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Abstract

The continuous accumul ation of synthetic

pressing environment al chall enges of t he
management strategies, including landfilli:
recychmang, ineufficient to address the scal
Il n this context, mi crobi al and enzymatic

sustainabl e alternative for pl astic wast e
i mpl ementati on.

Il n natur e, fungi have evolved highly wver s
structurally complex and Gthvemi ¢ dlmlayhi arce s it shta
synthetic plastics mimic these structural
bi ocatalysts for bridging natur al pol ymer
pol ymer transformation.

According tlhe tdiim afspteltée , ptesent doctor
di scovery, characterization, and repurposi
recal citrant synthetic polymers. A fungal c
sampl es was sdridegnetdo fdoergriatde ol yester s,
(PS)and po(RU)y dlbDheheibgaed paasays were dev
optimized to enabiniecrroabpiiad qséttaehd tonicsa mw imtdh
pot eAtigar apl at e |lseccrtecedn istige,a jcsiufl it@wediraeg ed i n |
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Abbreviati ons

2,2 azinobis(3-ethylbenzothiazoling-sulfonic acid)

1-(2-h y d r o x y enethylferephihalade

1,4-benzenedicarboxylic acid, bis[2-[[4-(methoxycarbonyl)benzoyl]oxy]ethyl] este

Bacterial nanocellulose
Bis(2-Hydroxyethyl) terephthalate
Carbohydratéinding modules
Carbonyl Index

Ethylene glycol bis(methyl terephthalate)
Expanded polystyrene foam
Feruloyl esterase

Gel permeation chromatography
Hexadecane
Hexafluore2-propanol
High-density polyethylene

Lignin peroxidase

Long chain alkane

Low-Density Polyethylene

Manganese peroxidases
Mineral medium

Mono-(2-hydroxyethyl) terephthalate
Monomethyl bis(2nydroxyethyl terephthalate)
Monomethyl terephthalate

Monomethyl tris(2hydroxyethyl terephthalate)
Olive mill wastewater effluent
Phosphatéuffered saline

Polybutylene adipate terephthalate
Polybutylene succinate

Polybutylene succinate

Polycaprolactone
Polyethylene

Polyethylene terephthalate
Polyhydroxyalkanoates
Polyhydroxyalkanoates

Polyhydroxybutyrate
Polylactic acid

Polypropylene

Polystyrene

Polyurethane

Polyvinyl chloride

Root mean square

Sanitary Landfills

Sodium dodecyl sulfate solution
Terephthalic Acid
Thermoplastic starch

ABTS
M(HET)1
M2(HET)2,5
BNC
BHET
CBMs
Cl
M2(HET)1,5
EPS
FAE
GPC
C16
HFIP
HDPE
LiP

IcAlk
LDPE
MnP

MM
MHET
M(HET)2
MTPA
M(HET)3
OooMW
PBS
PBAT
PBS
PBS
PCL

PE

PET
PHA
PHA
PHB
PLA

PP

PS

PU

PVC
RMS
SLFs
SDS
TPA
TPS
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1.Slynt hetic Polymers and Main appli

Synthetic polymers, commonly known as plastics, have become one of the most
massively produced materials, having a great spectrum of properties that are directly
associated with their composition and chemical structure. Plastics are inexpensive,
durable, ightweight, with low electrical conductivity, permeability, and significant
hardness. All these properties make them suitable for a great variety of applications
throughout the global economy, including food packaging, construction, medicine, and
agricultue industry(Agarwal & Gupta, 2017; Chia et al., 2020; L. Liu et al., 2022)

Plastic is composed of repetitive single chemical compounds (monomers), forming
long molecules, usually of high molecular weight. The plastic monomers are produced
from raw materials derived from petroleum, natural gas, coal, and (@mekr et al.,

2017) These long molecules are formed through polymerization, a process in which
monomers react with each other, resulting in the creatigolgmer chais (Figure

1.1-1). For monomers to participate in the reaction, they must have at least two reactive
sites,such aglouble bond or a functional group, while sometimes, initiators, such as
free radicals, ions, or complexes, are often used to activate the ffesldssan, 2008)

Additionally, plastics are divided into thermoplastics and thermosets based on the
bonds formed and their reaction to heat. Their primary difference is that thermoplastics
have low melting points, allowing for reshaping and recycling, whereas thermosetting
plastics exhibit high resistance to elevated temperatures and once cured, cannot be

reshaped agaifRennie, 1999)

- ~

Figard |l ustration of polymerization: Monomers on th
mol eemeliagrht mol ecul es called polymers on the | eft



Due to their wide range of applications and the improvement in quality of life they
offer, plastics constitute an integral part of modern everydaylien the 195Qsvhen
they first produceduntil today, it is estimated that plastic production has shown an
annual increase of 9%Wei & Zimmermann, 2017)Specifically, starting from 1.7
million tons of plastic produced in 1950, production reached 360 million tons
worldwide in 2018(Geyer et al., 2017)while it is estimated that thisercentwill
double within the next two decaddsidure 1.1-2). Among these, in the European
Union, polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC), polyurethane
(PU), polyethylene terephthalate (PET), and polystyrene (PS) accoun8®d4af the
total plastic demanoh 2019, with 29.8%, 19.4%, 10%, 7.9%, 7.9%, and 6.2% of total
production, respectivelfPlasticsEurope, 2021)
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The structural units of the most used polymers worldwide, as well as some of their

applications, are presented on the following figure and tdfit(e 1.1-2, Table

1.1-2).
Polyethylene terephthalate (PET)

OH |0 0
0,5 C :0 c—*@-cm—@w—c—o—cm—cm—o
H—+0 0 " : 3y
n

Polystyrene (PS)

Polyurethane (PU)

Polyvinyl chloride (PVC) Polypropylene (PP)

Polyethylene (PE)
_ i H_
iy Vel il
G c—C T T
[ | /$\H ¢—C
H H B Hl H™ H H H
L n n

n

FigaraiStructur al uni t s

Tabll dfThe main type of

Type of pl as Applications

Polyethyl en@EjTer Bottlres  r efsolrme notosd

_ _ Mil k cartons, deterg

Hi gllensity pOHDJRE' .
pi pes.
_ Pl umbing pipes, rain
Polyviny(PVEhI or

oxygen masks.

Lowensity P¢IDyPeEt)h Pl astic wrap, bubb

Pol ypr PPy | ene Straws, bottle

Pol ys({PySrnene Food packages, bui

Pol yur(thane Manu frd cmtgu, s edtecrt r oni

pl asti(cMolmamdadcdiome2®I3 )X heir

¢ Mothlaem amoett @wded RORYm@mér

ap



1. BRiobased and Biodegradabl e pol yme

To address the challenges of plastic waste, one alternative approach focuses on
replacing fosstbased plastics with biodegradable polymers. Biodegradable plastics are
materials that can be decomposed by the activity of living organisms, primarily
microorcanisms, and are typically produced from renewable raw materials,
petrochemical derivatives, or a combination of both. These materials are often
mistakenly confused with bioplasticas biodegradable plastics and bioplastiiffer
in significant ways. Biolastics are derived exclusively from renewable resources, such
as lignin, cellulose, and starch; however, they are not necessarily biodeg(Bdalsé
& Zimmermann, 2017)Biodegradable plastics offer a promising alternative as they
gradually replace durable polymers derived from petrochemical products. Their
primary advantage is that they can be easily broken down by microorganisms and
absorbed by the environment or landfdites without causing ecotoxicological
problems. Biodegradable plastics are typically classified into three main categories
based on their origin: bacterial polymers, plaased polymers, and chemically
synthesized polymei$shigaki et al., 2004)

The microbially synthesized plastics is an aliphatitymerwith esterbondsin
their main chain, which is produced by specific microbes through fermentation and
synthesis processes using sugar /@ndrganic acids. In contrast, chemically
synthesized plastics are created by combining natural polymers, such as starch or
cellulose, with synthetic additives, and due to the easy decomposition of the natural
polymer the breakdown of the entire synthetitypwer is facilitated

As shown inFigure 1.1-4, biodegradable polymers are also categorized according
to their degree of biodegradability into:

A Plastics of biological or partially biological origin, such as PE, PP, and PET. This
category also includes higrerformance polymers and thermoplastic polyester
elastomers, which are ndmodegradable.

A Biodegradable polymers and polymers of biological origin, such as polylactic
acid (PLA), polyhydroxyalkanoates (PHA), and polybutylene succinate (PBS),
starch, and starch blends.

A Biodegradable plastics from fossil fuels, such as polybutylene adipate

terephthalate (PBAT). Plastics that belong to this category are used in



combination with starch or other bioplastics, as they improve their performance

with biodegradability and mechanical proper{iBsgoplastics, n.d.)

Bio-based

Bioplastics Bioplastics

(e.g., bio-based PA, PE or PP) (e.g., starch blends, P8S,

PHA)

Non-biodegradable Biodegradable

Bioplastics
Conventional plastics

: PE. PET PP {e.g., PBAT and PCL)
(&g, ¥ 8 ana ¥y

Fossil-based

Figdr#4Pol ymer <classification accordindJtoxot iPéint odeg
da Costa et al ., 2020)

The development of biodegradable plastics is very important for alleviating plastic
burden, especially when polymers end up in unapproachable spots that cannot be
collected and recycleddowever, biodegradable plastics face several challenges,
starting with their production costs, which are significantly higher due to the need for
specialized equipment and their reliance on raw materials that are more expensive than
those used in convential plasticfR. Wei & Zimmermann, 2017)These costs are
directly linked to oil prices, and while bioplastics are expected to become more
affordable in the future, current production processes make them up to 3 to 10 times
more costly (Ray & Bousmina, 2005) Furthermore, even considering waste
management aftarse, biodegradable plastics are incompatible with traditional
recycling methods, requiring modern sorting and separation equipment, which adds an
additional financial burden for waste management sys(@a&o Pinto da Costa et al.,
2020)

In addition to their production and/or recycling cost, which is closely related to oil
prices, the decomposition of biodegradable plastics also presents challdioges.

biodegradable plastics consist of long polymer chains with high molecular weight and



complex chemical structures, which prevent them from entering microbial cells and
undergoing further intracellular degradatidrurthermore, although they have lower
durability than petrochemical plastics, they remain in the environment for long periods,
as their decomposition depends on environmental conditions. More specifically, many
biodegradable materials decompose only wkgposed to specific environmental
conditions, which depend on the reaction with oxygen, ambient temperature, pH, and
humidity. The specific conditions necessary for the biodegradation of these plastics are
not always feasible to find in the natural environment, resulting in biodegradable
plastics ultimately not decomposing within reasonable timefrgBtesn et al., 2020)
Finally, biodegradable plastics are designed in such a way that they start to decompose
within a short period, and therefore they are not suitable for multiple uses detamg
applications (Joao Pinto da Costa et al., 2020; Ray & Bousmina, 2005).

1.8l asti,c Mvacsrtoepl asti cs and Human

The very properties that make plastics excellent matesalsh as durability,
versatility, and low costlso contribute to their persistence in the environment, leading
to the uncontrollable accumulation of plastic waste in landfills and o¢éamsbonye
et al., 2021; Verschoor et al., 2022; R. Wei & Zimmermann, 20Rudg to their
durability, actual degradation times can vary widely depending on environmental
conditions such as exposure to sunlight, temperature, and whether the péegtosesd
in theair, thesoil, orthewater. For example, PET bottles can remain intact for over 15
years ornthe bottom of thesea, and subsd&?E coatings may take up to 800 years to
degrade on the ocean flo@hamas et al., 2020; Fotopoulou & Karapanagioti, 2017)
Even secalled biodegradable or compostable plastics often persist for years in natural
environments, with some remaining visible and largely intact after three years in soll
or marine settingéNapper & Thompson, 2019This severe threat is becoming more
intense given thaapproximately 40% of all plastics consumed by individuals are
designed for single ugeainly for food packaging reasons sucltagier bags, plastic
bottles, wet wipes, stravetc.)(Figure 1.3-1) (Fotopoulou & Karapanagioti, 2017)

Th
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When plasticg¢conventional or biglasticsjundergo thermal, chemicdliological
or mechanical treatment, small particles are detached from the polymer chain due to
processes such as chain scission and surface efdsién Wei et al., 2022)These
treatments can cause the releaseswfall plastic particles, often referred to as
microplastics or nanoplastics, into the surrounding environmgtit, the extent of
particlereleasevarying depending on the type of plastic and the specific degradation
conditions(Lambert & Wagner, 2016)To date, microplastics are officially defined as
plastic particles smaller than 5 millimeters (<5 mand theyhave been detected in
nearly all environments, primarily aquatic systems, and remain a contemporary and
pressing issue.

Microplastics are classified as eithimary microplastics, which are intentionally
manufactured at microscopic sizes (such as microbeads in cosmetics and industrial
abrasives), osecondary microplastics, which result from the breakdown of larger
plastc debris through environmental processes like weathering, UV exposure, and
mechanical abrasiofDsman et al., 2023; X. F. Wei et al., 202)th types are now
ubiquitous in terrestrial and aquatic environments, with-laeked sources accounting
for the majority of microplastic pollution, and they have been detected in water, air,
soil, food, and even within biological samples from humausaaaimalgOsman et al.,

2023)
The threat to animal health is welbcumented, especially in aguatic organisms,

where ingestion of microplastics leads to gastrointestinal damage, immune suppression,



oxidative stress, reproductive issues, and growth inhibftian et al., 2025)In
mammals, including livestock and laboratory animals, microplastics can accumulate in
organs such as the liver, kidneys, and reproductive tissues, causing inflammation,
metabolic disruption, endocrine interference, and potential impacts on féltityg

et al.,, 2024; Luo et al., 2029jor humans, exposure occurs through ingestion,
inhalation, and dermal contact, with microplastics found in blood, placenta, breast milk,
and other tissug®©sman et al., 2023Health risks include cytotoxicity, oxidative
stress, immune dysfunction, endocrine disruption, and possible links to cancer and
chronic diseases, though most evidence comes from animal and in vitro studies, and the
effects of realorld exposure levels resin a significant knowledge gdfoswami et

al., 2024; N. Kumar et al., 2024Additionally, microplastics can act as vectors for toxic
chemicals and pathogens, amplifying their potential (&aevel et al., 2018)The
persistence and bioaccumulation of both primary and secondary microplastics highlight
the urgent need for prevention, improved waste management, and further research to

clarify their longterm impacts on animal and human health

1.P4 ast imanweagsetsea att e gi e s

Despite the massive production of plastics, countries worldwide have not yet
developed an effective strategy to manage their uncontrolled dig@isat & Yan,

2020) According to research studigbe largesportion of discarded plastic waste
eventually finds its way into aquatic environments, where it breaks down into
microplastics. At the same time, pollution on land is also a concern as most types of
plastics take extended periods to fully break down, amichgl this process, they release
harmful chemicals into the soil, contaminating the environment and putting both plants
and animals at risiM. Kumar et al., 2020)

Traditional plastic waste management strategies typically involve landfilling,
recycling, and incineratiornthe burial of plastic waste remains the most widespread
waste management method worldwide. Sanitary Landfills (SLFs) are specifically
designed to safely dispose of solid waste by utilizing bielsgnstructures covered with
multiple layers of clay, whichdip prevent soil contamination and protect aquifers from
harmful pollutants. In addition, leachate is collected through pipes and undergoes
biological treatment before being disposedff(re 1.4-1). Once an SLF reaches its

capacity, the site is sealed with a layer of soil. However, as the global production of

8



plastics continues to rise, the demand for SLFs increases, and given the vast space and
specific geological conditions required (such as significant depth and isolation from
human settlements), relying on SLFs for ldegn waste storage is becoming
increasingly unsustainable.
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Regarding the recycling of plastics, this is one of the most ecological ways to
address environmental pollution and is categorized into primary, secondary, and tertiary
recycling. In primary and secondary recycling, proper sorting and ecological awareness
are essential. The process begins with the collection and separation of plastic waste
from other municipal solid waste, following by proper sorting of plastics polymer type.
Afterwards, the plastics are grounded into smaller pieces, washed, and comterted i
powder, which can be reused as raw material for new plastic proucase ofmixing
recycled plastic with virgin plasticeonplastic impurities, and bioplasticsn result
in afinal product with degraded properti€yverall,afterprimary recycling, the plastics
produced have similar performance characteristics to the starting material, meeting the
specifications of the original polymer, while in secondary recycling, plastics with
reduced quality are produced, which are suitablg fumlspecificapplicationgSchyns
& Shaver, 2021)Regarding tertiary recycling, it involves the chemical processing of
plastic waste to recover monomers or oligomers, which can be reused as raw materials

for producing new chemical products or plastics. A notable example of tertiary



recycling is the glycolysis of PET waste to produce diols and dimethyl terephthalate for
PET polymer productionBeyond the use of hazardous chemicals and elevated
temperatures, which make chemical recycling energy and environmentally intensive
(Thiounn & Smith, 202Q) the processing of insufficiently sorted plastic waste
frequently leads to complex mixtures of degradation produthtese mixtures
necessitate further complicated separation steps to recover monomers, making the
recycling process even more challenging and less sustaif@llean et al., 2022)

For these reasons, recyclers rely on costly and complex sorting techniques to separate
plastics of interest from the mixed solid waste.

