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ABSTRACT

Plastics are everywhere in our modern way of living and their production keeps increasing
every year, causing major environmental concerns. Nowadays, the end-of-life management
involves accumulation in landfills, incineration, and recycling to a lower extent. This ecological
threat to the environment is inspiring alternative bio-based solutions for plastic waste treatment
and recycling toward a circular economy. Over the past decade, considerable efforts have
been made to degrade commaodity plastics using biocatalytic approaches. Here, we provide a
comprehensive review on the recent advances in enzyme-based biocatalysis and in the design
of related biocatalytic processes to recycle or upcycle commodity plastics, including polyesters,
polyamides, polyurethanes and polyolefins. We also discuss scope and limitations, challenges,
and opportunities of this field of research. An important message from this review is that
polymer-assimilating enzymes are very likely part of the solution to reaching a circular plastic
economy.
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1. Introduction

1.1 Interest and importance of polymeric materials

2020 was the celebration of the centennial anniversary of the first article published by
Hermann Staudinger introducing the concept of polymerization.! Today, polymeric materials,
which are most often coined as “plastics”, have become ubiquitous in our modern way of living.
They indeed address our needs for energy and new technologies, for construction, health,
housing, clothing, packaging, transport, communication, and for our well-being in general. The
worldwide polymer market reaches more than 500 million metric tons per year, which not only
comprises functional and structural polymers (ap. 23 Mt and 370 Mt, respectively), but also
rubber products (30 Mt) and man-made fibers as well (> 80 Mt). Plastic production has
increased by roughly 35% in the past decade and is expected to grow to 700 Mt in 2030,
representing 80 kg of plastics per human being.? In the past two decades, plastic demand has
increased at a rate of ap. 5% every year (Figure 1A). Since 1950s, almost 9 billion tons of
plastics have been manufactured, of which approximately 80% has been landfilled, 10-12%
has been incinerated, and less than 10% (600 MMT) has been recycled. Figure 1B shows the
global generation of plastics in 2019. Roughly 20% of plastics were produced in Europe, while
China now appears as the leading plastic producer, accounting for 29% of the total global
production. Figure 1C shows the distribution of plastics use in Europe by application area.
Unsurprisingly, plastic production is mainly intended for the packaging sector (food and non-
food) accounting for 40% of consumption, far ahead of the automotive, building and
construction, electrical and electronic devices, and all other applications.
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Figure 1. (A) Steady increase in global plastic production during the past 70 years; (B) global
production of plastics by region; (C) Plastics production by sector in Europe. NAFTA =
American Free Trade Agreement Nations, including Mexico, the United States and Canada,
Adapted with permission from ref®. Copyright 2021 Wiley-VCH.



As far as their physical properties -and in particular their thermomechanical properties-
are concerned, although this is misnomer, polymeric materials can be divided into three main
types, including thermoplastics, thermosets -sometimes called thermosetting plastics- and
elastomers.* These three families eventually distinguish one from each other by their
response to mechanical stress, temperature, and chemical structures (see next section). In
fact, elastomers, also known as rubbers, should not be considered as plastics strictly
speaking, as they represent a very special class of polymeric materials. Elastomers indeed
exhibit a high capability for large elastic deformation under stress, namely, they can be

stretched sometimes over a few hundreds of % of their original length, with no deformation.*
6

If plastics have conquered so much our daily life, representing most consumed synthetic
products in the world, it is mainly because they exhibit remarkable chemical diversity and
functionalities, including elasticity, lightness, impact resistance, thermal and electrical
conduction, insulating properties, etc.*® In addition, their production cost remains relatively
low. 2020 has also seen the entire planet facing the health crisis due to the Covid-19 pandemic.
In this context, polymeric materials have shown all their interest, but also their limitations.
Plastic-made protective or medical equipment, such as face masks, gloves, catheters,
protective glass, etc. enable to keep safe or cure millions of people. In the forthcoming global
combat against viruses, polymeric materials will continue to play a key role.

Polymers are barely used as such in a given application: they are formulated, processed
and manufactured in presence of multiple and variable proportions of specific additives, such
as plasticizers, antioxidants, pigments, compatibilizers, flame retardants, Ilubricants,
antimicrobial agents, or fillers.®° Obviously, the molecular and macromolecular characteristics
of the polymer matrix -sometimes called resin- play a key role in the targeted applications. In
practice, the additives are not easily recovered as they are intimately integrated within the
polymer matrix. Formulation and processing operations aim at optimizing the performance and
physical-chemical properties of polymers. Polymeric materials can also result from the
blending of different resins or are in the form of laminates. The resulting materials correspond
to what are commonly called “plastics” or “elastomers”, as mentioned above. Therefore, it is
important to keep in mind that chemical structure and composition of plastics are highly
heterogeneous in essence, while research efforts on polymer recycling and/or polymer design
most often focuses on one type of polymer chains, and not on the complex structure of plastics.
At the end, the real content in polymeric chains in a plastic can range from less than 10% to
almost 100%, depending on the targeted usage. This heterogeneity should be considered
when considering the end-of-life management and the recycling of this plastic, and the
perspective to develop scalable and economically viable recycling processes.!!

1.2 Some definitions about polymers, main features and
possible classifications

There are different ways to classify polymers, according to: i) their origin (naturally
occurring vs. synthetic polymers); ii) the polymerization method from which they are derived
(chain vs. step-growth polymerization); iii) their cost-performance ratios (e.g. commodity vs.
high performance plastics); iv) their structure and the dimensionality of their constitutive
chains.*’In the latter case, and as mentioned above, one can distinguish between thermosets,
thermoplastics and elastomers. Thermosets refer to dense three-dimensional (3D) networks
that prove infusible and insoluble materials, because of an irreversible curing process into a
permanent shape. Thermosets cannot be easily recycled, due to their permanently cross-



linked structure, making them thermally, mechanically, and chemically resistant. A few
common thermosets include formo-phenolics, polyepoxides, most of the polyurethanes, or
crosslinked materials deriving from unsaturated polyesters. In contrast, thermoplastics are
free of covalent bonds between polymeric chains, i.e. they are made of linear chains, enabling
them to be potentially recycled. There are two main categories of thermoplastics, namely,
amorphous and semi-crystalline thermoplastics. The former usually correspond to transparent
materials due to the random arrangement of the constitutive chains. Examples of fully
amorphous polymers include polystyrene (PS), poly(methyl methacrylate) (PMMA), poly(vinyl
chloride) (PVC), or polycarbonate of bisphenol A (PC). For instance, PS and PVC are sought
for their resistance at the solid state (high Tg), while polybutadiene is used for its rubber
elasticity (low Tg). Semi-crystalline polymers are characterized by a degree of crystallinity (Xc)
corresponding to the relative content between regularly arranged, cohesive and organized
crystalline domains and non-organized amorphous domains. These confer semi-crystalline
materials mechanical reinforcement and impact resistance, while restricting polymer mobility
and reducing the permeability to small molecules, such as liquids and gas. Typical examples
of semi-crystalline polymers are (linear) low-density and high-density polyethylenes (LDPE,
LLDPE and HDPE, respectively), isotactic polypropylene (iPP), poly(ethylene terephthalate)
(PET) or polyamides (PA).

Another view for classifying polymers, from a structural viewpoint is as follows.13
Polymer backbones are most often either linked by sp3-hybridized C-C bonds, or are
constituted of functional groups (oxygenated, chlorinated, etc.), i.e. polymers containing C-X
linkages (X = O, N in most cases), which mainly define their properties of use (Figure 2). Table
1 summarizes the most prevalent synthetic polymers categorized by polymers linked by C-C
bonds and polymers with C—N and C-O-based motifs, along with their chemical structure,
properties and common uses. The materials within each class are further ordered by their
global annual consumption amounts.

Polymer backbones constituted of C-C bonds Polymer backbones constituted of C.X bonds
- PVA -
sRp Acrylics Epoxies athe
NR 4o5 52 41 PMMA PC a3 rompRwers
PS 145 25 47
19.8 HDPE
S28
!
PP .
S50.4 LLOPE
| 312 PET
3 654

Figure 2. Annual global market size of main plastics in million metric tons (MMT) per year.
Left: polymers constituted of C—C bonds in their macromolecular backbone; right: Polymers
linked by C—N and C-O bonds. HDPE = high density polyethylene; LDPE = low density
polyethylene; LLDPE = linear low density polyethylene; PVC = poly(vinyl chloride); PP =
polypropylene; PS = polystyrene; NR = natural rubber; SR = synthetic rubber; PVA =
poly(vinyl alcohol); PMMA = poly(methyl methacrylate); PET = poly(ethylene terephthalate);
PU = polyurethanes; UPE = unsaturated polyesters; PC = polycarbonate. Data correspond
to years 2016 to 2019 and were taken from ref!?,



Table 1. Polymer constituting the main plastics to be degraded

Polymer Abbreviation Chemical Major uses; common Tg(°C)®  Tm(°C)® Density
and code commercial products
Structure (g/cm?3)
Poly(ethylene PET Packaging food and
terephthalate) 1 OteHGm0—c _@_c beverages; drink bottles, 80 5 250 138
u it cups, food containers, textile 1‘ 40'
" fibers '
High-density HDPE Packaging; grocery bags;
polyethylene 5 B containers for shampoo, 100 135 0.93
4 motor oil, detergent bleach ) o
0.97
Poly(vinyl PVC o . Building; pipeline tubes,
chloride) cables, garden furniture, .
3 /)\’_/ fencing and carpet backing 60-70 ) 1.10-
[ 1.45
Low-density LDPE Packaging; bags, wrapping
polyethylene | ] films, trays, computer
4 IS components ~-100 90-110 0.91-
g . 0.94
Polypropylene PP Packaging; bottle caps,
5 J\/ luggage, dishware, furniture, 1518 130-170 0.90
. g appliances, car parts e i o
0.92
Polystyrene PS Packaging and building;
t tai , 1 ,
5 carryout containers, trays 60-110 ] 0.96-

cups, foam packaging

1.04




Polyurethanes Others Diverse applications;
Polycarbonates, . i j\ Multilayer packaging, some
Polyesters, ... R ~R2 food containers, CD’s,

DVD’s, safety glasses

Various Various
H H

2 Ty: glass transition temperature
®Tm: melting temperature

¢ The Tm value of commercial PVC can range from 110°C to 250-260°C, depending on the size of the crystallites. The melting and processing
behavior of PVC have been discussed in ref'4,



The glass transition temperature (Ty) and potential for crystallization are among the
most important properties to be considered for the final application of the constitutive polymer.
Thus, polymer backbone that is flexible can relax quickly, and is characterized by a much lower
T, than room temperature, for applications for instance as rubber or as polyethylene-based
plastic bags. In contrast, rigid polymer backbone will relax on longer timescales, giving high
T4-materials. All synthetic polymers possess a Ty value that is characteristic of the amorphous
regions.*”’

Polymer chains are of various length, consisting of a few tens to several thousands of
repeating units, which make related materials so long-lasting. Namely, polymer molar masses
(also called polymer molecular weights), i.e. the number average molar mass, My, the weight
average molar mass, My, or the viscometric average molar mass, My, which can range from a
few thousands to sometimes millions of grams per mole, are key factors that define the
properties of the polymer. Thus, increasing the molecular weight gives higher Tg-materials.
Other structural parameters having a determining role on the macroscopic properties and final
application, and consequently on its ability to be deconstructed and/or recycled, include
molecular weight distribution (called dispersity, D), chemical nature, stereoregularity (tacticity),
degree of branching and/or degree of crosslinking (topology).*”

Topology effect can be best illustrated by the two architecturally different polyethylenes,
namely, LDPE and HDPE. Due to the existence of both short and long chain branches in its
structure, enabling strain hardening during extensional or elongational flows, LDPE is an ideal
candidate for film-forming applications (e.g., plastic bags). In contrast, HDPE exhibits an
essentially linear structure and is almost free of branchings. Therefore, its extent of crystallinity
is much higher than that of LDPE, which makes HDPE well-adapted for applications as rigid
flasks and containers. On the other hand, it is important to distinguish between topologically
branched and crosslinked polymers. The former materials remain soluble with, eventually, an
improved solubility, relatively to linear polymer analogues of same molecular weight.
Conversely, cross-linked polymers are 3D-networks that do not flow as they are not soluble in
any solvents and cannot be reprocessed. Both thermosets and elastomers, e.g. resulting from
vulcanization of polydienes, are typical examples of insoluble 3D polymeric networks.
Therefore, the knowledge of most of (macro)molecular parameters, such as Tg, Tm, Mn, B, and
some essential chemical and physical properties of the polymers, such as composition,
solubility and thermomechanical properties, are paramount in the perspective of conducting
degradability and/or recycling studies.

