952, protein:Genbank WP_080747404.1) (51) and Hydrogenophaga sp. PML113 (strain: 

NCBI:txid1899350, protein:Genbank WP_083293388.1), which exhibit 81% and 73% identity to 

MHETase, respectively (Figure. 4.3A). Since initial identification of the homologous C. thiooxydans 

sequence (WP_080747404.1), this entry was removed from Genbank, as discussed in SI Appendix, 

Supplementary Methods. 

Using the multiple sequence alignment of 6,671 tannase family sequences, we performed 

conservation analysis with MHETase sequence positions as a reference (SI Appendix, Figures. S8-

S9), which shows that most positions in the active site are highly conserved. Notable exceptions are 

positions 257, 411, 415, and 416, which exhibit low conservation scores and are less conserved than 

80% of MHETase positions overall (SI Appendix, Figure. S8B-C). It is noteworthy (vide infra) that 

position 131 is a well-conserved glycine in 91% of tannase family sequences but serine appears at 

position 131 in MHETase (Figure. 4.3B). Furthermore, the ten cysteine positions in MHETase that 

form five disulfide bonds are highly conserved in the tannase family (SI Appendix, Figure. S10A). 

Although a sixth disulfide bond exists in AoFaeB (38), less than 8% of tannase family sequences exhibit 

this sixth disulfide bond, and the sixth disulfide bond positions are variable among this set (SI 

Appendix, Figure. S10B). One cysteine of the sixth disulfide bond in AoFaeB is a single residue 

variation found in MHETase (38), whereas the other sits on a loop where a 15-residue deletion is found 

in MHETase. 
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Figure. 4.2. The MHETase catalytic mechanism. A) reactant, B) transition state, and C) product of acylation in which His528 

transfers a proton from Ser225 to the ethylene glycol (EG) leaving group. In deacylation (panels D-F), His528 plays a similar 

role and restores the catalytic serine, transferring a proton from a water molecule to Ser225 and generating a free terephthalic 

acid (TPA) molecule. G) The free energy surface for acylation computed along a reaction coordinate described by the breaking 

and forming C-O bonds. The minimum free energy path is shown in black dashes. H) Following acylation, EG leaves the active 

site within 1 ns of a classical MD simulation. I) The free energy surface for deacylation, exhibiting a predicted higher barrier 

than acylation. The minimum free energy path is shown in black dashes. 

With this large dataset, we further conducted phylogenetic analysis of 120 sequences selected from 

tannase family sequences that were clearly annotated as tannases or FAEs in GenBank, including 

MHETase (SI Appendix, Table S2). In the phylogenetic tree (SI Appendix, Figure. S11), bacterial 

and fungal enzymes form paraphyletic groups, and within these groups, there are separate FAE and 

tannase sub-groups. MHETase and the C. thiooxydans and Hydrogenophaga sp. PML113 homologs 

are found within a group of proteobacterial FAEs (bootstrap value>95%). In addition, when separate 

profile hidden Markov models (pHMM) are constructed with the annotated tannase family FAE and 

tannase sequences (52), and then aligned with MHETase, a higher alignment score is achieved with 

the FAE pHMM than with the tannase pHMM (456.8 vs. 396.8), suggesting that MHETase is more 

similar to FAEs than tannases. 



 

 
196 

4.4.4 Biochemical characterization of active-site MHETase mutants and 

homologs reveals important residues for MHET hydrolytic activity.  

From the bioinformatics analyses, we selected the MHETase homologs from C. thiooxydans and 

Hydrogenophaga sp. PML113 (Figure. 4.3A) to test for MHET hydrolysis activity, which, along with 

the I. sakaiensis MHETase, were produced in Escherichia coli and purified. Activity assays were 

performed for each enzyme to determine MHET turnover rates (Figure. 4.3E). The turnover rate (kcat) 

for MHETase is 27.6±2.6 s-1, as compared to 9.5±0.8 s-1 and 3.8±2.5 s-1 for the C. thiooxydans and 

Hydrogenophaga sp. PML113 enzymes, respectively. The enzymes were also evaluated over a 

range of substrate concentrations to determine the Michaelis-Menten kinetic parameters (Figure. 

4.3G-J, SI Appendix Table S3). FAEs have been shown to exhibit concentration-dependent 

substrate inhibition (53) in addition to the likely product inhibition of the enzyme (35). MHETase and both 

homologs also display this behaviour. Using a substrate inhibition model (details in SI Appendix, 

Supplementary Methods), evaluation of the substrate-dependent reaction kinetics shows that 

MHETase more efficiently accepts MHET as a substrate than the C. thiooxydans and 

Hydrogenophaga sp. PML113 homologs, demonstrated by a Km value of 23.17±1.65 µM as compared 

to values of 174.70 ± 4.75 µM and 41.09 ± 3.38 µM, respectively (Figure. 4.3G-I, SI Appendix, Table 

S3). However, MHETase is also the most susceptible to substrate inhibition with a Kk value of 307.30 

± 20.65 µM. Despite the difference in affinity for MHET, MHETase and the C. thiooxydans enzyme 

exhibit similar maximal reaction rates, while the enzyme from Hydrogenophaga sp. PML113 is slower. 

The MHETase reaction efficiency, reported as kcat/Km,is ~10-fold higher than for the C. thiooxydans 

enzyme and ~20-fold higher than the Hydrogenophaga sp. PML113 enzyme. 

Homology models of both the C. thiooxydans and Hydrogenophaga sp. PML113 enzymes were 

constructed with SWISS-MODEL (54) using the MHETase structure as a template (PDB ID 6QZ3), and 

the active site aligned with a modelled MHET-bound MHETase structure (Figure. 4.3D). As noted, 

position 131 is a serine in MHETase, but a glycine in the two homologs (C. thiooxydans, Gly179 and 

Hydrogenophaga sp. PML113, Gly121) (Figure. 4.3B). The C. thiooxydans enzyme is otherwise 

identical within 6 Å of the docked MHET ligand, whereas the Hydrogenophaga sp. PML113 enzyme 

also exhibits a serine in the equivalent position to the MHETase residue Phe415 (Figure. 4.3C). An 

S131G mutant of MHETase was constructed to examine the role of this residue in MHET hydrolytic 

activity, and steady-state enzyme kinetics were evaluated. The MHETase S131G mutant does not 

demonstrate concentration-dependent substrate inhibition as is observed for the wild-type enzyme, 

which is likely due to the poor affinity for MHET. The S131G mutant has a Km value ~8-fold higher 

than that of wild-type MHETase and the reaction efficiency is reduced to ~3% that of the wild-type 

(Figure. 3.3J, SI Appendix Table S3), illustrating the importance of this residue in MHET turnover. 
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Focusing on residues within the coordination sphere of the docked MHET ligand, amino acids and 

their frequencies across the tannase family were compared to MHETase (SI Appendix, Figures. S8-

S9). In position 495, MHETase features a phenylalanine, while isoleucine is also a common residue 

in this position across the tannase family. Palm et al. demonstrated that Phe495 has a modest effect 

on activity by mutation to alanine (35). We constructed and evaluated an MHETase mutant with 

isoleucine in this position (F495I), which dramatically impairs activity, lowering the turnover rate from 

27.6±2.6 s-1 to 1.3±0.7 s-1 (Figure. 4.3E). In position 226, which is part of the conserved “lipase box” 

motif in serine hydrolases (55), MHETase exhibits a glutamate, while threonine and asparagine are 

more common amongst tannase family members. Mutation of this lipase box residue to threonine 

(E226T) yielded a ~50% reduction in MHET activity relative to the wild-type MHETase (Figure. 4.3E). 

Mutation of the catalytic serine (S225A), as expected, produced an inactive enzyme.  

4.4.5 Unique structural features between MHETase and PETase determine 

substrate specificity and stability.  

Given the structural similarities of the MHETase and PETase core domains (Figure. 4.1C-D), we 

were interested in understanding the role of unique MHETase features, namely the lid domain and 

the active site disulfide bond between Cys224 and Cys529, on substrate specificity and MHET 

hydrolytic activity. Accordingly, the lid was both added to PETase (“lidded PETase”) and removed 

from MHETase (“lidless MHETase”). Given the natural substrate specificities of wild-type PETase 

and MHETase, we hypothesized that the former could confer MHET activity, but abolish PET 

hydrolytic potential, whereas the latter was expected to have the opposite effect. The lidded PETase 

was created by replacing the seven-residue loop of PETase (Trp185:Phe191, PETase numbering) 

with Gly251:Thr472 from MHETase. In control experiments, wild-type PETase exhibited no 

detectable activity on MHET, and the lidded PETase is not able to degrade amorphous PET film. 

However, meagre activity of lidded PETase was detected on MHET (kcat=0.11±0.02 s-1) (Figure. 

4.3F). The lidless MHETase was created by replacing the MHETase lid (Gly251:Thr472) with the 

seven-residue loop of PETase (Trp185:Phe191, PETase numbering). This construction results in an 

exposed MHETase active site, possibly allowing for acquired PET hydrolytic activity. The resulting 

enzyme has a kcat value on MHET of 0.05 ± 0.03 s-1, 1,000-fold lower than the rate for wild-type 

MHETase, demonstrating that the lid domain is crucial for MHET hydrolytic activity (Figure. 4.3F). 

The lidless MHETase enzyme was also unable to degrade amorphous PET film over 96 h, despite 

the more accessible active site. 

Similarly, variants of lidless MHETase were generated to remove the active site disulfide and replace 

the two sites with tryptophan and serine (lidless MHETase C224W/C529S, see SI Appendix, Figure. 

S1B) to reconstitute the PETase active site, or with histidine and phenylalanine (lidless MHETase 

C224H/C529F), matching the active site of the double-mutant PETase variant previously shown to 
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exhibit improved PET hydrolytic activity on crystalline PET (29). The lidless MHETase C224W/C529S 

mutant, which reconstitutes the wild-type active site motif of PETase, displays the same turnover rate 

(within error) as the lidded PETase mutant on MHET (kcat=0.10±0.06 s-1), while the lidless MHETase 

C224H/C529F mutant is even less active on MHET (kcat=0.06±0.03 s-1) (Figure. 4.3F).  We also 

generated a PETase variant to recreate the active site disulfide found in MHETase (PETase 

W159C/S238C). The PETase mutant exhibited very low MHET hydrolytic activity (kcat=0.03±0.3 s-1), 

and similarly had no activity on BHET or amorphous PET film. 

To delineate the effects of engineering the lid and removing the active site disulfide bond, we also 

generated three MHETase mutants altering only the active site disulfide motif (C224A/C529A, 

C224W/C529S, and C224H/C529F). We hypothesized that removal of this disulfide bond may 

diminish the thermal stability of MHETase. However, each of these variants either expressed in 

inclusion bodies or did not express at all. Attempts were also made to introduce disulfide motifs into 

MHETase that are found in PETase (G489C/S530C) or in AoFaeB. To recapitulate the AoFaeB 

disulfide, the mutations include both a point mutation (S136C) as well as the insertion of a 15-residue 

loop from AoFaeB that harbours the partnering cysteine residue. As with the active site disulfide 

mutants, these mutants either expressed in inclusion bodies or did not express at all. A variant was 

also created that included both the PETase-like disulfide (G489C/S530C) and the AoFaeB 

modification (S136C with 15-residue loop from AoFaeB). This last variant, with seven total disulfides, 

was successfully expressed and had very low activity on MHET (kcat=0.16±0.14 s-1) (Figure. 4.3F). A 

full list of clones, mutants, and primers can be found in the SD Appendix. 

4.4.6 MHETase is catalytically inactive on MHE-isophthalate and MHE-

furanoate.  

We evaluated the substrate specificity of MHETase using the mono-hydroxyethyl monomer unit of 

two additional compounds. Specifically, assays were performed with mono-(2-hydroxyethyl)-

isophthalate (MHEI) (SI Appendix, Figure. S12) and mono-(2-hydroxyethyl)-furanoate (MHEF) (SI 

Appendix, Figure. S13). Isophthalate is a common co-monomer in industrial PET formulations used 

to modify crystallinity, such that MHEI could be released from polyester depolymerization. PETase 

has been demonstrated to deconstruct other aromatic polyesters (29), including polyethylene furanoate 

(PEF), yielding MHEF as a product of the enzymatic hydrolysis reaction. Over the course of 24 h at 

30°C, no MHETase activity was detected for either substrate using substrate concentrations from 25-

250 μM, in contrast with complete hydrolysis of MHET (SI Appendix, Figure. S14) in the same time 

using identical reaction conditions. 

To explain the inability of MHETase to act on MHEI and MHEF, we conducted flexible ligand/flexible 

receptor docking simulations and predicted ten binding orientations for each molecule (MHET, MHEI, 
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and MHEF) in MHETase. These docking simulations indicate that MHET binds to MHETase with a 

binding free energy of -7.13 kcal/mol and in a catalytically primed configuration. This binding mode 

features the carbonyl C of MHET within 3.2 Å of Ser225-O, which itself is within 2.90 Å of His528-

N(e) and His528-N(d) is 3.93 Å from Asp492-O (SI Appendix, Figure. S15). For MHEI and MHEF, 

no binding modes were predicted that exhibit similarly favourable binding free energies, feature the 

MHET carbonyl C within range for attack by Ser225, and stabilize the carbonyl of the ester in the 

oxyanion hole, suggesting that MHETase will not readily act on these molecules. 

4.4.7 PETase and MHETase act synergistically during PET depolymerization.  

While MHET is susceptible to hydrolysis by a number of PET-degrading cutinases, I. sakaiensis 

requires the action of two enzymes for PET degradation to liberate TPA and EG (10). Given the 

turnover rates for MHETase reported here, depolymerization by PETase is likely the rate limiting step 

when the enzymes are employed together. To investigate the action of the two-enzyme system, we 

thus measured the extent of hydrolysis of a commercial amorphous PET substrate over 96 h at 30°C 

using PETase and MHETase at varying concentrations (Figure. 4.4A, SI Appendix, Table S4). As 

expected, MHETase alone has no activity on PET film. Over the range of enzyme loadings tested (0-

2.0 mg enzyme/g PET), degradation by PETase alone, as determined by concentration of product 

released (the sum of BHET, MHET, and TPA), scales with enzyme loading. Upon addition of 

MHETase in the reaction, at any loading tested (0.1 – 1.0 mg MHETase/g PET), product release still 

scales with PETase loading, but at a markedly higher level than with PETase alone (Figure. 4.4A). 

The overall trend of degradation within the range of enzyme loadings tested, which shows increasing 

levels of constituent monomers released as concentration of both enzymes increases, is indicative 

that these reactions are enzyme-limited under these conditions, rather than substrate-limited. The 

synergy study does not strongly indicate that any particular ratio of PETase to MHETase results in 

optimal degradation over the enzyme loadings tested, but rather that degradation scales with PETase 

loading and the presence of MHETase, even at low concentrations relative to PETase, improves total 

degradation. 
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Figure. 4.3. Characterization of MHETase, homologs, and mutants. A) Sequence identity of 6,671 tannase family 

sequences retrieved by PSI-BLAST compared to MHETase. Sequences (x-axis) are in the same order returned by PSI-BLAST. 

Panels B-C show conservation analysis of residue positions 131 (panel B) and 415 (panel C) (using MHETase numbering). 

Frequency of each amino acid is based on a multiple sequence alignment of the 6,671 tannase family sequences. The residue 

found in MHETase at each position is indicated in orange. D) Homology model of the MHET-bound active site within 6 Å of the 

bound substrate comparing MHETase to homology models of the C. thiooxydans and Hydrogenophaga sp. PML113 homologs 

(generated by SWISS-MODEL) (54), showing sequence variation at residue positions corresponding to Ser131 and Phe415 in 

MHETase. Panels E-F show the rate of enzymatic turnover of MHET determined for MHETase, both homologous enzymes, 

and the indicated MHETase mutants, all of which are active on MHET save the catalytic mutant (S225A)(panel E), and 

enzymatic turnover rates for PETase, MHETase, and selected mutants on MHET (panel F), using 5 nM purified enzyme and 

250 µM substrate at 30°C. Panels G-J show the initial enzyme reaction velocity as a function of substrate concentration for 

MHETase, C. thiooxydans, Hydrogenophaga sp. PML113, and the MHETase S131G mutant, respectively. Dashed blue lines 

represent the Michaelis-Menten kinetic model fit with substrate inhibition (panels F-H) or fit with the simple Michaelis-Menten 

model (panel I). Key kinetic parameters are provided in the inset. Additional parameters and confidence intervals on the listed 

parameters are provided in SI Appendix, Table S3.
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4.4.8 Chimeric proteins of MHETase and PETase improves PET degradation 

and MHET hydrolysis rates. 

 In light of the highly synergistic relationship between PETase and MHETase on amorphous PET, 

where increasing loading of each enzyme results in more constituent monomer release, we next 

examined how proximity of the two enzymes influences hydrolytic activity. Chimeric proteins 

covalently linking the C-terminus of MHETase to the N-terminus of PETase using flexible glycine-

serine linkers of 8, 12, and 20 total glycine and serine residues were generated and assayed for 

degradation of amorphous PET (Figure 4.4B). Varying linker lengths were explored to understand 

the effect of increased mobility between the two domains (56). Furthermore, two enzyme loadings were 

compared – the lower loading corresponding to approximately 0.08 mg PETase/g PET and 0.16 mg 

MHETase/g PET, and the higher enzyme loading corresponding to 0.25 mg PETase/g PET and 0.5 

mg MHETase/g PET (Figure. 4.4C-D). At both loadings, when comparing the extent of degradation 

achieved by PETase alone, MHETase alone, and an equimolar mix of PETase and MHETase, the 

chimeric proteins outperform PETase, as well as the mixed reaction containing both PETase and 

MHETase unlinked in solution. Furthermore, the chimeras demonstrate a higher catalytic activity on 

MHET (Figure. 4.4E), this unexpected observation could be due to a conformational change to 

MHETase when fused to PETase affecting the rate of MHET hydrolysis. Chimeric constructs linking 

the C-terminus of PETase to the N-terminus of MHETase did not successfully express protein 

(Figure. 4.4B). SEM analysis of digested amorphous PET film confirms degradation (SI Appendix, 

Figure. S16). 