Alternatively, incineration is another method used to manage plastic waste. In this
process, heat is applied to break down the plastic completely, whiteeptment is
most of the time necessary to remove moisture from the plastic, which helps facilitate
the incineration process. Many facilities also utilize the heat generated during
incineration to produce steam, which is then converted into electricity. As a result,
incineration is considered a recycling form, often referred to as quaternary recycling
(Verma et al., 2016 However, this method is frequently economically unfeasible and
contributes to the release of carbon dioxide and other hazardous pollutants, such as
dioxins and furans, into the atmosph€ramoor et al., 2021)

As shown inFigure 1.4-2, despite its environmental benefits, recycling has not yet
been widely adopted by citizens across the globe as only 9% of plastic waste was
recycled in 2023. This fact implies that many communities lack adequate awareness or
access to efficient recyclirgystems, and as a result, large amounts of recyclable waste
continue to end up in landfills or incinerators, contributing to pollution. At the same
time, it is noteworthy that 22% of waste is improperly managed, meaning it is neither
incinerated, recycledhor stored in landfills, increasing the risk of leakage into aquatic
environments. Interestingly, in Europe, incineration is used at a notably high rate (over
35%), whereas populous countries like India and China have yet to adopt efficient waste

managemet strategies, leading to a significant amount of mismanaged plastic.
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World United States Europe

Landfilled 49% Landfilled Landfilled 44%

Mismanaged 22% Mismanaged Mismanaged

- l

Incinerated 9% Incinerated Incinerated

Recycled 9% Recycled Recycled

Asia (excl. China and India) China India
Landfilled - 39% Landfilled Landfilled
Mismanaged - 34% Mismanaged Mismanaged
Incinerated - 19% Incinerated Incinerated I 4%
Recycled I 8% Recycled Recycled 13%
Figar2dhare of plastic waste incinerated,Rirtecchyicel ed,

et al ., 2022)

1 .Mi cr odbeigarladati on of plastics

To tackle plastic pollution caused hige vast amounts of unused plastic waste
which end up in landfills, investing in new strategies to recover and upcycle plastic
waste is essential and facilitates the transition to a circular eco(®ylerg et al.,

2021) In the last decade, plastic recycling using microbes and their biocatalysts has
gained significant scientific attentiqiNikolaivits et al., 2021; Tournier et al., 2023)

This approach is often associated with fermentation processes, wherein monomers
derived from plastic degradation are transformed into valuable bioproduimier

etal, 2023; Zhuetal.,2022) | nt erestingly, the term Ami

plasticso was first reported in 1964,
Il, particularly in tropical regions where materials deterioration became a major
concern. Wartime efforts to adgbs plastic degradation focused on electrical and
electronic equipment, as microbial attacks, often exacerbated by moisture, led to
operational challenges. Although this aspect was not proved for many synthetic
polymers, there was sufficient evidence tlmimany cases microbes through their
enzymatic machinercould degrade plastigarts (Figure 1.51) (Wessel, 1964)
Nowadays, biocatalytic degradation of polymers has become a reality, with PET being

efficiently hydrolyzed by higiperformance biocatalys{$ournier et al., 2020; Yoshida
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et al., 2016and thus bieecycling has been already performed in an industrial scale by
Carbios (France)DeFrancesco, 2020)

Figar®rypical fungus gr owt ha sosne nebl ISicduda £sad | ,anld9d ed)ect r

In the field the biodegradation of plastics by microbes is influenced by several
factors, including their chemical structure, environmental conditions, and the specific
microbial strains involved. For instance, the crystallinity and molecular weight of
polymers impacbn their biodegradability, with more crystalline structures being more
resistant to microbial degradativiohanan et al., 2020a)hile environmental factors
such as temperature, soil pH, and solar irradiation modify the polymer surface making
the plastic more susceptible to microbial colonization and enzymatic breakdaam
et al., 2020)

The hydrophobic nature of polymer bonds, combined with their lack of functional
groups, enhances the durability of plastic products but also tends to hinder microbial
adhesion and enzymatic breakdown. However, the degradation and assimilation of
plastics ly microorganisms can be improved if plastic waste undergoes natural
degradation caused by environmental conditions. ihisat ur a l weat heringo
pretreatment process introducing new functional groupsjaking plastic a more
microbialriendly subsrate to decompog@®ahl et al., 2021; Cai et al., 2023)

The biodegradation process takes place in several steps starting from colonization
phase. In this step, microorganisms such as bacteria and fungi form colonies on the
surface of the plastic material, utilizing the polymer as a source of carbon and sutrient

Once microorganisms have established themselves on the plastic surface, they secrete

12



an enzyme cocktail based on functional groups present on the surface, aiming to
catalyze the breakdown of the long polymer chains into smaller molecules, such as
oligomers and monomer®i¢-fragmentation) Microorganisms can then assimilate
these smaller particles, using them as a carbon source for energy and dpiowth (
assimilation) Finally, biodegradation includes carbon metabolizatiberemicrobial
degradation of polymers results in the production of @ HO under aerobic
conditions, or C@ H>O, and CH under anaerobic conditionsi{neralization) (Bahl

et al., 2021; Cai et al., 2023; Dey et al., 2020; Mohanan et al., 2020b)

Different mcroorganisms, including bacteria, fungi, and algae, have been
identified as potential agents for plastic degrada#onong them, fungi exhibitigher
efficiencies in depolymerization processkg to theunique enzymatic and structural
mechanismsin more detail, fungi casecrete a broad range of enzyooektails that
are well known for breaking down complex substrates, such as lignocellulosic biomass
(Saroj et al., 2018Beyond their enzymatic arsenal, fungi employ anothercabalytic
mechanism that improvesnzyme accessibility and attachment to hydrophobic
polymers This mechanism includesrsaceactive proteins such asydrophobins and
biosurfactants which canmodify the plastic surface, enhamg enzymesubstrate
interactiongTaxeidis et al., 2024)n addition, the filamentous fungangrow forming
hyphaethatcan physically penetrate plastic substrates, thereby increasing surface area
contact and enabling deeper enzymatic actiyibkal et al., 2023) compared to
bacterial strains that agenerally restricted to surface colonizatid@he following table

(Table 1.5-1) presents the mosited fungal species involved in plastic degradation.

Table1.5-1 Fungal species and their secreted enzymes involved in plastic

degradation
Fungi Species Plastic Type(s) References
Aspergillus niger, A. PE, PU, PVC, LDPE, HDPI (Ekanayaka et al., 2022; Nasrabadi et al., 2(
flavus, A. oryzae, A. Srikanth et al., 2022; Temporiti et al., 2022)
tubingensis
Penicillium griseofulvum, PE PU, PCL, (Ekanayaka et al., 2022; Nasrabadi et al., 2(
P. funiculosum PolyhydroxybutyratéPHB), Srikanth et al., 2022; Temporiti et al., 2022)
PolyhydroxyvaleratéPHV)
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Fusarium solani, F. PE, PU, PCL, PET, Nylon (Carniel et al., 2017; S. Chen et al., 2010;

oxysporumHumicola Ekanayaka et al., 2022; Nasrabadi et al., 20:
insolens Thermobifida Salinas et al., 2025; Srikanth et al., 2022;
fusca Temporiti et al., 2022)

Cladosporium PU, PVC, PE (Ekanayaka et al., 2022; Nasrabadi et al., 2(
cladosporioides,C. Srikanth et al., 2022; Temporiti et al., 2022)

asperulatum

Phanerochaete PE, Polystyrene (PS), (Brunner et al., 2018; Ekanayaka et al., 202:

chrysosporium Polyvinyl chloride (PVC), Nasrabadi et al., 2023; Srikanth et al., 2022;
Polylactic acid (PLA) Temporiti et al., 2022)

Pleurotus ostreatus, P. PE, PU, PS (Brunner et al., 2018; Ekanayaka et al., 202:

eryngii, Agaricus bisporu Nasrabadi et al., 2023; Srikanth et al., 2022;

Temporiti et al., 2022)

Trichoderma harzianum PE (Temporiti et al., 2022)

1. Tear get enzymianvael vmaed iivin tpleasti c de

As shown in the tablebove(Table 1.5-1), AscomycotandBasidiomycotdungi
areespecially prominent plastic degradarslithe main enzymes implicated jhastic
degradation processe laccases, peroxidases, esterases, cutinases, and(lljgdses
1.61).

1. 6E8terol ytiircv ®Inzegdneisn pol yester hydroly

Most esterolytic enzymes belonging to tté-hydrolase family depolymerize
polyesters(synthetic or naturalthrough a welicharacterized twstep mechanism
involving a SerHisi Asp catalytic triad, formation of tetrahedral intermediates, and
stabilization by an oxyanion ho(élajighasemi et al., 2016; Nikolaivits et al., 2018)
Esterolytic enzymesave been reported to be able to hydrolyze both aliplaatic
aromaticsyntheticpolyesters, such as PCRBS, PLA(Hajighasemi et al., 201&nd
PET (Carniel et al., 2017 Yyespectively.
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Cuti nases b-aydrolasgsugedamilyare ar€dlabsified as carboxylate
ester hydrolases. They are widely distributed among plant pathogenic fungi, including
Fusarium solani f. sp. piswhere they play a key role in host invasion. Cutinases are
characterized by their ability to hydrolyze cutin, a structural polyester forming the
protective cuticle on the surface of plant leayidsredia, 2003; Kolattukudy et al.,
1981, Kolattukudy & Brown, 1975 utinases catalyze a wide range of substrates, such
as soluble fatty acid esters, triglycerides, and insoluble polymers. According to
substrate specificity studiassing paranitrophenyl esters, the majority of cutinases
prefer to hydrolyze shorthain substrates composed of two, three and four carbon
atoms, while there are some cutinfgee enzymes with differentiated catalytic
profiles, favoring the hydrolysis of essewith eight to twelve carbon atom chains
(Nikolaivits et al., 2018b)

Fungal lipases arserinehydrolases of triglycerides, belonging to the esterase
family. They primarily hydrolyze triglycerides into glycerol and free fatty acids but can
also catalyze the synthesis of est@sipta et al., 2007 )Lipasesare activated only
when absorbed at an gilater interface andhow preference for solid substra{és
Sharma et al., 2001Many species of fungi have been found to produce lipases, which
contribute to the degradation of polymers, sucR@sPBS, PET(Carniel et al., 2017,
Labow et al., 2001)

PETases are specialized enzymes, originally discovered in the badeemella
sakaiensigPalm et al., 2019}that catalyze the hydrolysis of PET. PETdaselsng to
serined/ b hy dr oandiheyeposteaammiork gpen substraténding cleftwhen
compared to cutinases, enabling them to efficiently degrade PET at ambient
temperaturesThe following table Table 1.6-1) presents a list of esterolytic enzymes

and their corresponding degrees of hydrolysis on various polyesters

Table1.6-1 Esterolytic enzymes catalyzing polyester hydrolysis

Enzymes Source Polyeste Degree of hydrolysis References

r
Cutinases (HIiC, LCC Humicola PET Up to 91 mg TPA/h/mg enzyme (Pfaff et al., 2022;
PHL7), PETase, insolens plant (PHL7); complete hydrolysis of Richter et al., 2023;
Polyester hydrolases compost amorphous PET at 70°C (PHL7 Ronkvist et al., 2009
Esterases metagenome LCC); limited on crystalline PE™ Sulaiman et al., 201z
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Cutinases, Esterases Various fungi PLA Several fungal supernatants  (Weinberger et al.,

hydrolyze PLA, releasing lactic 2020)
acid; activity varies by strain

Cutinases, Esterases Fusarium solani, PCL Cutinase: layered degradation, (Shi et al., 2020;

Lipases

Rhizopus oryzae moderate mass loss; lipase: hi¢ Zumstein et al., 2017

mass loss, penetrated degrada

Cutinases, Lipases Aspergillus PBS Complete hydrolysis of thin filr (Vidossich et al.,
oryzae Rhizopus at 40°C 2025; Zumstein et al.
oryzae 2015)

1.602i doreductfiovre palzyaeesf i n downgr ade

Similarly to esterolytic enzymefyngal oxidoreductive enzymes such as laccases
and peroxidases have been studied for their potential to degrade polyolefins like PE and
PP, as well as P3.accases are a widely distributed category of oxidizing enzymes and
are monomeric glycoproteins that form complexes with coppel(Rit# et al., 2019)

These enzymes utilize oxygen as an electron acceptor to oxidize phenolic molecules,
simultaneously achieving the reduction of molecular oxygen to W&tewase et al.,

2016) Laccases were first discovered in the sap of the Japane&htreeernicifera,

and since then they have been found in many species of fungi belonging to the
Ascomycetes, Deuteromycetes, and Basidiomy(®Btaslina et al., 2009)Generally,
laccase activity has been found in plants, certain insects (Dittmer et al., 2004), and a
few bacteria(Claus, 2003) The characteristic that makes them worthy of interest is
their unique ability to oxidize lignin and compounds with similar structcaesing
theirdecompositior{Osma et al., 2010)

Peroxidases and catalases are redox enzymes that reduce hydrogen peroxide;
peroxidases utilizéd.0O, to catalyze the oxidation of diverse organic and inorganic
compounds (electron donors), whereas catalases catalyze its direct dismutation into
water and oxygerflkehata et al., 2004)Their main characteristics are their non
specificity and their ability to oxidize substrates with high redox potef@iahesa et
al., 2002) In this enzymecategorybelonglignin peroxidases (LiP) and manganese
peroxidases (MnP), which are very effective in lignin degradation and are found in

ligninolytic fungi, such as whiteot fungi (Srikanth et al., 2022)rhe following table
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(Table 1.6-2) presents some oxidoreductive enzyme that have beferred toas

polyolefin degraders.

1.