A great part of plastics, namely, more than 85% fall into seven categories defined by
the Society of the Plastics Industry.2>7-1315 |n this frame, one can find the logo of three
triangular arrows, called the Mobius strip, with a code number from 1 to 7 in the center,
meaning that the plastic is potentially recyclable (Table 1). These codes are supposed to
facilitate plastic sorting for the aforementioned recycling (Table 1). The number indicates the
specific type of plastic and is used in the following manner: PET (1), HDPE (2), PVC (3), LDPE
(4), PP (5), PS (6). Code #7 is finally used to cover all other types of potentially recyclable
plastics, e.g. polycarbonates (PC), polyurethanes (PU), polyamides (PA), and bioplastics such
as polylactide (PLA), PMMA, or polyesters different from PET. It is important to note that most
of these plastics have long been considered as neither biodegradable nor compostable, with
the exception of PLA and now PET (see further).
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1.3 Environmental pollution by persistent plastics

Most plastics are still designed mainly for their performance and much less for their
degradability and recyclability. Plastics have thus become a threat because of their
environmental impact and an inappropriate management of their end-of-life as well.11-1315.16
The high chemical stability of the macromolecular structure that make plastics so valuable in
many applications is also an obstacle to convert them into new products. Current methods that
enable to transform polymeric constitutive chains are indeed poorly selective and very energy
demanding. Seeing plastic waste in the environment has thus given the public -and the media-
a very negative perception of plastics. Again, this should not overshadow the many benefits
that these materials provide: for transportation, clothing, entertainment, health and protection,
food without waste and, more generally, for everyday well-being. Scientists now have a key
role to play in finding a solution to the problem of "white pollution” 311-13.15-19

Plastics are typically designed to have a service life of 1-50 years. However, a large
part of plastics is for short-term single-use packaging for food, beverages, etc. Of the ~460
million metric tons produced in 2019 ~40% was for single-use products composed of PE, PP
and PET.11122021 However, all plastics are not intended for ephemeral use, but remain
commonplace for a given period of time in our homes, offices, etc. Electronic equipment, car
parts, household appliances, shoe soles, sport equipment, food containers, reusable water
bottles, pens, textiles, and other objects are all examples of the perennial use of plastics in our
daily lives. Last but not least, the plastics industry employs millions of people all over the world
(e.g., more than 1.6 million people in Europe, over 60,000 companies (mostly SMES), with a

turnover of over 360 billion euros in 2018). Yet, the current polymer economy is essentially
|inear.2,3,11—13,15—19

More than a million of disposable plastic grocery bags made from fossil fuel are
produced per minute worldwide. Some plastics can remain in the environment for several
hundreds of years, depending on the type of plastic and its ecosystem.>¢ During this time,
they can be ingested by animals and/or transformed into micro-particles and then
nanoparticles, whose impact on human health remains uncertain. Paradoxically, indeed, the
chemical inertness that makes polymeric materials so stable is also their major drawback, as
it is challenging to break them down. For a very long time, plastics were not designed to be
degraded, until the relatively recent awareness of the problem of their environmental footprint.
Most commodity plastics are thus recalcitrant to degradation, due to the high chemical stability
of their constituting units. This is particularly true for the most prevalent synthetic polymers,
namely, those in which polymer chains are all linked by sp3-hybridized C-C-polyolefins (Table
1). In this regard, resistance of synthetic polymers to degradation is reminiscent to that of
lignocellulosic biomass in biofuels production, in the sense that plastics, as plant cell walls, are
structurally and chemically heterogeneous compaosites. But, to do without plastics in our daily
life is simply illusory, and "elimination of plastics”, as advocated by various associations,
remains utopian. Plastics are not only comfort tools, they are useful too, from a health and
safety point of view, as already mentioned. It is not so much the plastics industry that needs to
be destabilized, but rather the end-of-life of these materials that needs to be better managed
and optimized. Regulations have been boosted over the last few years towards this end. Thus,
to achieve the objective of "plastics circularity”, next challenges in Polymer Science are to
develop alternative polymer synthesis methods, and in parallel, more efficient polymer
recycling technologies. In the former case, upstream actions and innovative initiatives are
needed to deliver polymers that can be better designed for recyclability, reducing our reliance
on fossil sources, and increasing their overall biodegradability. These more sustainable,
degradable and easily recyclable polymers are aimed to serve as replacements for non-

11



degradable petroleum-based plastics. On the other hand, through downstream actions with
the implementation of much more efficient recycling technologies for mass-produced plastics,
also seem essential. Such considerations to build a better plastic future have been taken into
account when the partners of the Mix-Up consortium evocated the “6-R” principles (rethink,
refuse, reduce, reuse, recycle, replace).?

1.4 Recycling technologies of commodity plastics

Approximately 25% of post-consumer-waste plastics are landfilled and thus lose their
intrinsic value. Another important fraction (roughly 42%) of plastic waste is incinerated for
energy recovery. Eventually, less than 30% of plastic waste is collected for recycling and
reused in closed loop.>11-1315-19 |n fact, recycling options often appear complex and/or costly,
and/or too energy intensive. As each constitutive polymer of plastics show specific
physicochemical properties, the recycling of these plastics cannot be viewed as a one-size-
fits-all approach, but rather must be analyzed on a case-by-case basis. A range of technical
complexities affect recycling rates, including aspects related to intrinsic chemical or
compositional characteristics, such as the presence of additives, fillers, contaminants,
including dust, metallic residues, or traces of poly(vinyl alcohol) (PVA) or PVC that can leach
acidic catalysts promoting for instance acidolysis or hydrolysis of PET during extrusion, or
biological contaminants, as well as more logistical aspects related to the collection, sorting of
these raw materials, their possible hygienization, etc. As mentioned, not all plastic materials
should be recycled, and the environmental benefits of recycling must be assessed for each
type of material across the entire value chain. Clearly, with the notable exception of PET as
detailed further in this review, current recycling approaches do not enable yet a circular
plastics economy.

Recycling technologies can eventually be divided into four sub-categories that are
differentiated by the nature of the recycling processes implemented, and the nature of the
final products (Figure 3). These methods for polymer recycling are termed primary,
secondary, tertiary, and quaternary recycling.11-1315-19.23

PLASTIC RECYCLING SYMBOLS &I'l‘
o) ey 5 AT __:g e, X0 Secondary recyling HI"'L
G4 ] ¥ 00 aWEeES X
I[N 0 N AN N D ) 30%
£2 &3 & &) £825) &3 & Primary
MYE  WOrE Lot e recycling
Polyme- } Tertiary Fuels
... rization Processing M ] recycling P
D ..... = :’Q'g\‘\ for §
_ Monomers Polymers § } Waste Upcycling Nanocarbons
Fossil e (molecular
resources Plastic products loop) %@Q
Tertiary recycling by depolymerization Chemicals

(monomer loop)

-

Figure 3. Life cycle of polymeric materials and main recycling technologies.
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In primary recycling, post-industrial scrap polymer feedstocks generated during
plastic manufacturing in plants are mixed with the virgin polymer. The resulting mixture is
further processed mechanically without any loss of properties, representing a real “closed
polymer-to-polymer loop recycling” approach.?* However, only plastics of the same type can
be recycled in this way, and this is achieved with low extent of waste to retain the quality of
the virgin plastic product. Primary recycling thus deals with post-production materials and not
with, for instance, post-consumer or contaminated waste. A relevant example is that of PET,
which can undergo primary recycling to regenerate recycled PET that can be reused for the
production of new containers (e.g. bottles).

Post-consumer plastic waste is treated by secondary mechanical recycling, also
referred to as mechanical recycling process, after collection, sorting and cleaning, producing
new plastics with less demanding properties. Consequently, polymers thus recycled are used
for downgraded applications and are ultimately landfilled. At the end, both primary recycling
and secondary recycling are based on a mechanical melt-process.11-1315-19.23.24 Secondary
recycling -and eventually primary recycling as well- require less than half the energy used to
generate new plastics, hence both prove less energy-demanding than producing plastics from
petroleum products. However, secondary recycling produces plastics of compromised
mechanical quality after a few melt cycles, compared to the “virgin” plastic. This is due to side
reactions such as radical chain scissions and/or couplings/crosslinkings. In addition, pure and
clean plastic waste is necessary in these recycling processes. Residual contaminants can
diffuse during the melting process and can contribute to alter the properties and the aspect of
the recycled polymers, such as elongation at break, toughness, melting point, and color. For
these reasons, secondary recycling is often reckoned as a “downcycling” method, the number
of reprocessing cycles being dependent on the evolution of the polymer properties. In the
particular case of PET, such variations in molecular weights during mechanical reprocessing
can be alleviated, in particular by a solid-state post-polycondensation and/or the addition of
chain extenders® (e.g., oxazolines, isocyanates, epoxides, lactams, hydroxyls, carboxylic
acids, phosphites and phosphates). Therefore, further purification through selective solvent-
based extractions can aid achieving chemically pure recycled materials (e.g., the Polyloop

process by Solvay for PVC or the Creasolv® and PureCycle processes for various plastics).?>~
27

In tertiary recycling, (thermo)chemical or (bio)catalytic processes are implemented to
degrade polymer waste as selectively as possible, breaking down the macromolecular
structure into value-added smaller molecule products.®11-1315-19.23 These include monomers
(monomer loop, Figure 3) or oligomers, and molecular feedstocks, such as syngas (CO and
H>), that can be further employed to design new materials (molecular loop, Figure 3). Typical
processes are by hydrolysis, for instance, in the presence of chemical catalysts or enzymes,
pyrolysis and gasification. Depolymerization of plastic waste back to the original monomers,
which can be readily repolymerized to produce the same polymer, is likely the most sought-
after way of tertiary recycling.?®-*° This “chemical recycling to monomer” (CRM) method
indeed allows operating in closed loop under rather mild conditions in some cases. In
particular, polar step-growth polymer substrates consisting of C-N or C-O-based units, e.g.,
polyesters, such as PET, polyamides and polyurethanes, have been shown to be
depolymerized. This is not surprising as these polymers contain carbonyl moieties that can
easily undergo chemolysis, for instance using nucleophiles, thus enabling relatively
controlled degradation of the polymer chains. In contrast, chain-growth-derived C-C-based
and unfunctionalized commodity polymers, such as PE or iPP, requires energy-intensive
pyrolysis, i.e. at high temperature (> 400°C) and/or pressure, and the use of designed
transition metal-based catalysts. These severe conditions prove unselective, yielding a broad
spectrum of species, including waxes and fuels of different molecular weights. In this regard,
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and although innovative approaches in this area have been recently reported, pyrolysis is still
viewed as a downcycling and not as recycling or upcycling method, as the energetic,
environmental, and commercial viability of this process have been questioned. These
recycling technologies have been reviewed, discussing possibilities to increase the efficiency
of used catalysts, or polymer functionalization prior to the thermolysis process.2°-29-38

Chemical upcycling -sometimes called repurposing- of polymers aims at selectively
converting discarded plastics into higher value chemicals, e.g. fuels, or surfactants, or
nanostructured carbon-based materials.33353%-42 Chemical upcycling thus holds great
promise to reduce our dependency to fossil resources, to save energy, and to eventually
reduce the environmental impact of plastic waste.