 Discussion 

The ability to degrade polymers to their monomeric units is important for subsequent reuse in new 

products, which is a critical technical advance needed to enable a global circular materials economy. 

In biological systems, complete depolymerization to monomers can be necessary for microbial uptake 

and growth, as in I. sakaiensis wherein MHETase is the enzymatic partner to PETase, together 

allowing for the complete degradation of PET to TPA and EG for catabolism (10). Prior studies 

presenting MHETase crystal structures focused upon understanding and tuning substrate specificity, 

particularly the rational engineering of MHETase to impart BHET hydrolysis activity (35, 36). Drawing 

inspiration from our structural analyses, this complementary study offers further insights into the two-

enzyme PETase-MHETase system. 

The recent structural report from Palm et al. highlighted several important amino acid contributions to 

substrate specificity in MHETase (35), specifically focusing on active site residues. Of note, they 

pointed out the importance of Phe415 for substrate binding via an “induced fit” mechanism and 

highlighted Arg411 with respect to hydrogen bonding of the MHET carboxylate group, both of which 
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are proposed to be drivers of substrate specificity. In addition, beyond engineering a starting point for 

BHET activity in MHETase for further optimization, the potential for MHEF turnover was suggested, 

given the proposed utility of PEF as a bio-based PET replacement (57). In our previous work (29), we 

demonstrated that PETase effectively depolymerizes PEF, but the results here do not indicate the 

same for MHETase on MHEF, and docking simulations agree with the observed patterns in MHETase 

selectivity. Despite success with predicting a low energy catalytically competent binding mode for 

MHET to MHETase, we were only able to predict one binding mode of MHEF to MHETase with the 

MHEF nucleophilic carbonyl in the oxyanion hole, but in this pose, the MHEF carboxylate moiety is 

not in range to interact with Arg411, suggesting that further active site engineering will be necessary 

to enable MHEF turnover. Similarly, only one binding mode for MHEI was predicted wherein the 

catalytic triad was oriented for catalysis, but, akin to MHEF, the non-linearity of the molecule prevents 

simultaneous interaction with the oxyanion hole and R411. 

 The enzyme kinetics studies presented here reveal a substantial reduction in activity for the S131G, 

E226T, and F495I MHETase mutants, indicating that these positions play important roles in substrate 

specificity and catalytic efficiency. A previous study also demonstrated greatly reduced hydrolytic 

activity by a F415S variant (36). Additionally, two homologs identified via bioinformatics analysis from 

Comamonas thiooxydans and Hydrogenophaga sp. PML113 exhibit extremely similar active site 

environments (Figure. 4.3D), with the only exceptions being variations at positions 131 and 415 

(MHETase numbering), and these homologs display reaction efficiencies (kcat/Km) reduced by an 

order of magnitude (SI Appendix Table S3). Furthermore, as the amino acids at these positions in 

wild-type MHETase are less common in tannase family sequences (SI Appendix, Figure. S9), and 

mutation to the more common amino acids led to a reduction in activity, this suggests that these two 

sequence positions were specifically evolved in MHETase to accommodate MHET. We acknowledge 

the discrepancy in experimentally determined Kcat for MHETase (27 s-1) and the calculated 

deacylation rate (0.07 s-1) as part of the simulations used here, the rates are calculated from 

exponentials of the free energy barrier and so a very small difference in calculated G‡ can lead to 

large differences in rate when presented in s-1 values. Furthermore, simulations were conducted with 

assumed reaction coordinate with a semi-empirical approach so the uncertainty in definitive values is 

increased compared to a higher level DFT-based simulation. Given this, the approach taken was 

used to identify trends and determine the rate limiting step of the reaction and not to assign a definitive 

kcat value with high precison, this is the purpose of the experimental data presented. 

Two-enzyme systems for complete PET degradation have been examined previously, either derived 

from a single microorganism (e.g. Thermobifida fusca) (58) or screened from multiple sources for 

optimal activity (25, 59). The enzyme synergy results for the I. sakaiensis PETase -MHETase system on 

amorphous PET display a clear performance improvement when MHETase is included in the reaction. 

Namely, overall degradation scales with PETase loading within the tested range (0 – 2.0 mg 
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PETase/g PET), but the inclusion of MHETase in the degradation reaction markedly improves 

depolymerization and this synergistic enhancement also scales with MHETase loading.  

 

  

Figure. 4.4. PETase-MHETase synergy and chimeric enzymes. A) Heatmap of synergistic degradation by PETase and 

MHETase on amorphous PET film over 96 hours at 30°C. Total product release in mM (sum of BHET, MHET, and TPA), x-

axis: PETase loading (mg/g PET), y-axis: MHETase loading (mg/g PET). B) Illustrations of three chimeric enzymes. Linkers 

composed of glycine (orange) and serine (yellow) residues connecting the C-terminus of MHETase to the N-terminus of 

PETase. C, D) Comparison of depolymerization performance of PETase alone, MHETase alone, PETase and MHETase at 

equimolar loading, and the three chimeric enzymes on amorphous PET film after 96 h at 30°C. Product release in mM resulting 

from hydrolysis by C) 0.08 mg PETase/g PET or 0.16 mg MHETase/g PET and D) 0.25 mg PETase/g PET or 0.5 mg 

MHETase/g PET, for both C) and D) equivalent catalytic sites were loaded for the chimeric enzymes. All comparisons are 

statistically significant with p-values < 0.0001 based on 2way ANOVA analysis and Tukey’s multiple comparisons test. E) 

MHET turnover rate by each chimeric enzyme compared to MHETase alone using 250 µM MHET and 5 nM enzyme. Asterisks 

indicate statistically significant comparisons between MHETase and each chimera enzyme with p-values < 0.01 (*), 0.001 (**), 

and 0.0005 (***).



 

 
204 

The presence of confirmed MHETase homologs in C. thiooxydans and Hydrogenophaga sp. 

PML113 suggests that these bacteria may harbour abilities for TPA catabolism (SI Appendix, 

Figure. S17). Bioinformatics analysis was thus conducted to query the genomes of the strains 

compared to known TPA catabolic genes from I. sakaiensis (10), Comamonas sp. E6 (60, 61), Delftia 

tsuruhatensis (62), Paraburkholderia xenovorans (63), Rhodococcus jostii RHA1 (64), and 

Rhodococcus sp. DK17 (65), including putative PETases, terephthalate transporter genes, two-

component terephthalate dioxygenases, the 1,2-dihydroxy-3,5-cyclohexadiene-1,4-dicarboxylate 

dehydrogenase, and the three types of protocatechuate (PCA) dioxygenases (PCA-2,3, PCA-3,4, 

and PCA-4,5-dioxygenases) (SI Appendix, Table S5). This analysis revealed that neither C. 

thiooxydans nor Hydrogenophaga sp. PML113 harbour putative PETase genes. Interestingly, 

both strains exhibit genes encoding for TPA catabolic enzymes and transporters highly 

homologous to those of I. sakaiensis, Comamonas sp. E6, and Delftia tsuruhatensis (in all cases 

above 60% identity (SI Appendix, Figure. S18, S19), suggesting that they are highly likely able 

to turnover TPA to PCA, a common central intermediate in aerobic aromatic catabolic pathways 

(66). Each strain also contains annotated PCA-4,5-dioxygenases (SI Appendix, Table S5). Further 

experimental work will be required to understand if either of these bacteria exhibit the ability to 

depolymerize PET, perhaps through another type of mechanism than via ester hydrolases, or 

perhaps like Comamonas sp. E6, they are primarily able to consume soluble, xenobiotic 

intermediates. Perhaps these strains could serve as useful sources of TPA catabolic genes for 

synthetic biology efforts associated with biological plastics recycling and upcycling (67). 

The enzymatic deconstruction of recalcitrant natural polymers such as cellulose, hemicellulose, 

and chitin is accomplished in nature by the action of cocktails of synergistic enzymes secreted 

from microbes (68, 69). For example, as observed in fungal cellulase systems for cellulose 

depolymerization, these cocktails typically contain a subset of enzymes to act directly on solid 

polymeric substrates via interfacial enzyme mechanisms, and complementary enzymes (e.g., -

glucosidases) that further process solubilized intermediates to monomeric constituents (e.g., 

cellobiose hydrolysis to glucose). Given that natural microbial systems evolved over millions of 

years to optimally degrade recalcitrant polymers, perhaps it is thus not surprising, in hindsight, 

that a soil bacterium such as I. sakaiensis evolved the ability to utilize a crystalline polyester 

substrate with, to our collective knowledge, a two-enzyme system (10, 16). Extending the analogy 

of cellulase enzymes and plant cell wall deconstruction for breaking down diverse 

polysaccharides simultaneously, the concept of deconstructing synthetic polymers in the form of 

mixed plastics waste with advanced enzyme cocktails is an exciting research direction beyond 

PET to other polyesters, natural fibres (e.g., cellulose from cotton, proteins from wool) (70), 

polyamides, polyurethanes (71), and other polymers susceptible to enzymatic depolymerization. 

Going forward, the design of multi-enzyme systems for depolymerization of mixed polymer wastes 

is a promising and fruitful area for continued investigation 

  



 

 
205 

 Methods 

Plasmid construction. pET21b(+)-based expression plasmids for I. sakaiensis genes, 

homologous genes, and mutants were generated as further described in SD Appendix. 

Protein expression and purification. E. coli-based protein expression and chromatographic 

purification is described in the SI Appendix, Supplementary Methods. 

Crystallization and structure determination. MHETase was crystallized in four conditions 

including a seleno-methionine-labeled version for single-wavelength anomalous diffraction 

phasing. All X-ray data collections were performed at Beamline I03 at the Diamond Light Source. 

Detailed methods and statistics are provided in SI Appendix, Supplementary Methods and 

Table S1. 

Molecular simulations. MD simulations were performed for solvated MHETase both in the free 

state and with MHET bound at the active site. All systems were built in CHARMM (39) and 

simulations utilized the CHARMM forcefield (41). Classical MD simulations were run with NAMD 

(40); QM/MM simulations, including two-dimensional umbrella sampling free energy calculations, 

were run in Amber (42, 72). Additional simulation details are in the SI Appendix, Supplementary 

Methods. 

Bioinformatics. A total of 6,671 tannase family sequences were retrieved via PSI-BLAST against 

the NCBI non-redundant database (50). Phylogenetic analyses were conducted with MEGA7 (73). 

Additional details are in the SI Appendix, Supplementary Methods. 

MHETase kinetics and turnover experiments. MHETase and mutant enzymes were incubated 

with MHET, MHEI, or MHEF and reactions quenched with methanol and a heat treatment at 85˚C 

for 10 min. Hydrolysis extent was measured by HPLC as described in SI Appendix, 

Supplementary Methods and Table S6. 

Molecular docking. MHET, MHEI, and MHEF docking into MHETase were modelled and 

prepared using tools in Schrödinger. Substrate docking simulations were conducted using 

Induced Fit Docking simulations in Schrodinger as described in the SI Appendix, Supplementary 

Method. 

Ligand synthesis. MHET, MHEI, and MHEF were prepared via the coupling and subsequent 

deprotection of a mono-tBoc-protected ethylene glycol with the respective acyl chlorides as 

further described in the SI Appendix, Supplementary Methods and Figure. 3.S12-S14. 

MHETase synergy with PETase. The effect of MHETase loading and PETase loading on 

amorphous PET film after 96 hours was measured as total product release (MHET, BHET and 

TPA) via HPLC, as described in the SI Appendix, Supplementary Methods. 
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MHETase-PETase chimeras. Chimeric constructs covalently linking MHETase to PETase were 

generated and incubated with either MHET or amorphous PET film as described in the SI 

Appendix, Supplementary Methods. 
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  Closing remarks  

This work was highly popular with 111 citations as of July 2022, at the point of publication the research 

was covered by 296 news sources (according to altmetric). Many newscasters mentioning this work 

focussed particularly on the MHETase: PETase chimera labelling this as a ‘super-enzyme’, while this 

is a big claim for the media, it  is still a significant step to understanding beneficial engineering routes 

for bio-recycling.  

As previously discussed, the use of synergistic enzymes can be beneficial for improved hydrolysis, 

in the case of PETase and MHETase this is true, as a bifunctional fusion of PETase and MHETase 

led to a 6-fold increase in PET hydrolysis due to increased localisation of PETase and MHETase for 

a substrate channelling effect. Orientation of the component domains PETase and MHETase had a 

direct effect on the successful expression and purification of the enzyme(s), MHETase C-terminal 

linked to the N-terminal PETase was expressed successfully, however when PETase is C-terminal 

linked to the N-terminal of MHETase this resulted in insoluble inclusion bodies. Surprisingly, the 

variable linker size did not have a substantial effect on the hydrolysis, with each fusion enzyme 

performing comparably. It would be interesting to explore linkers of different composition, rigid linkers  

rich in arginine and proline amino acids,A1 or more drastic size interval flexible linkers from as little as 

1 amino acid up to 40 – 60 amino acids. It is reported that there is no rule of thumb for optimising the 

architecture of enzymes that are bifunctionally fused as this is highly unique to each enzyme.A2 

As part of this project, I explored the use of Atomic Force Microscopy to characterise the treated 

polymer surfaces, a look at this surface topography of PET films is shown in Figure 4.5. It is also 

noteworthy that in context of industrial use of this enzyme system that is able to fully convert PET to 

TPA and EG, (negligible presence of other products MHET and BHET) enable a homogenous 

monomer generation for feedstock into a circular plastics loop, this can reduce the cost of purifying 

the monomers, directly reducing the feedstock cost of recycled TPA. This was shown to have the 

biggest impact on the feasibility of enzymatic recycling according to the technoeconomic analysis by 

Singh et al.A3 It would be of interests to further expand this study for a thermostable PETase and 

MHETase enzyme, as currently MHETase optimal activity resides around 50°C35, in order to work 

closer to the Tg of PET and subsequently achieve greater overall hydrolysis. At present, many 

candidate thermostable PETases have been fund and characterised, however to date little is known 

on MHETase and no study has identified a MHETase with a Tm above the Tg of PET. Combining 

optimisations to linker design and component domains would be a worthwhile endeavour for further 

work on PET hydrolase: MHET hydrolase fusion systems. It is noted that a discrepancy is observed 

between experimentally determined Kcat values for MHETase and the values determined by molecular 
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simulation, for the purpose of this study the experimental values are of focus and the simulation is 

simply a tool to suggest the limiting step in the overall mechanism.  

 

Figure 4.5. Atomic Force Microscopy of PET coupons (A-F) Topography of different enzyme treated PET surfaces showed 

as a 2D representation of sample scan (A) Untreated PET coupon; (B) PETase; (C) PETase and MHETase synergy; (D) MP8; 

(E) MP12; ( F) MP20 
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terephthalate) hydrolysis at high solids loadings 
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Figure 5.A1. Schematic overview of CBM binding by type. Three types of binding mechanism for 

CBMs, Type A; Planar binding whereby aromatic hydrophobic surface resides (e.g Trp, Tyr and Phe) 

align with the crystalline cellulose surface for a planar stacking mechanism. Type B; A subsite cleft 

for binding internal glycan chains and can accommodate long sugar ligands. Type C; binds the termini 

for glycans and operates for short sugar ligands. 

 Contribution 

This chapter consists of a peer reviewed research article published in Chem Catalysis. This study is 

the core study of my PhD, I conceived the experiments, planned and/or conducted every aspect of 

this project, designed the figures and wrote the manuscript. This was supported by collaborators at 

NREL. This study takes a look at the role of binding domains in PET biorecycling, specifically focusing 

on the usefulness at industrial level. Technoeconomic analysis identified the drivers behind a feasible 

enzymatic biorecycling approach, highlighting the importance of PET solids loadings above 15 wt%, 
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this is required for a competitive bio-recycling approach.39 Given this, and a parallel study showing 

cellulases with or without CBMs are comparative at high solids loadings for cellulose 

depolymerisation.42 Furthermore, a range of advantages are being reported across previous studies 

into CBMs fused to various PET hydrolases from 4 – 22-fold enhancements, yet these were only 

tested at low PET solids loadings >3wt%. We designed and conducted this study to address whether 

the use of CBMs fused to a PET hydrolase has any advantage at industrially relevant PET loadings 

of 20wt%.  
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 Summary 

In nature, enzymes that deconstruct biological polymers, such as cellulose and chitin, often exhibit 

multi-domain architectures, comprising a catalytic domain and a non-catalytic binding module, the 

latter serves to increase the enzyme concentration at the substrate surface. This multi-domain 

architecture has been shown to improve the hydrolysis of poly(ethylene terephthalate) (PET) using 

engineered cutinase enzymes. Here, we examine the role of accessory binding modules at 

industrially-relevant PET solids loadings that will be necessary for cost-effective enzymatic recycling. 

Using a thermostable variant of the leaf compost cutinase (LCC), we produced synthetic fusion 

constructs of LCC with five Type A carbohydrate-binding modules (CBMs). At solids loadings below 

10 wt%, the CBMs improve aromatic monomer yield from PET, but above this threshold, conversion 

extents up to 97% are reached with no added benefits from the presence of CBM fusions. This 

suggests that fusion constructs with the herein studied non-catalytic binding modules are not 

necessary for industrial enzymatic PET recycling. A future avenue for exploration would be to 

engineer more specific ‘PET’ binding modules by substituting hydrophobic surface residues for 

hydrophilic counterparts. 