6EBzymes

catalyzing

PS degradati on

Regarding PS, he process typically starts witixidative enzymesuch as

monooxygenasesand dioxygenases, introducing oxygeontaining groups (e.g.,

carbonyl, hydroxyl) into the PS polymer, increasing its hydrophilicity and making it

more susceptible to further enzymatic acti@Ganesh Kumar et al., 202I)his initial

oxidation is crucial for breaking the stable carmanbon backbone ¢1S ands often

followed by the action dfiydrolases and dehydrogenases, which further cleave the

polymer chains into smaller oligomers and mononidrR. Kim et al., 2020)

Some studies have identified specific enzymes, such as serine hydrolases and

aromatic ringcleaving dioxygenases, that play a role in depolymerizing PS and

breaking down the styrene unifhe smaller moleculeformed such as styrene

monomers or oxidized aromatic compounds, can then be further metabolized by

microbial pathway$Ganesh Kumar et al., 2021; H. R. Kim et al., 203@me enzymes

with PS downgrading potential are listedTiable 1.6-2.

Table 1.6-2 Oxidoreductive enzymes with polyoledimd PSdegrading potential

Enzymes Source Polyester Effect of enzyme treatment References
Laccasdike Aspergillus flavu PE Lower molecular weight PE, (J. Zhang, Gao, et al.,
multicopper formation of carbonyl/ether 2020)
oxidases groups, surface oxidation
Fusariumspp, PE, PP Surface changes, biofilm (Siaperas et al., 2025
Not specified Aspergillusspp. formation Taxeidis et al., 2023;
(oxidases) Wrobel et al., 2023)
Laccase Abortiporus PS Depolymerization of PS, (Pujol et al., 2026;
biennis molecular weight decrease, Taxeidis et al., 2025;

radical chain scission

Zerva et al., 2023)
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1. 6EAzymes catalyzing PU degradati on

PU is a versatile polymer composed of soft and hard segments, which determine
its mechanical, thermal, and chemical properfiég urethane bon@ NHi COi Oi) is
the fundamental linkage PUs formed by the reaction of abcyanate with an alcohol
(polyoal). In PU structuressoft segments are typically long, flexible polyols, such as
polyether or polyester chains. They provide elasticity, flexibility, and a low glass
transition temperature, making the material soft and stretchfstitlee same time,drd
segments consist of isocyanates forming rigid urethane link&ggsre 1.6-1). These
segments impart strength, thermal stability, and crystallinity to the poly?hkrcan
also be classified based on the chemical nature of its compaonen#@iphatic and
aromatic PU(De Souza et al., 2021)he combination of flexible and rigid domains,
along with the presence of aliphatic or aromatic components, makes PU resistant to

environmental degradation.
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Figar®lTypical structuuwup) odneseehebabasde®UPU (down)

Thestructureof urethane bonghares chemical similarities with several other types
of bondssuch as urea, ester and peptidad (Figure 1.6-2). As a result, it can serve
as a substrate for various hydrolytic enzymes, including esterases, amidases, ureases,

and proteases.

_O_C__.N_RZ_N__C_ = Peptide bond
TR =

Figadr-2Bl ue col ored parotnd,shwchw | ler eptelparneade, ester, and

green, red and orange, respectively.
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Starting fromesteraseghese enzymesethe mostvidely usedn PUdegradation,
andtheir activity canresultin the formation of carboxylic acid and an alcolidhey
are particularly effective against estarsed PU, since ester linkages are present both
within the urethane bonds of the hard segnasnwell asn the polyester chains of the
softsegmen{Figure 1.6-2, Figure 1.6-3a).

Urease isanotherenzyme that can contribute to degradation due to its ability to
hydrolyze urea bonds, which canfoend in urethane bondHydrolysis of urea results
in the formation of two amine molecul@sgure 1.6-2, Figure 1.6-3b).

Finally, amidasesand proteasesare hydrolytic enzymes that catalypeptide
bonds Hydrolysis results in the releaseaafrboxylicacidand aramine(Figure 1.6-2,
Figure 1.6-3c). These enzymes have also shown activityr@thane bondgroducing
an amine an alcohol and carbon dioxide since urethane and peptide bonds share
structural similarities.The principal distinction concerns substrate specificiy
proteases selectively hydrolyze peptide bonds within proteins, whereas amidases act
more broadly on carbénitrogen bonds, particularly those found in linear amide
compoundgDelebecq et al., 2012)

[e]
1. € 1
a. R+ o/ + H,O OH - HO—R;
[0}
Ry )J\ R
\N N/ — >
H -

+ H,O Ry——NH, * CO, + H,N——R;
o}
Ry /U\ R

Urethane bond + H0 . , R—o0H * COz + {N—0R,

hydrolysis

Figar3i fferent mechani sm(fMarg ntime ede cqarl ad at2i0®r0 )o f

Apart from hydrolytic enzymespxidoreductasesare alsoinvolved in PU
degradation. In il category, successful degradation has been reported using
peroxidases and laccaseshich modify the polymer backbone or side chains,
introducing functional groups that facilitate further enzymatic attackydrolytic

enzymes like lipases and proteaéeRa c zy Es ka. et al ., 2024)
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1.Dii scovery of novel pl astic degrad

1. 7MiLcrobial Screening

Thediscoveryof novel plastiedegrading enzymes is a rapidly advancing research
area, largely motivated by the urgent need for sustainable strategies to mitigate plastic
pollution. Recent advances have employed multiple complementary appraaches
identify, characterize, and optimize enzymes capable of depolymerizing recalcitrant
plastics.Regarding onventional methodgsheserely on the isolation and enrichment
of microorganisms capable of plastic degradation, followed by characterization of their
enzymaic activities(Figure 1.7-1). These approaches directly link enzyme activity to
specific organisms and have historically led to the discovery of most plastiading
enzymes described to datdowever, it should be considered that less than 1%
microbial diversity can be cultured under laboratory conditions and as a result, the
overall scope of enzyme discovery using conventional approaches is significantly
limited (D. W. Kim et al., 2022; Zhu et al., 2022)

Enzyme discovery using conventional methods typically begins by growing each
microorganismor a microbialconsortium through repeated reculturing with a plastic
substrate to isolate the functional stréthu et al., 2022)Since plastic cannot be
dissolved in aqueous media, several studies have attempted to develop neandime
resourceefficient screening methodologies plastic degradatiarderto identifyand
selectthe most effective strain

Regarding screeninfpr polyesters, initial screening often involvagar plates
containing emulsifiegholyestersranoparticlesuch as PETRCL and PLA or polyester
oligomers (PCL diol, lactic acid, terephthalic acid (TPA) or BHEI)rrairaju et al.,
2024; Mol i tor et al ., 2020; Tax.eThadi s et
microorganismscapable of degradingolyestersproduce clear halos around their
colonies, indicating hydrolysis of the polyméerhis method is simple, cosffective,
and allows for the rapid identification opolyesterdegrading strains from
environmental samples or recombinant libraries

A common and simple strategy ugedscreeningutative PUdegrading bacterial
and fungal isolates, often includes a commercial polygstsurethane dispersion,
namely Impranil DLNSD (AlvarezBarragan et al., 2016; Howard et al., 2001;
Khruengsai et al., 2022; Molitor et al., 2028sterbased PU is more susceptible to

degradatior{Danso et al., 2019; Howard, 2008p screening tests using Impranil can
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be considered a tirgaving and successful technique for the detection of
microorganisms with PU depolymerizing potentilffinger et al., 2015)However,
Impranil hydrolysis does not guarantee the degradatiohe urethane bond, because
according to reports, the hydrolysis of ediesed PU is mainly a result of the ester
rather than the urethane bond cleavéjlearezBarragan et al., 2016; Shah et al.,
2013) Therefore, it is clear, that hydrolases recognizing only the ester bond ef ester
based PU cannot be used for breaking down mixtures of PU waste, so the discovery of
enzymes selectively cleaving the urethane bond is very important, as only this bond is
ubiquitous among the different PU structures.

Concerning screening for putative PE fungal degraders, a regular, but-a time
consuming technique which can last weeks or even months, includes growth assays in
agar plates using PE film or powder suspenf@mnhomme et al., 2003; Dominguiano
et al., 2011; Yamad®nodera et al., 2001; Zahra et al., 20Hdmetimes followed by
PE degradation in liquid culture&’amadaOnodera et al., 2001)

1. 7S2r eemeitnaggenomi ¢ | i braries

Metagenomicss an alternative approach for enzyme discovery, which overcomes
the need for cultivation by enabling the mining of environmental Ngure 1.7-1).

Both sequencbased and functiehased screening strategies are applied to identify
candidate genes encoding plastegrading enzymeghis approach provides access to
the vast genetic reservoir of uncultivable microbes and facilitates the discovery of novel
enzymes with low sequence similarity to known ty(i@sw. Kim et al., 2022)Yet, it
should be considered thaqiencebased approaches may overlook highly divergent
enzymes, while functional screening requires substantial effort for expression and
validation(Jiang et al., 2024)

Concerning the functional screening of novel enzyswsral assays have been
developeckither for testing enzymes discovered by metagenomics studies or enzyme
activity of protein engineered enzymes. Starting from Ptkcanthigh-throughput
fluorescencébasedor the identificatioror engineering of enzymes with improved PU
degrading activityses a synthetic poly(ethylene adipdiayed PU substrate, enabling
sensitive, quantitative detection of degradation products such as ethylene glycol via a
coupled enzyme cascade, which allows rate monitoring and precise activity

measuremen{L. Yang et al., 2025)Another recent advancement in PU enzyme

21



screening is the development of a novel colorimetric assay for detecting urethanase
activity. This assay measures the release of chromogenic products from model urethane
substrates, thereby enabling the identification of new enzymes capable of hydrolyzing
urethane bonds in polyurethar{€s Li et al., 2025)However the majority ofresearch
studies evaluate enzymatic activity against PU using emulsified substrates such as
Impranil DLN, with detection performed either turbidimetrically or by employing
analytical techniques including FTIR, SEM, and HPMS to confirm ester bond
cleavae (Biffinger et al., 2015; X. Chen et al., 2025; Séternandez et al., 2025)
This method is straightforward and relatively easy to apply, although it can readily
detect general esterase activity without necessarily confirming that the target enzymes
are capable of recognizing and cleaving urethane bonds

Generally, mosavailable assays focus on polyedtased plasticand especially
PET, using substrates that mimic ester boad#yuorescence or colorimetric readouts,
or thedetection of hydrolysis productarnling Baath et al., 2020; Belisarieerrari et
al., 2019; Ebersbach et al., 2012; Lusty Beech et al., 2022; Taxeidis, Djapovic, et al.,
2024a; Weigert et al., 20214 s thediscovery and engineering of efficient PETastdb
remains a challengeXu et al., 2023)the most studies usually assay PETase activity
on PET substrates of various forms, such as amorpthoust al., 2022; Zeng et al.,
2022) or semicrystalline(Bell et al., 2022PET films or fibers(Zurier & Goddard,
2023) with subsequent quantification of the degradation products using HPLC.
Although this method is accurate, it is unable to detect oligomers and has limitations in
terms of speed, throughput, and ease of setup for continuous measurement of enzyme
kinetics. To enable faster and hight#tiroughput analyses, alternative
spectrophotometric methods have been developed. For instance, bulk UV absorbance
measurement of the reaction supernatant has been proposed as a simpler method but it
comes with some disadvantagdepending on the mode of action of the enzyme (if it
produces monomers or oligomers) the measurements can be inaccurate and difficult to
compare(Arnling Baath et al., 2020Rlternatively, the utilization of ketoreductases
(KREDSs) for the detection of released ethylene glycol (EG), showed a good correlation
to the HPLC result@GimencePérez et al., 2022Another approach for quantifying PET
degradation products, initially introduced by Ebersbach et al., converts products into
fluorescent compounds through a mechanism driven by the iron autoxidatiated
generation of free hydroxyl radica{Ebersbach et al., 2012{owever, Zurier and

Goddard have highlighted that this particular protocol encounters limitations that arise
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from the fact that the mon@-hydroxyethyl) terephthalate (MHET) exhibits a lower
fluorescent extinction coefficient compared to that of T2Arier & Goddard, 2023)
so in a hydrolysis mixture where both products are present, TPA will contribute mostly
to fluorescence. This discrepancy likely explains why Ebersbach et al. reported HPLC
and fluorescent results solely in terms of TPA quantity which was measuredefter P
nanoparti cl eH®HCGu2 friomihermobifida fusc&\W3/(Ebersbach et al.,
2012) Taking into account thaffCut2 yields mostly MHET when acting upon PET
nanoparticles (MHET accounts for 75% of the total produ@syth et al., 2015)
guestions are raising about the sensitivity of this technique for screening PETases,
which predominantly release MHET. This concern has also been addressed by Weigert
et al who improved their assay by adding an MHETase to the mixture to further convert
released MHET into TPA. This additional step has the potential to amplify fluorescence
intensities, however, it's worth noting that it introduces some complexity into the
screening protocol, which may impact its straightforwardness and simpiidgigert
et al., 2021)

Despite the issues involving product quantification, synthesis of PET nanoparticles
demands highly corrosive solvents such as hexafl@gmmpanol (HFIP)Pfaff et al.,
2021) not to mention that there is currently limited information available regarding
their application in metagenome libraries. Other substrates such as PET microfibers
(Zurier & Goddard, 2023nd semicrystalline PET coatin/Veigert et al., 2021Have
been also used for highroughput applications, however, it should be considered that
screening protocols using those substrates demands long incubation times (reaching up
to 72 h)(Zurier & Goddard, 2023)r high temperatures (more than&) (Pfaff et al.,
2021) At the same time, model substrates closely resembling PET structure have been
also synthesized throughout the years, with the first being bis(benzoyloxyethyl)
terephthalate (3PET). The activity of enzymes on this substrate was correlated to
activity on PETfabrics (Heumann et al., 20065imilarly, bisfp-methylbenzoate)
(2PET) has been utilized for the development of a turbidimetric assay for high
throughput screening of PET oligoragydrolyzing enzyme¢BelisaricFerrari et al.,
2019) Additionally, the synthesis of a set of PEdlated substrates, including the PET
dimer has shown potential for the detection of PET4Bgapovic et al., 2021)
However, these model substrates are mostly insoluble in water and calculation of
kinetic constants require labortensive procedures and compromise in the application

and interpretation of data from simple ass@ymling Baath et al., 2020)
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Finally, regarding PEhkere are currently no wedistablished, higthroughput
enzyme assays specifically designed for detecting novel enzyme activities against PE,
which is a polyolefin and chemically distinct from polyestéke PET. Detecting PE
degrading enzyme activity typically requires more specialized and-iatemsive
approaches, such as monitoring weight loss of PE films, changes in surface morphology
(using SEM or AFM), or chemical modifications (using FTIR or-@IS) after
prolonged incubatin with candidate enzymes. These methods are less amenable to
high-throughput screening and are not as sensitive or rapid as the assays developed for

polyesters or PUs

1. 7TEBzymes Discovered through Proteomic &

Finally, proteomic strategies focus on the direct detection and quantification of
proteins expressed by microbial communities when exposed to p(&stiase 1.7-1).
Comparative proteomics and exoproteomics are commonly applied to identify enzymes
secreted in response to polymeric substrateis. methodypically involves cultivating
pure strains or microbial consortia with and without plastic substrates, followed by
protein extraction and mass spectromdétaged sequencing. Comparative analysis of
the exoproteomeeveals enzymes upregulated in response to plastic presence, which
are likely candidates for plastic degradatidhe advantage of this methedables the
identification of enzymes that are actively expressed and functionally relevant, even in
organisms lacking annotated genomasd provides strong evidence of biological
responses to plastic substrates mentioned earliefD. W. Kim et al., 2022)
Nonetheless, also this method has major limitations which include difficulties in protein
extraction, limited coverage of proteomic databases, and the current lack of
standardized pipelines for functional validati@fiang et al., 2024)Apart from
technical issues, identification and selectionupfegulatedenzymes should not be
always associated with thresponse to plastic substrates these enzymes can be
involved in secondary metabolism or general stress rather than direct plastic
degradationZhu et al., 2022)As a result, the actual target enzymes responsible for
depolymerizing plastics may be present at much lower abundance and can be
overlooked or masked by more abundant,-specific proteingZhu et al., 2022)