In addition to some biosynthesized polymers like cellulose or chitin, some synthetic
polymers can be biologically degraded into small molecular fragments by microorganisms
producing enzymes.!! Several reviews focused on biological upcycling and valorization of
plastic waste by microorganisms or enzymes have been published very recently.?231:36-3843
Analysis of this literature shows, as it will be discussed in details in this review, that: i)
enzymatic degradation of synthetic polymers is generally slow, ii) the scope of polymer
substrates is still limited to certain polymers, again those featuring carbonyl groups in their
main chain (PET, PLA, PA), and iii) enzymes are poorly tolerant to harsh reaction conditions.
For instance, enzymatic biocatalysis of plastic is expected to primarily take place under
agueous conditions. As most polymer plastics are not soluble in water, deconstruction of
recalcitrant polymers by enzymes should proceed via an interfacial mechanism, if an analogy
can be made with the degradation of naturally occurring biopolymers. Many efforts are thus
directed towards improvements of enzyme stability, to increase the accessible surface area
for enzymatic depolymerization of synthetic polymers. Not only do processing conditions
matter for efficient biocatalytic recycling, but also structural parameters of the polymer
substrate (Tg4, Tm, Mmolecular weights, etc.), as already mentioned.

Energy recovery via incineration of post-consumer plastic waste is considered as the
fourth recycling technology for end-of-life polymer materials.22>2* This recycling option
leverages the high calorific values of plastic waste to produce carbon dioxide and steam
energy in the presence of oxygen. Some polymeric materials can only be recycled by this
way, for example those contaminated with biological agents (e.g., viruses, blood, etc.) or
complex materials made of multiple layers or incorporating large proportions of additives, for
which pretreatment options (separation of the various components from each other) is too
costly. However, quaternary recycling recovers only partly the energy used to produce the
plastics. In addition, incineration of waste causes serious environmental issues and
contributes to greenhouse gas emissions, as it generates several hazardous pollutants and
volatile organic compounds, and necessitates subsequent cleaning of the incinerator.

1.5 Methods to probe plastic (bio)degradation

Monitoring the degradation process of a polymer is essential to select the most
effective conditions and routes. Various analytical methods have been implemented and they
are briefly presented hereafter. Firstly, visual estimation of the macroscopic and morphological
state of the material, before and after treatment according to one or the other process
discussed above, can first account for some evolution, at least qualitatively: presence of cracks
in the sample, change in color, size and/or shape, etc.!* A step further, although remaining
qualitative, consists in observing whether biofilms can form on the plastic surface upon
exposing that plastic either under terrestrial conditions in soil, or under aqueous conditions, in
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particular inside the marine water. This method helps to anticipate the ability of a plastic for
microbial degradation and provides a primary indication that biodegradation can occur.

Mechanical
properties

HPLC, TLC,
GC, MS,

Physical

Degradation
properties

products

Gravimetry, ...

Evaluation
of Plastic
Degradation

| Microbial | Surface
growth L changes
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Figure 4. Analytical techniques for monitoring the extent and nature of plastic degradation.
DMA-dynamic mechanical analysis; SEC-size exclusion chromatography; XRD-X-ray
diffraction; TGA-thermogravimetric analysis; DSC-differential scanning calorimetry; ESCA-
electron spectroscopy for chemical analysis; SEM-scanning electron microscopy; FTIR-
Fourier transform infrared spectroscopy; NMR-nuclear magnetic resonance; TLC-thin-layer
chromatography; GC-gas chromatography; MS-mass spectrometry; HPLC-high performance
liquid chromatography.

More accurate assessment about the polymer morphological evolution can be obtained
by microscopic analysis techniques, such as scanning electron microscopy (SEM) or atomic
force microscopy (AFM). Obviously, many characterization techniques, specific or not of
polymeric materials, can provide information about the progress of the biodegradation process,
by probing the properties of the polymer in relation with its morphology, its dimensional state
and its intimate structure at different scales of observation and analysis (Figure 4). These
techniques are routine or more sophisticated and include size exclusion chromatography
(SEC), differential scanning colorimetry (DSC), dynamic mechanical analysis (DMA) and other
mechanical tests, static and dynamic light scattering (SLS and DLS), X-ray photoelectron
spectroscopy (XPS), contact angle measurements and water uptake, Fourier Transform
Infrared spectroscopy (FTIR), Ultraviolet-visible (UV-Vis) spectroscopy, (NMR), X-ray
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diffraction (XRD), or Nuclear Magnetic Resonance (NMR) spectroscopy.!! For instance, as
biocatalytic degradation is expected to cause changes in the chemical structure of the polymer,
this can be monitored by FTIR, and/or NMR, and UV-Vis spectroscopy, through the
appearance and/or disappearance of functional groups. On the other hand, polymer
degradation is reflected by a steep decrease of the molecular weight, which can be evidenced
by SEC before and after the enzymatic treatment. This is also most often accompanied by
weight loss, which can be monitored by gravimetry.

In addition, various analytical methods can be implemented to screen and characterize
plastic degrading enzymes and microorganisms. The so-called halo method, which is based
on the visualization of a clear halo zone around the spotted sample on immobilized insoluble
substrate due to release of soluble monomers, represents around half of the utilized methods.
A more quantitative approach consists in following the decrease in turbidity of an emulsion of
polymer by visible spectroscopy, upon incubation with a plastic degrading enzyme. The latter
method, however, might impact the crystallinity of the treated polymeric sample, while not
providing any information about product release (monomer or oligomers). Evaluation of weight
loss is the other widely used technique.** This can be carried out either by precision balance,
QCM-D or SPR.** Monitoring released products is a much more accurate and quantitative
method, although it is limited to quantify soluble fractions only, thus missing the oligomer
formation and endo-working enzymes. This can be followed by more classic analytical
methods, including HPLC NMR, titration of released acidic functions (e.g. in the case of PLA
or PET depolymerization), but it does not provide any information about the type of
depolymerization products. Additional pH variation by monitoring the reaction supernatant can
also be instructive.*®

More specific to PLA, the Total Organic Carbon (TOC) value can be used as an
indicator of the content of the water-soluble PLA oligomers and monomer formed by hydrolysis.
As a means to evaluate the hydrolysis of polyester films, optical waveguide lightmode
spectroscopy (OWLS) is based on sensing change in the refractive indices across the sensor-
solution interfaces. Other methods qualitatively probing change of the polymer properties, e.g.
by viscometry*’, FTIR*, SEC, SEM, AFM*-3 can be employed. Finally, alteration of the
mechanical properties of the polymer by an enzyme can be established by tensile strength,
and/or stress at break and/or Young modulus measurements.

1.6 General considerations on enzymatic degradation
of polymers

The last decade has witnessed a considerable increase in the number of initiatives by
academics and industries for polymer-recycling processes. The development of more efficient
(bio)catalytic chemical recycling or upcycling processes of commodity plastics is booming, both
in research groups from academia and in industry. Current efforts in this direction appear
promising in view of developing closed loop recycling technologies that can be commercially
competitive with regards to traditional polymer manufacturing methods. In this context,
possibilities to degrade commaodity plastics using a biocatalytic approach have been intensively
investigated. As already mentioned, however, and as detailed hereafter, this has only been
successfully conducted in the case of polymers containing relatively easy to hydrolyze
chemical bonds, notably ester or amide moieties, as in the case of PET, PLA and some PU
and PA, which can be recycled or upcycled into well-defined oligomers or monomers or higher-
value products. The bio-recyclability of polymers can thus be directly correlated to their
constitutive chemical bonds.
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Enzymes are highly efficient biocatalysts that offer numerous advantages over
chemical processes, notably thanks to i) their high catalytic power, providing acceleration by
up to 10%° of each elementary reaction step, ii) their operation in milder reaction conditions
(temperature, pH and pressure), iii) their high selectivity and iv) low environmental impact (less
energy consumption, reduces waste generation). Enzymes can be thought as renewable and
biodegradable catalysts that can easily be implemented through inexpensive and
environmentally benign fermentation processes. Many industries have already exploited the
advantages of enzyme catalysis for a broad range of applications in the pharmaceutical, food
and beverage, detergent, biofuel and fine chemistry fields. Enzymes can improve industrial
chemical processing by simplifying the conventional chemical synthesis routes and the
process economics. Furthermore, biocatalytic processes relying on the utilization of enzymes
in their purified form, as part of a cell lysate, or whole cells provide more sustainable and
renewable solutions to produce chemical synthons, materials and energy, from waste,
feedstocks or bioresources, and enabling a circular bioeconomy. The global market for
enzymes in industrial applications is expected to grow from $6.4 billion in 2021 to $8.7 billion
by 2026.>* This market projection emphasizes the need to discover or to engineer efficient
enzymes, that can enter biocatalytic processes further optimized at different levels (catalytic
activity, stability, expression efficiency, fermentation yields, immobilization, reuse of and
recycling of catalysts, ...) to fulfill industrial operation constraints and commercial needs.

The first microorganism degrading synthetic polymers was reported nearly 50 years ago, with
the degradation of polycaprolactone by fungus Aureobasidium pullulans.®® Yet, research in the
field has remained quite limited until 2000. Over the past 20 years, with the fossil fuel limitations
and the plastic pollution crisis, the research on enzymes or microorganisms able to degrade
synthetic polymers has regained considerable interest®®, even necessitating the development
of databases to compile the flood of data and their exploitation.®¢57 It is nowadays well admitted
that depolymerization mediated by free enzymes is emerging as an efficient and sustainable
alternative for plastic treatment and recycling.?> However, this approach remains limited to
some polyesters (PET and PLA) and the finding of active enzymes for PE, PP, PVC, ether-
based PUR, PA, or others still represents an urgent challenge that needs to be tackled.*® In
the following sections, we review depolymerization and controlled degradation methods of
polymers utilizing different classes of enzymes. These include serine hydrolases (cutinases
(EC 3.1.1.74); lipases (EC 3.1.1.3) and carboxyl ester hydrolases (EC 3.1.1)), oxidases
(laccases, peroxidases), ... , depending on the nature of the polymer and the catalytic reaction
envisaged. Besides the use of enzymes and microorganisms available in Nature, we will also
present and discuss how directed evolution and structure-based engineering have enabled to
improve catalytic activity and stability of enzymes, substrate binding in the active site and onto
enzyme surface. Most successful approaches to develop performing enzymatic biocatalysis
are often multidisciplinary, combining enzyme screening, design and engineering to
biophysical and computational techniques, to provide deeper understanding about the
interrelationships between the sequence, the structure and the function of the enzymes.