5.2.1  The bigger picture 

Closed-loop recycling and open-loop upcycling of waste plastics represent a suite of critical 

technologies to address the plastic waste pollution crisis. Enzymatic deconstruction of the synthetic 

polyester, poly(ethylene terephthalate) (PET), is among the several options available for chemical 

recycling of this common plastic. While early demonstrations of enzymatic PET recycling have shown 

feasibility, the technology is not yet cost-competitive with production of virgin petroleum-derived PET. 

This study analyses an enzyme engineering approach that takes a lesson from nature to improve the 

catalytic efficiency of PET-hydrolysing enzymes, and evaluates the impact of this strategy under 

reaction conditions that simulate a key industrial feature of enzymatic PET recycling. The implications 

of this study can help focus the resources available to the field on solutions that can enable rapid 

deployment of viable technologies to realistically address plastics pollution. 
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 Introduction 

Poly(ethylene terephthalate) (PET) is one of the most abundantly produced single-use plastics 

worldwide and is used for common commercial products including food packaging, water bottles, and 

textiles.1 Currently only a small fraction of post-consumer PET is recycled and therefore the 

development of effective approaches to control PET pollution is of keen global interest.2–5 This critical 

need has catalysed investigation into the use of enzymes for PET deconstruction as a means of 

chemical recycling or upcycling.6–12 These PET hydrolases primarily include cutinase enzymes of 

thermophilic origin, among other closely related biocatalysts for PET hydrolysis.1,13,14 Enzyme 

engineering to attain enhanced catalytic performance and thermostability has been pursued with 

multiple design approaches.15–23 Prominently, two engineered variants of the leaf-compost cutinase 

(LCC) (WCCG and ICCG) were reported with enhanced thermostability and have been shown to 

achieve up to 90% conversion of amorphous PET to monomers in less than 20 hours.22 

Beyond improvements in thermal stability, another enzyme engineering strategy that has been 

pursued focuses on improving enzyme binding affinity to PET.24–29 This approach has employed multi-

domain enzyme architectures comprising a catalytic domain and a non-catalytic accessory binding 

module, a composition commonly observed in enzyme systems that deconstruct natural biopolymers. 

In particular, this multi-domain enzyme architecture is prominently observed in enzymatic cellulose 

and chitin hydrolysis, wherein enzymes often contain carbohydrate-binding modules (CBMs).30–32 

Given the inherent diversity in carbohydrate structure, CBMs vary broadly in their substrate specificity 

and mode of binding, and are classified into three types, dependent on the mechanism of substrate 

interaction: Type A for planar binding; B for exo- binding; and C for endo- binding.31 Of particular 

relevance to PET, Type A CBMs bind to insoluble carbohydrates via a planar hydrophobic binding 

face, where the conserved aromatic residues on the binding surface align with cellulose or chitin 

polymer chains.33,34 Cellulose, like PET, is hydrophobic and exhibits both crystalline and amorphous 

regions.35,36 Thus, engineering CBMs, as well as other types of non-catalytic binding proteins such 

as hydrophobins and polyhydroxyalkanoate-binding modules, into PET hydrolases has been explored 

to increase the enzyme concentration on the surface of the PET substrate to enhance its hydrolysis.24–

29,37,38 

While substantial progress has been made in increasing PET deconstruction by fusion with non-

catalytic binding modules in the laboratory, the goal of PET hydrolase engineering is to ultimately 

develop enzymes and associated processes that are industrially viable. Typically, enzymatic PET 

recycling involves loading a mechanically-pretreated PET suspension into a stirred vessel reactor 

where it is combined with enzymes for hydrolysis into the monomers terephthalic acid (TPA) and 

ethylene glycol (EG).22 Recently, we reported a techno-economic analysis (TEA) of this process, 

highlighting the importance of high PET solids loading during hydrolysis.39 Similar to PET, industrial 
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cellulose hydrolysis also requires high solids loading, typically ≥15 wt%, for economic viability.40 In 

seminal work on cellulase engineering, Varnai et al. previously demonstrated that CBMs are not 

required at high solids loading, which the authors attribute to the short diffusion path lengths required 

for enzymes to dissociate and access new regions of the substrate.41,42 To date, studies that examine 

PET hydrolases with non-catalytic binding module fusions have only been reported for reactions with 

< 3 wt% PET loading (Table 5.1), considerably below an industrially-relevant level (> 10 wt%).39 

In this study, taking inspiration from Varnai et al.,41,42 we analyse fusion enzymes of an LCC variant 

coupled to five different Type A CBMs, characterizing their thermal stability, surface adsorption, and 

ability to hydrolyse PET films across a range of substrate loadings (1 – 20 wt%). Specifically, we 

evaluate the potential for utilizing CBM fusions at industrially-relevant PET loadings (> 10 wt%) and 

high conversion extents (> 90%).  
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Table 5.1. Studies using accessory binding modules for PET deconstruction.  

Enzyme catalytic 
domain 

Accessory binding module Accession number of  
accessory domain 

Substrate* Enzyme loading 
(units as reported) 

Enzyme loading 
(mg per g PET) 

PET loading 
(wt%) 

Reference  

Thc_CUT1 Hydrophobin [HFB4] XP_006964739.1 Amorphous PET 5 μM 19.4 1 Ribitsch et al. (2015) 

Thc_CUT1 Hydrophobin [HFB7] KP209450 Amorphous PET 5 μM 20.5 1 Ribitsch et al. (2015) 

Thc_CUT1 Hydrophobin [HFB9B] EHK16817 Amorphous PET 5 μM 23.0 1 Ribitsch et al. (2015) 

Thc_CUT1 Trichoderma reesei (TrCBM1) P62694.1 Amorphous PET 25 µM 28.6  3 Ribitsch et al. (2013) 

Thc_CUT1 Polyhydroxyalkanoate depolymerase 
binding module [AfPBM] 

AAA21974.1 Amorphous PET 25 µM 29 .1 3 Ribitsch et al. (2013) 

PETase Hydrophobin [RolA] AB094496 Amorphous PET 20 μM n.d. n.d.a Puspitari et al. (2021) 

PETase Trichoderma reesei (TrCBM1) P62694.1 Amorphous PET 10 μg/mL 1.6 - 6.6 0.15 - 0.6b Dai et al. (2021) 

PETase Polyhydroxyalkanoate depolymerase 
binding module [AfPBM] 

AAA21974.1 Amorphous PET 10 μg/mL 1.6 - 6.6 0.15 - 0.6b Dai et al. (2021) 

PETase Hydrophobin [HFB4] XP_006964739.1 Amorphous PET 10 μg/mL 1.6 - 6.6 0.15 - 0.6b Dai et al. (2021) 

Tfuc2 Dermaseptin SI (DSI) Unknown Amorphous PET 
particlesc  

7 μM 23.1 1 Liu et al. (2022)  

LCCICCG Polyhydroxyalkanoate depolymerase 
binding module [AfPBM] 

AAA21974.1 Amorphous PET 0.5 μM 28.5 0.06 Xue et al. (2021) 

LCCICCG Trichoderma reesei (TrCBM1) P62694.1 Amorphous PET 0.5 μM 26.5 0.06 Xue et al. (2021) 

LCCICCG Hydrophobin [HFB4] XP_006964739.1 Amorphous PET 0.5 μM 32.0 0.06 Xue et al. (2021) 

LCCICCG Chitin binding domain [ChBD] MG210568 Amorphous PET 0.5 μM 41.3 0.06 Xue et al. (2021) 

LCCYCCG Trichoderma reesei (TrCBM1)  P62694.1 Amorphous PET 0.05 μM - 1 μM 0.15, 1.9  1 - 20  this study 

LCCYCCG Thermobifida fusca (TfCBM2a) AAD39947.1 Amorphous PET 0.05 μM - 1 μM 0.18 1 - 20 this study  

LCCYCCG Bacillus subtilis (BsCBM3) AAZ22322.1 Amorphous PET 0.05 μM - 1 μM 0.20 1 - 20 this study  

LCCYCCG Teredinibacter turnerae (TtCBM10) ABS72374.1 Amorphous PET 0.05 μM - 1 μM 0.17 1 - 20 this study 

LCCYCCG Spirochaeta thermophila (StCBM64a) ADN02703.1 Amorphous PET 0.05 μM - 1 μM 0.18 1 - 20 this study  

* Sourced from Goodfellow unless stated otherwise; a Parameter required for accurate determination of wt% PET loading is not described in the cited publication; b Calculation based on a range as volume of vessel 
disclosed, however no final volume of reaction reported; c Amorphous PET particles were produced using liquid nitrogen and sodium dodecyl sulphate (SDS). 
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 Results  

5.4.1 Engineered LCC-based fusion enzymes generated from 5 Type A CBM 

families 

Previously, Tournier et al. replaced a Ca2+ binding site in LCC with a disulphide bond (D238C/S283C) 

resulting in a more thermostable variant but at the cost of a 28% fall in PET hydrolysis activity.22  

Subsequently, this activity loss was recovered by the mutation of Phe243 to either Trp or Ile. 

Additionally, introducing the Y243G mutation to each enzyme gave the best-performing hydrolases 

against amorphized post-consumer waste PET, LCCWCCG (F243W/D238C/S283C/Y127G) and 

LCCICCG (F243I/D238C/S283C/Y127G).22 Here, we investigated the more conservative Phe-to-Tyr 

mutation at position 243, which was not reported in the previous study. 22 This new LCC variant, 

LCCYCCG (F243Y/D238C/S283C/Y127G), has a melting transition (Tm) of 97.5°C, 2-3°C higher than 

the LCCWCCG  and LCCICCG variants (Table 5.S1), and exhibits improved hydrolysis of PET (Figure 

5.1A).22 Therefore, the LCCYCCG variant was adopted as the catalytic domain for CBM fusions in this 

study. 

We selected five Type A CBMs that exhibit planar surfaces for designing the fusion constructs in this 

study. Type A CBMs from families 1, 2a, 3, 10, and 64 were selected from both fungal and bacterial 

origins (Table 5.1).43 These were fused to the C-terminus of LCCYCCG using the flexible linker from 

the Trichoderma reesei family 7 cellobiohydrolase (TrCel7A), and expressed in Escherichia coli.32,44 

A summary of these constructs is presented in Figure 5.1B and their sequences are provided in 

Table 5.S2. The TrCel7A linker is intrinsically disordered and would be glycosylated in its native 

host.44–46 Expression of each LCCYCCG:CBM fusion enzyme was successful, with yields ranging from 

1-10 mg enzyme per L culture after two chromatography purification steps. 
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Figure 5.1. Design of the LCC-CBM fusion enzymes. (A) Monomeric aromatic products released following incubation for 24 

h with 1 µM enzyme (1.3 mg enzyme per g PET) and PET film at 2 wt% for the three enzyme variants of LCC. Error bars 

represent the standard deviation of total product from experiments performed in triplicate. Asterisks indicate statistically 

significant comparisons between LCCYCCG and each of the other variants with * indicating p ≤ 0.05, and ** for p ≤ 0.025. (B) 

Graphical representation of the fusion enzymes generated for this study. Values represent the molecular weight (kDa) of each 

respective component of the construct. Additional information is provided in Table S2 on primary sequences, family, origin, 

and accession number for the CBMs.  

5.4.2 LCCYCCG:CBM fusions retain esterase activity and PET binding activity 

Initially, we measured the intrinsic esterase activity and PET binding activity of each LCCYCCG-CBM 

fusion enzyme to assess any potential negative impact of the linker-CBM fusion on the catalytic 

domain function. Esterase activity, as measured from the hydrolysis of the diester bis(2-hydroxyethyl) 

terephthalate (BHET), was largely unaffected by the addition of the TrCel7A linker and any of the 

CBMs with total product yields varying by ≤ 12.5% (Figure 5.S1). 

Langmuir isotherms of PET binding at room temperature were generated for the LCCYYCG catalytic 

domain alone and the five fusion enzymes using a protein concentration-based assay (Figure 5.2). 

These assays confirm that LCCYCCG and all fusions bind PET and that, with the exception of 

LCCYCCG:BsCBM3, the binding capacity of the PET surface for enzyme remains unchanged 

irrespective of the choice of CBM. LCCYCCG:BsCBM3 exhibits reduced surface binding at elevated 

enzyme concentration (> 100 nM) suggesting that it may be prone to aggregation in solution at room 

temperature. The derived equilibrium dissociation constant (Kd) values for the enzymes reveal that 

the LCCYCCG:TrCBM1 fusion exhibits the highest affinity for PET (Table 5.S3), approximately 3-times 

higher than that of the catalytic domain alone (p = 0.0224), suggesting that this CBM significantly 

enhances enzyme localisation to the PET surface. Notably, the free energy of binding for this 
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interaction between TrCBM1 and PET (-2.80 kJ/mol), as calculated from the ratio of Kd values for 

LCCYCCG and LCCYCCG:TrCBM1, is approximately half of that for binding of TrCBM1 to its natural 

substrate, cellulose (-5.61 kJ/mol47). 
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Figure 5.2. PET binding activity of LCCYCCG-CBM fusions. (A-F) Substrate coverage as a function of free enzyme 

concentration used to develop Langmuir binding isotherms. Experiments were conducted at room temperature on 2 wt% 

amorphous PET film for LCCYCCG (A), LCCYCCG:TrCBM1 (B), LCCYCCG:TfCBM2a (C), LCCYCCG:BsCBM3 (D), LCCYCCG:TtCBM10 

(E), and LCCYCCG:StCBM64 (F). Error bars represent the standard deviation of measurements from incubations performed in 

triplicate. A binding threshold at the highest enzyme concentration of 2 nmol per g PET was considered significant for numerical 

analysis. Kd values with standard deviations are shown on each respective panel and surface saturation (Γ) is represented 

with dashed lines on each graph with dotted lines representing standard deviations. Full binding parameters can be found in 

Table 5.S3. Data are available in Data S1. 
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5.4.3 CBMs vary in thermal stability when fused to LCCYCCG 

Enzyme-catalysed PET hydrolysis is well known to be strongly temperature dependent, with 

contributing factors from both  varying substrate properties and enzyme thermostability. Therefore, 

we used differential scanning calorimetry (DSC) to assess the thermostability of the component 

domains in each LCCYCCG:CBM fusion enzyme, in addition to CBMs expressed as independent 

proteins (Figure 5.3, Table 5.S4). For each LCCYCCG:CBM fusion, a thermal unfolding transition was 

observed at a near-identical temperature to that for the isolated LCCYCCG, confirming the minimal 

impact of the linker-CBM fusion on the properties of the catalytic domain. For LCCYCCG:TfCBM2a, 

LCCYCCG:BsCBM3, and LCCYCCG:StCBM64, discrete unfolding transitions were also observed for the 

CBM, albeit at a somewhat higher (for LCCYCCG:TfCBM2a) or lower (for LCCYCCG:BsCBM3 and 

LCCYCCG:StCBM64) temperature than the corresponding isolated CBM. This indicates that fusion to 

LCCYCCG can alter a CBM Tm in a CBM-dependent manner. At temperatures above the Tm of their 

CBM, we expect the PET hydrolysis activity of each fusion to be approximately equivalent to that of 

the isolated LCCYCCG, although it is possible that a thermally-denatured CBM might still enhance 

substrate binding by interacting in a non-native conformation, as seen for α-chymotrypsin adhering 

to Teflon.48 

Despite its enhancement of PET surface binding by LCCYCCG (Figure 5.2B), the TrCBM1 did not 

exhibit a detectable denaturation transition in the DSC thermograms, either as an isolated domain or 

in the context of the LCCYCCG:TrCBM1 fusion (Figure 3); the same phenomenon was observed for 

the LCCYCCG:TtCBM10 fusion. 



 

 
227 

 

Figure 5.3. Thermostability of component domains in LCCYCCG:CBM fusions. (A-F) Protein DSC thermograms for LCCYCCG 

(A), LCCYCCG:TrCBM1 (B), LCCYCCG:TfCBM2a (C), LCCYCCG:BsCBM3 (D), LCCYCCG:TtCBM10 (E), and LCCYCCG:StCBM64 (F). 

The arrow on each panel indicates the unfolding transition (Tm) of the LCCYCCG catalytic domain and * indicates the identified 

CBM unfolding transition. Each analysis was performed in triplicate (Table 5.S4). Data are available in Data S1. 
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Figure 5.4. Temperature dependence of PET hydrolysis for LCCYCCG and LCCYCCG:CBM fusion enzymes at low solids 

loading in small-scale reactions.(A) Enzyme performance is depicted as µmol total aromatic product per pmol of enzyme 

following incubation for 24 h reactions at 2 wt% PET loading (equivalent to 0.13 mg enzyme per g PET for LCCYCCG), reported 

from 30°C-90°C for 100 nM of each fusion enzyme or the LCCYCCG catalytic domain alone. Error bars represent the standard 

deviation of measurements from triplicate reactions. Graphs showing the yield of each monomer product (BHET, MHET and 

TPA) are presented in Figure 5.S2. (B) Heatmap of the extent of PET conversion calculated from the yield of monomeric 

aromatic products. Data are available in Data S1. 
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5.4.4 Some fusion enzymes exhibit enhanced substrate hydrolysis at low PET 

loading across a range of temperatures 

Amorphous PET hydrolysis activity was evaluated from 40-90°C at low PET loadings (2 wt%), and a 

detectable yield of aromatic PET monomers was observed for all fusion enzymes (Figure 5.4, Figure 

5.S2). The highest hydrolysis activities were observed at 70°C; above this temperature, 

recrystallisation of the amorphous PET accelerates resulting in reduced accessibility for the active 

site to individual polymer substrate chains.22 At 90°C, the further reduction in PET hydrolysis activity 

may reflect irreversible denaturation of the LCCYCCG due to kinetic instability on approaching its 

apparent Tm. 