In any case, @teomics has facilitated the discovery of several enzymes implicated

in plastic degradatiordegradation A relative literature review has shown that
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proteomic and genomic tools have also facilitated the identification of novel enzymes,
such as Cr14CLE fror@ryptococcus nemorosughich can degrade PLA, PBS, and
PBAT under mild conditiongArunrattanamook et al., 2023yimilarly, proteomic
screening ofFusariumandAspergillusspecies revealed secreted enzymes involved in
PU degradation and LDPE modification. In these cases, urethane bond cleavage was
linked to specific enzymatic activities induced in the presence of Impranil, with results
confirmed by analytical techniques inding Gel Permeation Chromatography (GPC)
and ATR (Taxeidis et al., 2023)Another study on the marine fungGtadosporium
halotoleransdentified, through transcriptomics and proteomics, esterases and ureases
that were upregulated when the fungus was grown on polyestefti®Udata also
highlighted the rolesf cutinase, lipase, and hydrophobic surface binding proteins in
PU degradatiofK. Zhang et al., 2022Another example of proteomic discovery is the
identification of a novel PUase tBtreptomycesp. PU10. This bacterium secretes a
polyesterdegrading esterase, a urethane bdedrading amidase, and an
oxidoreductase, all central to PU degradation. Evidence suggests that degradation
intermediates are further metabolized via fatty acid path@Rastelic et al., 2024)

Regarding polyester degrading enzynmmsteomic and transcriptomic studies in
Clonostachys roseaentified upregulated cutinases responsible for PCL and PET
degradation, with activity confirmed througbnzyme heterologous expression
(Gambarini et al., 2025)Regarding PLAdegradation the whiterot fungus P.
chrysosporiumhas been shown, through transcriptomic and proteomic analyses, to
upregulate enzymes such as lignin peroxidase, manganese peroxidase, laccase, and
cytochrome P45(F. Wu et al., 2023)

The same study also demonstrated that these enzymes participate in PS
degradation, causing weight loss of up to 34% in a wbellebiocatalysis experiment
(F. Wu et al., 2023)Similarly, in A. biennis laccase activity has been associated with
PS degradation. Proteomic and transcriptomic analyses further support the upregulation
of these oxidative enzymes in response to plastic expd$aseeidis et al., 2025; Zerva
et al., 2023)

In the case of PE, in addition to the previously mentiofedarium and
Aspergillusspecies,Trichoderma harzianunmas also been reported to promote PE
degradation. Proteomic analyses identifiddccase as a principal enzyme associated
with this activity, and recombinant laccase derived from this fungus was shown to

modify PE patrticles in vitr¢Ruan et al., 20235imilarly, Cladosporium halotolerans
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has beemeportedto secrete enzymes that interact with dedra@ PE, although the
specific enzymes were not fully characterized in the availabley gthdpoli et al.,

2023) Furthermoreanalysis ofbacteriumRhodococcustrain A34also proved the
involvement ofa multicopper oxidase, a lipase, six esterases, and several lipid
transporters in oxidation and depolymerizatioh PE, implicating these enzymes
synergistically in the initial breakdown proce@so et al., 2023)Overall, several
studies highlight the importance of laccases and peroxidases (such as manganese
peroxidase and lignin peroxidase), as well as unspecific peroxygenases, as promising
candidates for PE degradation, with evidence suggesting that these eragtmes

synergistically to oxidize and depolymerize @&antacruzluarez et al., 2021)

(A) Conventional method (B) Metagenomicapproach (C) Proteomicapproach

Enrichment cultivation with plastic substrate
to isolate the functional microbial strain
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Aim and Objectives

The primary objective of this doctoral research was to identify and characterize
fungal enzymes capable of degrading synthetic plastics and to evaluate their potential
use in plastic valorization. Beyond the identification of individual enzymes, this work
tried to establish a clear and systematic workflow that integrates microbial screening,
enzyme characterization, and material testing, contributing to the development of
strategies toward plastic circularity.

To address this objective, a collection of fungal strains isolated from environmental
samples was screened for its ability to grow in the presence of different plastic types,
including polyesters, PU, PE, and PS. Aghlate assays were developed using
oligomers and polymerelated intermediates that mimic real plastic structures and act
as inducers of polymetegrading enzymes. Selected strains were cultivated under
inducing conditions, and their secretomes were analyzed by proteomics in order to
identify enzymes potentially involved in polymer modification and degradation.

Enzymes showing high expression levels and suitable catalytic characteristics were
subsequently heterologously expressed, purified, and evaluated on virgin untreated
polymers. This approach was designed to compare the activity of crude secretomes with
individual recombinant enzymes and to assess their suitability as biocatalysts for plastic
degradation and enzymatic recycling.

Particular emphasis was placed on PET due to its environmental relevance and its
resistance to enzymatic hydrolysis. To address the structural barriers associated with
PET, chemoenzymatic strategies were investigated with the aim of improving polymer
accesibility and enhancing degradation efficiency.

Since conventional polymer degradation assays are -latsmsive, time
consuming, and require significant amounts of purified enzyme, an additional objective
of this study was to develop a rapid and sensitive screening method. For this purpose,
novel chranogenic and fluorogenic model substrates were synthesized and validated to
enable fast functional screening of crude enzymes with potentialde&®ding
activity.

Finally, in order to explore plastic circularity in a broader context, astep
process was evaluated that combined enzymatic degradation of mixed plastic waste

with subsequent microbial conversion of the released products into BNC. Through this
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integrated strategy, the study aimed to link enzyme discovery with practical

applications in sustainable plastic waste management.
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2 Materials and Met hods

2.Plol ymeric materials, substrates,

Commercial polymers including PET (PAPET

(4043D, Natur eWor ks, USA) , PHB (Bi omer P22
6500, Ravago Chemical s, Bel gi um) , aged PB!
NaturePl ast, (FPrSanCrey)s,t ad @ tdk RESh e Thb. cSad Ase

purchased in the form of pellets and cryom

Corp.-Obdrdsatrei n, Ge rlma ncya s ea popf& Pd@donarsre, r cti hail s
Substsreatveed as cushioningamatfallhbwiftohi nrt
typical rangEePf(=c0méiésc da8t mdo =Xk4D2k. 7a
0 =355kDdS. S. Yang heongl challdAmiK xktaunree (wa s
prepared by dissolving tetraB8lbdaneh (CQ4S. R
octacosane (C28; P r-Aolddurcitc hNo . U. SQ5A40.4);, Saingdmah
(C36; Product -Nbodri 62919, SSAgmai n oh.eexadeca
A10322; Alfa Aesar, u.s. A. ), at final conc
respectively. adih@eniccomanleir plodatyiuc eploaye stders p
namely fIDhp8Bniwas received from Covestro So
Ger manAde)t.hyd umbemU) fwasnpu(dhased from Acro
Bel gi um) ;ni twh o ppaNePM0OOH) ( was purchased from
Switze4NiatnrdophenypNPdctt amoattne)t(hghdmbBel | i fer
octananJbet @heattepuwchasBlddfirom SSgmaoui s,
SanGrauz Biotechnology (SartStoadi @Qmu zad,0d@S8A) , smu
(SDS), -Toodotand Xc eatmmotnriiunme tbhryoomi de ( CTAB) we
from Ther moFi sher Scientific (USA), TCI chi
respecti v(eblyydr oMgyread hyl ) terepht hal mt e ( MHE
BLDpharm (Kaiserslaut erhnydr Geyetalnyl ) wair ¢ p
(BHET) and terephthalic acid HTP3)eiwehei m,e
Ger many) .

Al | ot her chemicals us-Addwiecle ppUr8haspkgd

stated ot her wi se.
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2. 2ample collection, i1solation, and

strains

Research partners from I nstitute of )
Engineering (I MGGE) , Bel grade, Serbia coll
Serbia and Ipwefiemgal i stodaitmsn,g which afterw
further studRegantideagadliyeGwnd .s436 streain used
foll owing ewaer iohe ati edt iirom the culture c
of Gener al and Agricultural Mi crobiol ogy (.

For mol ecular identification, each fung
containing 1 % (w/v) yeast extract, 2 % (w

for 4 days, at 27 AC and 120 rpm agitation
usi ngrial stcl oth and washed with PBS soluti
Washed biomass was powdered using a mortar
(l'iquid nitrogen). The powdered biomass wa
accor dtihneg itnostructions of Nucl eoSpin, Pl an
purificati-MangeglMacBerrmayny). The entire | TS
using 1 TS1 and 1 TS4 PCR primers and the pu
gel el ectrophgaresiesgeh. 1F%nally, the PCR p

pCRBlunt plasmid vector, accbP@RngGl ooi ne

Kit .

2.M8iIlling and amorphization of poly
The mechanical treat ment o f pol ymer pel

partners from Laboratory of Pol ymer Sci en.

University of Athens, Greece. Briefly the
pell etsitnofgequaddnthen milling at 17000 r
to prevent sintering. The particle size of
any characterization, the pol ymer powder s
E pecially foramorpous PETPET pel |l et s were converted in

pressing usi ng t he Polystat 200T compres:
experi ment conducted by our partner resea
(TCD) , DubAmaor,phoues amBEIT fi Il m was cryomil |l e
14 (FRI TSCHOWCeorrspt.gi n,daGer many) as mentioned
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2.Mi crobial screening assays in aga

The isolated fungal strains were routin:¢
at °@Q.7 One piece (0.5 cm x 0.5 cm) was use
screening tests. Al the screening tests w
platesY)( Buppllemented with a different carb
19 mM PPN H33. 5HREM K. 6 40810, ( N\HR Mg S0 L7
Feg€l ddZngl €d2Co06gl d2NaMo @ dPCa gl €ACu gl 12
ezZMn Gl daZHBQand 1.8 mM HCI . MM was steril i ze
°C for 20 min.

For the detection of PU degrading strai
(v/v) ampsahneél c,arwhoinc hs onuarsceadded after the
the extensive heating can have an adverse

Regarding the detlegtaderref peséest wel ePEkI
agar plates containing an emulsified growt|
(v/v) a mixture of | ¢ A1yk. dTihses oll w/A&Idk i mi xhtew
composed 2df, 804g &Endz:d4Dheg MM/ | cAl k sol uti
emul sified after 5 min of wultrasonication
and Material s, USA), at 40 % amplitude, be
using an emul sified gr owt hv )neax aidre ccaonep o(s5e d¢
v/iv) were used as control plates.

For plateP&&sagsthbeseingference materi al

was prepared by diissol®@®0 ngL pof yme% el Vetes

The PCL wsasl uthiemn added dropwise to steril e,
rati o, resulting in a final PCL concentrat.
To identify microbial strains capable of

hydroxyethyl) terephthal ate (BHET), a key
subsBH&Tefl akes were finely ground with a
powder was added to sterilized MM before
concentration of 1 mM.

Finally, regarding t-hgdPbRAyagdr PpblAapeb]|
di spersed using harsh agitation into 100 m

MM-PLA di spersion was poured into plates be
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Il n al |l pl ate assays descr PCbefdo,r Abg adra ypsl.at e

pl ates without carbon source were used as
At the same time, this study investigathd biocatalytic potential of the whitet

basidiomycete\. biennisLGAM 436 to modify the structure of different types of PS,

including amorphous film with atactic stereochemistry and commercial EPS foam. The

selection of this strain was mainly based on a previous report, focusing on the isolation

of a laccase secreteg B. biennisLGAM 436, which can reduce the numisererage

molecular weight of PS by 20 ¥erva et al., 2023)To evaluate fungus ability to

degrade PSine piece (0.5 cm x 0.5 cm) from actively growing mycelium in PDA plates

was used as inoculum for the basidiomycete precultuitesD-xylose A. bienniswas

cultivated in 100 mL growth medium consisting of 5.7 % (w/wyose, 30 g ! yeast

extract, 1 g X Ko2HPQy, and 0.2 g 2 MgSQUAH,O adjusted to pH 6. The fungus grew

at 27°C, under continuous stirring at 100 rpm for 24 days. Afterwards, the biomass was

aseptically filtered, washed with ultpure water and used to inoculate 1 mL of

solidified MM. MM was sterilized in an autoclave at 120 for 20 min, and after its

solidification, 1015 mg of PS film (0.131 mm thick) or EPS foam (approx. 2 x 0.7 x

0.5 cm thick), previously sterilized with a 70 % (v/v) ethanol solution, was placed on

the agar surface. Finally, the cultures were inoculagdgu34 uniformly grown

mycelial aggregates of the grown biomass and were kept @,4i the dark for 30

days.Cultures without PS were used as biotic control, as mentioned earlier.

2.Mi crobi ad o rdildatnubnmEsu ¢ tdiegm | oyfmer i zi nc

enzyyme

The strains able to grow on agar plates with Impranil forming zones of clearing
around the colonies were further tested for their ability to degrade virginbetbed
PU powder. Specifically, a preculture was prepared by the inoculation of the positive
fungal strains grown on YPD (one piece of 0.5 cm x 0.5 cm dimensions) in 10 mL
sterilized MM supplemented with 0.4 % (v/v) Impranil. Fungal precultures were
incubated at 27 °C, under continuous stirring at 120 rpm, for 4 days and were
subsequently used fohe inoculation (10 % v/v) of 100 ml of the same sterilized
MM/Impranil medium. The cultures were incubated under the same growth conditions
for 5 days, and the culture medium was removed every 24 h, centrifuged at 4,000 x

for 15 min at 4 , acm dilters Foe chaoosing zhe dhostu s i n g @
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competent strain for PU degradation, the culture supernatants of fungi grown on
MM/Impranil medium were concentrated using an Amicon ultrafiltration apparatus
(exclusion size, 10 kDa; Amicon chamber 8400 with membrane Diaflo PM10,
Millipore, Billerica, MA) until the different culture supernatants of each day get similar
protein content.

Regarding the strain, whose growth was greater on plates with Ichlkyalsalso
grown in liquid cultures using MM/IcAlk solution, while cultures with MM/hexadecane
were used as a control. More specifically, the emulsified growth media were prepared
as mentioned in the case of agar platestimiaddition of 0.1 % (v/v) Tween 20 in the
culture medium was necessary to prevent phase separation, increasing this way
emulsion stabilityLike MM/Impranil preculture preparatiomne piece of the fungal
strain gown in YPD plates was used for the inoculation 1&f mL emulsified
MM/hexadecane and MM/IcAlk solution. These fungal precultures were incubated
under the same conditions as those mentioned above and were subsequently used for
the inoculation of the corresponding 100 ml MM/hexadecane and MM/IcAlk media.
The cultures were again incubated at 27 °C, under continuous stirring at 120 rpm, for 4
days. After that, they were centrifuged, sterilized using a &22ilter, and used as
biocatalysts for LDPE degradati.

Finally, regardingA. biennisLGAM 436, both MM/PS and MM/EPSvere
hydrated with 0.5 mL of sterilghosphatebuffered salingPBS solution every 10 days,
while in some cases 3G PBS and 20&L of sterile phenotrich olive dive mill
wastewater effluent (OOMW)ere added, instea@OMW is a byproduct which can
act as an inducer of oxidative enzymes such as laccases andgalgdingup
biocatalysigprocesgZerva et al., 2017At each time interval (every 10 days), a set of
three cultures was collected to measure both the enzymatic activities expressed during
cultivation and the extent of PS degradation, as determined by changes in polymer
properties. The extraction of enzymatctivities from the solidified MM was
performed after rehydrating the medium with 3 mL of PBS.