Biocatalytic chemical recycling, which is now regarded as part of tertiary recycling, is
expected to lead to a transformation of the commercial recycling market, as the intrinsic value
of waste materials is retained, in addition to proving energy efficient. In this review, we
specifically present advances made in enzyme-based biocatalytic methods for the
deconstruction of the most representative polymers. We also discuss scope and limitations,
challenges, and opportunities of this field of research. Focus is placed on microbial and
enzymatic degradation and/or depolymerization of the most common commodity polymers
(Table 1, Figures 1-2), namely, polyesters (PET and PLA), and other main polymers such as
polyamides (PA), polyurethanes (PU), vinylic polymers, includingpolyolefins (PO), polystyrene
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(PS) and polyvinylchloride (PVC). The next section, (section 2-) deals first with the two
polymers that have been the subject of the most enzymatic depolymerization studies, namely
PET and PLA. Indeed, many enzymes have been discovered, characterized, and optimized
for polyester degradation, the ester link being an easily enzyme-catalyzed broken bond. The
following section (section 3-) is dedicated to bio-catalytic degradation of the more recalcitrant
polymers, including not only PA, PU or PUR, but also vinylic polymers, keeping in mind that
only a very few -if none- enzyme has been identified yet, the C-C bond, and to some extent,
the amide bond, being less accessible to an enzyme activity. Note that due to a very limited
literature on the enzymatic degradability of elastomers and most of thermosets, polymers
falling into these categories, such as natural or synthetic rubbers, or polyepoxides, will not
be considered in this review.
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2. Enzyme-catalyzed  depolymerization  of
polyesters

2.1 Polyethylene terephthalate (PET)

2.1.1 About PET

Poly(ethylene terephthalate) (PET) is a major polymer with about 18% of the world
polymer production and is part of the so-called ‘big five’ category with PE, PP, PS and PVC.%®

PET is a semi-aromatic and semi-crystalline polyester exhibiting high mechanical
strength, good barrier properties and high optical clarity, features that justify its main use as
textile fibers and packaging. Most of the PET production (98 million tons; IHS Market in 2021,
Market Research Future in 2021 and KPC in 2022) is for synthetic fibers (around 60%), with
bottle production accounting for about 30%. In the case of textile applications, PET is referred
to by its common name, polyester, whereas the acronym PET is generally related to packaging.

PET is the most recycled plastic worldwide; it can be identified by its recycling code #1
(&). Recycled PET can be converted to fibers, fabrics, sheets for packaging and manufacturing
automotive parts. Depending on its processing and thermal history, PET may exist either as
an amorphous (transparent) or as a semicrystalline material. It can be semi-rigid to rigid,
impact-resistant, very lightweight and makes a good gas and fair moisture barrier, as well as
a good barrier to solvents.

Semicrystalline PET might appear transparent or opaque and white, depending on the
size of the crystal structures. About 60% crystallization is the upper limit for commercial
products, except for polyester fibers. Clear products can be produced by fast cooling molten
polymer below Tg4 to form an amorphous solid. At room temperature, the chains are frozen in
place, but if enough heat energy is put back upon heating above Ty, they gain in mobility
allowing crystals to nucleate and grow, a process which is known as solid-state crystallization.
When allowed to cool slowly, the molten polymer forms a more crystalline material, namely, in
the form of spherulites containing many small crystallites when crystallized from an amorphous
solid.

Industrially, PET is manufactured via a four-step process (Figure 5). Firstly, bis(2-
hydroxyethyl terephthalate), BHET, is synthesized by esterification of ethylene glycol (EG) with
terephthalic acid (TA). Transesterification of EG with dimethylterephthalate (DMT) was widely
used until the 60s, but slow reaction rates and high corrosivity rendered this process obsolete.
The second and third steps are characterized by the pre-polymerization of BHET and
subsequent melt condensation to form low-molecular weight PET (suitable for fibers). Finally,
solid-state polymerization (SSP) is implemented to access PET of high M, suitable for drink
bottles.>*%! Antimony-based catalysts, such as Sb,O3z or Sb(OAc)s, prove effective for PET
synthesis. Two main PET grades are thus produced, namely, fiber-grade PET and bottle-grade
PET, which mainly differ in molecular weight and/or intrinsic viscosity (IV). Bottle-grade PET
has a molecular weight of 24,000-36,000 g/mol, corresponding to a viscosity index (VI)
between 0.75 and 1.00 dL/g, standard bottle grade having an IV of 0.80 dL/g. Textile fiber-
grade PET has a lower molecular weight of 15,000-20,000 g/mol, corresponding to an VI
between 0.55 and 0.67 dL/g. PET fiber-grades for technical yarns, such as tire cord, have
higher molecular weights, with an VI above 0.95 dL/g. For packaging films, the VI is 0.64 dL/g.
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Figure 5. Industrial manufacture of PET via the BHET route.

PET properties can be modulated to target specific applications through the synthesis
of PET-based copolymers, namely, by copolymerizing the above monomers with other diols or
diacids. A common monomer modifier for that purpose is isophthalic acid (IPA), which leads
to a replacement of 1,4-para-linked terephthalate units by 1,2-ortho- or 1,3-meta linkages.
Compared to PET, the resulting copolymer chains are kinked, thus affecting their
crystallization, and eventually lowering their melting point. These copolymers are valuable for
molding applications, such as thermoforming, which is used for example to make trays or
blister packaging from co-PET films, or amorphous PET sheets. Crystallization is also
important in other applications where mechanical and dimensional stability are requested, such
as seat belts. Cyclohexanedimethanol (CHDM) can also be used as a comonomer with EG,
which will result in the modification of the crystallization process and will lower the polymer
melting temperature. Such PET is referred to as PETG or PET-G for PET glycol-modified. It is
a clear amorphous thermoplastic that can be injection-molded, sheet-extruded or extruded as
filament for 3D-printing. PETG can be colored during processing. For PET bottles, film, and
packaging applications around 2% IPA is added to slow down crystallization. As a result,
bottles are manufactured via stretch blow molding (SBM) and are both clear and crystalline
enough to be an adequate barrier to aromas and even gases, such as carbon dioxide in
carbonated beverages. This explains why PET bottles are less crystalline than fibers made
with IPA-free PET. For fibers, high crystallinity is sought to obtain heat resistance. Diethylene
glycol (DEG) can be added to improve dye-ability, color pick-up of yarn or garment. CHDM can
be also added for special packaging applications by small number of suppliers (e.g., SK
Chemical/Eastman). In the perspective of enzyme-catalyzed depolymerization of PET, it is
important to consider that the presence of comonomer units in the copolymer chain emanating
from these comonomers can impact the binding of the polymer substrate to the enzyme, and
consequently the catalytic efficiency of the reaction.

PET is prone to various types of degradation during processing. Main degradation
processes that can occur are hydrolytic, photolytic, and most importantly, thermal. When PET
degrades, several events take place, including discoloration, chain scissions resulting in
molecular weight reduction, formation of acetaldehyde, and cross-links ("gel" or "fish-eye"
formation). Discoloration is due to the formation of various chromophores following prolonged
thermal treatment at elevated temperatures. This becomes a problem when the visual
expectations for the polymer are very high, such as in packaging applications. The thermal
and thermo-oxidative degradation results in poor processibility characteristics and
performance of the material. Again, one way to alleviate this issue is to resort to a copolymeric
material, i.e. by using upstream comonomers such as CHDM or IPA. Thus, the resin can be
plastically formed at lower temperatures and/or with lower force. This helps to prevent
degradation, reducing the acetaldehyde content of the finished product to a quasi-unnoticeable
level. Another way to improve the stability of PET is to use stabilizers, mainly antioxidants such
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as phosphites. Stabilization at molecular level of the material using nanostructured chemicals
has also been considered.®?

Traditionally, EG and TA are petroleum-based although the synthesis of bio-based PET
is possible. Bio-PET in circulation is eventually 30% bio-based only, corresponding to
renewably sourced EG from biomass. The perspective of producing 100% bio-based PET thus
remains a long-term ambition of the industry, technical constraints associated with renewable
TA production still limiting its commercialization. Handling properly PET waste is thus a main
concern nowadays. The thermo-mechanical recycling of PET is well established, but several
drawbacks are associated with such a process. Recycling into bottles can only use transparent
and pure PET waste. Indeed, no purification step can remove colorants, pigments, titanium
dioxide and it is not possible to use multilayers trays or bottles. It is also limited by eventual
material downcycling, with ductility decreasing from 310% to 218% % after only one cycle, and
to 2.9% after the third cycle.®® This necessitates recycled PET to be repurposed into lower-
value products, such as fibers (72%) in carpeting, which cannot be recycled further.5364
Moreover, PET waste streams are easily contaminated by PVC and PLA, rendering the
recycled product of low-grade quality, which cannot be mechanically recycled.?* Nevertheless,
there is no competition between thermo-mechanical and enzymatic recycling, the first one uses
transparent bottles whereas enzymatic recycling can use less expensive waste, colored and
opague bottles, as well as multilayers trays. In the past, the commercial viability of thermo-
mechanical recycling relied on a high and stable oil price (>75%/barrel), but nowadays, a
booming demand for r-PET creates an unprecedent price increase trend. Indeed, the r-PET
market price is no more correlated to the “virgin” PET market price and is even 44% higher,
reaching 2,500€ per ton in March 2022 (Source: Icis in 2022).

Another strategy is the chemical recycling to monomer (CRM).% After purification,
BHET and dimethyl terephthalate (DMT) are the main reaction products. An important
limitation of this approach is that DMT is not a common monomer of the PET industry, and
consequently it requires to couple a dedicated PET production unit to a recycling unit. Beyond
long-term material value retention, the possibility to access higher-value products offers a
potential route to decoupling PET recycling from a volatile oil market. There is already an
exhaustive body of literature concerning the chemical recycling of PET.>%°

2.1.2 Biocatalysts for PET depolymerization

Nowadays, enzyme-based depolymerization of PET through biotechnological
processes is considered as an unambiguous alternative to chemical depolymerization of
PET.’>" Indeed, chemical methods often require the maintenance of high temperature and
pressure, as well as use of toxic reagents.”®* In contrast, biological recycling of PET through
enzyme-based depolymerization appears to be a more sustainable solution because of mild
pH and comparatively lower temperature conditions, without the use of hazardous
chemicals.”®7%7" Additionally, the biological catalyst shows a very high selectivity, specifically
targeting the polymer ester bonds, thus facilitating the monomers recovery (TA and EG). This
can be readily achieved by discoloration, TA precipitation and crystallization and MEG
distillation after salt separation, and further used for synthesis of virgin PET.”*"378 The high
specificity towards a given substrate also allows enzyme-based depolymerization to be
applicable to PET recycling from blended materials (multi-layer trays or sparkling water bottles
containing a layer of polyamide) and mixed waste, avoiding intensive sorting.”® As less
intensive sorting of PET waste means a reduced price of the PET waste feedstock, this might
be an important consideration for the economic development of such a recycling approach. On
the other hand, a reduced purity of PET waste feedstock might increase the cost of post- PET
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depolymerization waste treatment. It is a complicated task to speculate now on the optimal
sorting of PET waste as it might only be carefully evaluated once highly advanced processes
will be in operation, either at demonstration unit scale or at industrial scale.