Across the 50-80°C temperature range, the TrCBM1 and TtCBM10 fusions consistently outperform 

the isolated LCCYCCG catalytic domain in PET hydrolysis. The StCBM64 fusion also exhibits enhanced 

activity, but only at 50 and 60°C. These enhancements require the CBM and the catalytic domain to 

be covalently linked; equimolar mixtures of LCCYCCG with either TrCBM1 or StCBM64 do not stimulate 

hydrolysis (Figure 5.S3). Furthermore, elevated concentrations of isolated CBMs do not inhibit 

hydrolysis – either at low or high PET loading – as would be expected if they competed with the 

LCCYCCG for substrate binding (Figure 5.S3).  

In these small-scale, low solids loading experiments, the highest extent of PET conversion was 

observed for the LCCYCCG:TrCBM1 fusion at 70°C; under these conditions, the yield of aromatic 

products was approximately 4-fold higher than that of the LCCYCCG catalytic domain alone. Since the 

fusion enzymes have comparable BHET hydrolysis activity (Figure 5.S1), this dramatic enhancement 

in PET hydrolase activity in LCCYCCG:TrCBM1 can be attributed to an improved enzyme-PET 

substrate interaction. Scanning electron microscopy (SEM) analysis of residual films following 

incubation with each LCCYCCG:CBM fusion at 70°C reveals degraded and pitted surfaces 

characteristic of enzyme-mediated PET hydrolysis (Figure 5.S4). Despite the failure of these CBMs 

to display a thermal unfolding transition in the DSC experiments, the TrCBM1 and TtCBM10 fusions 

clearly stimulate PET hydrolysis between 50 and 80°C, and, hence, are likely to be correctly folded 

within this range. 

To provide further evidence that these CBMs are functionally active in associating with PET, we 

conducted PET hydrolysis reactions in the presence of cellulose, the natural binding partner for these 

CBMs, as a competitor (Figure 5.5). The yield of PET aromatic monomers significantly decreased in 

the presence of cellulose, confirming that TrCBM1 and TtCBM10 are indeed functionally active in the 

two fusion enzymes. 
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Figure 5.5. Cellulose binding activity of the TrCBM1 and TtCBM10 fusion enzymes Cellulose binding competition assay 

performed at 70°C was used to ascertain whether native cellulose-binding function is present for the TrCBM1 and TtCBM10 

fusion enzymes. Each stacked bar shows the monomeric aromatic product released for TPA (heavy shading), MHET (medium 

shading) and BHET (light shading). Error bars represent the standard deviation of the total product from triplicate reactions. 

Statistical comparisons (* : p > 0.05; **** : p < 0.0001) between PET-only and PET-plus-cellulose experiments are indicated 

on the graph. Data are available in Data S1. 
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5.4.5 Screening LCCYCCG:TrCBM1, LCCYCCG:TtCBM10 and LCCYCCG:StCBM64 

at 1-20 wt% PET loading 

We have established that, at 2 wt% PET loading, fusing LCCYCCG with either TrCBM1, TtCBM10 or, 

to a lesser extent, StCBM64 can improve PET hydrolysis. Next, we investigated whether this 

improvement is evident at a range of PET loadings up to 20 wt%. For the TrCBM1 and TtCBM10 

fusions, these experiments were performed at 70°C, the optimal temperature for PET hydrolysis by 

LCCYCCG; for LCCYCCG:StCBM64, this reaction was performed at 50°C, considerably below the optimal 

reaction temperature for LCCYCCG (70°C), with the intent to maintain the structural integrity of the 

StCBM64. None of these LCCYCCG-CBM fusion enzymes shows any sign of breakdown into the 

individual domains under the reaction conditions employed over a 24 h period (Figure 5.S5), 

confirming that in each case the inter-domain linker is resistant to breakdown by any potentially 

contaminating proteases despite its lack of glycosylation. 

Fusion of TrCBM1, TtCBM10, and StCBM64 to LCCYCCG improves monomer yield in most reaction 

conditions up to 5 wt% PET loading (Figure 5.6). The LCCYCCG:TrCBM1 fusion generates the highest 

increase in yield at 70°C, achieving 3-fold higher monomer accumulation than LCCYCCG at the optimal 

reaction conditions for the catalytic domain alone. (Figure 5.6A,D). The LCCYCCG:TtCBM10 fusion 

generates up to a 2-fold increase between 2-5 wt% PET loading (Figure 5.6B,E). It is noteworthy that 

LCCYCCG:StCBM64 showed a 4-fold increase in monomer yield over the LCCYCCG catalytic domain 

alone for up to 2 wt% PET loading (Figure 5.6C). 
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Figure 5.6. Comparison of PET hydrolysis by LCCYCCG and LCCYCCG:CBM fusion enzymes at up to 20 wt% PET loadings 

in small-scale reactions. Each panel shows the sum of aromatic products (TPA, MHET and BHET) resulting from 500 µL 

hydrolysis reactions at various substrate loadings (1-20 wt%), where either the enzyme:substrate ratio is maintained 

(corresponding to 0.13 mg LCCYCCG per g PET) (panels A-C), or the molar concentration of enzyme is held constant at 100 nM 

(panels D-F), or the substrate loading is held constant at 20 wt% (panels G-H). Panels A, B, D, E, G and H show data from 

reactions performed at 70°C, while panels C, F and I show data from reactions at 50°C. Error bars represent the standard 

deviation of measurements from triplicate reactions. Graphs showing the yield of each monomer product are presented in 

Figure 5.S6. Data are available in Data S1. 
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5.4.6 Above 10 wt% PET loading, fusion enzymes do not improve substrate 

hydrolysis 

At PET loadings from 10-20 wt% PET, any advantage conferred by the fusion of the CBM to the 

LCCYCCG catalytic domain at lower PET loadings was no longer observed (Figure 5.6). Indeed, at the 

highest PET loading, LCCYCCG generates a higher yield of monomer products than any of the fusions. 

In the case of the LCCYCCG:StCBM64, despite maintaining a 2-fold increase over the LCCYCCG 

catalytic domain alone at 20 wt% PET loading with fixed enzyme concentration (100 nM), the overall 

level of PET hydrolysis under these reaction conditions (50°C) is significantly lower than what can be 

achieved by LCCYCCG alone at its optimal reaction temperature (70°C) (Figure 5.6C,F). Furthermore, 

at 20 wt% PET loading, the most industrially significant level, the TrCBM1, TtCBM10, and StCBM64 

fusions show no sustained advantage over the LCCYCCG domain alone over the enzyme concentration 

range 50 nM to 1 µM (Figure 5.6G-I); in each case, the aromatic monomer product yield rises 

approximately linearly with enzyme concentration.  

To evaluate the effect of the binding module fusions under industrially relevant conditions, reactions 

were performed in 3 L bioreactors with 1 L reaction volume and continuous pH, agitation, and 

temperature control at a PET loading of 20 wt% (Figure 5.7). To achieve the high enzyme loading 

needed for these experiments, the LCCYCCG:TrCBM1 genetic construct was redesigned to have an 

N-terminal histidine tag, which increased expression yield while maintaining a similar activity profile 

(Figure 5.S7). An initial trial, meant to recapitulate the small-scale experiments (those presented in 

Figure 5.6) at 20 wt% PET loading and an equivalent enzyme loading (1 µM), confirms that 

LCCYCCG:TrCBM1 does not demonstrate improved PET hydrolysis at higher PET loadings compared 

to the LCCYCCG enzyme alone (Figure 5.7A; Figure S8A,B). The subsequent experiment sought to 

completely hydrolyse solid PET to its monomer products. Using 20 wt% PET loading (200 g/L) and a 

higher enzyme loading (12.7 µM), approximately 97% measured mass loss was achieved over the 

96 h reaction time for both LCCYCCG and LCCYCCG:TrCBM1 reactions, with no significant difference in 

the product accumulation profile observed over the entire reaction time-course (Figure 5.7B; Figure 

5.S8C,D).  
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Figure 5.7. Time-course of PET hydrolysis at high PET solids loading with continuous pH control. Each panel shows 

the sum of aromatic products resulting from 1 L reactions with continuous pH, agitation, and temperature control (pH 7.5, 200 

rpm, 65°C). Error bars represent the range of reactions performed in duplicate. Graphs showing the yield of each aromatic 

monomer product are presented in Figure S8. Extent of conversion calculations are based on product yields. Data are available 

in Data S1.(A) Reactions over 48 h containing 1 µM enzyme (0.13 mg LCCYCCG per g PET, and 0.15 mg LCCYCCG:TrCBM1 per 

g PET) and 20 wt% PET loading. (B) Reactions over 96 h containing 12.7 µM enzyme (1.65 mg LCCYCCG per g PET, 1.90 mg 

LCCYCCG:TrCBM1 per g PET) at 20 wt% PET loading. Mass loss measured at end of 96h for LCCYCCG was 97.5% and 

LCCYYCCG:TrCBM1 was 97.8%. 

 Discussion  

The efficiency of enzymatic PET hydrolysis is dependent on the enzyme-substrate interaction. To 

explore the effect of coupling an accessory binding domain and a PET hydrolase, we analysed fusion 

enzymes pairing a CBM from five different CBM families (1, 2a, 3, 10 and 64) to the highly active 

LCCYCCG enzyme variant. We demonstrate that all LCCYCCG fusions tested are functionally active on 

PET. The most active fusion enzymes pair with CBMs from family 1 and family 10; these small CBMs 

(approximately 36 and 50 residues, respectively ) are suggested to have a flexible fold susceptible to 

secondary and tertiary structural changes,49 with flexible loop regions.33,34,49–52  

In agreement with previous studies on fusions of binding domains with PET hydrolases, at low 

substrate loadings (< 3 wt% PET), LCCYCCG:TrCBM1 and LCCYCCG:TtCBM10 exhibited significantly 

higher product yields than the LCCYCCG catalytic domain alone. However, as the wt% PET loading is 

increased, with either the same enzyme:PET loading (equivalent to 0.13 mg LCCYCCG per g PET) or 

a constant enzyme concentration (100nM), the LCCYCCG:TrCBM1 and LCCYCCG:TtCBM10 fusion 

enzymes lose any advantage, and by 20 wt% PET loading it is completely lost. Therefore, any 

advantage of the synthetic fusion constructs is realized only at low solids loadings. This is consistent 

with previous findings by Varnai et al. who reported that the CBMs of cellobiohydrolases do not 

enhance enzymatic cellulose hydrolysis at high solids loadings42. Similarly, in this study, the elevated 
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solids loading increases the frequency of enzyme-substrate collisions and accelerates PET hydrolysis 

to the point where the presence of the CBM no longer provides any additional benefit. 

Interestingly, for LCCYCCG:StCBM64 at 50°C and constant enzyme concentration (100 nM), the 

catalytic advantage over LCCYCCG is maintained across PET loadings (Figure 5.6F), but the 

temperature mismatch between StCBM64 thermostability and LCCYCCG optimal activity limits the 

application of this LCCYCCG:CBM fusion.  

In this study only, amorphous PET film has been tested, and therefore future studies should 

investigate the observed behaviour of CBMs for PET substrates with different physical morphologies 

including parameters such as crystallinity, accessible surface area, and chemical purity. Furthermore, 

with the continuing development of more efficient PET hydrolyses, it may be of interest to consider 

alternative catalytic domains, linkers and CBMs.  

 Conclusion  

CBMs can convey substantial advantages in PET hydrolysis at low substrate loading, namely in the 

range of 1-5 wt% PET. However, at the optimal reaction temperature for LCCYCCG performance, the 

beneficial role of CBM fusions is reduced at high substrate loadings (10-20 wt% PET). This is 

confirmed in reactions with constant pH control and at high extents of conversion to monomeric 

products. Overall, for the CBMs studied herein, we conclude there is little industrial relevance for 

CBM fusion enzymes above 10 wt% PET loading for amorphous PET substrates. 
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 Supplementary Information 

5.9.1 Supplemental experimental procedures 

 Materials availability 

This study did not generate new materials. The amorphous polyethylene terephthalate (PET) film 

used throughout this study was supplied by Goodfellow (catalog number ES301445; 0.25 mm 

thickness); it was either hole-punched to 10 mm x 13 mm for all small-scale experiments or cut into 

uniform pieces of approximately 0.5 cm x 0.5 cm for large scale experiments. 

 Data and code availability 

The datasets generated during this study are available as file Data S2. 

 Plasmid Construction 

All DNA sequences coding for the enzyme of interest were synthesized by Twist Biosciences in 

pET29b(+) plasmid backbones. Each construct includes, in addition to the leaf compost cutinase 

(LCC, EC 3.1.1.74) enzyme variant coding sequence, a cellobiohydrolase-derived linker sequence 

followed by a carbohydrate binding module (CBM)-encoding sequence, and a C-terminal hexa-

histidine epitope tag. The primary sequences of the five CBMs, with their respective origins and 

families, are presented in Table S2. 

 Protein expression and purification 

BL21 (DE3) Gold E. coli cells (Agilent) were transformed with pET29b(+) plasmids encoding the 

enzyme of interest. The following method was used to express the LCCYCCG, LCCICCG and LCCWCCG 

catalytic domains, and the fusion constructs LCCYCCG:TfCBM2a, LCCYCCG:BsCBM3, 
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LCCYCCG:TtCBM10 and LCCYCCG:StCBM64. Isolated colonies from each transformation were 

inoculated into a starter culture of lysogeny broth (LB) media containing 50 µg/mL kanamycin for 

growth at 37°C overnight and 200 rpm shaking speed. The starter culture was used to inoculate 2xYT 

medium (10 g NaCl, 10 g yeast extract, and 16g tryptone per L) containing 50 µg/mL kanamycin to 

an initial optical density at 600 nm (OD600) of 0.05. This culture was grown at 37°C and 200 rpm until 

the OD600 reached 0.6-0.8. Protein expression was then induced by addition of isopropyl b-D-1-

thiogalactopyranoside (IPTG) to a final concentration of 1 mM. Cells were maintained at 20°C for 18 

to 24 h with 150 rpm shaking speed following IPTG induction, harvested by centrifugation, and the 

harvested cell pellets stored at -20°C until purification. Autoinduction at 28°C at 180 rpm shaking 

speed for 28 h, as described elsewhere,1 was used for soluble expression of LCCYCCG:TrCBM1. For 

enhanced expression yield of LCCYCCG:TrCBM1, a pET28b(+) plasmid was used encoding an N-

terminal hexa-histidine epitope tag upstream of the catalytic domain coding sequence, and expressed 

using IPTG induction in the same manner as described above.  

For all constructs, except LCCYCCG:TrCBM1, the harvested cells were resuspended in a lysis buffer 

(300 mM NaCl, 10 mM imidazole, 20 mM Tris, pH 8.0) and lysed using sonication (Qsonica) for 3 

seconds on, 9 seconds off at 39% amplitude for a total of 10 min process time. Lysate was clarified 

by centrifugation at 40,000 g for 30 min at 18°C. Clarified lysate was then applied to a 5 mL HisTrap 

HP (Cytiva) Ni-NTA column using an ÄKTA Pure chromatography system (Cytiva) and  gradient 

eluted using 300 mM NaCl, 250 mM imidazole, 20 mM Tris, pH 8.0 buffer. LCCYCCG:TrCBM1 was 

resuspended in 100 mM NaCl, 50 mM HEPES, pH 7.0 buffer and lysed and clarified as described 

above. Clarified lysate was applied to a CEX Mono S (4.6cm, Cytiva) column and eluted with a 

gradient of 0-1M NaCl, 50mM HEPES, pH 7.0. To increase protein solubility during concentration, all 

proteins were dialysed into 50 mM Tris, 50 mM L-arginine, 50 mM glutamic acid, pH 7.5 and then 

concentrated with 10 kDa MWCO PES spin columns (Sartorius). All constructs were applied to a 

HiLoad Superdex 75 pg 16/60 (Cytiva) size exclusion column equilibrated with 750 mM L-arginine, 

20 mM Tris, pH 8.0. Protein in eluted fractions from Ni-NTA and size exclusion columns were 

assessed using SDS-PAGE with Coomassie staining and Western blot using primary antibody 

against the hexa-histidine epitope tag (Invitrogen, HRP.H8) and then dialysed into 150mM NaH2PO4, 

100 mM NaCl, pH 7.5 for analysis. 

Of note, during size exclusion chromatography, the catalytic domain interacts with the column resin, 

thereby delaying elution until approximately 2 column volumes. To minimize this interaction, inclusion 

of L-arginine in the buffer allows for elution within 1 column volume at >95% enzyme purity. 

 

 Sources of isolated CBMs  

Non-fusion CBM protein controls for TfCBM2a, StCBM64a and BsCBM3 were obtained from NZYtech 

(NZYTech Ltd., Lisbon, Portugal). TrCBM1 was obtained via solid-phase peptide synthesis.2 
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 Small-scale PET deconstruction assays 

Stadium-shaped (10 mm x 13 mm x 0.25 mm) hole-punched coupons of amorphous PET film(s) were 

incubated for 24 h in 150 mM NaH2PO4, 100 mM NaCl, pH 7.5 in a final volume of 500 µL. The PET 

solids loading, enzyme selection, and enzyme concentration were selected as follows: (1) LCC variant 

comparisons utilized 1 µM final enzyme concentration for LCCICCG, LCCWCCG, and LCCYCCG at 2 wt% 

PET loading; (2) Temperature profile screening for LCCYCCG and LCCYCCG:CBMs used 100 nM 

enzyme (equivalent to 0.13 mg/g PET equivalent for LCCYCCG only) and 2 wt% PET loading (single 

coupon load); (3) Comparison of LCCYCCG and LCCYCCG:CBM fusion enzymes up to 20 wt% PET 

loading in small-scale reactions used two enzyme loading strategies, including a fixed mass loading 

(equivalent to 0.13 mg LCCYCCG/g PET) and a fixed molar loading (100 nM). All PET hydrolysis 

experiments were performed in triplicate over 24 h. All reactions were terminated by addition of equal 

volume 100% methanol and subsequent removal of the PET substrate from the reaction solution. 