2. Mssaying enzyme activity in secre
gr owt h

For PU degradation, the esterase activity in each culture was measureg-using

nitrophenyl butyratepgtNPB) as a substrate in 0.1 M phospkateate buffer pH 6, as
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previously describefNikolaivits et al., 2022)Theactivity was calculated in units (U),
where 1 uni-t is defined as the ammunt of
nitrophenol per minute under the given assay conditions. Protein concentration in cell
free extracts was estimated according to the Lowry adsayry et al., 1951)while
guantification was performed using Bovine Serum Albumin (BSA) solution as a
standardas mentioned belaw

Regarding PS added #.bienniscultures the samplesat each time intervafter
extracton were assayed for oxidoreductive activithe laccase activity was determined
using either 2,2-azincbis(3-ethylbenzothiazoling-sulfonic acid) (ABTS)or catechol
as a substrate according to the protocol mentioned bgferga et al., 2023)Lignin
peroxidase activity (LiP) was assessed using veratryl alcohol as a substrate, following
the procedure described in a previous sti@ymarero et al., 1999)

2.TThe Lowry assay

Protein concentration was det(elroowrnyed ac
et al, ,bd®9é&d)on the ifpoomati nomcoompl axcaoppel
conditions foll owedCibogc aletdauwc tri emeng eorft .t hFeo rF
4 solutions were freshly prepared as foll

1.Solution A consisted of 2% (w/v) sodium

M sodium hydroxide (NaOH).

2.Solution B consisted of 1% (w/v) <copper

prepared in distilled water.

3.Solution C consisted of 2% (w/ v) sodi L

distilled water.

4 .Solution D i@iasc &lhtee uFodg hexnol reagent, d

distilled water i mmediately prior to us
The al kaline copper reagent was freshly pr

of Solution A with 0.5 mL of Solution B anct
For protein qgalLanotfi fapcpartoporni,atledOy dil uted s
al bumin (BSA) standard solution was mixed
al kaline copper reagent. The mixture was i7T
to allow formdpi onenmpfl edxhe SudbEeeagmmnendl Vy ut & 0 (

FollGinocal teu reagent (Solution D) was added
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reaction mixtures were incubated for 30 mi
all ow color devel opment .

Absorbance was measur BMd satsp2%@r opmhatso mgt ea
concentrations were <calculated from a sta

expressed as mg/ mL. All samples and standal

2. Bungal secretomes desg rba dataitan yosft s
et hber s edPEPWowddr PS sampl es

The culture supernatants obtairesthday afterinducing putative depolymerizing
enzymes using Impranil or IcAlk were tested for their ability to degrade-b#sed PU
or LDPE powder, respectively. In more detail, 50 mg of PU or LDPE powder were
incubated with 50 mL of the culture supernatant a!G@nder continuous stirring at
160 rpm, for 4 days. Regarding control samples, PU powder was incubated with an
equal amount of culture supernatants, which had been previnastivated by boiling
for 15 min, while in the case of LDPE, MM/hexadecane supernatant was used as
control.

After incubation, plastic powders were isolated by centrifugation at 2@,0@0r
10 min, resuspended in 10 mL of sodium dodecyl sulfate solution)(@R&w/v),and
kept under stirring for 10 minutes to remove potentially attached proteins. After
discarding the SDS solution, polymeric powders were rinsed twice with 40 mL
ultrapure water and isolated by centrifugation. Finally, each plastic powder was dried
before it properties were determined.

The induction of oxidative enzymes capable of downgrading PS was made using
corn stover as a substrass itis known thabxidative enzymes amecretedn presence
o fignocellulosic biomasf&Zerva et al., 2023)n more detail,He strain was grown on
100 mL precultures in 250 mL Erlenmeyer flasks, usingyldse as a carbon source
following medium composition that mentioned earligfter autoclaving, the cultures
were inoculated with threedm agar plugs with fully growmycelium andncubated
at 27°C and 100 rpm for 24 days. Then, the biomass was aseptically filtered, washed
and inoculated i®00 mLfresh medium with 4 % (w/v) corn stover, 1 § NH4NOs,
0.8 g L' KH2PQy, 0.2 g L' NaHPQy, 0.5 g L' MgSQw.7H:0 and 2 g I

(NH4)2C4H40s, while the pH was adjusted to 6. The cultures were incubated for further
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14 days in 2?7C and 100 rpm. If necessary, fiksterilized ampicillin was added at a
final concentration of 0.1 mg mL The supernatant of 500 mL cultures was
concentrated Hpld with ultrafiltration anddialyzed against 20 mM Bi§ris-HCI

buffer pH 7.5 before been purifiedThen, the crude enzyme sample was loaded on a
Q-Sepharosé High Performancecolumn (GE Healthcare, Uppsala, Sweden)
equilibrated in the same buffer, and the proteins were eluted with the following gradient
(Solvent B is 1 M NaCl in 20 mM Bigris-HCI buffer pH 7.5): 860 min isocratic 90

% A:10 % B, 66140 min gradient step 126 % B, 140160 min gradent step 250 %

B, 160180 min 100 % B isocratic step. Fractions displaying activity on catechol were
pooled and concentrated. The purity of the isolated enzymes was confirmed with SDS
PAGE electrophorescLaemml i, 1970)

2. Metermination of polymer propert. i

fungatret omes

After the enzymatic treatment, PU powder was completely dissolved in
tetrahydrofuran(THF >=99.9 % purity, Macron Fine Chemicals, Polandjt a
concentration of 2 mg/mL. After dissolution, the samples Witered through a

polytetrafluoroethylene (PTFE) filter (0.22n), and the filtrate was analyzed wih

guard column (PLgel 5-DOm) Oam dc otl wannBL ¢ €310 OMII

using the Agilent 1260 Infinity 1l instrument. The instrument was equipped with the
Agilent 1260 Infinity Il refractive index detector (RID) (G7162A) and the separation
was perffo med using a guard column (-BL&eldOm5
col umns (n8.0rBe elutibn Wwas performed using THF at a flow rate of 1
mL/min and the calibration curvevas carried out witlp o | y s standaels ef

Om)

mol ecul ar weight from 16M 2 oml5,00Groedat gB rmotl ¢

PE degradation was assessedAbignuated Total Reflectandeourier Transform
Infrared (ATRFTIR) aiming to detect any changes in PE molecular fingerprint. The
FT-IR spectrum was recorded by the Bruker Alpha Il FTIR spectrometer using the ATR
method with a diamond crystal, while Software OPUS 8.5 was used to analyze the
recorded spectrum, which was eaed as 16 scans in the 4@000 cm' range.
Identification of PE characteristic peaks was performed based on vibrational bands and
comparing | R spectra agspechratlibrarg.t andar ds

36

n

1


https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/styrofoam

Regarding PS sampledtex terminating each culturéhe PS films werémmersed
in a 70 % (v/v) ethanol solution and vortexed to remove the attached biomass, followed
by airdrying. If necessary, a soft cloth was used to completely clean the sample surface.
Subsequently, the properties of the samples were assessed usingtBR@ted Total
ATR-FTIR, and/or Atomic Force Microscopy (AFM).

Polymer molecular weight was determined by completely dissolving the various PS
samples in THRt a concentration of 2 mg/mL, as previously outlidgdhe same time,
changes in the molecular fingerprint of each treated material were determined by
recording the FTIR spectrum following the analytical protocol described before. Based
on the recorded spectra, the Carbonyl Index (Cl) was also determyneadcblating the
ratios of the absorbance bands at 1667 tmthe reference band located at 1600 ém
which corresponds to the stretching vibrations of C=C bonds of the benze(&rraey
et al., 2019)

Additionally, to detect any surface modifications, PS films were scanned with optical
microscope at 6.3x magnification and AFM using NanoScope 3D (Veeco, USA)
microscopy operated in tapping mode under ambient conditions. Etched silicon probes
with spring onstant 2 80 Nm* were used, and Nanoscope image processing software
was used for images analysis. The scanrangeswete®6 e m i n t he x and vy
and0.51 em in the z direction. The AFM i mage

The RMS surface roughness was déitTeer mi ned
surface roughness is calculated as the root mean square (RMS) average of height
deviations taken from the mean data plane (1):

— Y,
whereZ; defines the maximum vertical distance between the highest and the lowest data
points at the image. The morphology of the films was also investigated using an Olympus
SZX10 microscope (Olympus, Tokyo, Japan) equipped with a digital imaging system at

variousmagnificatiors.

2. 10Prot eonmil g®irsthe i dentification

plastic degrading enzymes

For the secretome analysis, fungal strains were initially grown in 50 mL

MM/Impranil at 27 oC, under continuous stirring at 120 rpm for 4 days. The preculture
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was used for the inoculation (10% v/v) of a 500 mL sterilized growth medium, which

was incubated under the same conditi®ased on esterase activity measurements

taken at regular interva#sd thePU properties measutafter enzymatic treatmerthe

time points for harvesting mycelia and media were chosen at 40 hours (t=1) and 66

hours (t=2) At each time pointthe culture broth was centrifuged at 4,000 x g for 15

min at 4 , Sterilized usi 4folfusingdhAicon um f i | t
ultrafiltration apparatus (exclusion size, 10 kDa; Amicon chamber 8400 with
membrane Diaflo PM10, Millipore, Billerica, MA). The concentrated protein extract

was dialyzed overnight against a 20 mM JH€l buffer (pH 7.0), freezdried under

vacuum, and angted by LCMS/MS.

Similarly to PU the secretome analysismdtentialPEtransforming enzymes was
carried out in500 mL liquid cultures using MM either supplemented with C16 or a
IcAlk mixture. The growth medijgreculturesand culture conditionwerethe same as
those mentioned n s e 2.5 Micoobial culture conditions and induction of
depolymerizing enzymeé. The optimal time for proteomic analysis was selected by
identifying thetime-point at which secreted enzymes effectively modified the LDPE
surface structur@ccording toATR-FTIR analyses These preliminary observations
suggest that the secretowfdcAlk culture during the 8 day of incubationl¢Alk_3d)
may contain proteins involved in LDPE functionalization, in contrasetwetoms of
IcAlk cultureatthe 29 day (cAlk_2d) andtheC16at the & day(C16_3d, which were
used as comparative controls in the subsequent differential proteomic analysis.

The optimal time point foPS and EP$roteomics analysis was determined based
on the degradation of PS properties during culture growth. Triplicate MM cultures with
PS film and foam as the sole carbon source were inoculated, as previously described.
Additionally, duplicate cultures using glose were included as a control. After 20 days
of growth, proteins were extracted by rehydrating the solidified MM with PBS -filter
sterilized and freezdried before analysis.

2. 10CMS/ MS analysis

Afterwards, the freezdried protein extracts were dissolved in 5 % SDS in 50 mM
triethyl ammonium bicarbonate (TEAB) to a final concentration of 1 pd. o
remove sugars, an aliquot from each sample containing 100 pg of protein was filtered

witha3kba Nanosep filter (Pall) according to t
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retained on the filter membrane weredissolved in 300 ul 5 % SDS in 50 mM TEAB
and reduced by the addition of 15 mM DTT and incubation for 30 minutes at 55 °C
followed by alkylation by addition of 30 mM iodoacetamide and incubation for 15 min
in the dak. Phosphoric acid was added to a final concentration of 1.2 % to lower the
pH to 1, followed by addition of 7 volumes of 90 % methanol in 100 mM TEAB at pH
7.55. Samples were loaded on mintr& columns (Protifi) in aliquots of 400 pl
centrifuged eactime for 30 seconds at 4000 xg, followed by 3 washing steps with 400
pl 90 % methanol in 100 mM TEAB. Then, 1 pg of Mgade trypsin (Promega) in 125
pul 50 mM TEAB was added onto the filter and incubated overnight at 37 °C to digest
the proteins. Finallypeptides were eluted from theti@p columns in 3 centrifugation
steps of 1 minute at 4000 x g, first with 80 ul 50 mM TEAB, then with 80 pl 0.2 %
formic acid and finally with 80 pl 50 % acetonitrile. The eluted peptides were
transferred into an MS vial,riéd completely by vacuum drying and-dissolved in
0.1% TFA in water/ACN (98:2, v/v)) for an additional purification step on Omix C18
tips (Agilent). The resulting purified peptides were dried completely by vacuum drying.
Peptides were rdissolved in 20 pl loading solvent A (0.1 % TFA in water/ACN
(98:2, v/v)) and firstly loaded on a trapping column (made imu s e , 100 em int
di ameter (1.D.) T 20 naHD,Dr.MaischmnAnbneraudts C18 R
Entringen, Germany Then, they were separated on a 50 cm PPAGEN2 column
and eluted by a stepped gradient from 98 % solvent A (0.1 % formic acid in water) to
30 % solvent B (0.1% formic acid in water/acetonitrile, 20/80 (v/v)) in 135 min up to
50 % MS solvent B in 15 mjrollowed by a 5 min wash reaching 95 % solvent B, all
at a constant flow rate of 250 nL/min. The mass spectrometer (Ultimate 3000 RSLC
nane LC (Thermo Fisher Scientific, Bremen, Germanyjliire connected to a Q
Exactive mass spectrometer (Thermo Fisls®ientific)) was operated in data
dependent, positive ionization mode, automatically switching between MS and MS/MS
acquisition for the 5 most abundant peaks in a given MS spectrum. The source voltage
was set to 3.0 kV, and the capillary temperature wéts °Z. One MS1 scan (m/z
40012,000, AGC target 3 1E®6 i ons, maxi mum
resolution of 70,000 (at 200 m/z), was followed by up to 5 tandem MS scans (resolution
17,500 at 200 m/z) of the most intense ions fulfilling pfieéel selection criteria (AGC
target 50.000 ions, maximum ion injection time 80 ms, isolation window 2 Da, fixed
first mass 140 m/z, spectrum data type: centroid, intensity threshold 1.3xE4, exclusion

of unassigned, 1,-8, >8 positively charged precursprgeptide match preferred,
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exclude isotopes on, dynamic exclusion time 12 s). The HCD collision energy was set
to 25 % Normalized Collision Energy and the polydimethylcyclosiloxane background
ion at 445.120025 Da was used for internal calibration (lock mass). QCloud was used
to contol instrument longitudinal performance during the prof€ttiva et al., 2018)

2. 1Dafa analysis and peptide identificati

LC-MS/MS samples were searched with MaxQuant v2.@13/8nova et al., 2016)
against their corresponding proteome and the MaxQuant common contaminant
database with default search settings, including, a false discovery rate (FDR) set at 1 %
on peptide spectrum match (PSM), peptide and protein level. Reversed sequences of all
proten entries were concatenated to the database for estimation of the FDR.

The protein quantification in fungal secretome in presence of Impranil was
performed using the iBAQintensity Based Absolute Quantification) algorithm
(Schwanhéusser et al.,, 2013he 2 LCMS/MS samples of MM36 grown in the
presence of hexadecane and MM/IcAlk solution were searched together, and matching
between runs was enabled. The proteins were quantified with the iIBAQ and the
MaxLFQ algorithm(Schwanhausser et al., 2018} relative quantification using a
minimum ratio count of 2 unique and razor peptides.

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRI[HEerezRiverol et al., 2022)partner
repository (https://www.ebi.ac.uk/pride/) with the dataset identifier PXD038835 and
10.6019/PXD038835.

Regarding proteomic analysis on PS cultures,raw data were searched together
using the nfcore/quantms v1.3.0de{C. Dai et al., 2024)pipeline of the ricore
collection of workflows(Ewels et al., 2020against the proteome &f biennisLGAM
436 and a proteomics contaminant libréifyankenfield et al., 2022Precursor mass
tolerance was set to 30 ppm based on Paviadic (May et al., 2017and fragment mass
tolerance was set to 0.03 Da. The peptide identification step was performed with Comet,
MS-GF+ and SAGH Eng et al ., 201 3; S. Ki,with& Pevzn
search engine results rescored by MS2Req@eelercq et al., 2022)

The peptide level intensities were imported in the prolfqua padk&géski et al.,

2023) log2 transformed and robustszore scaled. Protein intensities were estimated

from peptide intensities using Tukeybds medi
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guantified proteins present in at least two biological replicates of one condition were
retained for downstream analysis. Differential protein abundance was tested using the

empirical Bayes approach as implemented in prolfqua.