For decades, PET has been considered as a nhon-degradable polymer, until Tokiwa
and Suzuki reported in 1977 that some lipases, which are extracellular enzymes that usually
cleave esters in oils and fats, can attack ester bonds in some aliphatic polyesters and can
depolymerize such materials.®’° Nevertheless, such enzymes could not hydrolyze aromatic
polyesters. The reason for the missing degradability of aromatic polyesters was later
elucidated by Marten et al.. These authors indeed showed that the mobility of the polymer
chains in the crystalline zones controls the degradability of PET by hydrolases, e.g. lipases.8%:82
Successively, two Thermomonospora fusca strains were found able to hydrolyze an aliphatic-
aromatic copolyester (BTA).23 However, the first breakthrough in enzymatic PET
depolymerization was achieved using a cutinase, namely, TfH from the actinomycete
Thermobifida fusca. A three-week enzymatic incubation at 55°C with an amorphous melt
pressed post-consumer PET bottle film (10% crystallinity) conclusively resulted in 50% weight
loss of the aromatic polyester.84

Since then, numerous enzymatic catalysts able to promote PET depolymerization have
been reported. Related enzymes, characterized so far as PET hydrolases, belong mainly to
the esterase class (EC 3.1.1.-, carboxylic ester hydrolases)®-28 for which a comprehensive
database derived from their primary, secondary, and tertiary structures is maintained
(CASTLE).® More specifically, PET hydrolases have been classified as carboxylesterases (EC
3.1.1.1, carboxyl ester hydrolases and EC 3.1.1.2, arylesterase), cutinases (EC 3.1.1.74), and
lipases (EC 3.1.1.3, triacylglycerol lipase). Finally, in 2016, the PET hydrolase class (EC
3.1.1.101) was created to contemplate the catalytic activity of IsSPETase.”>®® To date, no
general denomination has been accepted by the scientific community for these enzymatic
catalysts, beside their enzymatic classification. Consequently, numerous descriptive names
are still in use, such as PET hydrolytic enzymes (PHESs), PET depolymerases, PET hydrolases
or even PETases. In addition, a distinction between PET surface-modifying enzymes and PET
hydrolases has been proposed.® This enabled to better distinguish enzymes only able of PET
surface hydrophilization without visible change by scanning electron microscopy (SEM), from
PET hydrolases that can significantly degrade the inner block of PET, causing observable
change by SEM. It has been proposed, after a comprehensive and elaborate demonstration,
that PET hydrolases must ideally display at least two characteristics. Firstly, the protein should
exhibit a thermostability higher than 65°C (preferably above 70°C or even better 90°C), which
is consistent with the T4 of PET (70-80°C). Secondly, an open active site topology is required
to enable the binding of more than a single monomer unit (e.g., MHET).8” Consequently, PET
hydrolases meeting these requirements are mainly limited to thermostable cutinases.®

2.1.2.1 Bacterial PET hydrolases from Actinomycetota phylum

Since the description of TfH, which was the first PET hydrolase identified from the
bacterial actinomycete Thermobifida fusca 8, a second PET hydrolase has been characterized
in the same DSM43793 strain (Table 2).°2 The latter hydrolase was named BTA-2 while TfH
was renamed as BTA-1. Both enzymes are cutinases harboring a signal peptide, cleaved
during protein secretion to the extracellular environment. In fact, matured BTA-1 and BTA-2
only differ by 20 amino acids over their 261 amino acids length (92.3% sequence identity).
Moreover BTA-1 PET hydrolase was found more efficient for PET depolymerization than its
homologous protein®. At the same time, numerous Thermobifida fusca strains have been
screened and numerous homologous tandem PET hydrolases have been identified. Tfu_0882
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and Tfu_0883 were successfully identified from XY strain®%, TfCutl and TfCut2 from KW3
strain®, Cutl and Cut2 from NRRL B-8184. Nevertheless, only unique PET hydrolases were
identified from strains DSM44242 and NTU22, named Thf42 Cutl®® and TfAXEY,
respectively. Similarly, tandem PET hydrolases named Thc Cutl and Thc_Cut2 were
characterized from the species Thermobifida cellulosilytica, a member of the Thermobifida
genus®, whereas Tha_Cutl, a unique PET hydrolase, has been described from Thermobifida
alba DSM43185 another member of the Thermobifida genus.®® When considering protein
sequence identities, it appeared that BTA-1, Tfu-0883, Cut2, Thc_Cutl were strictly identical
and TfCut2, TFAXE, Tha_Cutl and Thf42_Cutl differed by only two, three, four and six amino
acids from this pool, respectively. They could thus be considered as four closely related
independent variants of BTA-1. Similarly, BTA-2 differs by only two amino acids from a set
formed by Tfu_0882, Cutl and Thc_Cut2 (identical all together) and five amino acids from
TfCutl and could be considered as two closely related independent variants of BTA-2.
Unfortunately, no consolidated denomination has been accepted by the scientific community
yet, rendering difficult the analysis and the comparison of the multiple data produced over the
years. For instance, comparison of TfH, TfCut2, TfCutl, Tfu-0882 and BTA-2 activities®® could
have been more illustrative if written BTA-1, BTA-1S58R/T176S BT A_pRE8N/AGOVIF72L/D75SINIZTI BT A~
2K112E/S176T gand BTA-2 by considering the nature of the mutated amino acids in relation to a
unigue protein. Similarly, a recent study comparing Thc_Cutl and Thc_Cut2®® could have been
more effective if stated as a comparison between BTA-1 and BTA-2K12E/S176T proteins, thus
facilitating comparison between research articles. Finally, three less conserved PET
hydrolases, but still displaying more than 75% of protein sequence identity with BTA-1 or BTA-
2 mature proteins, were identified, and characterized from the same Thermobifida genus.
Effectively, Est119 and Estl, a tandem of PET hydrolases, were found in Thermobifida alba
strain AHK119'%%11 when a unique PET hydrolase was characterized from Thermobifida
halotolerans and named Thh_Est!%? (Table 2).

23



Table 2. Reported PET hydrolases from Actinomycetota phylum. The sequence identities were calculated based on pairwise alignments of the mature protein sequences, either described
or predicted using SignalP 6.0 signal peptide predictor online server.’® Each mature enzyme has been compared with the first described tandem synthetic polyester hydrolases BTA-1
(TfH) and BTA-2 from Thermobifida fusca DSM43793, and only higher sequence identity percentage is mentioned to allocate an alternative protein name presented as a variant of the
closest BTA enzyme. Amino acid numbering is performed from the full length of native BTA-1 and BTA-2 proteins (301 aminos acids), regardless of their respective mature protein
sequences (e.g., BTA-1 and BTA-2, 260 amino acids from position 41 to 301).

Name Sequence identity ~ Sequence identity Alternate name Source GenBank UniProtkB References
with BTA-1 (%) with BTA-2 (%) compared to BTA-1 or BTA-2 accession accession
BTA-1 (TfH) 2 100% 92.3% BTA-1 Thermobifida fusca DSM43793 AJ810119.1 Q6A0I4 83.84,92,104
BTA-2 92.3% 100% BTA-2 AJ810119.1 Q6A0I3 83.84,92,104
Tfu_0882 99.2% BTA-2K1128/5176T Thermobifida fusca YX (T. fusca WSHO03-11)  AAZ54920.1 Q47RI7 *
Tfu_08832 100% BTA-1 AAZ54921.1 Q47RJ6 94,95,105
TfCutl 98.1% BTA-2ROEN/AGOVIFT2LIDTSSINIZT Thermobifida fusca KW3 CBY05529.1 E5BBQ2 9%
TfCut2 (Cut2-kw3) # 99.2% BTA-1SSe8RITL76S CBY05530.1 E5BBQ3 %
Cutl 99.2% BTA-2K112E/5176T Thermobifida fusca NRRL B-8184 JIN129499.1 G8GER6 106
Cut2? 100% BTA-1 JIN129500.1 Q6A0I4 106
Thf42_Cutl 97.7% BTA-1SSBRITLT6SIT205RIA222LIK226R/S234T  Thermobifida fusca DSM44342 ADV92528.1 E9LVIO %
TIAXE 98.9% BTA-1SSeRINSSSIR268W Thermobifida fusca NTU22 ADM47605.1 E0Z5H1 o
The_Cutl 100% BTA-1 Thermobifida cellulosilytica DSM44535 ADV92526.1 E9LVH8 %
Thc_Cut2@ 99.2% BTA-2K1126/5176T ADV92527.1 E9LVH9 9%
Tha_Cut1 98.5% BTA-1FL2PILITTPW201R/R293C Thermobifida alba DSM43185 ADV92525.1 E9LVH7 %
Est1? 83.1% 85.1% Thermobifida alba AHK119 BAI99230.2 D4Q9N1 100,101,107
Est119 (Est2) 82.4% 85.1% BAK48590.1 F71X06 100,101,107
Thh_Est 75.1% 75.9% Thermobifida halotolerans DSM44931 AFA45122.1 HBWX58 02
Tcurl278 60.8% 60.0% Thermomonospora curvata DSM43183 ACY96861.1 D1A9G5 108
Tcur0390 2 60.8% 61.0% ACY95991.1 D1A2H1 09
Cut190 64.8% 65.5% Saccharomonospora viridis AHK190 AB728484.1 WO0TJ64 uoin

2 Higher enzyme activity described than the other one from the tandem enzymes for a specific origin.
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Complementarily, among bacterial thermophilic Actinomycetota phylum,!? three other
PET hydrolases were characterized through screening studies, namely, Tcurl278 and
Tcur0390 as a tandem of proteins from Thermomonospora curvata'®® and Cut190 from
Saccharomonospora viridis!!? (Table 2). All these thermophilic PET hydrolases isolated from
Actinomycetes were carefully described in a dedicated book chapter.1%®

At the same time, many novel PET hydrolases were discovered from various
organisms, mainly from bacterial sources and a few from Eucaryota. An extensive phylogenetic
distribution analysis of plastic-degrading microorganisms has been performed** confirming the
that the Actinomycetota phylum represents a potential source of PET-degrading enzymes.
Previously, 853 putative PET hydrolase genes were identified from various databases and
metagenomes (108 marine and 25 terrestrial). The respective origins of these PET hydrolase
genes indicated an over-representation from Actinomycetota and Pseudomonadota phyla
(mainly in Beta-, Delta- and Gamma-protobacteria classes) regarding terrestrial metagenomes
when a Bacteriodota phylum origin was mainly observed from marine metagenomes.'!*
Similarly, a deep search for cutinases in the Carbohydrate Esterase family 5 (CE5) of the
Carbohydrate-Active Enzymes database (CAZy)!'® and representing over 3000 entries,
allowed identifying 151 putative cutinases, 41 from bacterial and 110 from fungal organisms.*®
In view of the intensive efforts to search for new PET hydrolases, and even if considered as
particularly rare enzymes,**17 the need for specific databases rapidly appeared mandatory.
Consequently, the plastics microbial biodegradation database (PMBD) aiming at compiling
experimentally verified enzymes able to specifically depolymerize a synthetic polymer was
published online.'*® However, this database, with only 22 enzymes listed in June 2022, suffers
of a lack of exhaustivity and maintenance regarding already or newly characterized PET
hydrolases. Conversely, the plastics-active enzymes database (PAZy), compiling all
biochemically characterized active PET hydrolases, currently 41 enzymes, appears more
exhaustive.®” As emphasized previously, only three enzymes out of this database were
identified from Eucaryota. Another database, called PlasticDB, has been released recently.5®
Extensive developments have been made since its first publication*and the web application
provides access to consolidated data regarding all microorganisms and proteins related to
plastic biodegradation. By June 2022, 50 proteins were referenced under the PET entry.
Hopefully, these databases will continue to be updated as they enable to follow the diversity
of PET hydrolases regularly reported. In addition, some general guidelines or classifications
would be also needed to help a better distinction between PET hydrolases from other PET
surface-modifying enzymes, at the origin of some discrepancies between databases.