Soluble fractions were filtered through 0.2 µm nylon filters for monomer quantitation. 

 

 Bis(2-hydroxyethyl) terephthalate (BHET) hydrolysis activity assay 

BHET hydrolysis was assayed using 100 nM of each enzyme incubated in 150 mM NaH2PO4, 100 

mM NaCl, pH 7.5 with a final concentration of 1 mM BHET for 1 h at 50°C. Reactions were terminated 

with an equal volume 100% methanol and analysed immediately by high-pressure liquid 

chromatography (HPLC) for product composition. A no-enzyme BHET control reaction was used to 

correct for non-enzymatic substrate hydrolysis. 

 

 HPLC analysis 

Analyte quantitation was performed using previously reported methods, for small scale reactions3 and 

for 1 L reactions,4 respectively. 

 

 Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) was performed using a Microcal PEAQ-DSC Automated 

(Malvern Panalytical) using 0.2 – 0.5 mg/mL protein in 150 mM NaH2PO4, 100 mM NaCl, pH 7.5 

buffer. The temperature was raised from 30°C to 120°C at a ramp rate of 1°C/min using low feedback. 

Measurements were performed in triplicate with the resultant data analysis (buffer subtraction, 

baseline correction, and Tm determination) carried out using the instrument's control and analysis 

software. 
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 Binding Assays  

To determine equilibrium dissociation constant (Kd) values for PET binding, we used a previously-

described method5 with minor modifications. For each enzyme construct, a fixed mass loading of PET 

(LPET = 36.7 g/L), in a final volume of 300 µL was incubated with 50 nM – 1.2 µM enzyme for 15 

minutes at 25°C in low-binding microcentrifuge tubes. The total enzyme concentration prior to 

substrate addition (Etotal) and, following each incubation, the free enzyme concentration (Efree) were 

determined using a Micro BCA kit (Pierce). To account for possible variations in BCA dye binding, a 

standard curve was generated for each enzyme over a concentration range of 50 nM – 2.4 µM. 

Thereafter, the substrate coverage, 𝛤, was calculated as 𝛤 = (𝐸𝑡𝑜𝑡𝑎𝑙 −  𝐸𝑓𝑟𝑒𝑒)/𝐿𝑃𝐸𝑇 and plotted as a 

function of Efree. In order to obtain the Kd, the data was fit to the equation describing a Langmuir 

adsorption isotherm: 

𝛤 = 𝛤𝑚𝑎𝑥
𝐸𝑓𝑟𝑒𝑒 

𝐸𝑓𝑟𝑒𝑒 + 𝐾𝑑
          

 (1) 

where 𝛤𝑚𝑎𝑥 is the substrate coverage at surface saturation. 

 

 Scanning electron microscopy 

PET films were washed with cycles of ultrapure H2O, 10% SDS, ultrapure H2O, and 95% ethanol 

before drying in an incubator for 24 h at 60°C. The PET films were mounted on aluminium stubs with 

carbon tape and sputter coated with Au/Pd before applying silver paint to reduce charging. Analysis 

of PET surface was carried out on a MIRA3 TESCAN FEG-SEM at low voltage for no net charging (5 

kV). 

 

 Large scale PET deconstruction in bioreactors 

Large-scale depolymerisation reactions were performed in 1 L final volume in duplicate using 3 L 

glass bioreactor vessels (Applikon Biotechnology) equipped with two Rushton impellers positioned 

below the 1 L water line. Gas sparging arms and baffles were removed from the bioreactors for these 

reactions. Amorphous PET film cut into ~0.5 x 0.5 cm squares was used for substrate at 20 wt% (200 

g) loading. The 200 g PET substrate (146 mL volume based on 1.37 g/cm3 density of PET) was added 

to 849 mL reaction buffer and equilibrated as described above. The reaction was initiated by the 

addition of 5 mL enzyme from concentrated stock for final enzyme loading of 1 µM and final reaction 

volume of 1 L (corresponding to 0.13 mg LCCYCCG per g PET, 0.15 mg LCCYCCG:TrCBM1 per g PET) 

for the initial trial. A reaction buffer of 100 mM NaH2PO4, pH 8.0 was used for the second large-scale 

trial, and 12.5 µM final enzyme loading (corresponding to 1.65 mg LCCYCCG/g PET, 1.90 mg 

LCCYCCG:TrCBM1/g PET) and 20 wt% PET loading for all reactions. All reactions in the first and 
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second trial were performed in duplicate and were controlled at a temperature of 65°C and an 

agitation of 200 rpm. Reactions proceeded for 48 h (first trial) with continuous pH control, maintained 

at pH 7.5 by addition of 4 N NaOH using a peristaltic pump control module (Applikon Biotechnology). 

Reactions proceeded for 96 h (second trial) with continuous pH control at pH 8.0. No-enzyme control 

reactions were performed in 200 mL reaction buffer with 10 wt% and 20 wt% PET substrate loading 

in 250 mL glass jars (Corning), maintained at 65°C in a MaxQ 6000 shaking incubator (Thermo 

Scientific) set at 200 rpm. Control reactions did not require pH control and abiotic PET hydrolysis was 

undetectable. Sample volumes of <1 mL were removed throughout the reaction time-course, 

quenched using equal volume 100% methanol, stored at 4°C until the conclusion of the time-course, 

then filtered as described above for analyte quantitation. Dilutions were made using ultrapure water 

to achieve analyte concentrations between 1 and 200 mg/L in the analysis sample. At the end of the 

reaction, the remaining substrate was collected by filtration through Whatman grade 2 filter paper 

(Cytiva) using a Büchner funnel using pre-weighed filters. PET residuals were dried for 48 h at 50°C 

under vacuum then PET final mass was calculated. 

 SDS-PAGE Analysis of Linker Stability 

For the LCCYCCG:StCBM64, LCCYCCG:TrCBM1 and LCCYCCG:TtCBM10 fusion constructs, the 

susceptibility of the inter-domain linker to hydrolysis by potential contaminating protease activity was 

assessed by SDS-PAGE. Samples were analysed by SDS-PAGE before and after 24 h incubation at 

the designated reaction temperature (LCCYCCG, LCCYCCG:StCBM64 at 50°C; and LCCYCCG, 

LCCYCCG:TrCBM1 and LCCYCCG:TtCBM10 at 70°C) in 150 mM NaH2PO4, 100 mM NaCl, pH 7.5. 

Samples were reduced and denatured, and then run on a 4-12% SDS-PAGE gel against Bio-Rad 

precision plus molecular weight markers.  

5.9.2 Supplementary Tables  

Table 5.S1. LCC variant Tm values determined by DSC. 

Enzyme Tm (°C) 

LCCWCCG 94.58 ±  0.04 

LCCICCG 95.03 ±  0.04 

LCCYCCG 97.51 ±  0.17 
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Table 5.S2. Summary of constructs tested in this study. 

Enzyme 

Amino Acid Sequence 

 

Family and origin 
Accession no.  

(CBM) 

LCCWCCG  

SNPYQRGPNP TRSALTADGP FSVATYTVSR 

LSVSGFGGGV IYYPTGTSLT FGGIAMSPGY 

TADASSLAWL GRRLASHGFV VLVINTNSRF 

DGPDSRASQL SAALNYLRTS SPSAVRARLD 

ANRLAVAGHS MGGGGTLRIA EQNPSLKAAV 

PLTPWHTDKT FNTSVPVLIV GAEADTVAPV 

SQHAIPFYQN LPSTTPKVYV ELCNASHWAP 

NSNNAAISVY TISWMKLWVD NDTRYRQFLC 

NVNDPALCDF RTNNRHCQLE HHHHHH 

Unknown        

prokaryotic      

organism 

G9BY57 

LCCICCG  

SNPYQRGPNP TRSALTADGP FSVATYTVSR 

LSVSGFGGGV IYYPTGTSLT FGGIAMSPGY 

TADASSLAWL GRRLASHGFV VLVINTNSRF 

DGPDSRASQL SAALNYLRTS SPSAVRARLD 

ANRLAVAGHS MGGGGTLRIA EQNPSLKAAV 

PLTPWHTDKT FNTSVPVLIV GAEADTVAPV 

SQHAIPFYQN LPSTTPKVYV ELCNASHIAP 

NSNNAAISVY TISWMKLWVD NDTRYRQFLC 

NVNDPALCDF RTNNRHCQLE HHHHHH 

Unknown       

prokaryotic      

organism 

G9BY57 

LCCYCCG 

SNPYQRGPNP TRSALTADGP FSVATYTVSR 

LSVSGFGGGV IYYPTGTSLT FGGIAMSPGY 

TADASSLAWL GRRLASHGFV VLVINTNSRF 

DGPDSRASQL SAALNYLRTS SPSAVRARLD 

ANRLAVAGHS MGGGGTLRIA EQNPSLKAAV 

PLTPWHTDKT FNTSVPVLIV GAEADTVAPV 

SQHAIPFYQN LPSTTPKVYV ELCNASHYAP 

NSNNAAISVY TISWMKLWVD NDTRYRQFLC 

NVNDPALCDF RTNNRHCQLE HHHHHH 

Unknown          

prokaryotic      

organism 

G9BY57 

LCCYCCG:TrCBM1 

SNPYQRGPNP TRSALTADGP FSVATYTVSR 

LSVSGFGGGV IYYPTGTSLT FGGIAMSPGY 

TADASSLAWL GRRLASHGFV VLVINTNSRF 

DGPDSRASQL SAALNYLRTS SPSAVRARLD 

ANRLAVAGHS MGGGGTLRIA EQNPSLKAAV 

PLTPWHTDKT FNTSVPVLIV GAEADTVAPV 

SQHAIPFYQN LPSTTPKVYV ELCNASHYAP 

Trichoderma 

reesei CBM1 

AAA34212 

https://www.uniprot.org/taxonomy/2725
https://www.uniprot.org/taxonomy/2725
https://www.uniprot.org/taxonomy/2725
https://www.uniprot.org/uniprot/G9BY57
https://www.uniprot.org/taxonomy/2725
https://www.uniprot.org/taxonomy/2725
https://www.uniprot.org/taxonomy/2725
https://www.uniprot.org/uniprot/G9BY57
https://www.uniprot.org/taxonomy/2725
https://www.uniprot.org/taxonomy/2725
https://www.uniprot.org/taxonomy/2725
https://www.uniprot.org/uniprot/G9BY57
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NSNNAAISVY TISWMKLWVD NDTRYRQFLC 

NVNDPALCDF RTNNRHCQPP GGNRGTTTTR 

RPATTTGSSP GPPTQSHYGQ CGGIGYSGPT 

VCASGTTCQV LNPYYSQCLL EHHHHHH 

LCCYCCG:TrCBM1 (N-

terminus) 

HHHHHHSSGL VPRGSHMSNP YQRGPNPTRS 

ALTADGPFSV ATYTVSRLSV SGFGGGVIYY 

PTGTSLTFGG IAMSPGYTAD ASSLAWLGRR 

LASHGFVVLV INTNSRFDGP DSRASQLSAA 

LNYLRTSSPS AVRARLDANR LAVAGHSMGG 

GGTLRIAEQN PSLKAAVPLT PWHTDKTFNT 

SVPVLIVGAE ADTVAPVSQH AIPFYQNLPS 

TTPKVYVELC NASHYAPNSN NAAISVYTIS 

WMKLWVDNDT RYRQFLCNVN DPALCDFRTN 

NRHCQPPGGN RGTTTTRRPA TTTGSSPGPP 

TQSHYGQCGG IGYSGPTVCA SGTTCQVLNP 

YYSQCL 

Trichoderma 

reesei CBM1 

AAA34212 

LCCYCCG:TfCBM2a SNPYQRGPNP TRSALTADGP FSVATYTVSR 

LSVSGFGGGV IYYPTGTSLT FGGIAMSPGY 

TADASSLAWL GRRLASHGFV VLVINTNSRF 

DGPDSRASQL SAALNYLRTS SPSAVRARLD 

ANRLAVAGHS MGGGGTLRIA EQNPSLKAAV 

PLTPWHTDKT FNTSVPVLIV GAEADTVAPV 

SQHAIPFYQN LPSTTPKVYV ELCNASHYAP 

NSNNAAISVY TISWMKLWVD NDTRYRQFLC 

NVNDPALCDF RTNNRHCQPP GGNRGTTTTR 

RPATTTGSSP GPCTATYTIA NEWNDGFQAT 

VTVTANQNIT GWTVTWTFTD GQTITNAWNA 

DVSTSGSSVT ARNVGHNGTL SQGASTEFGF 

VGSKGNSNSV PTLTCAASLE HHHHHH 

Thermobifida 

fusca CBM2a 

AAD39947.1 

LCCYCCG:BsCBM3 SNPYQRGPNP TRSALTADGP FSVATYTVSR 

LSVSGFGGGV IYYPTGTSLT FGGIAMSPGY 

TADASSLAWL GRRLASHGFV VLVINTNSRF 

DGPDSRASQL SAALNYLRTS SPSAVRARLD 

ANRLAVAGHS MGGGGTLRIA EQNPSLKAAV 

PLTPWHTDKT FNTSVPVLIV GAEADTVAPV 

SQHAIPFYQN LPSTTPKVYV ELCNASHYAP 

NSNNAAISVY TISWMKLWVD NDTRYRQFLC 

NVNDPALCDF RTNNRHCQPP GGNRGTTTTR 

RPATTTGSSP GPGISVQYKA GDGSVNSNQI 

RPQLHIKNNG NATVDLKDVT ARYWYNAKNK 

GQNVDCDYAQ MGCGNLTHKF VTLHKPKQGA 

DTYLELGFKT GTLSPGASTG NIQLRLHNDD 

Bacillus subtilis 

CBM3 

AAZ22322.1 
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WSNYAQSGDY SFFQSNTFKT TKKITLYHQG 

KLIWGTEPNL EHHHHHH 

LCCYCCG:TtCBM10 SNPYQRGPNP TRSALTADGP FSVATYTVSR 

LSVSGFGGGV IYYPTGTSLT FGGIAMSPGY 

TADASSLAWL GRRLASHGFV VLVINTNSRF 

DGPDSRASQL SAALNYLRTS SPSAVRARLD 

ANRLAVAGHS MGGGGTLRIA EQNPSLKAAV 

PLTPWHTDKT FNTSVPVLIV GAEADTVAPV 

SQHAIPFYQN LPSTTPKVYV ELCNASHYAP 

NSNNAAISVY TISWMKLWVD NDTRYRQFLC 

NVNDPALCDF RTNNRHCQPP GGNRGTTTTR 

RPATTTGSSP GPCTEVCNWY GQGTYPLCNN 

TSGWGWENNQ SCIGRQTCES QNGGAGGVVS 

NCLEHHHHHH 

Teredinibacter 

turnerae CBM10 

ABS72374.1 

LCCYCCG:StCBM64 SNPYQRGPNP TRSALTADGP FSVATYTVSR 

LSVSGFGGGV IYYPTGTSLT FGGIAMSPGY 

TADASSLAWL GRRLASHGFV VLVINTNSRF 

DGPDSRASQL SAALNYLRTS SPSAVRARLD 

ANRLAVAGHS MGGGGTLRIA EQNPSLKAAV 

PLTPWHTDKT FNTSVPVLIV GAEADTVAPV 

SQHAIPFYQN LPSTTPKVYV ELCNASHYAP 

NSNNAAISVY TISWMKLWVD NDTRYRQFLC 

NVNDPALCDF RTNNRHCQPP GGNRGTTTTR 

RPATTTGSSP GPGEYTEIAL PFSYDGAGEY 

YWKTDDFSTT TNWGRYVNSW NLDLLEINGT 

DYANTWVPQH AIPPASDGYW YIHYKGSYPW 

SHVEMNLEHH HHHH 

Spirochete          

thermophillia 

CBM64 

ADN02703.1 

*Red text indicates the CBH linker sequence 

**Purple text indicates the CBM fusion partner sequence 

***Orange text indicates the hexa-histidine epitope tag 

****Accession number provided for wildtype Leaf compost cutinase (LCC) and green highlights indicate amino acid 

changes for the variants used in this study  

 



 

 
244 

Table 5.S3.  Binding parameters from Langmuir Isotherms.  

Enzyme 

Binding parameters 

Kd (nM) 𝛤 max   (nmol/g) 

LCCYCCG 87.0 ± 25.7 4.7 ± 0.4 

LCCYCCG:TrCBM1 27.8 ± 7.7 5.0 ± 0.3 

LCCYCCG:TfCBM2a 51.6 ± 27.6 4.6 ± 0.7 

LCCYCCG:BsCBM3 n.d. n.d. 

LCCYCCG:TtCBM10 55.3 ± 24.0 4.9 ± 0.5 

LCCYCCG:StCBM64 48.2 ± 27.2 4.9 ± 0.7 

n.d. = Not determined 

Table 5.S4. LCCYCCG:CBM fusion Tm values determined by DSC.  

Enzyme 

                                                           Tm (°C)  

Catalytic Domain CBM CBM alone 

LCCYCCG:TrCBM1 98.37 ± 0.06 n.d. n.d. 

LCCYCCG:TfCBM2a 97.80 ± 0.06 82.53 ± 0.13 76.21 ± 0.03 

LCCYCCG:BsCBM3 98.50 ± 0.09 55.34 ± 0.17 60.28 ± 0.25 

LCCYCCG:TtCBM10 98.37 ± 0.09 n.d. n.d. 