2. 1BuBictional annotation of proteins

Available functional annotations were downloaded from UniProt. Proteins were
classified as extracellular based on their subcellular location annothtavailable
the presence of signal peptide, or the absence of transmembrane helices in the mature
protein. Additionally, Interproscan v5.89.0(Jones et al., 2014yas used to identify
motifs and domains in the proteins. CAZymes were identified with BlastP against the
CAZy database (release 08062022) and HMMERS against the library of run_dbcan
v3.0.7(H. Zhang et al., 2018BlastP alignments were filtered with arvalue 1e50

and 95 % coverage of both the query and subject sequence.

2. 11Protocoméelsl froecombi nati on and het

enzyme exammdepuirord i cati on

Chemi cal | yE.c oBnopRellt e(nDE3 ) usdedt st wWwer bet erol o
expression of the recombinant enzyme. Tran
DNA harboring the target gene under the <co
cells were gently mixed with tohne irceec otmdi n
facilitate DNA adsorption to the céell surfa
DNA mi xtur e was$ dshdebrjrmeal g°@iudtsger @ mot e pl as mi d
via transient membrane per mealkirlei ret ulrmradi
an opti mal( 3@fmpre rrad udweed iyu m n

Recovered cultures were subsequently spr
with the appropriate antibiotic to permit
incubated until distinct colonies were obs.

For recombinant Epr o8d¢ldiln (exEpIl)estsi amsf or ma
inocul amedirBti nbibot hcat 32xAOntemttilnd mihdase (¢
approxi mht@)y ®&®#nd expression was bDrduced b
1t hi ogal act op yAfatneorsiidred uc tPiToG), the cultures
for 20 h at 1&.A€Cel As6twer20hhrvebheed by cer
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for 15 min at 4 AC ankHClrepds®pended mM BHACH

Cell suspension was di s rmipnt ecdy cblye ss o(n8i csa tpiuadl
S pause) at 40% ampiliintedsidyi {g0® 2M kWHZ rla
( VvV CO 04, Sonic & Materials, Newt own, CT, Us.

centrifugation at 20, 000g for 30 min at 4
from the cell free extract.

Regarding the erPayrhdsa X¥3aPsrieoablbesd, i hransfo
began with the cw®ltpwa833 omeslolfs .c oApphperocexnitmat e
competent cells were spread on YPD agar pl
at 27 AC for 48 hour s. Subsequentl vy, 50 n
inocul ated wiPt h pta¥s@0coemlples enThese precul tur
at 27 AC with shaki Agtatr 280hopmsfoth24chbd
up by inoculating 250 mL of YPD medium unde
were maintained at 27 AC with shaking at 1
achieved 110®el I s= fr.o3m cul tures within this
then harvested and washed under sterile co

1.Cultures were centrifuged at 5,000 I g
2. The supernat antc eypadsl | dits cwearsd erde, s uasnpde nd e d
i eceol d st-@r wheeMi | Bempl es were centrifug
conditions.

3. Finahdvpasheopetéelet were resusgehded iMn 1:
sorbitol, transferred to 50 mL Falcon t
for 5 min at 4 AC.

4 Finally, thea esmwopmeardn datheentcewds wek e resus
of 1 M sorbitol, yielding a final suspe]
El ectroporation was employedenaoymed rofduc

interest. For ntdlee tarserpd fi @r roadtnidoorimipeut € nt8 € e |
mi x ed wgLt hof40l i neari zed, desalted pl as mi d
mi crocentrifuge tube. The mixture was gent
The entire volume was then transferred in
subjected to a single electrical-Rpd) se us
according toetbéae smanuifagsu | mmedicaotlal y1 af t e

M sorbitol was added to the cuvette to fac

4 2



caused by the stTlhResceolfl etdecpenmdpioomtwasn .t r:

15 mL Falcon tube and incubated without sh
After recovery, the transformed cells were
suppl emented with Zeocin and incubated at
appeared. Il ndi vi dual col onies were subseql

recaommit construct.

Af t er whaer dise c oPmb i pnazsetiolrsi swer e growmn at 30 ¢/
BMGY medium in a shaking incubato®rf unt il t
Cells were harvested aséptimiOm) | gndyresms peér
in MIOOBMMY medi-mm fhaskdOo oanstGDrt the i ndu
culture was kept in a -hadkysgbiasedbamoropdt
procedures performemh) fwirt patcinle sinel @dh &on ¢ 1@ 0@ c
a day to maihmhaithmhei cadgeteaeodanmexinkeosr e(dluacc d avs
tyrosi retlls€usO25was supplemented to the <cul

required copper cofactor fAofrt ee n ztyhnee iancctui bva

period, the culture broth was collected, c
ultrafiltration apparatus (exclusion size
Di af I-oO,PMMi | | i por e, USA) up tal pDednLov@hmi ¢

at 4AC agaii€l DPoafmMrTciontaining 300 mM Na

Both cel If rf@&necsonaix tdri aadty zed Pc o p acsublotruarsees f r ¢
were | oaded ont o-iaom iarhrho mii ltiyz edhrmentadlogr aph
(Tal on, Clontech; 1.0 ¢cm i.d.,THCS domflfemgt
containing 300 mMWeNacG !l u(mmH w&asO)i.ni tially
equilibration buffer, followed by the el ut
elution pr-oc-g6230awi-ccNM1 0BiIi dbazol e sol ution in
buffer.

In cases where crude enzymes could not be purified using IMAC, conventional
ion-exchange chromatography techniques were apgiggecially for laccase froi.
biennisLGAM 436, the concentrategsupernatant of 500 mL cultures was dialyzed
against 20 mM Bidris-HCI buffer pH 75. Then, the crude enzyme sample was loaded
on a QSepharoge High Performanceolumn (GE Healthcare, Uppsala, Sweden)
equilibrated in the same buffer, and the proteins were eluted with the following gradient
(Solvent B is 1 M NaCl in 20 mM Bi$ris-HCI buffer pH 7.5): 860 min isocratic 90
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% A:10 % B, 66140 min gradient step 126 % B, 140160 min gradient step 250 %
B, 160180 min 100 % B isocratic step. Fractions displaying activity on catechol were
pooled and concentrated.

Purification Foufs aryiruons iBrfRa9d3ep &frrummh t er conce
and di BDyemMsponhassi um phospmaast @ elr d foframe d( KIS
the same buffpdhraBaesenderel etieoati veabinding
negativel y-Sempm&Ergdasigh SPer f or ma®kE e Hecaoll tummar e
Uppsal a, Swedek) uwvaenempboyg&dledCi ed,r aald ensi n
summari zed bel ow. The gradient program con:
50 mM KPi, pH 7.2):

T Phasei3BA0( MM NacCl): flow rate 1 mL/ min,
mM/ mi n, total volume 60 mL.

T Phase iBOQ 3m® fNlacCw )rate 1 mL/ mi n, dur atii
mM/ mi n, tot al vol ume 20 mL.

A todé@l foaactions (2 mL each) were coll ect

All fractions were assayed for activity usi

pH #Fr@Gctions exhibiting the highest activi
greatest tyrosinase concentration and wer e
The purity of the isolated enzyme-s was CO
pol yacryl ami de gel-PASE@Icda e mmplhioaredli9fE 0 i tSiSn
concentration was det e Axmbhmebda ssepde cotnr oepahcont oemm
mol ar exti nctRBBTha sceoe fEXIAACChHF 28 82 61h, M
Fé&aeC: 1tz02PE€uM 92&5 1 8MBcm SGE2: 46co® M
Ami dSSOMBEcMTyYyr osi nlalsBedd 8 Pr o t: e a7s8sbla m,
Endopepté @c@m) calcul ated by Pr oGRatamgeool
et al.Fraz@0®ns containing the purified enz
against HXCImMuTrfies (pH 7.5).

4 4



2. 12Enzymati c hvyidrrgollinysuesi siogf pur i fi ec

enzyamed detection of degradation ¢

The enzymes sel-enitesd drmaloywgihs mudne hetero
in recombinant hosts and subsequently eval
to assess their potearndadt FggmmRempali sdonNtse vk f e
perfor medo xysip@agniudia s e, tyrosinase, cutinas:¢
proteas &S HBwiH alsbs Bov 0.zy mes)

For PU degm@Ba®i 2nmgp of PU powder were
mi crocentrifuge tubes. LA waost aplr erpeaarcetdi obny vaod
eL of the appr oglr ioaft ee nbzuyfnfee rs oal nudt i500n . Depen
tested, 1HCI mMpHb®DI OnM ipihosptheat e buffer (CP
were.used

The final enzyme concesgt matf onsamedasadj a

and Savinasgd mLardfdrtadayxXx®sinase, as the | att

an auxiliary oxidative role rathaAas &a&ahan as
oxidoreductase, tyrosinase is hypothesized
PU polymer, thereby facil.iitating subsequent

Reactions were incubated at 35 AC for 72
compensate for potenti al |l oss of enzymatic

was supplement Al evengtRPdénbowese conducted
buffer systefnr,ed hcroenet remlz ysnmeEnod Il eosw i wegr @ nicnucblaut
samples were centrifuged at 10,000 rpm for
and the remaining solid PU was dried under

Fomol ecul aranavley gihg, tphoewdwa s edli $£Jol ved |
tetrahydrof ioahoWTHE) the pri@t 8c®et memt nahni
of polymer properties aftwwéi qui edatf méasbi wint kv
subjected to HPLC usiHPdWAGgi cantr iendsbut mesi.
Infinity 11 series device with a UV visibl.
AC-18 r epvheacseek NWMhCL EOS | 15510 Q i c| e ,Md zheerody 5 On
Nagel , Gewimahny a precol umn (Agi |l ent Technol

measurements. Sample volume was 5 OL, col ul
1.0 mL/ min. Mobil e phase A was 5% (v/v) ac
was 5% (v/v) waltheer HPL Ca cgetaadnietnrti Iper.of i | e w
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increasing to 100% B over 8 min, 100% B for
finally 0% B for 3.5 min. Data were analy
(Agil ent Technol ogi es) .

To evaluat &. taey=ptbiemans o@fon addi ti onal po

a series of complementar yPleARpBr PBI8nt aswael

as amorphous and crystalline PET. These pol
scope of the enzyme toward both aliphatic
crystallistrycamomdechain

Al | reactions were carried out under t h

described for PU degr aHdGlt iboudf5f ,gAi@ nlienl ye ri n 50
continuousHeswakem, i n order to enhance det e
enzyme concentration whsofncueasade Speckf |
mM) were added to a feihatoreaspondi gl Umea c
concentration of 1 mM.

Polymer samples (5 N 0.2 mg) were incub
foll owi ngprtohtews®dmes cri bed above. After I nc
centrifuged, the supernatant removed, and
vacuum to constant wei ght . Enzymatic e f

gravimetrically by deteemahimg percehnhtageéee

2. 13Functional screeningPBNhd charact

degrading enzynkeEBBhAnuslionggudsabel |l ed

Following the microbial screening phase, which identified several isolates capable
of utilizing or modifying diverse polymericmaterials further investigations
concentrated on the enzymatic mechanisms underlying polyester degradation. Because
PET represents a key model for synthetic polyesters, it provides a suitable framework
for developing standardized enzyme ass&gs.this reason, odel compounds with
fluorogenic (compound AC) and chromophoric (compound D) maast were
synthesized by esterification of PET oligomelsi(g @2 r. é)3These compounds,
synthesized for the first time, by our collaborators in University of Belgrade, Chemistry
Department, Belgrade, Serbia. All substrates were isolated as pure compounds and were

characterized using NMR, IR spectroscopy as well as mass@petry.
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HO 0.__0
pyridine .
* \©;;|/ CH2C|2, r.t. A- 64%

M
CO,Me ©
_ _p DCC/IDMAR_
PET-COOH + HO-R B2CRMAR PET—<
B: 42%
C: 60%
D: 62%
FigardGhemi cal synthesis of PET model substrates. m
met h-ythldorof ormyl-nnbenwbiate awndt hHesi s of mUPET2 ( B)
NPhPET3 (D) model compounds was -ndJe rofNdPrip@edtd e f rTom PET
conversion yields for A, B, C and D were 64, 42, 60

Stock solutions of fluorogenic PET model
MmMUPETRi;g Br.e)3 were prepared in DMSO at a ¢
Reactions were conductled uisn nag tOatlalM vpohlousnper
at pH 7. Each substlh avtfe whae mespectwiver €0
necessary amount of DMSO was added to main
The concentration of mUPETL1, MUPET2, and m
7 GM, respectively, while the enzyme quant.i
curve for the Cooonurrsoed ofe atchte oansss awe.r e per f or
vol ume of enzyme soluti on -WCItHth( A% feiqwiatly a mo
assaya wihtrbomogeni ¢ PEdambidehsswébsérpéefor me
15 min in a Tecan Infinite M1000 Pro fluor
equi pped with the -anatysel slstfitwhtreaeofesarn
every 30 s, setting egftthds adi oB 8(@hadcnkdsmu&s 4 i o
Kirchey, réa9p&g¢gtively. FI| uearlUe cxoenceeentwad i oan
standard curve c-mbdstnubtédMwphbspbaeedbuff
of enzyme activity is definendolasolt i@eeramoun

mi n.

Similar to fluorogenic substrates, a 10
SUbstpNPOhE®ETF3 g 2( €3 was prepared i n DMSO. F
initiatedpMNHFRRET3misxtioncgk esobtt eanhwenhbhyh® ir
vol umeelofof2500. 1 M phosphate buff eg tpdt &l res
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Ssubstrate amount). The reaction mixture wa

rpm) in an Eppendorf Ther momi xer Comfort (
15 min, the reaction tubes were put on ice
at0o040gfxr 30 s. Enzyme activity wasp-deter mi

NPhOH in the reaction supernatant at 410 n
reader ( Mol ecul ar Devi ceMRhQH. Ci)n ®: stMndat
phosphatke dDuwderuped to eUNEBhOHfyYynthdereney
reactions. One unit of enzyme activity 1is

emol|l pMPhOH per min.

JE. D ;EU é

mUPET1 mUPET2 mUPET3 p-NPhPET3
COzMe COZMe
Figlre3tructure of model substrate mUPETZ:® (A), muU |
NPhPET3 (D). The chromogenic and fluorogenic moi et
hydrolysis, are depicted in yell owmUan-iPbDHei sircl e:

monitored through fl| worsespercdeg o(sh0phy, ((D)).and uv
The kinetic constants presented in this s

software (GraphPad Softwar e, Bost on, USA) .
as means N standard deviation (SD) of threct

t hkei fference between the means of each i n¢
per f or nmmeady (AONNCeVA) .
The enzymes used in-bthhnshstotposwter eut ihm:

vari adt9f(To@a ni er ,IRETak el, .f 20RMFoesmsida et al
2016)t he pol yMen e&xssddMeR EffrNamk ol ai vi t,s tente al . ,
tandake ferulic ackdxesp(EFamENMoUFKAEY! if reotm al
20Q08)t he glucurondwler mcttrealacmy c &G )her mo p
(Topakas andad.comdaO0O@Aspkrpi  CA&AS&S MNogmr 9001
620, EC 3.1.1.3, Fl ukl®BREABRECESMdPE Wevi ¢ zer |
expreEsacheirnBb?2d cellis harbor22lg( &) reeotmbon
( Novagen, St. Loui s, USA), and purified fro@

the foll of2.nB®0 osteecotmiocn anal ysis for the ide
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pl astic degroardét meggC 8@®EY Mesr e eKpmagateaelilna

phaf(Pfiicithi a )pasntdorpwri fi ed as desCurlitbuerde i n

supernafFanoex yBhR@ B8hsng) , whi ch s hdemsr gpbilhygest
activity was also tested as a candidate fo
preparati on WasEDLnPBDc(ad.b% Vmp)y anwhi ch was
carbon sowrceasi mMetslte i bRrdotieni ns ecca n coenn t2r. a3t.i o |
supernatant was estimat gd OMWRXoredi &d 7t 0o 1191h4d
2. The Lowr2y)Wahsdaey quantification was perfor
Al bumin (BSA) solution as a standard.