2.1.2.2 Eucaryota PET hydrolases

To date, only a few PET hydrolases are known to be produced by eucaryotes, more
specifically by fungi.”2#%®8 Indeed, even if numerous lipases and cutinases have been reported
as being able to degrade various objects in PET,!° they are globally not considered as PET
hydrolases but rather as PET surface-modifying enzymes. As one major use of PET resides
in fiber production, fungal enzymes from Fusarium solani, Candida antarctica, Aspergillus
orizae, Cladosporium cladosporoides or Penicillium citrinum are suitable as anti-pilling and
anti-graying agents on polyester textiles where degradation of the inner building block of PET
is unfavorable as it weakens the fiber strength.®512° Consequently, a very limited number of
enzymes considered as PET hydrolases, mainly because of their low optimal temperature,
below 50°C, which is unfavorable for an efficient degradation of amorphous PET.®" In addition,
the highly frequent presence of a N-terminal lid domain'?! prevents the accessibility of the
active site of these enzymes to the polymeric substrate. Nevertheless, the commercialized HiC
cutinase from the thermophilic fungus Thermomyces insolens (formerly Humicola insolens),
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which shows a high optimal temperature of 75-80°C and can efficiently hydrolyze amorphous
PET at 70°C'2212% could be considered as a PET hydrolase.®” Others add the FsC cutinase
from Fusarium solani pisi'?* as another effective PET hydrolase’?’# while the PAZy database®’
also considers CalB, a lipase from Pseudozyma (Candida) antarctica'??, as efficient for
enzyme-based depolymerization of PET. CalB was indeed described to enhance PET
depolymerization yield when used in combination with HiC enzyme. This is probably due to its
esterase activity on soluble products (e. g. MHET, BHET) released during the
depolymerization'?® and should thus not be considered as an effective PET hydrolase.
Alternatively, the FoCut5a cutinase from Fusarium oxysporum!?® as well as TILip from
Thermomyces lanuginosus!?® have been reported as PET hydrolases in a dedicated review
article.® Nevertheless, without minimizing the efforts devoted to characterize these enzymes,
as well as to develop high throughput screening assays for fungal polyester hydrolyzing
enzymes discovery using a synthetic co-polyester such as poly(butylene adipate-co-
terephthalate (PBAT)?’, we will focus our review only on bacterial PET hydrolases used as
biocatalysts for PET depolymerization.

2.1.2.3 Other bacterial PET hydrolases

Several reports described PET depolymerization activities for carboxylesterases from
Bacillota, one p-nitrobenzyl esterase (BsEstB) from Bacillus subtilis'?® and an esterase
(Cbotu_EstA) from Clostridium botulinum.?® These enzymes, larger than cutinases, share a
temperature optimum of 40°C and show a marginal level of PET hydrolysis. Therefore, they
are considered as PET surface-modifying enzymes rather than PET hydrolases.®”°* The most
promising group of PET hydrolases, in addition to the previously described from
Actinomycetota, consists of various enzymes characterized from different bacteria origins or
metagenomic approaches. For instance, two highly thermostable and closely related PET
hydrolases have been isolated from metagenomic approaches. The corresponding leaf-branch
compost cutinase, abbreviated as LCC*° and a closely related protein from bacterium HR29,
BhrPETase, share 93.8% sequence identity with the mature LCC.*31132 Even if their precise
organisms of origin are not known, bacterial Chloroflexota phylum appears to contain both
protein sequences reported under Genbank accession number HEM19059.1 for LCC** and
under Genbank accession number GBD22443.1 for BhrPETase®®! (Table 3). Their respective
melting temperatures indicate their high level of thermostabilty, up to 86°C for LCC**° and
above 100°C for BhrPETase.'® A growing set of enzymes from Pseudomonadota phylum have
also been reported over the years. For instance, in 2016, the bacterium Ideonella sakaiensis
was shown grow on amorphous PET as sole carbon source and the bacterial PET hydrolase
named ISPETase was consecutively characterized as an efficient mesophilic catalyst for PET
degradation.®® Later, and using a Hidden Markov Model (HMM) profile constructed using PET
hydrolases sequences previously characterized (e.g., PET hydrolases from Actinomycetota,
LCC and IsPETase), the research performed on marine and terrestrial genomes led to the
identification of hundreds of putative PET hydrolases. Among them, PET5 (OaCut) from
Oleispira antarctica, PET6 from Vibrio gazogenes and PET12 from [Polyangium]
brachysporum were selected for deeper characterization and functionally verified as novel PET
hydrolases giving clearance on PET nanoparticle plates.!'* Therefore, their respective abilities
to efficiently degrade other PET objects or powders remain to be elucidated. Another approach
consisted in the classification of 69 cutinase-like sequences®* that further led to the
characterization of RgPETase from Rhizobacter gummiphilus another mesophilic enzyme able
to depolymerize PET.® Similarly, PE-H from the marine bacterium Pseudomonas
aestusnigri*®*® and Lip1 (Mors1) from Antarctic bacterium Moraxella sp.*3” were also considered
as PET hydrolases. None of these organisms appeared to be thermophilic. Moreover, melting
temperatures (Tm) of these listed PET hydrolases confirmed their low level of tolerance to the
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envisioned reactional temperature, close to the Ty of PET®, to efficiently depolymerize PET.
Indeed, assessed T of 46°C for ISPETase®, 40°C for PET5¥, 49°C for RgPETase®®®, 51°C
for PE-H% and 52°C for Lip1'® are far below the level of thermostability envisioned for an
efficient enzymatic depolymerization catalyst for PET, requiring thermostability higher than
65°C (preferably above 70°C).8” A similar approach, using identical HMM depicted
previously!** has been performed to search for new PET hydrolase homologues in the
Bacteroidota phylum?3® and two novel enzymes, PET27 from Aequorivita sp. and PET30 from
Kaistella (Chryseobacterium) jeonii have been reported. Both enzymes display a C-terminal
extension (Por secretion signal) that might be detrimental to their respective PET
depolymerization efficiencies. Moreover, the Antarctic origin of both genomic samples could
suggest low thermal stability of the enzymes, which thus requires further functional
characterization. Finally, several metagenome derived PET hydrolases were reported from
unknown bacterial origins. The PET2 (liplAF5-2) enzyme!!* as well as the PHL-7 protein and
its quadruple variant, PLH-7A2E/L210F/D233NIS255A -~ ngmed PHL-3'%°, appear promising PET
hydrolases notably because of their respective high thermal stabilities of 69°C for PET24° and
79°C for PHL-7%%° (Table 3). Lastly, PHL-7 has been renamed PES-H1 when PLH-
7A2E/L210F/D233N/5255A has been Ca”ed PES-H2.141
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Table 3. Other reported PET hydrolases from diverse or unknown bacterial origins. Classification within bacterial PET
hydrolase types is precised (e.g., Type |, lla, lIb) and adapted from previous work.® Exceptions to this classification are
mentioned (Type I*). Indication of protein thermostability is provided when available, with assessments of melting
temperature (Tn) or optimal temperature (Topt.)

Name Source Bacterial PET Thermostability UniProtKB References

hydrolase type Tm or Topt. (°C) accession

Chloroflexota

Metagenome from leaf-branch

LcC compost Type | 86.2 (Tm) G9BY57 130

BhrPETase Bacterium HR29 Type | 101.0 (Tm) AOA2H5Z9R5 131132
Bacillota

Chotu_EStA Clostridium botulinum ATCC3502 n.a. 40.0 (Topt.) A51055 129

BsEstB Bacillus subtilis 4P3-11 n.a. 40.0 (Topty D7R6G8 128129
Pseudomonadota

IsPETase Ideonella sakaiensis strain 201-F6 Type lIb 46.0 (Tm) AOAOK8P6T7 %

PETS (OaCut) Oleispira antarctica RB-8 Type lla 40.4 (Tm) R4YKL9 114137

PET6 Vibrio gazogenes Type lla n.d. AOA1Z2SIQ1 114

PET12 [Polyangium] brachysporum Type Ilb n.d. AOAOG3BI90 14

RgPETase Rhizobacter gummiphilus NS21 Type Ilb 48.5 (Tm) AOAIW6L588 135

PE-H (PaPETase) Pseudomonas aestusnigri VGX014 Type lla 50.8 (Tm) AOA1HB6AD45 136

Lipl (Mors1) Moraxella sp. TA144 Type lla 52.0 (Tm) P19833 7
Bacteroidota

PET27 Aequorivita sp. CIP111184 Type I* n.d. AOA330MQ60 138

PET30 Kaistella (Chryseobacterium) jeonii Type I* n.d. AOAOC1F4U8 138
Unknown

PET2 (liplAF5-2) Metagenome derived Type lla 69.0 (Tm) C3RYLO 114140

PHL-7 Metagenome derived Type | 79.1 (Tw) AOA165B111 139

n.a. not applicable and n.d. not determined.