LCCYCCG:StCBM64 98.24 ± 0.05 72.80 ± 0.51 84.98 ± 0.07 

n.d. = not detected 
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5.9.3 Supplementary figures 

 

Figure 5.S1.  BHET hydrolysis for LCCYCCG and LCCYCCG:CBM fusions at 50 °C and pH 7.5  The plot shows the hydrolysis 

of BHET for LCCYCCG and each LCCYCCG:CBM fusion following a 1 h incubation using 100 nM enzyme concentration in 150 

mM NaH2PO4, 100 mM NaCl, pH 7.5 at 50°C. TPA , MHET and total product is displayed. Error bars reflect standard deviation 

of triplicate reactions. Data tables are available in Data S2. 
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Figure 5.S2. Temperature dependence of PET hydrolysis aromatic monomer product yields for LCCYCCG and 

LCCYCCG:CBM fusion enzymes at low solids loading in small-scale reactions. Aromatic products (BHET, MHET and TPA) 

release is depicted following incubation for 24 h reactions at 2 wt% PET loading (equivalent to 0.13 mg enzyme per g PET for 

LCCYCCG), reported from 30°C-90°C for 100 nM of each fusion enzyme or the LCCYCCG catalytic domain alone. Error bars 

represent the standard deviation of measurements from triplicate reactions. The notable increase in TPA relative to MHET at 

80°C is attributed to accelerated alkaline hydrolysis of MHET at this temperature.  Data tables are available in Data S2.  
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Figure 5.S3. Dose dependence of TrCBM1 and StCBM64  PET hydrolysis, at both 2 wt% and 20 wt% loading, by 100 nM 

LCCYCCG in the presence of various concentrations of (A) isolated TrCBM1 at 70°C; and (B) isolated StCBM64 at 50°C. 

Validation of hydrolysis enhancement in the other fusion construct of interest, LCCYCCG:TtCBM10, could not be performed as 

the isolated TtCBM10 was not available. Within each graph, the bars representing PET hydrolase activity using equimolar 

concentrations of LCCYCCG and CBM are highlighted with a grey background, TPA is represented by dark pink or dark blue, 

MHET the lighter shade pink or blue and BHET is white.  For StCBM64 at 2 wt% PET loading, some apparent stimulation of 

hydrolysis is seen at very high CBM concentration (p ≤ 0.025 (**) for comparing 800 nM to no CBM), but this effect is absent 

at 20 wt% loading. Data tables are available in Data S2. 

 

 



 

 
248 

  

Figure 5.S4.  Surface analysis of LCCYCCG:CBM constructs on PET films Scanning Electron Microscopy (SEM) was used 

to analyse the PET surface post incubation with different LCCYCCG:CBMs, a scale bar represents 100 µm on each image. Each 

PET coupon was incubated with 100 nM enzyme in 150 mM NaH2PO4, 100 mM NaCl, pH 7.5 at 70°C for 24h, before being 

processed for analysis.  

PET coupon 

LCCYCCG LCCYCCG:TrCBM1 

LCCYCCG:TfCBM2a LCCYCCG:BsCBM3 

LCCYCCG:TtCBM10 LCCYCCG:StCBM64 
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Figure 5.S5. The inter-domain linkers of the LCCYCCG:TrCBM1, LCCYCCG:TtCBM10, and LCCYCCG:StCBM64 fusion 

enzymes are resistant to hydrolysis by any contaminating proteases. Samples were analysed by SDS-PAGE before and 

after 24 h incubation at the designated temperature in 150 mM NaH2PO4, 100 mM NaCl, pH 7.5. In each case, the lack of 

appearance of a band at the equivalent molecular weight to LCCYCCG indicates that the linker is resistant to hydrolysis by any 

contaminating protease activity. 
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Figure 5.S6. Temperature dependence of PET hydrolysis aromatic monomer product yields for LCCYCCG and 

LCCYCCG:CBM fusion enzymes at up to 20 wt% PET loadings in small-scale reactions. Aromatic product (BHET, MHET 

and TPA) release from 500 µL hydrolysis reactions at various substrate loadings (1-20 wt%), where either the 

enzyme:substrate ratio is maintained (corresponding to 0.13 mg LCCYCCG per g PET) (panels A-E) or the molar concentration 

of enzyme is held constant (100 nM) (panels F-J) or the substrate loading is held constant (20 wt%) (panels K-O). Panels A, 

B, F, G, K and L show data from reactions performed at 50°C, while panels C-E, H-J and M-O show data from reactions at 

70°C. In each panel, BHET is shown as triangles linked with a dotted line, MHET as squares linked with dashed a line, and 

TPA as circles linked with a solid line. Error bars represent the standard deviation of measurements from triplicate reactions. 

Data are available in Data S2. 
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Figure 5.S7. Comparison of PET hydrolysis activity in N- and C-terminal His-tags on LCCYCCG:TrCBM1 fusion enzyme. 

(A) Sum aromatic products after 24 h incubation with varied substrate loadings and an enzyme concentration maintained at 

0.15 mg per g PET, to compare the product yield of LCCYCCG:TrCBM1 when the polyhistidine (His-) tag is fused to the C-

terminus (solid line) or the N-terminus (dashed line) of the fusion construct. (B) BHET, MHET and TPA contributions to the 

sum products in (A) is shown for each construct, with the His-tag at the C-terminus in blue hues, and the His-tag at the N-

terminus in purple hues. Data tables are available in Data S2. 
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Figure 5.S8. Time-dependent aromatic monomer release during PET hydrolysis at high PET solids loading with 

continuous pH control. Each panel shows the aromatic (BHET, MHET and TPA) products resulting from 1 L reactions with 

continuous pH, agitation, and temperature control (pH 7.5, 200 rpm, 65°C). Error bars represent the range of reactions 

performed in duplicate. In each case, BHET is shown as triangles linked with a dotted line, MHET as squares linked with 

dashed a line, and TPA as circles linked with a solid line. Data are available in Data S2. (A, B) Reactions over 48 h containing 

1 µM enzyme at 20 wt% PET loading and  (A) black 0.13 mg LCCYCCG per g PET; (B) pink 0.15 mg LCCYCCG:TrCBM1 per g 

PET.(C,D) Reactions over 96 h containing 12.7 µM enzyme at 20 wt% PET loading and (C) black 1.65 mg LCCYCCG per g PET; 

(D) pink 1.90 mg LCCYCCG:TrCBM1 per g PET. 
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 Closing remarks 

This study into the relevance of CBMs for industrial recycling of PET film, shows that the CBMs 

tested convey no advantage on amorphous PET film. Throughout the experiments conducted in 

this study it has become increasingly clear that testing PET hydrolases that have the capability to 

degrade PET at high extent with end point assays at 1-2 mL scale and non-pH-controlled 

conditions is not a true reflection of the behaviour of these enzymes, more accurately a routine 

use of test bioreactor pH-controlled conditions would provide a better insight into each enzyme’s 

industrial applicability. The reaction at both high extent depolymerisation and high solids loadings 

produce large amounts of TPA in the presence of efficient PET hydrolases like LCCYCCG , due to 

this and the routinely used buffer concentrations between 50-150 mM a stable buffering capacity 

is not maintained throughout hydrolysis. An effort to test each enzyme reported with pH control 

would offer a baseline of which to build from for future optimisations of candidate industrial 

enzymes. We also demonstrate, the capacity to reach >90% hydrolysis for both LCCYCCG and 

LCCYCCG:TrCBM1 with 200g of amorphous PET film at 1L scale, estimated equivalent of 14 PET 

bottles (Avg. individual PET bottle is 15 g). A significant demonstration to the field of the scalability 

of these reactions and how we can fine tune our collective resources and efforts on fruitful enzyme 

optimisations. Furthermore, the significance for the CEI in particular as this is the first enzyme 

reaction shown at scale for proof of principle enzymatic recycling. 

This enables us to adjust our research directions for industrial pathways by ruling out non-

productive engineering approaches. However,  it is important to acknowledge while CBMs may 

not play a role in industrial scale up of PET films at present, it would be of interest to further 

characterise the role of CBMs for other PET substrate varieties and crystallinities at scale, 

including PET powders and textiles. 

This research will have an impact on the field in the way reporting of the enhancements to PET 

hydrolases is carried out, taking a deeper look at the effect of PET loading on performance. As a 

single PET coupon in an Eppendorf will not be indicative to the performance at industrial scale 

PET loadings, while we are all excited about any advancements made and reported on individual 

biocatalysts, it is not enough to define an enzymes ability to be a viable candidate for Industrial 

use. Throughout this project I have learned many things, I want to stress the value in pH-controlled 

insight to the behaviour of PET hydrolases at scale. I believe Initial rates would add better insight 

at small scale in the absence of pH control, while end point reactions in future should be used 

only for screening purposes. Also, there is value in expanding the pH and temperature mapping 

for each enzyme as standard to understand performance on a broader scale. These are 

approaches I will employ in other projects going forward. 
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 Contribution 

This chapter consists of a draft manuscript for publication, this study serves as a direct follow up 

from chapter 5 repurposing a promising CBM (StCBM64) which presented a mismatch in optimal 

activity temperature to LCCYCCG at 70°C. However, showed a 4-fold enhancement at 50°C, the 

optimal temperature for PET hydrolysis of a novel PET hydrolase from Saccharopolyspora flava 

SfCut (formerly 611) discovered and characterised as part of chapter 3. The aim of this study is 

to further characterise the role of CBMs at high solids loadings of 20wt% for different PET 

substrates, both morphology differences (film vs. powders), and %-crystallinity (amorphous vs. 

crystalline) utilising a different catalytic domain and CBM pairing. I designed the enzyme 

constructs for this study, designed and analysed the experiments while using this project to 

kickstart the commissioning of the new equipment in the CEI biorecycling lab funded by the Solent 

Local Enterprise Partnership (LEP), using purpose built Applikon bioreactors for the large-scale 

(100 mL) industrial PET recycling experiments.  
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 Abstract 

In natural environments, enzymes deconstruct solid polymer substrates, such as cellulose or 

chitin, into soluble products. Commonly, these types of enzymes exhibit multi-domain 

architectures comprising an enzyme catalytic domain to conduct the depolymerization reaction 

and an accessory binding module to increase the enzyme concentration on the substrate surface. 

This multi-domain architecture has also been leveraged successfully to improve the 

depolymerization of the synthetic polyester, poly(ethylene terephthalate) (PET) using cutinase 

enzymes at low PET solids loadings (<3 wt%). Previously, we reported the limited role of binding 

modules at the high solids loadings that will be necessary to enable cost-effective enzymatic PET 

recycling on PET film. To further explore the role of binding modules for PET hydrolysis, we 

engineered a novel enzyme from Saccharopolyspora flava, SfCut; capable of deconstructing 

crystalline PET substrates, by fusing it to a crystalline binding Type A carbohydrate-binding 

module (CBM) StCBM64. At low PET solids loadings, the binding module significantly improves 

substrate turnover of SfCut for all substrates. However, above 10 wt% PET solids loading,  the 

association of SfCut with StCBM64 offers only a modest advantage on amorphous PET powder 

(1.3 increase in activity) and no advantage to hydrolysis of crystalline PET powder despite a 9-

fold enhancement in binding affinity. Overall, this work explores the pairing of a new catalytic 

domain and CBM, both with improved affinity for crystalline PET substrates, and confirms our 

previous findings showing the limited utility of CBMs for PET conversion at high solids loadings, 

even when using PET powder as substrate. This study further confirms that synthetic constructs 

employing non-catalytic binding modules intended to increase enzyme concentration on the 

substrate surface are not required for an enzyme-based PET recycling strategy. 
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 Introduction 

Polyethylene terephthalate (PET) is ubiquitously used in single-use plastics worldwide, including 

food packaging, water bottles and textiles.1 The low cost of production, durability and versatility 

have led to the material’s worldwide use; however, a short consumer lifespan and inadequate 

end of life management has resulted in unmanageable PET waste accumulation.2,3 Recycling 

PET with enzymes offers a low cost, low energy strategy to address this problem.4 Cutinase 

enzymes that tackle the natural polyester cutin are amenable to breaking the ester bonds in 

PET.5,6  Many efforts have been made to engineer cutinases into more industrially relevant 

biocatalysts via enhancements in thermostability,7–9 catalytic rate10–13 and substrate affinity.14–16  

In nature, accessory domains that interact with insoluble substrates improve the catalytic 

efficiency of their adjacent catalytic domain, as seen by biomass degrading enzymes: cutinases, 

chitinase and cellubiohydrolases.17,18 This multi-domain architecture has been extensively 

characterised for cellulose hydrolysis. Cellulases possess carbohydrate binding modules (CBMs) 

that enhance the enzyme concentration on the surface of cellulose.19–21 In reference to PET 

hydrolases, CBMs have been previously explored as fusion partners to enhance PET 

hydrolysis.14,15 CBMs show substantial advantages at low PET loading, of 1-3 wt%, but do not 

convey any advantages for hydrolysis of PET film above 10 wt% substrate loading. Biocatalysts 

with CBM fusions, therefore, have not been shown to be applicable to industrial deployment, 

where solids loadings of >15 wt% are needed22,23. This is aligned with seminal data from a study 

published by Varnai et al. showing that cellulases do not require CBMs to enhance hydrolysis at 

high cellulose solids loadings.24,25 To date, no study has looked at the role of CBMs with respect 

to different PET substrate morphologies, e.g % crystallinity and surface area accessibility, nor 

have any studies characterised additional catalytic domain and CBM pairings.  

In this study, we aim to further explore the role of CBMs in industrial PET recycling using a 

different combination of catalytic domain and CBM. Using a rational engineering approach, we 

repurpose a CBM from Spirochete thermophillia, StCBM64 and an enzyme from 

Saccharopolyspora flava, SfCut. SfCut is  a novel PET hydrolase identified using a Hidden 

Markov Model (HMM) search for putative thermophilic PETases (previously reported as enzyme 

611).26 SfCut has optimum activity at 50°C on PET film and powder and has demonstrated 

tolerance to crystalline PET substrates previously.26 Similarly, StCBM64 provides a 4-fold 

enhancement to PET hydrolysis when fused to LCCYCCG at 50°C at 2 wt% PET substrate loading. 

Furthermore, Type A CBMs like StCBM64 are crystalline planar binding CBMs, and since SfCut 

has been characterised for crystalline PET hydrolysis, a fusion between these enzymes may 

provide additional enhancements to hydrolysis of crystalline PET substrates. Here, a fusion 

construct of SfCut:StCBM64 is characterised at industrially relevant solids loadings against high 

surface area substrates: amorphous PET powder (APET) and crystalline PET powder (CrPET). 
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 Results 

6.4.1 Generation of a SfCut:StCBM64 fusion enzyme 

Previously StCBM64 was characterised as part of a fusion to LCCYCCG and offered a 4-fold 

increase in PET hydrolysis at 50°C and low PET solids loading of 2wt%. When the solids loading 

was increased to 20 wt%, LCCYCCG:StCBM64 with a constant enzyme loading of 100 nM 

maintained a 4-fold enhancement over LCCYCCG, in contrast to the other constructs tested as part 

of this study. These enhancements were lost at the optimal temperature for LCCYCCG of 70°C. As 

StCBM64 has a Tm of 72.8 ± 0.5°C within this fusion construct compared to LCCYCCG Tm of 97.5 

± 0.2°C, the two domains are mismatched for thermostability. In the context of this study, 

StCBM64 was chosen for pairing with a PET hydrolase of complementary optimal temperature. 

SfCut has an optimal activity on PET film of 50°C and a tolerance for crystalline PET substrates.25 

StCBM64 is of bacterial origin and natively positioned at the C-terminus of glycoside hydrolases.26 

It was fused to the C-terminus of SfCut using a flexible linker from Trichoderma reesei family 7 

cellubiohydrolase (TrCel7a) and expressed in Escherichia coli. Protein sequences are presented 

in Table 6.1. Expression of the SfCut alone and the SfCut:StCBM64 fusion was successful with 

high yields of 20 mg/L and 60 mg/L, respectively, obtained after affinity and gel filtration 

chromatography steps.  

Table 6.1. Protein sequences.  

Enzyme Sequences 

SfCut MAEPADVHGP DPTEESITAP RGPFEVDEES VSRLSVSGFG GGTIYYPTDT TDGLFSAVSI 

SPGFTGTQET MAWYGPRLAS QGFVVFTIDT ITTTDQPDSR ARQLQASLDY LVNDSDVKDI 

IDPARLGVMG HSMGGGGSLK AALDNPALKA AIPLTPWHTT KDFSGVQTPT LIIGAQNDTV 

APVSQHAKPF YESLPDDPGK AYLELAGASH LAPNTDNTTI AKFSIAWLKR FLDDDTRYDQ 

FLCPPPENDD SISDYQSTCP YLEHHHHHH 

SfCut:StCBM64 MAEPADVHGP DPTEESITAP RGPFEVDEES VSRLSVSGFG GGTIYYPTDT TDGLFSAVSI 

SPGFTGTQET MAWYGPRLAS QGFVVFTIDT ITTTDQPDSR ARQLQASLDY LVNDSDVKDI 

IDPARLGVMG HSMGGGGSLK AALDNPALKA AIPLTPWHTT KDFSGVQTPT LIIGAQNDTV 

APVSQHAKPF YESLPDDPGK AYLELAGASH LAPNTDNTTI AKFSIAWLKR FLDDDTRYDQ 

FLCPPPENDD SISDYQSTCP YPSGGNPPGG NPPGTTTTRR PATTTGSSPG PGEYTEIALP 

FSYDGAGEYY WKTDDFSTTT NWGRYVNSWN LDLLEINGTD YANTWVPQHA IPPASDGYWY 

IHYKGSYPWS HVEMNLEHHH HHH 

 

StCBM64 was selected as it was the sole CBM to show enhanced performance at high solids 

loadings  in the previous study, however this was at low enzyme concentration and a reaction 

temperature of 50°C, which does not represent the optimal temperature for the LCCYCCG catalytic 
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domain. In this study,  the optimal temperature for SfCut is 50°C and may provide a more 

complementary fusion system for PET hydrolysis. Differential scanning calorimetry (DSC) of 

SfCut and SfCut:StCBM64 was measured and shown in Figure 6.1. SfCut presented a Tm of 77.2 

± 0.04°C alone, and the detected peak of SfCut:StCBM64 was elongated with an overall Tm of 

76.9 ±0.02°C. When subtracting the SfCut peak from the fusion construct a peak can be identified 

that corresponds to the StCBM64 component in the fusion at 73°C and agrees with previous 

reported Tm  of 72.8 ± 0.5°C in LCCYCCG :StCBM64 fusion. 