Each of the aforemenerohedoenstymexmprwasec

theaibn |l ity to br BRa&ctdioovms Ra8treer prmeirxiomgned0 n
amor phous PET egpofwdeactwi emzyme in 1 mL 0.1
pH 7, whil ecfuism the paseseebh amount egsed for

The reactions were kept under agitation (.
Comfort (Eppendorf, Germany) hatt f3®fAE€hfeor nt
amount of each enzyme prepar dathieond ewa sa dad d ec
products were detected and quantified in
(Agil ent Technol ogiesl enGermmaé @) ,I nsnhgy at
wavelength det ectTohre (cVoWDumn( Qi78lelddepvheasssea C
NUCLEOSI I5E 1(0Ma eNhaegred y, Ger mamqg b i | aerwchpshtat®e@ %
(viacket oni2tor% I(evswh) f ADINNBI®E ¢ v/ v) dlltowapur e
radfe 0. 8-1mLDent aPtdainaniafs deriwsitn yVewWg 4 iomk pl
at 241 nm. Prior to analysis 0.1% (v/v) of
centrifuged at 5000 x g, 10 AC. Supernatant
and analyzed. Quand ihfyidao aotxiyen hgtl ) TRA,r embdn b a
an®BHET was perfor medal by rcactomestthr u stt iamgl ar d

concentrationsili mM.he range of O0.01

2. 14Hydrolysis of PET model substra

rel eased products

To explore the mode of action of PET cleavage by the different biocatalysts,
various synthetic substrates were employed including monomethyl terephthalic acid
(MTPA), bis(2hydroxyethyl) terephthalate (BHET), monomethyl mdge
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hydroxyethyl) terephthalate (M(HET)1), methylated PET dimer (M(HET)2), PET

trimer (M(HET)3), as well as M2(HET)1,5 and M2(HET)2,5 which consist of 1.5 and

2.5 dimethylated PET monomg(Sigure 2.14-1) (Djapovic et al., 2021PET model
substrates 1 mgm) were incubated with 5 gz of eac!t
buffer pH 7 for 24 h at 30 °C under shaking (1200 rpm) in an Eppendorf Thermomixer

Comfort (Eppendorf, Germany). The hydrolysis products were analyzed and quantified

using HPLC chromatographyn a 1260 Infinity Il LC System (Agilent, California,

U.S.A), using a €18 reversgphase NUCLEOSI® 1005 (MachereyNagel,

Germany)according to the protocol mentioned in previous section.

MeO
MTPA BHET M(HET)1  MeO” "0 pueTye
O _OMe
O._OMe
MeO séo M2HET)1.5 MeO" "O m2(HET)2S M(HET)3
MeO” O

Figa@ard4RET model substrate structure

2. 15Assisted PET hydrolysis wusing d

and surfactants of different <char

To enhance enzymatic efficiency by mitigating product inhibition, synergistic
effects between enzyme combinations were investigited. films and powders of
different crystallinity( 1 0 mgweraibcubdatgd with 18 z of theFoCut5acutinase
in 1 mL of 0.1 M phosphate buffer pH 7 and maintained &CA0nder agitation (1200
rpm) in an Eppendorf Thermomixer Comfort (Eppendorf, Germany) for 3 days. In the
case of cehydrolysis, 3 z of eachferuloyl or glucuronoyl esteraseere added in the
reaction mixtue, maintaining a cutinase/esterase ratio of 5:1. Half of the initial quantity

of each enzyme was added once per day after 24 h and 48 h.
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To enhance enzymatic hydrolysis efficiency by overcoming physicochemical
limitations such as the inherent hydrophobicity of polymeric substrates, experiments
were performed using PET films and powders of varying crystallinigresence of
different surfactantsPET hydrolysis was performed under the same conditions as those
described previously, but in the presence of 0.02 % (w/v) SDS, 0.1 % (w/v)-Xriton
or 0.1 % (w/v) CTAB. After PET hydrolysis, the supernatants were analyzed with

HPLC chromatography followinthe aforementioned protocol.

2. 16Bi odegradati on -ToHS tnmaet emriixaelds PET

To examine the biodegradability of the mixed PERFS films, genes coding LC¥€C
were cloned in the expression vector pET26b(+) (GenScript Biotech, Rijswijk,
Netherlands). The enzyme expression was performéd aoli BL21 induced by 0.2
mM IPTG at 16 °C for 20 h, accordingttee protocol mentioned before
The mi xeéd o)mpdtarsda i ¢ materials used were f
project c oTd abbmoalad pircsalatUni versity ,of the
within the f BawméwEBK eof . tAebrief summary
preparation and characterization is provid:
PEMMPS films were prepared from commerci al
and thermoplastic starch (-F®#sSédr-keasdadi 6 o =
pl astic waste streams. PET and TPS pellets
hoemel tregion at different TPS weight fracti
Extrusion was petftfopr rRatdwsumsri eng eax tbreundcehr ( T
El ectron GmbH, Karl sruhe, Germany) equippe
temperature profile ranging from 270 AC (f
at 60 rpm. The extrudawneé!l waad epastieamdt ¢ hir o |

with thickness below 1 mm.

The fabricated fil ms wer e subsequently
i mmersion in |iquid nitrogen, and converte
Mill (ZM 200, Retsch GmbH, Germany). Both f

room temmdaridt druet her anal ysi s.
Af ter prioadumit x&@dP,SPHEiat eri als were charact
chemical structure, ther mal behayTiadrn,e mor pt

2.6 In moFrdIliAerR aspectroscopy was used to
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i nteractions bet ween PET and TPS componen
modi fications in characteristic PBT bands
stretching regions. The ratio of the 1340/°:
hi gher tTeMX ,coinndi cating disruption of PET

amor phization. The carbonyl index (Cl) was
1712 cm 1T aAtd tlMe 8Darmd etriemd ,i al Scanning Ca
anal ysi s steevreaatliedd raedswcti on in glass transi
of crystallinity (Xc) with increasing TPS i
and Xc & 37%TP%4e@erselaseswETTg & 51 AC and Xc
in crystalinoi¢éygsesdiggeasits mobility and red
t he pol yéesdtnerk tnpaatnrmexa.l testing demonstrated
of materi al stiffness and tensile strengtt
i ncor poil®t.ivé&)n prs5oduced moderate ciManges, h

wt . %) significantly reduced Youngdés modul u
PET exhibited &ad a3 & 2MPa MRRR&maasdePEgased t
1628 MR amd MPa. These results confirm th
bet ween PET and TPS phases.

Tabld.el6omposition by -meecihgahnti caanld ptrhoepremot i es -of t he f a
bio)plastic fil ms.

Co

Sample PET TPS Ty Tm Pk X E

wt.%) Wwt%) (°C) (°C) (Ig) (%) (MPa) (MPa)
PET 100 83.6 2529 524 375 2239+105 38+5
PET-TPS5 95 5 79.2 2469 49.0 350 2093+215 211

PET-TPS10 90 10 76.7 2472 485 346 202861 21+2

PET-TPS30 70 30 54.2 2484 452 323 1985%+135 19+3

PET-TPS40 60 40 50.7 2454 36.6 26.1 1628+83 132

T, gl ass trands timehti e@aguoédwe snmer @t nX,eent hal p

degree of EcrYsunmdgddnwadyl esstrength.
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2. 1Bntymatic degradation study

PET-TPS film samples were rinsed with 70% EtOH, air dried, weighted and
inserted in glass flasks. The following enzyme preparations were used for degradation
experiments: (1) LCECS; (2) AMY; and (3) LCASCS/AMY. Degradation experiments
with LCC'°“® and AMY were performed using film samples hydrolyzed in 0.1 M
phosphate buffer, pH = 7, under agitation (1200 rpm) in an Eppendorf Thermomixer
Comfort (Hamburg, Germany). Typically, 10 mg of each sample was added to 1 mL of
reaction medium, and enzymatireatrents were optimized by conducting reactions at
three different temperatures, namely 30, 50 and 70 °C. All tests were carried out on a
continuous base for a period of four days. Hydrolysis reaction was initiated by adding
0. 12 LEG Cavliich had been dialyzed in T+#4Cl buffer, pH = 7. Moreover, 30
eg of AMY was also added to the reaction
these enzymes on the degradation of mixed-PE$ materials. This addition was also
made in the case of PEprimarily for canparativepurposeswith the other tested
materials. In control reactions, an equal amount ofHi@$ buffer or deactivated AMY
(boiled for 15 min) was added to the reaction mixture. After 24, 48, and 72 h, half of
the initial amount of each enzyme was added to the reactigture to sustain the
enzyme activity, thus mitigating enzyme issues related to thermal inactivation, and
adsorption onto the material surfa@dakryniotis et al., 2023)At the end of the
reactions, the residual material was isolated by centrifugation, washed with ultrapure
water, freezadried and its weight was measured. The reaction supernatant was analyzed
by highperformance liquid chromatography (HPLC) and theitrosalicylic acid
(DNS) colorimetric methodio detect degradation products from the mixed HIPB

plastic films.

2.1Quadantification of BHET, MHE T, and TPA

The hydrolysis products were analyzed and quantified using HPLC
chromatography on a 1260 Infinity Il LC System (Agilent, California, U.S.A.), using a
C-18 reversgphase NUCLEOSIP 100'5 (MachereyNagel, Germany), according to
the protocol mentioned in secti@rill
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2.1Quantification of reducing sugars

The total amount of reducing sugars was quantified using the DNS colorimetric
method. The DNS method was performed according to the traditional pr(tbliet,
1959) with modifications made to reduce the reaction volunsegjar levels were
quantified at 540 nm using the SpectrafM#®&8S Plus microplate reader (Molecular
Devices, Sunnyvale, CA), and data were processed using S&ftRtax7 software
(Molecular Devices, Sunnyvale, CA). A calibration curve was constructed using

glucose as a standard

2. 1bedree of Synergism

Based on the detected concentration of degradation products from the mixed PET
TPS films, the degree of synergism (DS) between 'E€Cand AMY to degrade the
different films was determined. The DS was calculated using equation 3:

00 +
00 00
where, DRcc/amy is the degradation products released by IS€EZAMY, DP\cc

o

is the degradation products released by I“€€ and DRwy is the degradation
products released by AMY.

2. 16cadpe of the enzymatic degradati on

After enzymatic treatment was proven to be successful on examined materials,
experiment was set up in larger volumes using 1 g of eachlPSTpowdered sample.
Samples were treated in 50 mL of 0.1 M phosphate buffer, pH =7, at 50 °C in a shaking
incubator(200 rpm) for four days. More specifically, material hydrolysis was initiated
after the addition of 1.2 gof LCC'°CC dialyzed in TrisHCI buffer, as mentioned
previously, while an equal amount of the enzyme was supplemented after 48 h. TPS
liquefaction vas accomplished by adding 30apf AMY, whereas in control reactions,
an equal amount of THHCI or deactivated AMY was added. After four days, 500 mg
of glucoamylase was added to each of the reactions, and the reaction mixture was kept
under the same conditions for an additional himuensure the total conversion of
released sugars into glucose, facilitating their quantification and subsequent
valorization. Finally, the residual material was isolated by centrifugation, washed twice

with ultrapure waterand freezalried before its weight was measured. The reaction

54

\

a



supernatant was analyzed by HPLC and DNS methods to detect the released products
after the mixed PE-TPS degradation according to the protocols aforementioned.

Hydrolysates were kept for composition analysis, and furtheuaycling into BNC.

2.16ubture cobBadtteroinal fNNBMNEJ eldluwclt o v

Liquid residues obtained from the enzymatically degraded mixed-THEST
materials were used as growing medium to produce BNKdyagataeibacter
medellinensidD13488. Typically, 2 mL of each liquid residue was poured into glass
tubes, and pH was adjusted to 4.5 by using 0.05 m#HCI and NaOH solutions, then
10% bacterial inoculum was added. Prior to inoculation, bacterial culture was rinsed
with PBS buffer followed by centrifugation, to secure the removal of any additional
carbon and energy sources frahe production media. All samples were statically
incubated at 28 for 10 days. HS medi um v
days, the BNC obtained was treated with 5% KOH, rinsed with distilled water until
neutr al pH was r e aaodweighied. Ali BNC graowth ¢ridis weere 6 0

performed in triplicates.
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3 Results and Discussion

3.Algar plate screening and fungi I d

The environmental samples collected, including dead isopods, soil contaminated
with plastic trash, decaying oak logs, plastic contaminated river sediment, samples from
dump sites and cemeteries, were inoculated in agar péatdsespecially the fungal

strains were further tested for their plastic degradation capability.

3.1Slreehungal strains for their ability

Screening for potential PU degraders was performed in agar plates supplemented
with Impranil (Figure 3.1-1). The competent strains formed zones of clearing around
the inoculum, a fact which implies PU dispersion breakdown. Strains #7, #8, and #10
proved to be the most promising strains, so their potential for-b#smd PU
degradation was investigated. On thiteer hand, strain #2 showed limited Impranil
degradation, therefore it was not selected for further experiments, but it can be
considered as a potential PU degrader possibly after optimizing the growth conditions.
Plates with MM were used as controlwhich no sign of growth was observed.
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Fi gB8r-#8Growth of 13 fungal strains on miner al medi um

days of incubation.

3.1S2reening fungal strains HBr their

Agar plates used for PE screening consisted of MM supplemented with hexadecane
or a mixture of IcAlk prepared in hexadecane. Since little is known about alkane
degradation by fungi, a report on different bacterial straingvVaypg & Shao, 2013,
clearly mentions that the alkane degradation pathway is regulated only in the presence
of the appropriate hydrocarbons, whose carbon chain mainly ranges f§6on>CCo.
Additionally, other reports mention that the enzymes able to oxidize mestiam
alkanes (€to Ci7) cannot oxidize the longer ones, because of the size limit imposed
by the enzyme binding pocket, concluding that the enzymes oxidizing IcAlk differ from
those acting on the shorter or{@®jo, 2009; Wang & Shao, 2013jor these reasons,
even though hexadecane is the longest liquid alkane allowing the creation of the ICAlk
solution (Griesbaum et al., 2000its assimilation cannot be considered a sign of PE

degradation potential. Consequently, the plates with MM/hexadecane were used as
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control, whereas plates with MM/IcAlk solution were used to screen the different fungal
strains as putative PE degraders.

The strains whose growth on IcAlkigure 3.1-2B) was greater than those on
hexadecandgure 3.1-2A), were selected as potential PE degraders, and their ability
on PE breakdown was further studied. The first indications derived from the plate
screening showed strains #2 and #8 can sufficiently grow on agar plates supplemented
with IcAlk. Specifically, $rain #8 was selected as the most promising candidate for PE
degradation due to its comparatively rapid growth, so its potential was further evaluated

by using its enzymes as biocatalysts for virgin PE degradation.