2.1.2.4 Sequence-based classification of bacterial PET hydrolases

To anticipate PET depolymerization properties of bacterial PET hydrolases and other
bacterial PETase-like enzymes, it has been proposed to classify them into two types, namely
type | and type Il (Figure 6). Such classification has been proposed by comparison with
IsPETase primary sequence features, ISPETase being assigned to type Ilb PET hydrolases.!**
Type | PET degrading enzymes do not contain additional disulfide bond, nor the extended loop
found in IsPETase (Figure 7). Indeed, type | PET hydrolases have a unique C-terminal disulfide
bridge, whereas type Il enzymes show a second one, which is adjacent to the active site and
connecting the B7-a5 and 8-a6 loops that harbor the catalytic aspartate and histidine
residues, respectively. The second feature, specific of the type Il enzymes, is the presence of
a three amino acids extension in the $8-a6 loop. Additionally, it has been suggested that type
I enzymes should possess His and Phe/Tyr residues at the corresponding positions of Trp159
and Ser238 found in IsPETase, respectively. Surprisingly, the recently characterized PET27
and PET30%8 do not contain any additional disulfide bond like type | enzymes. However, they
do include an extended loop as well as Trp and Ser residues at specified corresponding
IsPETase positions turning them into an exception of the type | enzymes. Parallelly, type I
enzymes were separated into two subtypes, where type Ila enzymes have a Phe or Tyr residue
at the corresponding position of Ser238 in IsPETase. To adequately define the PET2 enzyme
as a type lla PET hydrolase, Trp residue, another aromatic amino acid, should be considered
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for this position (Figure 6, Table 3). While thermostable PET hydrolases, having a Tm higher
than 70°C, appear to belong to type | group, the type lla and type Ilb enzymes regroup
mesophilic enzymes, with Tr, lower than 55°C, with the sole exception of PET2 PET hydrolase
(Figure 6, Table 3). Consequently, the additional disulfide bond found for these type 1l enzymes
does not seem relevant for their overall thermostability'*?, even if it is correlated to a gain of
Tm of 13°C in IsPETase.®®* This additional disulfide bond within the active site was effectively
characterized as maintaining the integrity of the catalytic triad of ISPETase, having additionally
the three amino acids extension of the $8-a6 loop, while allowing higher flexibility at low
temperature than their thermophilic counterparts (e.g., type | PET hydrolases).1*® Attempts to
classify bacterial hydrolases according to their primary sequence features might be of interest
but might need to be taken very carefully when trying to extend to general rules. Nevertheless,
despite their types, bacterial PET hydrolases share common features notably the catalytic triad
(Ser-His-Asp), as well as the two residues, an aromatic amino acid (Phe or Tyr) located
between the B3-strand and the a1-helix and a Met residue in the a4-helix, next to the catalytic
Ser, forming the oxyanion hole involved in the transition state stabilization (Figure 7).
Moreover, bacterial PET-hydrolases have a highly conserved Gly-x1-Ser-x2-Gly motif
surrounding the catalytic Ser in which x1 is an His for type | PET hydrolases, like LCC enzyme,
or a Trp for the other types!* and x2 is a Met residue, strictly conserved within all the bacterial
PET hydrolases protein sequences.®®* Additionally, the C-terminal disulfide bond is conserved
due to its importance on the overall stability by connecting the terminal a6-helix with B9-
strand.'*> Noteworthy, PET27 and PET30, two type I* PET hydrolases, revealed a subtle
displacement of one of the cysteines forming the disulfide bridge in their primary sequence
alignment (Figure 6) which was further confirmed in the crystallographic structure of PET30
(PDB ID: 7PZJ).1%

Lip1

PET12
RgPETase
ISPETase

PETS
PE-H

PET27 Type I*

BhrPETase FEEY

LCC

Tcur0390

BsEstB
Tcurl278

BTA-2
BTA-1

PHL-7

Thh_Est

Estl i
Type | Est119 HiC

Cut190

Cbotu_EstA

Figure 6. Unrooted phylogenetic tree of 24 PET hydrolases selected from bacterial PET
hydrolases (enzymes highlighted in Table 2 and Table 3 without the 11 enzymes too closely
related to BTA-1 and BTA-2) in addition with the fungal HiC cutinase. Clusters of enzyme types
determined from specific primary protein sequence features are specified. Multiple amino acid
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sequences were aligned using ClustalW, and the guide tree was obtained based on the
neighbor-joining method using the p-distance model. Scale bar: 0.25 amino acid substitution
per single site. Analysis was performed using MEGA X.146
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PET2_(Type_Ila)
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BTA-2_(Type I)
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PHL-7_(Type_I)
IsPETase_(Type IIb)
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PE-H_(Type_IIa)
PET2_ (Type Ila)
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PET30_(Type_I*)

Disulfide bond 1

Figure 7. Multiple sequence alignment of selected bacterial PET hydrolases. Amino acid
sequences of 10 selected PET-degrading enzymes of each type (e.g., type |, type lla, type llb
and type I*) are compared. Secondary structure elements are shown based on the LCC x-ray
structure (PDB ID: 6THS). Multiple amino acid sequences were aligned using Clustalw.
Representation was done using ESPript.1*” Catalytic residues are indicated by red triangles,
disulfide bridges are marked in yellow and in green for that defining the type Il PET hydrolases.
The extended loop defining type Il and I* is highlighted in navy blue. The G-x1-S-x2-G motif is
indicated in purple with x1=W for type lla, lIlb and I* and x1=H for type I. The S defining type
[Ib is highlighted in cyan color.
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2.1.2.5 Catalytic mechanism of the bacterial PET hydrolases

The hydrolytic process of PET degradation takes place in a flat, superficial,
hydrophobic cleft found in PET hydrolases'* and no surface activation is required. Due to this
architecture, these enzymes can hydrolyze high molecular weight polymer structures.’#1% The
hydrolytic mechanism exerted by the catalytic triad (Ser-His-Asp) of PET hydrolases has been
described as a ping-pong reaction or an acylation/deacylation process, involving the formation
of an acyl-serine intermediate occurring via a first tetrahedral intermediate and released via a
second tetrahedral intermediate.'*-1%! Enzymes involved in PET degradation belong to
esterases subclass and possess a catalytic triad (Ser-His-Asp) which is characteristic of a/B-
hydrolases. Ester bond hydrolysis is performed by the nucleophilic attack of the catalytic serine
oxygen to the carbonyl carbon atom present in the scissile ester bond. Importantly, negatively
charged aspartate stabilizes the positively charged histidine residue establishing a charge
transfer network which enables the proton shuttle required for serine activation and
consecutive nucleophilic attack.1#>1%2 During this first (acylation) step, the nucleophilic serine
attacks the ester scissile bond forming the first tetrahedral intermediate stabilized by the
oxyanion hole,*®3 thus leading to the formation of a covalent acyl-enzyme. In the subsequent
deacylation step, nucleophilic attack by a water molecule takes place on the covalent acyl-
enzyme to complete the cleavage of the ester bond, leading to a second tetrahedral
intermediate. This is followed by the release of the reaction product, thereby regenerating the
free enzyme (Figure 8).
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Figure 8. General hydrolytic mechanism of serine hydrolases. R-O-(CO)-R’ is the acyl donor,
R-OH is the leaving group in the first step of the reaction (acylation), and H-O-H is the acyl
acceptor in the second step (deacylation).

Despite this canonical two-step serine hydrolase reaction mechanism employed by
PET hydrolases, many questions remain.!! For instance, the detailed interaction between the
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solid synthetic PET substrate and the PET hydrolases has not yet been reported.
Nonetheless, it is globally accepted that PET hydrolases catalyze endo-type hydrolysis activity
by cleaving internal ester bonds of PET, resulting in an increase of PET chain ends and the
formation of oligomers.® However, both endo- and exo-type hydrolysis activities have been
demonstrated by NMR spectroscopy toward the mobile amorphous fraction (Xuae) of crystalline
PET when using thermophilic TfCut2 PET hydrolase. Consequently, the amorphous region of
the polymer was rapidly hydrolyzed, whereas the remaining crystalline structure was only
attacked through endo-type chain scission activity and slowly hydrolyzed without any
detectable weight loss.*>* Similar observation was reported when using LCCY127G/D238C/F243/S283C
quadruple variant where an initial endo-type scission activity of the PET hydrolase was
followed by an exo-type scission of the neighboring ester bond in the Xuar of the PET substrate
as the reaction proceeded.'®

The hydrolytic mechanism of these enzymes on PET chains remains disputed at
molecular level.}* Several modes of action for PET degradation by IsPETase have been
proposed based on X-ray data, molecular docking, and site-directed mutagenesis
experiments.’®* The proposed catalytic mechanism based on a docked 2-HE(MHET). as
substrate model and suggesting a trans conformation of the EG in PET'* was later
questioned.'*® Using solid-state NMR, Wei et al. showed that the conformation and the mobility
of the PET oligomer chain could play a role on the PET degradation performance of the
enzymes.'®® In particular, the ratio between trans and gauche conformations (t/g ratio) of EG,
which co-exist to different extents in amorphous (enriched in gauche conformation) and (semi-
) crystalline (enriched in trans extended conformation) PET, was shown to depend on the
temperature (9:91 at 30°C vs 56:44 at 70°C). A more-ordered state of PET was also observed
at higher temperature. More recently, Guo et al. combined MD simulations, molecular docking,
enzyme engineering, together with high-resolution microscopy and solid-state NMR to
investigate the PET conformation most susceptible to be degraded by PET hydrolases.'*” Their
study not only revealed the ability of PETases to accommodate both gauche and trans
conformations of the polymer chain, but also the importance of PET conformational selection
on the degradation performance of the enzyme. Interestingly, the authors also demonstrated
how single amino acid mutations could alter conformational preference between trans and
gauche and efficient binding in catalytically productive conformation, supporting a
conformational selection mechanism rather than an induced fit one. This was illustrated by the
engineering of IsSPETase mutant S238A that displayed a totally reverse preference of the
enzyme toward the trans conformation of PET (75.4% trans selectivity for S238A vs. 10.1%
for the wild type). This was assumed to be due to mechanistic differences in terms of Re- and
Si-face nucleophilic attacks, the latter being facilitated in trans conformation.

Most of the PET hydrolases through enzyme-catalyzed PET depolymerization produce
terephthalic acid (TA) and ethylene glycol (EG) with, in some extent, other degradation
intermediates, including mono(2-hydroxyethyl) terephthalate (MHET) and bis(2-hydroxyethyl)
terephthalate (BHET)® (Figure 9). These products are usually separated and quantified using
reverse-phase HPLC.*® More recently, longer soluble oligomers were also detected after small
protocol adjustments, when performing a PET depolymerization assay using Thc_Cutl and
Thc_Cut2 enzymes.*™ This study raised again the question of the enzyme processivity and
PET depolymerization mechanisms. Nevertheless, there are exceptions to these observations
and two PET hydrolases are unable to further cleave the ester linkage of MHET (IsPETase
and PE-H). Consequently, the MHET is accumulating in solution during PET depolymerization,
without major release of TA and EG.® Indeed, with the discovery of Ideonella sakaiensis 201-
F6 able to grow on PET as sole carbon source®, two enzymes were pointed out. The IsPETase
responsible of PET depolymerization produces MHET, while a second enzyme named
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IsSMHETase was immediately affiliated to a newly created class (EC 3.1.1.102). Activity of the
IsSMHETase enzyme (UniProtKD AOAOK8PS8E?) is specific to MHET degradation in TA and
EG, as it was previously described that this enzyme had no activity toward PET, BHET nor
pNP-aliphatic esters.®® Reminiscent of feruloyl esterases, ISMHETase possesses both a
classical o/-hydrolase domain and a lid domain conferring substrate specificity.6® Numerous
crystallographic structures have been reported regarding native IsMHETase, either without
ligand (PDB ID: 6QGC, 6QG9%; 6JTU Y 6QZ1, 6QZ2, 6QZ4%?), or with benzoic acid (PDB
ID: 6QGB*Y), or in complex with a non hydrolyzable MHET analog (PDB ID: 6QGA®), or in
complex with BHET (PDB ID: 6JTT!) as well as a multiple variant of ISMHETase without
ligand (PDB ID: 6QZ3%%2), Consecutively, from a homology search against the 6,671 tannases
family sequences retrieved from the National Center for Biotechnology Information (NCBI), two
close homologs of IsMHETase were identified. Indeed, an enzyme from Comamonas
thiooxydans and another from Hydrogenophaga sp. PML113 sharing 81% and 73% sequence
identity to ISMHETase, respectively. Both were shown active against MHET with estimated kca
!/ Km 10 to 20-fold lower than the 2,17 uM* s** measured for ISMHETase.!? Parallelly, from a
metagenomic study using the biodegradation of an aromatic-aliphatic copolyester blend
(PBAT) by a marine microbial enrichment culture, several MHETase-like enzyme candidates
have been identified.®®* A marine mesophilic MHETase-like hydrolase (Mle), named Mle046,
able to hydrolyze MHET, under broad temperature and pH conditions, has been further
characterized.®* Mostly because of a poor affinity with the MHET, Mle046 has a catalytic
efficiency 40 times lower than that of ISMHETase but in the same order of magnitude as the
Comamonas thiooxydans and Hydrogenophaga sp. PML113 MHETases. A second exception
to MHET degradation by bacterial PET hydrolases has been reported and PE-H (PaPETase)
from Pseudomonas aestusnigri, a type lla bacterial PET hydrolase, able to degrade
amorphous PET film or BHET by producing MHET with no production of TA, has been
characterized.®1%¢ Nevertheless, no MHETase has been reported from this organism yet.