 

Figure 6.1. Thermostability of SfCut:StCBM64 compared to SfCut. Protein DSC to elucidate thermal melt Tm of each 

component domain, SfCut (black), SfCut:StCBM64 (purple). In order to detect the StCBM64 component in the fusion 

construct, SfCut was subtracted from SfCut:StCBM64 to reveal the StCBM64 (dashed purple).  

6.4.2 StCBM64 fusion shows esterase activity and PET binding capacity  

Langmuir Isotherms at room temperature (approx. 25°C) and industrially relevant PET loadings 

of 20 wt% were performed (Figure 6.2) and the determined binding constants Kd and Γmax are 

presented in Table 6.2. PET film did not yield a successful determination of binding affinity for 

either SfCut or SfCut:StCBM64. SfCut and SfCut:StCBM64 constructs showed affinity for PET 

amorphous powder with Kd of 0.601 ±  0.321 nM and 0.381± 0.190 nM, respectively. Whereas, 

binding affinity is 9-fold enhanced for SfCut:StCBM64 (Kd = 0.019 ± 0.008 nM) compared to SfCut 

( Kd = 0.178 ± 0.103 nM).   

SfCut and SfCut:StCBM64 show esterase activity on the diester bis(2-hydroxyethyl) terephthalate 

(BHET) (Figure 6.3). Soluble substrate hydrolysis is independent of any surface interaction and 

suggests the addition of the binding domain stabilises SfCut for soluble substrate turnover (Figure 

6.3); this is particularly prominent under alkaline reaction conditions of pH 9. 
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Figure 6.2. Determination of SfCut and SfCut:StCBM64 affinities across PET substrates. Substrate coverage as a 

function of free enzyme concentration used to develop Langmuir binding isotherms. Experiments were conducted at room 

temperature on 20 wt%, on PET film (lightest purple), amorphous PET powder (medium purple) and crystalline PET 

powder (dark purple). (A) SfCut (B) SfCut:StCBM64. Reactions were performed in triplicate. A binding threshold at the 

highest enzyme concentration of 2 nmol per g PET was considered significant for numerical analysis Error bars represent 

the standard deviation of measurements Full binding parameters can be found in Table 6.2. 

Table 6.2. Binding constants determined by Langmuir isotherms. 

 

 

 

Enzyme Amorphous powder Crystalline powder 

Kd (nM) Γmax (nmol/g) Kd (nM) Γmax (nmol/g) 

SfCut 0.601 

± 0.321 

7.318 

± 1.860 

0.178 

± 0.103 

4.520 

± 1.111 

SfCut:StCBM64 0.381 

± 0.190 

8.532 

± 1.386 

0.019 

± 0.008 

8.205 

±  0.742 
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Figure 6.3. Esterase activity on soluble substrate BHET. BHET hydrolysis of SfCut and SfCut:StCBM64 across varying 

pH (pH = 6, 7.5 and 9) to understand the soluble substrate turnover by SfCut components alone or combined with 

StCBM64. All reactions were performed in triplicate and s.d is represented by error bars. 

6.4.3 PET hydrolysis is observed at low solids loadings across various 

PET substrates and solids loadings for SfCut and SfCut:StCBM64 

PET hydrolysis activity was measured across temperatures ranging from 30°C - 70°C and pH 6 - 

9 using low PET solids loading (2 wt%). Aromatic PET monomers were detected for both SfCut 

and SfCut:StCBM64 across a range of conditions (Figure 6.4). When screening at low substrate 

loadings, fusion to StCBM64 conveys advantage for all PET substrates. Interestingly, a shift in 

optimum pH conditions is observed between SfCut (pH 6) and SfCut:StCBM64 (pH 7.5) on PET 

film (Figure 6.4A-B). However, for PET powder substrates (amorphous and crystalline), SfCut 

displays optimum hydrolysis at pH 7.5, the same as for SfCut:StCBM64 (Figure 6.4C-F). 

Furthermore, PET powders are hydrolysed to a greater extent at 60°C, closer to the Tg of PET, 

by both SfCut and SfCut:StCBM64 (Figure 6.4C-F), followed by a sharp decrease in turnover at 

70°C, which is approaching the Tm of the catalytic domain and likely inactivates the catalytic 

domain by irreversible denaturation.    

SfCut:StCBM64 enhances hydrolysis compared to SfCut alone for PET film and amorphous PET 

powder at lows solids loadings of 2wt%, however for crystalline PET powder there is a shift in 

optimal temperature to 50°C for SfCut compared to 60°C for the fusion. There is no significant 

difference between constructs at 60°C with a P-value of 0.103, while SfCut shows enhanced 

hydrolysis at 50°C compared to SfCut:StCBM64 (Figure 6.4E-F). PET film surface analysed by 

SEM shows increased pitting size and frequency for SfCut:StCBM64 (Figure 6.4G-I).  
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Figure 6.4. Screening PET hydrolysis of SfCut and SfCut:StCBM64 on PET. Plots (A-F) show mean of triplicate 

reactions across different pH and temperatures displayed as heatmaps. Reactions are at  2 wt% PET loading, incubated 

with the following PET substrate: (A,B) amorphous PET film  (C,D) amorphous PET powder, and (E,F) crystalline PET 

powder. Or enzyme:.(A,C,E) SfCut and (B,D,F) SfCut:StCBM64. Followed by SEM of PET film (G-I), Incubated with: (G) 

no enzyme, (H) SfCut, (I) SfCut:StCBM64.  

G H I 
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Figure 6.5. Screening substrate loading 1-20wt% at small-scale  Reactions were performed in 1.5 mL microtubes with 

500 µL volume at 20 wt% PET loading. Incubations were performed at 60°C for 96 h with 0.32 mg enzyme per g PET of 

SfCut and 0.46 mg enzyme per g PET SfCut:StCBM64, to maintain equimolar loading of catalytic sites per reaction. (A) 

APET-P (B) CrPET-P. All reactions were performed in triplicate and s.d is represented by error bars. 

 In small scale reactions with varied powder PET substrate loading from 1 – 20 wt%, the 

SfCut:StCBM64 exhibited enhanced hydrolysis at low solids loadings (< 10 wt%) on APET and 

CrPET (Figure 6.5). For APET, this enhancement is reduced but not completely lost at high solids 

loadings of 20 wt%, whereas for CrPET, the enhancement in seen SfCut:StCBM64 is not as 

pronounced as APET, and SfCut surpasses the fusion construct at the highest PET solids loading 

of 20 wt%.   

6.4.4 Extent of PET conversion up to 60% observed in pH-controlled 

bioreactors at 20 wt% solids loading using SfCut and SfCut:StCBM64  

Following screening for optimal temperature and pH conditions for PET hydrolysis for each 

construct, the next step was to mimic industrial conditions in pH-controlled bioreactors for each 

powder substrate with solids loadings of 20 wt%. PET film was not studied due to the low 

hydrolysis level observed in the aforementioned small-scale experiments.  

In the first 6 hours of the bioreactor trial for APET powder, SfCut hydrolysis shows no significant 

difference from SfCut:StCBM64, with both achieving ~10% extent of conversion (Figure 6A); by 

the 12-hour mark, SfCut and SfCut:StCBM64 begin to diverge, where SfCut shows >20% extent 

of conversion. At 24 hours, the two enzymes are once again on par with ~35% extent of 

conversion observed, but rate of hydrolysis by the SfCut enzyme begins to plateau. 

SfCut:StCBM64 proceeds to 62% ester hydrolysis by 96 h, which is a statistically significant 1.3-

fold enhancement compared to SfCut alone over 96 h (p value = 0.0057) (Figure 6.6A-C).  

For crystalline PET powder, the overall extent of conversion does not exceed 23.4% for either 

enzyme (Figure 6.6B). SfCut and SfCut:StCBM64 are not significantly different in the first 12 
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hours, with SfCut and StCBM64 each achieving about 19% mass loss. SfCut rate of hydrolysis 

reduces significantly after 12 hours, while SfCut:StCBM64 continues somewhat better to 

ultimately achieve 23% mass loss. However, analysis of this showed the difference not to be 

significant (P value = 0.1361) (Figure 6.6B,C).  

SfCut shows most activity on APET powder with a 2-fold  increase compared to CrPET powder 

(Figure 6.6). SfCut:StCBM64 achieves more overall hydrolysis than SfCut on amorphous PET, 

but there is no significant difference compared to SfCut alone on crystalline PET powders. The 

fusion construct  and SfCut alone both show an enhanced  hydrolysis of amorphous material with 

the highest extent of conversion seen in this study of 60% and 45%, respectively (Figure 6.6). 
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Figure 6.6. Bioreactor trials of SfCut and SfCut:StCBM64 with different PET substrates at 20 wt%. Reactions with 

20 wt% PET in a stirred vessel reactor with pH control via 6N NaOH addition is monitored over 96 h to determine PET 

hydrolysis by either SfCut (2 mg per g PET) (black) or SfCut:StCBM64 (2.9 mg per g PET) (purple) across different PET 

substrate morphologies (A) APET, Amorphous PET powder (B) CrPET, Crystalline PET powder. (C) Summary of 

hydrolysis after 96 h across PET substrates using MQ; Monomer quantitation via HPLC, BH; Base hydrolysis by addition 

of NaOH and ML; Mass loss of PET. (1,3) SfCut and (2,4) SfCut:StCBM64  ( * = P value < 0.05, ** = P value < 0.005). All 

reactions were performed in duplicate and the range is represented by dotted lines (A,B) or error bars (C).   
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 Discussion  

StCBM64 offers a complementary match in thermostability to SfCut with optimum hydrolysis 

observed between 50 - 60°C (Figure 6.1, 6.4). In laboratory scale experiments using 500µL 

reactions a range of enhancements were observed for the SfCut:StCBM64 fusion enzyme across 

PET substrate morphologies (Figure 6.4), However since small-scale end point analysis is not 

always indicative of the enzyme action under pH-control or larger scale, it is important to use this 

as a platform in order to inform experiments at scales better translated to industrial conditions. 

We address SfCut and SfCut:StCBM64 performance at large scale (100 mL) in a stirred vessel 

reactor with pH control for translation to industrial processes.  

No significant difference in binding of SfCut and SfCut:StCBM64 at APET powder solids loadings 

of 20 wt% was observed (Figure 6.2, Table 6.2). However, a 1.3-fold increase in activity is 

observed in the bioreactor trials for APET powder over crystalline powder (Figure 6.6A). This 

suggests that the effect enhancing the hydrolysis of PET is not due to increased localisation on 

the surface of PET, but rather by a stabilizing effect. This is supported by the soluble substrate 

(BHET) hydrolysis, which is enhanced in the fusion construct but is independent of surface 

interactions mediating PET hydrolysis (Figure 6.3).  

SfCut:StCBM64 shows an enhanced binding affinity for crystalline PET (Table 6.2), however no 

significant enhancement in hydrolysis was observed for crystalline PET. SfCut, either alone or as 

a component domain within the fusion construct is potentially attacking the amorphous regions 

solely within CrPET. This assumption is supported by the fact that a plateau in conversion is 

achieved very early in the reaction time (>12 h) with no further hydrolysis (Figure 6.6B), when all 

available amorphous regions may have been preferentially hydrolysed. In bioreactor trials 

conducted at the same temperature of 60°C, no plateau was observed until after 24 h, where the 

rate of hydrolysis slowed but continued to progress through 96 h (Figure 6.6A). The APET trial 

demonstrates the enzyme is still capable of catalysing PET hydrolysis after 12 h at 60°C, despite 

reduced availability of amorphous regions for hydrolysis. Furthermore, for CrPET very low levels 

of MHET (~1 g/L across the trials) was detected at 96h compared to the levels of TPA (30-40 

g/L), suggesting the enzyme continued to hydrolyse MHET to TPA.  
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 Conclusion 

The association of StCBM64 with the catalytic domain SfCut did not significantly enhance CrPET 

hydrolysis at industrially relevant solids loadings of 20 wt%, despite having a higher binding 

affinity for crystalline PET substrates than SfCut. However, SfCut alone achieved hydrolysis of 

CrPET up to 20%, showing that this enzyme can perform crystalline substrate hydrolysis under 

industrially applicable conditions (in a pH-controlled bioreactor with 20 wt% PET solids loading). 

A 1.3-fold enhancement of PET hydrolysis on model APET powder was observed for 

SfCut:StCBM64 compared to SfCut alone, likely due to a stabilisation effect and not by an 

improved binding affinity between the enzyme and the surface of the substrate. Recent 

technoeconomic analysis22 and life cycle27 analysis highlight the cost savings of performing PET 

hydrolysis at high PET solids loading (>15 wt%). Similarly, significant cost savings can be realized 

if the efficiency of PET hydrolysis is improved for untreated and crystalline PET substrates. 

Therefore, StCBM64 specifically does not enhance hydrolysis on substrates relevant for real PET 

recycling applications. 
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 Materials and methods  

6.7.1 Materials  

PET substrate is from Goodfellow, amorphous PET film sheets (0.25 mm thickness) were hole 

punched into stadium shaped coupons (10 mm x 13 mm) for screening experiments and 1cm x 

1cm for bioreactor trials. Amorphous PET powder was made by cryo-milling PET sheets using 

Retsch cutting mills to 0.12 µM particle size and crystalline PET powder was commercially 

available at >0.3 µM particle size. CBM only StCBM64 was commercially available from Nzytech. 

The crystallinity of each substrate is as follows amorphous PET film 4.0 ± 2.0%, amorphous PET 

powder 6.2 ± 1.5%, and crystalline PET powder 39.3 ± 2.0%.24 

6.7.2 Plasmid Construction 

All DNA sequences coding for the enzyme of interest were synthesized by Twist Biosciences. 

The wildtype enzyme SfCut was in pET21b(+) and SfCut:StCBM64 composed of a 

cellobiohydrolase-derived linker sequence followed by a carbohydrate binding module (CBM)-

encoding sequence was in pET29b(+) backbone vector. Both constructs contain a C-terminal 

hexa-histidine epitope tag. The primary sequences of the two constructs are presented in Table 

6.1. 

6.7.3 Protein expression and purification 

BL21 (DE3) Gold E. coli cells (Agilent) were transformed with each plasmid encoding the enzyme 

of interest. The following methods were used for expression (a) SfCut (catalytic domains) and the 

fusion construct (b) SfCut:StCBM64. Isolated colonies from each transformation were inoculated 

into a starter culture of lysogeny broth (LB) media containing (a) 100 µg/mL Ampicillin, (b) 50 

µg/mL kanamycin for growth at 37°C overnight and 200 rpm shaking speed. The starter culture 

was used to inoculate 2xYT medium (10 g NaCl, 10 g yeast extract, and 16g tryptone per L) 

containing 50 µg/mL kanamycin to an initial optical density at 600 nm (OD600) of 0.05. This 

culture was grown at 37°C and 200 rpm until the OD600 reached 0.6-0.8. Protein expression was 

then induced by addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final concentration 

of 1 mM. Cells were maintained at 20°C for 18 to 24 h with 160 rpm shaking speed following IPTG 

induction, harvested by centrifugation, and the harvested cell pellets stored at -20°C until 

purification.  

Harvested cells were resuspended in a lysis buffer (300 mM NaCl, 10 mM imidazole, 20 mM Tris, 

pH 8.0) and lysed using sonication (Qsonica) for 3 seconds on, 9 seconds off at 39% amplitude 

for a total of 10 min process time. Lysate was clarified by centrifugation at 40,000 g for 30 min at 

18°C. Clarified lysate was then applied to a 5 mL HisTrap HP (Cytiva) Ni-NTA column using an 

ÄKTA Pure chromatography system (Cytiva) and  gradient eluted using 300 mM NaCl, 250 mM 

imidazole, 20 mM Tris, pH 8.0 buffer. Then concentrated with 10 kDa MWCO PES spin columns 
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(Sartorius). All constructs were applied to a HiLoad Superdex 75 pg 16/60 (Cytiva) size exclusion 

column equilibrated with 300 mM NaCl, 20 mM Tris, pH 8.0. Protein in eluted fractions from Ni-

NTA and size exclusion columns were assessed using SDS-PAGE with Coomassie staining and 

Western blot using primary antibody against the hexa-histidine epitope tag (Invitrogen, HRP.H8) 

and then dialysed into 50mM NaH2PO4, 100 mM NaCl, pH 7.5 for analysis. 

6.7.4 Bis(2-hydroxyethyl) terephthalate (BHET) hydrolysis activity assay 

BHET hydrolysis was assayed using 100 nM of each enzyme incubated at several pH and buffer 

compositions 100 mM NaCl with 50 mM of (a) Citrate, pH 6; (b) NaH2PO4, pH 7.5; (c) Glycine, pH 

9 and a final concentration of 1 mM BHET for 1 h at 50°C. Reactions were terminated with an 

equal volume 100% methanol and analysed immediately by high-pressure liquid chromatography 

(HPLC) for product composition. A no-enzyme BHET control reaction was used to correct for non-

enzymatic substrate hydrolysis. 