As emphasized above, acidic products (e.g TA and MHET) accumulate in the reaction
media when performing an enzyme-based PET depolymerization. This monoacid (MHET)
and/or diacid production (TA) results in the acidification of the reaction media. The PET
hydrolases, which prove highly active at alkaline pH because of their reaction mechanism, thus
lose their catalytic efficiency, most likely by the protonation of the catalytic His. Increasing
buffer strength and/or concentration has been proposed as an alternative to lower this enzyme
inhibition induced by the acidification of the reaction media.®>% This could represent an
efficient solution when performing a small-scale PET depolymerization for research studies but
sounds odd when considering a potential industrial deployment using very high PET
concentration and monomer recovery. Another alternative could be the use of acid-tolerant
PET hydrolases exhibiting a broad pH optimum range. Several acid-tolerant cutinases have
been identified to this end!®’~1%°, in particular an enzyme from the fungus Thielavia terrestris
exhibiting detectable PET hydrolysis activity at pH 4 and 50°C.%7 No further developments
have been released since. Consequently, pH regulation using a strong base appears
mandatory when performing a scaled-up enzyme-based PET depolymerization at high polymer
concentration (e.g., 20% w/w)."®
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Figure 9. Chemical structures of PET and hydrolyzed products.

Modelling enzymatic reactions using high-level hybrid quantum mechanics/molecular
mechanics (QM/MM) methods, although computing time consuming, can provide outstanding
information to understand in detail the molecular mechanisms of PET degradation.62170.171
Reaction mechanism of ISMHETase, an enzyme acting in synergy with IsPETase to degrade
PET, was the first investigated at atomic level using QM/MM method.2172 Starting from a
modelled Michaelis complex with MHET'%?, a two-step mechanism to degrade MHET and
BHET?! into EG and TA was proposed for ISMHETase. These two steps include the acylation
and deacylation via the formation of an acyl-enzyme intermediate. Although Knott et al.
suggested that no metastable tetrahedral intermediates were formed during these steps!®?,
Pinto et al. later revisited the mechanism and found evidence that transient tetrahedral
intermediates were formed although short lived.'? In both studies, deacylation was predicted
to be the rate-limiting step, as reported more generally for serine a/B-hydrolases. Recently, the
reaction mechanisms catalyzed by IsPETase, LCC and improved LCCY127¢/D238C/F2431/S283C
guadruple variant’® were also investigated using QM/MM methods starting from distinct docked
substrates in distinct orientations, (MHET)2, (MHET)3!"° or 2-HE(MHET)..1"* The most likely
orientation of the polymer chain binding in the active site of these enzymes was debated based
on the reported energetics.?’® Noteworthy, these studies rely on the modelling of substrate
fragments, only partially representative of the real polymer substrate. The actual mechanism
of the enzyme (endo- or exo-activity) is not fully established and the impact of the temperature
on the crystallinity grade of the polymer, the polymer substrate accessibility and the enzyme
conformation and stability are not considered in these calculations. These QM/MM studies
suggested the occurrence of four concerted steps to complete the whole catalytic cycle.
However, Zheng et al. suggested that the last concerted step of deacylation was the rate-
limiting step of the reaction!’*, whereas Boneta et al.}”® identified the acylation as the limiting
step. This latter study also concluded that subtle differences observed in the mechanisms of
these PET degrading enzymes could not explain all differences experimentally observed
regarding the performances of these enzymes. Hence, our comprehensive understanding on
the mechanism of these enzymes still suffers from the lack of data and that many questions
are still left to answer. More recently, Jerves et al.}”™ proposed an alternative mechanism to
the one by Boneta et al.1’°, that comprises two steps of acylation and deacylation, the acylation
being the rate-limiting step of the overall reaction mechanism.
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2.1.2.6 Structural characterization of bacterial PET hydrolases

The number of experimentally determined crystal structures of enzymes reported to
degrade polymer chains has boomed over the recent years. Although many of these enzymes,
including cutinases, lipases and esterases, were already known for their activities on cognate
substrates, they have recently regained interest when their promiscuous hydrolytic activity on
polymers was revealed. Focusing on bacterial PET hydrolases, nhumerous high-resolution
structures have been elucidated®” (Table 4), evidencing that they exhibit conserved structural
properties, which has allowed classifying them into a single sub-class of the «/f-hydrolase fold
enzyme superfamily. Wei et al. first solved Streptomyces exfoliates lipase structure (PDB ID:
1JFR), harboring nine B-strands within the protein, two of them being antiparallel.*”™ This
fold is effectively composed of a central B-sheet surrounded by seven to eight a-helices and
shares a common catalytic machinery with a highly conserved catalytic triad (Ser-His-Asp), as
emphasized previously.’® Fungal PET hydrolases involving shorter polypeptides as the
already mentioned HiC cutinase (PDB ID: 40YY), belong to a separated subclass, distinctive
by the presence of only five parallel B-strands!’’, as well as the existence of a lid covering the
active site shielding catalytic site from the solvent. Numerous crystallographic structures of
PET hydrolases have been released, covering all enzyme types previously described (Table
4). Interestingly, even though IsPETase was isolated from a phylogenetically distant
mesophilic bacterium. The structure of this type Ilb enzyme (PDB ID: 5XG0) showed a high
structural similarity (Co. RMSD of 0.78A) compared to the structure of the highly thermostable
LCC, a type | bacterial PET hydrolase (PDB ID: 4EB0)**? illustrating the conserved structural
folding among bacterial PET hydrolases (Figure 10). Nevertheless, despite the conserved fold
of bacterial PET hydrolases, important macroscopic differences have been pointed out
regarding surface properties and characteristics of the catalytic pocket.®”134145 Notably, when
comparing type | TfCut 2 with type llb IsPETase enzymes, several features have been
highlighted such as the highly polarized surface charge of ISPETase, its wider active-site cleft,
potentially more suitable to accommodate large substrates as well as an enhanced
hydrophobicity of the catalytic triad environment.'** Another study of the effect of the structural
differences on the active site dynamics of bacterial PET hydrolases revealed that the IsPETase
active site displays enhanced flexibility at room temperature compared to the thermophilic type
| enzymes like TfCut2 and LCC.#
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Figure 10. Three-dimensional structures of LCC (in complex with MHET, PDB ID: 7VVE) and
IsPETase (mutant R103G/S131A in complex with HEMT, PDB ID: 5XH3). Catalytic triad is
shown in magenta, residues forming oxyanion hole in orange and disulfide bridges in yellow.
The wobbling Trp is shown in green. Co-crystallized ligands are displayed in purple.

Although many structures of native or variants of PET-hydrolases have been
determined by X-ray crystallography, most of them are obtained in free form with no bound
PET nor soluble products of PET depolymerization (Table 4). Nevertheless, a few structures
of enzyme/ligand complexes have been released. Interestingly, structures of inactive catalytic
serine variant of IsPETase complexed with a PET product analog, the p-nitrophenol (PDB ID:
5XH2) and with the 1-(2-hydroxyethyl)- 4-methyl terephthalate, a methyl ester of MHET,
named HEMT (PDB ID: 5XH3) were simultaneously released.'*?> These structures provided
some insight into the substrate-binding mode and supported the mechanism of action of action
of ISPETase. 8134152 More recently, a structure of the inactive catalytic serine LCC'““® variant
in complex with the mono(2-hydroxyethyl) terephthalic acid (MHET) (PDB ID: 7VVE) has been
released!’® The enzyme-substrate interactions of LCC'°CC appeared highly identical to those
evidenced for ISPETase, the most notable variation being the deviation by 30° of the aromatic
moieties of the two bound ligands. This angle deviation appeared to be determined by a
conserved Trp residue (W190 in LCC'“¢ and W185 in IsPETase). Effectively, this residue
adopts a wobbling conformation and is pushed down to a B-type conformation upon substrate
binding in IsPETase*? when this B-type conformation of the corresponding W190 in LCC'¢¢
is not occurring, because of the presence of other H218 and F222 residues. From this
perspective, LCC'°© appears to display a more rigid substrate-binding groove than IsPETase,
which may demand PET to bend a bit to fit in.1”® Additionally, three structures of the PHL-7
enzyme (renamed PES-H1) in complex with a PET product analog, the 4-(2-
hydroxyethylcarbamoyl) benzoic acid (MHETA) (PDB ID: 7W6C, 7W60 and 7W6Q) have been
advertised but remain to be released by the PDB.'*' Similarly, a structure of the PLH-
TA2EIL210FID233NIS255A - quadruple variant (renamed PES-H2) in complex with the bis(2-
hydroxyethyl) terephthalate (BHET) (PDB ID: 7W66) remains to be released in the PDB.*
Finally, as most of the X-ray structures of PET hydrolases have mainly been determined in
free form or in complex with small ligands, the binding mode of the polymers or their
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constitutive fragments (e.g., monomer, dimer, trimer, tetramer, ...) has mostly been inferred by
computational methods, usually derived from molecular docking.?896:134.135.143144,179-181 Thjg has
led to the identification of amino acid residues that could play a key role in polymer binding, or
substrate accessibility. This also provided mutagenesis targets to improve catalytic
performances of enzymes for polymer degradation.®2

Complementarily to structural characterization of PET hydrolases, an in-depth solution
NMR study of the native LCC, as well as the iterative variants leading to the LCC'°“® quadruple
mutant, has been recently carried out.'8® Using various NMR probes, such as backbone amide,
methyl group and histidine side chain resonances, elements of a potential interacting surface
between the enzymes and MHET, used as a surrogate of a PET chain, were identified.
Moreover, MHET induced chemical shift perturbations (CSP) in the spectra of the different
LCC variants correlated well with the previously determined enzymatic activities of the latter.
This NMR study, by the identification of many markers, demonstrated new possibilities to
investigate further the molecular interaction between a PET hydrolase and a PET polymer
surface.

37



Table 4. Crystallograph