6.7.5 HPLC analysis 

Analyte quantitation was performed using previously reported methods, for small scale reactions 

(500µL) and for large scale (100 mL) reactions.23,28 

6.7.6 Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) was performed using a Microcal PEAQ-DSC Automated 

(Malvern Panalytical) using 0.2 – 0.5 mg/mL protein in 50 mM NaH2PO4, 100 mM NaCl, pH 7.5 

buffer. The temperature was raised from 30°C to 120°C at a ramp rate of 1°C/min using low 

feedback. Measurements were performed in triplicate with the resultant data analysis (buffer 

subtraction, baseline correction, and Tm determination) carried out using the instrument's control 

and analysis software. 

6.7.7 Binding Assays  

To determine equilibrium dissociation constant (Kd) values for PET binding, we used a previously-

described method5 with minor modifications. For SfCut, a fixed mass loading of PET (𝐿𝑃𝐸𝑇  = 200 

g/L), in a final volume of 300 µL was incubated with 50 nM – 2.4 µM enzyme (50 nM – 4.8 µM for 

SfCut:StCBM64) for 1 hour at 25°C in low-binding microcentrifuge tubes. The total enzyme 

concentration prior to substrate addition (Etotal) and, following each incubation, the free enzyme 

concentration (Efree) were determined using a Micro BCA kit (Pierce). To account for possible 

variations in BCA dye binding, a standard curve was generated for each enzyme over a 

concentration range of 50 nM – 2.4 µM (50 nM – 4.8 µM for SfCut:StCBM64). Thereafter, the 

substrate coverage, 𝛤, was calculated as 𝛤 = (𝐸𝑡𝑜𝑡𝑎𝑙 − 𝐸𝑓𝑟𝑒𝑒)/𝐿𝑃𝐸𝑇 and plotted as a function of 

Efree. In order to obtain the Kd, the data was fit to the equation describing a Langmuir adsorption 

isotherm: 
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𝛤 = 𝛤𝑚𝑎𝑥
𝐸𝑓𝑟𝑒𝑒 

𝐸𝑓𝑟𝑒𝑒 + 𝐾𝑑
         

  (1) 

where 𝛤𝑚𝑎𝑥 is the substrate coverage at surface saturation. 

6.7.8 Scanning electron microscopy 

PET samples were analysed as previously described.23 

6.7.9 Screening of PET deconstruction 

In each reaction, 2.9% loading by mass of an amorphous PET film (Goodfellow) was incubated 

with 890 nM of SfCut or SfCut:StCBM64 (0.83 mg enzyme/g PET SfCut and 1.3 mg enzyme/g 

PET SfCUT:StCBM64). Reactions were performed in polypropylene Eppendorf tubes containing 

100 mM NaCl and 50 mM buffering agent (Citrate at pH 6.0, NaH2PO4 at pH 7.0, NaH2PO4 at pH 

7.5, HEPES at pH 7.5, bicine at pH 8.0, and glycine at pH 9.0) and incubated at 30°C, 40°C, 

50°C, 60°C, or 70°C. For small scale trials varying the substrate concentration between 1-20wt%, 

the enzyme concentration was varied whilst maintaining an enzyme to substrate ratio of 0.32 mg 

enzyme/g PET (SfCut) or 0.46 mg enzyme/g PET (SfCut:StCBM64). 

All reactions were terminated after 96 h by addition of equal volume 100% methanol and PET 

was removed from the reaction solution. Soluble fractions were filtered through 0.2 µm nylon 

filters for monomer quantitation. All PET hydrolysis screening reactions were performed in 

triplicate. 

6.7.10 Large scale PET deconstruction in bioreactors 

Applikon bioreactors (250 mL vessel) were filled with 80 mL buffer (100 mM NaH2PO4, 100 mM 

NaCl, pH 7.5 and stirred at 1200 rpm to maintain 20 g of PET substrate in suspension (14.6 mL 

volume based on 1.37 g/cm3 density of PET) for a final substrate concentration at 20 wt%. 

Enzyme concentration was  2 mg enzyme per g PET (SfCut) and 2.9 mg enzyme per g PET 

(SfCut:StCBM64). Enzyme was added and dose addition of 6N NaOH was monitored 

continuously over a 96hr time period. At the end of the reaction a 96hr timepoint was taken for 

HPLC, and residual mass was collected via filtering and dried at 60°C for 24h to determine a final 

mass measurement.  
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 Closing remarks 

A potential limitation of the work presented in chapter 5 is that CBMs were only tested on 

amorphous PET film, using a single catalytic domain as an example. In this chapter, I expand the 

substrate morphologies tested to include amorphous PET film, amorphous PET powder and 

crystalline PET powder combined with a new combination of catalytic domain and CBM to further 

investigate the role of CBMs conveyed at high PET substrate loadings. The CBM selected for this 

study was StCBM64 (Chapter 5) which showed a maximum 4-fold increase in PET hydrolysis and 

was the only CBM to maintain an advantage at high solids loading (albeit at low enzyme 

concentration of 100 nM). I wanted to explore this CBM further, however given its mismatched 

thermostability with LCCYCCG for optimal hydrolysis at 70°C, it would be better suited to an enzyme 

with a lower optimal hydrolysis temperature. Interestingly SfCut, a novel PET hydrolase 

discovered as part of the research in Chapter 3, showed crystalline substrate tolerance and 

optimal activity at 50°C. As StCBM64 is a type A crystalline binding CBM, this may offer 

advantages specifically to crystalline substrates. Given this, and SfCut’s crystalline substrate 

tolerance and complementary optimal activity temperature, the combination of StCBM64:SfCut 

was designed.  

Notably, SfCut:StCBM64 did not convey any advantage to PET hydrolysis of crystalline PET 

substrates at high solids loadings, despite having a 9-fold enhancement in affinity for PET binding 

compared to SfCut alone. While a small advantage (1.3 fold) is observed for SfCut on amorphous 

PET powder, this is attributed to overall enhanced stability and not the increase of enzymes on 

the substrate surface, as no enhanced binding of the SfCut:StCBM64 on amorphous powder is 

observed. Overall, this study demonstrates the PET hydrolysis performance of a new catalytic 

domain and CBM pairing. SfCut, both alone and as part of a fusion, is able to hydrolyse crystalline 

PET substrates up to 20% in mini-bioreactors with pH control; this is the first reporting of 

crystalline PET hydrolysis with industrial mimicked conditions (pH control, high solids loading of 

20 wt%), and further demonstrates that a CBM component domain is not necessary for enhanced 

hydrolysis at industrial scale. Crystalline PET substrates like the powder in this study are more 

similar to commercial PET waste than amorphous PET. The %-crystallinity of PET is highly 

variable across commercial PET substrates, due to different manufacturing processes.29,30 

Therefore, it is pertinent to discover and characterise enzymes able to hydrolyse crystalline PET 

substrates for deployment of industrial PET recycling on real world substrates.27 
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7 Discussion and conclusion 

It is Important to acknowledge that plastic waste is a problem while not demonising this valuable 

material for the modern world. Through innovative thinking and design, we can develop 

economical and environmentally friendly controlled solutions that enable utilisation of plastics 

while efficiently operating a circular recycling approach. Enzymatic recycling can offer one 

solution for plastics like PET, as the labile ester bonds in PET are common to other natural 

biological systems.1 For PET this technology is maturing and research has shown that 

depolymerisation into constituent monomers for repolymerisation or upcycling is feasible with 

enzymes.2 To scale up and achieve the ambitious goal of enzymatic recycling, it is important to 

apply an industrial lens to all research undertaken, analysing the real-world application to 

industrial processes of plastic waste. Meanwhile for other problem plastics like PE, nylon, PP, 

PVC and more, there is much work to be done, as very few biocatalysts have been found or 

deeply characterised so far. It is noteworthy, that for C-C bonded plastics like polyethylene and 

polypropylene enzymatic recycling may never be a fruitful endeavour, due to the high stability and 

inaccessibility of C-C bonds.  

Here I present many ways to enhance enzymatic PET recycling, via optimisation and careful 

attentive determination of reaction conditions for PETase and a PETase variant.3 Putative 

PETases have been identified from thermophilic organisms that offer new avenues for crystalline 

PET hydrolysis and improved thermostability, simultaneously growing our knowledge of what 

makes an industrially useful biocatalyst. I have explored the concept of dual enzyme systems and 

how they can offer unique benefits to industrial processes, specifically PETase; MHETase 

chimeras offer a single homogenous aromatic product yield,4 enabling more streamlined 

downstream processing and reduction of feedstock costs of rTPA for circular recycling. While 

identifying areas of research where our efforts should be refocussed, understanding the non-

advantageous role of accessory domains such as CBMs in industrial relevant PET recycling at 

scale allows us to apply resources and expertise to other approaches. In the next few paragraphs 

I explore advancements in areas of interest for optimising PET biorecycling. This can be improved 

in two primary ways (1) Change of enzyme or engineering iterations for improved biocatalysts ; 

(2) Enhancements to the process design and efficiency of PET biorecycling. 

Discovering new enzymes and helping elucidate key engineering points for improved biocatalyst 

can be found in machine learning. AI and Machine learning are having large impacts worldwide 

and revolutionising the pace of research fields like structural biology.5–8 AI methods that serve to 

recognise patterns in data and help predict, structures, stability and function are becoming 

increasingly popular. The introduction of AlphaFold by Deepmind has enhanced accessibility to 

structural information,6,8,9 now in minutes an accurate prediction of an enzymes structure can be 

solved, allowing key comparisons to be made across enzymes for informed engineering.8 

Machine learning is data driven, with many applications to predict catalytic activity,5,10 

thermostability11, and solubility.5 The limitations to this approach reside in the quality of the 
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training data for machine learning, often databases have unreliable data reporting or missing 

values. A useful approach to circumvent this is to apply high-throughput data collection coupled 

with iterative machine learning models for particular families of enzymes, through this a model 

can be improved to identify specific functions5 e.g PET hydrolysis.  This influx of information from 

AI based enhancements will enable identification and refinement of enzymes for higher activity 

on crystalline materials, enhanced thermostability and expanded substrate specificity.12 

Rational protein design has been used to enhance enzymatic biocatalysis of PET, however this 

has limitations; other methods that use a targeted random mutagenesis approach like directed 

evolution can identify key characteristics for desired properties from libraries of variants. Typically, 

a protein gene is randomised and expressed recombinantly with selection pressure applied via a 

screening process for the desired characteristic(s). This is done through several iterative cycles 

leading to a Darwinian like evolution in a short timescale.13 This allows a rapid fine-tuning 

approach to enzymes of interest to be optimised for biocatalyst activity and stability within the 

laboratory. Directed evolution and machine learning can be used in combination with as the latter 

is able to generate new, previously unseen variants based on data patterns. This can be used as 

a starting point for directed evolution, enabling exploration in the sequence space while reducing 

the experimental effort required for a traditional directed evolution approach.5,14 Directed evolution 

has been previously used  to engineer new variants for PET biorecycling, for example HotPETase 

a more thermostable variant of IsPETase.11,15  In the future, directed evolution will be a valuable 

tool for engineering enzymes for industrial biocatalysts. Specifically for PET hydrolases directed 

evolution can be used to productively enhance thermostability, and specificity for crystalline 

substrates, an area which needs to be addressed for future deployment of enzymatic PET 

biorecycling.16 

In terms of bioprocess design, efforts for Industrial production of enzymes for recycling are often 

overlooked while enhancements in catalysis and thermostability are enhanced and reported 

frequently. There is little-to-no attention given to the ability to produce each reported enzyme at 

a yield sufficient for industrial production. Many PETases, are serine proteases which cleave 

peptide bonds in the cell;17 this is often toxic to common laboratory cell lines and  subsequently 

the desired enzyme expresses at low quantities. Enzymes that express at low quantities require 

more raw materials to be scaled, driving up the cost of production of the biocatalyst will have a 

direct impact on the material selling price of rPET leading to a non-viable approach compared to 

vPET synthesis.1,16 Furthermore, downstream purification steps are  key cost drivers for protein 

production. A focus on approaches that offer both an opportunity to express proteins at high yields 

(up to g/L) and eliminate requirements for purification via secretion from the cell is required. For 

example, native and heterologous cellulase enzymes have been produced at scales up to 100 

g/L using filamentous fungi Trichoderma reesei18,19 which may present a productive option for 

industrial production of PET hydrolases. Other eukaryotic expression systems have been used to 

express recombinant cutinases, such as Pichia pastoris and so far, yields of up to 10.8 g/L have 

been reported.20–24 There is a clear distinction between producing a recombinant enzyme in a 
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bacterial expression system (e.g E.coli) for a typical laboratory experiment to report PET 

hydrolase activity using µg-mgs of enzyme,25 and the production of an industrial biocatalyst for a 

recycling process; the latter will require 100s of mg- g of recombinant enzyme.1 It is important that 

we invest time and resources in optimisation of industrially relevant expression systems. Close 

attention on the selection of the host and codon optimisation of each recombinant proteins is 

essential for accurately folded and soluble protein expression at industrially relevant yields.  

Optimising process design for biorecycling may involve eliminating the requirement to produce 

recombinant enzymes all together, for example using engineered microbes as biocatalysts can 

reduce costs.12 Microbes can have the added advantage of diverse metabolic pathways for 

upcycling waste PET into higher value chemical building blocks e.g. cyclic acetals, vanillin, and 

1,3 propanediol for bioconversion to biomedicine, biobased plastics and fuels.26,27 Other 

advantages include the cooperativity of several microorganisms to work as part of a consortium 

can offer homogenous monomer outputs and the potential of substrate funnelling of PET to 

several useful starting materials.28  In parallel to this, many industrial organisms like 

Saccharomyces cerevisiae can form biofilms;29 of note Ideonella sakaiensis was originally 

discovered within a consortium of microorganisms as a biofilm on PET film.30  I. sakaiensis is a 

mesophilic bacterium and is very slow at breaking down PET.17,26 Many Industrial microbial strains 

are mesophilic, like Pseudomonas putida, it would be beneficial to  characterise new thermophilic 

organisms, which may offer better platforms for microbial biocatalysts to work at higher 

temperatures close to the Tg of  PET, reaching higher extent conversions.31,32 Engineering and 

discovery of thermophilic microbial candidates for industrial biofilms can alleviate enzyme 

purification requirements and offer a continuous process for PET breakdown.  

However, while all of these approaches will continue to advance PET biorecycling, I think a 

blended approach will be required for plastics in general, as simultaneous advancements are 

made in chemical recycling with synthetic catalysts, polymers are redesigned for dual purpose 

and recyclability in mind, and the challenge of polymers not amenable to enzymatic recycling like 

polyolefins exist. An assembly of the most efficient recycling approaches will be required for a 

feasible solution to global plastic waste. 
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 UoP Doctoral research image competition entry  

8.2.1 2021 Entry (2nd Place prize) 

Title: The Valley of Degradation 

Author: Rosie Graham, 2nd Year PhD at Centre for Enzyme Innovation, School of Biological 

Science  

Project Background: Plastic pollution is a global issue that has become unmanageable. 

Innovative solutions to the current approaches of processing mismanaged waste are required, 

this is where enzymes from the natural environment that have an affinity for degrading plastic can 

be a useful tool. A biotechnological approach using enzymes to degrade Polyethylene 

terephthalate (PET); the most commonly used single-use plastic in bottles, packaging, and 

textiles. PET digesting enzymes break the bonds within the polymer chains that make up the PET 

releasing the building blocks that can be recovered and reused, providing a low energy and low 

greenhouse gas solution for true bottle-to-bottle circular recycling. 

The aim of this PhD project is to engineer enzymes for innovative bio-recycling technology for 

PET plastic. To date, the majority of studies into the viable use of enzymes have highlighted 

various enzymes that can degrade PET. However, the current most effective PET degrading 

enzymes are still too slow or require energy intensive pre-treatments to consumer waste for 

economic and efficient bio-recycling.  

Image Description: This scanning electron micrograph displays the aftermath of a PET sample 

treated using enzymes engineered to degrade PET. Of particular interest are the regions of the 

smooth surface untouched surrounded by deep pitted areas and valleys of enzymatic 

degradation. This otherwise recalcitrant, durable, and flexible material has been significantly 

etched over 24 hours. The significance of this image displays the rapid progress of plastic 

biodegradation is making to become a viable solution to the global plastic problem. 
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8.2.2 2022 Entry  

Image Title: deployment of molecular machines against PET plastic  

Author: Rosie Graham, Final Year PhD Researcher at Centre for Enzyme Innovation, 

School of Biological Science  

Project Background:  Plastic pollution is a global issue that has become unmanageable. 

Innovative solutions to the current approaches of processing mismanaged waste are required, 

this is where enzymes from the natural environment that have an affinity for degrading plastic can 

be a useful tool. 

 A biotechnological approach using enzymes to degrade Polyethylene terephthalate (PET); the 

most commonly used single-use plastic in bottles, packaging, and textiles. PET digesting 

enzymes break the bonds within the polymer chains that make up the PET releasing the building 

blocks that can be recovered and reused, providing a low energy and low greenhouse gas solution 

for true bottle-to-bottle circular recycling. The aim of this PhD project is to engineer duel enzyme 

systems for innovative bio-recycling technology of PET plastic. 

 Image Description: Enzymes are nanoscale molecular machines that break bonds, PET plastic 

is joined by ester bonds, this image is created using Biorender (3D rendering software) and an 

AlphaFold model (AI protein structure prediction) of a novel dual enzyme designed to target and 

attach to the PET surface. The enzyme (purple) contains a PET degrading enzyme found in leaf 

compost (LCC), as a catalytic component and a carbohydrate binding domain (CBM) that natively 

binds to the abundant natural polymer cellulose, interacting with a PET plastic chain (blue). 

Learning from the nature world and exploring dual enzyme architecture we can improve PET 

biorecycling methods 
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