A B

IC‘, Iﬁ loo lu-l lN

Fi g3r-AGrowth of 13 fungal strains on miner al medi un
HexaddacaAn& (B) after 5 days of incubation
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3.1S8reening fungal strains for their abi

BHET is a key intermediate in the enzymatic and chemical degradation of PET,
sharing the same terephthalate backbone but with shorter chain length and terminal
hydroxyl groups instead of ester linkages. This structural similarity makes BHET
suitablemodel substrate for screening RE&grading microorganisms and enzymes, as
the ability to hydrolyze BHET often correlates with the ability to attack PET (t&elf
Li et al., 2023)Enzymes such as PETases and BHETases can degrade both BHET and
PET, and studies have shown that microbial strains or enzymes active on BHET
frequently also show activity on amorphous PET films, though PET is generally more
recalcitrant due to its highemolecular weight and crystallinitdased on the screening
tests, 9 out of 13 fungal straif¥l, #2, #3, #6, #7, #8, #9, #10, #W®)re able to grow
on BHET forming zones of clearance, a fact that implies that these strains can be
potential PET degrade(Bigure 3.1-3).

gB8r-AGrowt humha® strains on MM supplemented w

3.1Sd4reening fungal strai nsPCfLorantdh éPiLrA a b i

as a carbon sour ce

Agar plate screening using PCL emulsion and PLA is a widely used method to
identify microorganisms capable of degrading these biodegradable polyesters.
Although this approach is widely used to detect clearing zones indicative of polymer
hydrolysis, thetransparencyof the minimal mediumafter adding PLA and PCL

emulsionslimited direct visualization of such halos. Consequently, the evaluation of
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polyester degradation was based on microbial growth using the polymers as the sole
carbon source. From a total of 13 fungal isolates tested, three demonstrated growth on
PCL and produced discernible clearance zdq#&s#8, #10)while only two isolates

could utilize PLA emulsion under the same conditiGt& #10)(Figure 3.1-4).

Control A

Fi g8r-#4rowth of 2 fungal strains on MM supplemented
incubation

Overall, the strains MM41 (#2), 1A2 (#7), MM36 (#8), and BPOP18 (#10) proved
to be the most promising candidates for the degradation of polyd3térandPE, as
shown inTable 3.1-1. According to the agar plate screening asstiyr consistent
performance across multiple substrate types suggests a versatile metabolic potential and
the possible presence of bresgectrum depolymerizing enzymes. Based on these
findings, the four strains were selected ifentification, andurther investigation to

elucidate their enzymatic systems
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Table3.1-1: Identification of potential PET, PCL, PU, PLA and PE degraders based on screening t

Fungal Growth  Growth Growthon Growthon  Growthon  Growthon  Growth

isolate on on PCL Impranil Impranil Hexadecane long-chain  on PLA
BHET  emulsion DLN-SD DLN-2077 alkanes
#1-SSB1 + - - - - - -
#2- + - - - + + -
MM41
#3 + - - - + + -
BPOP17
#4-1A1 - - - - + + -
#5 - - - - - - -
BPBP23
#6-SS1 + - - - - - -
#7-1A2 + + + + - - -
#8 + + + + + + +
MM36
#9- + - - - + - -
BPBP22
#10- + + + + - - +
BPOP18
#11- - - - - + - -
SJR1
#12-SS2 + - - - - - -
#13 - + - - + + -
SJR2

Regarding the identification of the most promising fungal strains, the ITS
sequences of strains MM41 (#2), 1A2 (#7), MM36 (#8), and BPOP18 (#10) were
aligned to the UNITE databaskttps://unite.ut.e@/ The ITS sequence of MM36 was

identical to the ITS sequences #kpergillus transmontanensisand Aspergillus

parasiticusand was thus classified &spergillussp. MM36. The ITS sequence of
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MM41 was identical to the ITS oPenicillium citrinum and was classified as
Penicillium citrinum MM41. Strains IA2 and BPOP18 were identified as members of
the Fusariumgenus and were further searched againstEtlsariumMLST database
(https://fusarium.mycobank.ogwith an identity threshold of 99.6 % to assign these

two strains at the species level, as suggested for filamentous(Y¥ungt al., 2019)
This search classified BPOP18FRasoxysporumhowever, 1A2 could not be assigned
to the species level. Interestinglffusarium and Aspergillus species have been
repeatedly referred in estbased PU degradatighan et al., 2020; Mathur & Prasad,
2012; Zafar et al., 2013\ith the latter to be also mentioned as a promising candidate
for LDPE breakdowriDSouza et al., 2021; Bayed et al., 2021; J. Zhang, Gao, et al.,
2020) implying that these genera possess enzymes which are worth being studied and
utilized against recalcitrant polymer breakdown.

Among all isolates examine#, oxysporunBPOP18 andFusariumsp. A2 will
be further tested for their potential polyester degradatioms it demonstratebust
growth onmost of thepolymeric and model carbon sources tested, exceptAdk.
Conversely,Aspergillussp. MM36 displayed a unique metabolic capacity, showing
ability to grow on all screening tests and especially ofkleaAixture. Owing to their
distinct degradation profiles|l the threestrains were selected for subsequent studies
aimed at elucidating their enzymatic machinery through integrated -omoit
analyses.

3.1SbreenfuimgcaabfurvesgBmnd®matandi ti ons

A. biennisLGAM 436 was able to grow on both PS and EPS foam, regardless of
whether OOMW was added to the culture medium. The ability of the fungus to grow
on PS materials was further supported by evidence of PS degradation, which was

subsequently confirmed through proteoraialyses that identified potential enzymes

involved in the degradatlon proce(ﬁgure 3.1-5).

CONTROL

\A"

Fi g@r-8Gr owtAh dfi enni senLBNMMs dBpF| BBefaif Rdirawist ho f

i ncubati on
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3.Rungal secretome as biocatalyst f

The induction of enzyme expression represented the next stage of this study.
Preliminary induction experiments employing BHET as the sole substrate did not lead
to the discovery of new enzymes with robust Riy@irolyzing activity. This limitation
can be attributed to the substrate specificity of many known BHETases, which exhibit
high activity toward the PE@erived oligomer but display only limited or inconsistent
activity on intact PETwhose higher molecular weight and crystalline domains pose
substantibsteric and energetic barriers to enzymatic at{@ckLi et al., 2023) As a
result, BHET alone may not effectively induce or reveal enzymes capable of acting on
the full polymer structure.

To overcome these constraints, more complex polymeric inducers were
considered. Among them, Impranithe polyestepolyurethane dispersipnhas
demonstrated the capacity to stimulate the production of a wider range of polyesterases,
including enzymes active against diverse substrates such as PCL, PLA, and PET
(Werner et al., 2021)Accordingly, screening with Impranil provides a broader and
more representative approach for uncovering enzymes with versatile pelyester
degrading potential and greater applicability in biotechnological conteatsthese
reasons, in the following experiments Impranil was employed as an inducer for

polyesterase activity.

3. 2Etal uat idoeng roaf duaktlinogn f ungal secretomes i
presence of -SDnprani | DLN

To evaluate the optimal point, where fungal strains show an increased enzyme
expression towards Impranil breakdown, a time coaxgerimentook place. Under
these conditions, Imprardiegradation was correlated with the enzymatic activity in the
culture supernatant, providing some evidence about the enzymes induced in presence
of Impranil. In this study, the esterase activity was monitored during cultivation time,
as esterases are poadinant in estebased PU degradatiod. Liu et al., 2021)
hydrolyzing ester, and in some cases also urethane linkage (Santerre et al., 1994; Smith
et al., 1987), releasing an amine, an alcohol and a molecule of carbon \dagten
et al., 2020)

As shown inFigure 3.2-1, the esterase activity iR. oxysporumBPOP18 and

Aspergillussp. MM36 culture supernatarpeaked after 72 h of induction, almost
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reaching 4 and 2.4 U/mg proteirespectively ConcerningFusariumsp. 1A2, the

esterase activity also peaked atshenepoint exceeding 1.4 U/mg protein

5

| —®— F. oxysporunBPOP18
{ —®— Fusariumsp. IA2
| —#— Aspergillussp. MM36

Esterase activity (U / mg protein in supernatant)

0 24 48 72 96 120

Time (h)
FigBrlEst erase /angt ipviotyi @) ikh. tdey sppreumaBROR1IOf( bl ¢
circles), Fusarium sp. Il A2 (black squares), and Asp
| mpranil during 5 days of incubation.

Even thougtrusariumsp. IA2, Aspergillussp. MM36 andF. oxysporunBPOP18
were identified as putative esteased PU degraders, Impranil degradation does not
confirm urethane bond hydrolysis, as estased PU is more vulnerable to degradation,
due to the ester rather than the urethane bond cleavage (Akutsu et alSciBaRit et
al., 2017). For this reasothese strains were subsequently grown in liquid cultures
using Impranil as the sole carbon source and the extracellular fraction was used as a
biocaalyst for ethetbased PU hydrolysis.

As shown inFigure 3.2-2, the maximum weight loss and numizrerage
molecular mass)( ) decrease observed Bgpergillussp. MM36 secretomavas5s.2
and 4.8 %, respectively. On the other hand, even better results were achieved when PU
powder was treated with the extracellular fraction fréwmsarium strains. More
specifically, the enzymes secreted Bysariumsp. IA2 andF. oxysporumBPOP18,
reducedPU weight by 13.5 and 9.0 %, whii@ decreased by 5.5, and 7.2 %
respectively Figure 3.2-2). In case ofF. oxysporumBPOP18increased esterase
activities coincidewith the maximum degradation yields recordé&iigure 3.2-1),
whereas in case dfusariumsp. IA2 the maximum weight loss was measured after
treating PU powder with the culture supernatant obtained after 48 h of gFaguing
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3.2-1, Figure 3.2-2A). That might indicate that the enzymatic activity that contributes

the most tanaterialdegradation does not necessarily correspond to anasteting
one.

16 9

N 5. oxysporum BPOPIS N 5 oxysporum BPOPIE
14 + C— Fusarium sp. 1A2 8+ 0 Fusarium sp. 1A2
O Aspergilius sp. MM36 [ Aspergillus sp. MM36
I 1
[
= 10T 2 —
z 5 5+ —
z 8 2
2 = 44
= =

j':_mﬁ ﬂ H i,HmH ,ﬁﬁ 1

24 48 72 96 120 72 96 120

Time (h) Time (h)

FigBr2Vei ght | osd,dee)r gars)e a(ndl) of PU powder after us
as biocatalysts during the time course experiment.
to F. oxysporum BPOP18, Fusarium sp. Il A2, and Asper

Based on the degradation yields mentioned above, Bagarium strains were
proved to have higher depolymerizing potential in PU degradation, therefore
Aspergillussp. MM36 was not studied furtheHowever, considering that weight loss
measurement and decrease were similar iffusarium strains, the culture
supernatants were concentrated they get higher, but also similar protein content
(Appendix Table 1), increasing inthis way the chances of succeeding higher
degradation yields and better comparing t}
presented irFigure 3.2-3, prove that the esterolytic activity ¢lusariumsp. I1A2
accompanied by weight loss abd decrease fluctuates at the same levels, as those

observed before the concentration of the extracellular fraction, although the protein
content is now higher.
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Esterase activity (U/mg protein in supernatant)

| —&— F. oxysporunBPOP18 26 + N F. oxysporunBPOP18
—&— Fusariumsp. 1A2 " [ Fusariumsp. 1A2
22
20 +
X
o 18t
1%
O 16 A
5 14+
(]
2 12+
10 +
8 +
6 +
.| H I
t t t t t t 0 —. t t t t t
0 24 48 72 96 120 24 48 72 96 120
Time (h) Time (h)

Fi g@Br-RA. Esterase activity (U/ mg protein) in the st
circles), and Fusarium sp. |l A2 (bl ack squares) afte
PU powder after treatment wimb thbherdengabesiemeret on
concentrated culture supernatants. The dark grey a
BPOP18, Fusarium sp. I A2, respectivel y.

More specifically, the maximum esterase activity did not exceed 1.3 U/mg protein

and it was detected after 48 h of incubation when at the same time the weight loss of

PU powder decreased by 9.1 %. Regardingdthethe maximum recorded reduction
was 8.2 %, and it was observed after using the secretome off@ple 8.2-1). On the
contrary, the esterase activity in the extracellular fraafdheF. oxysporunBPOP18
increased by 1-4old after concentration, almost reaching 5.6 U/mg protein after 72 h.
At the same time point, polymer weight and molecular weight decrease were
maximized, as they were reduced by 2£fgre 3.2-3B) and 20.4 %Table 3.2-1),
respectively.
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Tabld d% T, anfi_decrease after treating PU powder
each time point

F. oxyBRPOP L8N Fus amsipguA?

%0 decr %0 decre %0 decre %0 decr e

0.0 K 0. 8o. 0 ONO. 0 008 0.0
0. 30K 0.\m. 0 0.N0. 1 0.0 . 1
9.2. W 4 .\®. 3 3.N\m. 0 3.N0. 2
20. 8. & 9.N\aL. 0 8. \NL. 0 4 .ND. 8
5.D.19 5.\® . 3 2.\ . 4 2. \®. 3
1. 0.M 6.\ . 8 0.N\D. 0 0.\®. 2

Interestingly, the degradation results accompaniedeb®yme assay data
provide an assumption about the enzymes induced in presence of Impranil, which
probably differ between thd-usarium strains. After concentrating the culture
supernatandf F. oxysporunBPOP18 the esterolytic activity was increased and also
coincided in time with maximum PU degradation yield. On the contrary, in the case of
Fusariumsp 1A2, the highest esterolytic activity measured in the concentrated culture
supernatant is-fold lower when compared to thoseFofoxysporunBPOP18, so it can
be probably inferred that PU breakdown is not only a result of esterase activity, but
more enzymes could synergistically act towards PU degradation. Therefore, the low
esterase activity assay by itself does not provide enough evidence for underestimating
est er as e s p-nitghenyl butyrate B sised to detect mostly cutinases, while
lipases preferentially hydrolyze acyl esters with >10 carbon aigimsiu et al., 2019)

In any case, these different responses betweekubariumstrains can be of high
interest, so the secreted enzymes of both strains in presence of Impranil were identified
by proteomics analysisThese straispecific differences in enzymatic response to
Impranil are of considerable interest and warrant deeper investigatibough both
secretomes were subjected to proteomic analysis, the superior degradation performance
and higher esterolytic activity exhibited By oxysporunBPOP18 identified it athe

most promising candidate, with potential activity toward a broader spectrum of
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polyester substrateBased on the esterase activity profiles obtained at regular intervals

(Figure 3.2-1, Figure 3.2-3) andthe PU properties measured following enzymatic
treatment(Figure 3.2-2, Figure 3.2-3), two time points were selected for harvesting

the mycelia and cul tur e md&heifirattimegoint¢ho)ur s (t
was selected to study the early response of the fungus to the pebesgerimpranil,

while the secreted proteins at the second -fumiat ( t are) expected to act on the

polyetherbased polyurethane.

3.2DAawngrade of LDPE uAspgr g pMM3HEeCr et o me

The secrAestpoeemeg pMM3w6s i nduced by its cultive
growth medium was used for LDPE breakdown,
al kane dggnedataren i nducedydnbygal mormpy ewietnhle
carbon gt &Riompo(>Q009a; W.. Wafntge r& 4S hdaaoy,s 200f1 3i)
the LDPE powder whBR asapatyredcopyngoFdetect
in the mol eEiud @urdAsptpreuncdtiuxt)eFi(gur e
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The spectra fronvirgin PE and PE powder treated with the supernatant of

Aspergillussp. MM36 showed absorptions at 2919 a2 cm’ corresponding to

CH: stretching vibrations and-8 bending deformations respectively (Gulmine et al.,

2002, and their presence is typical in alkafi@aghavan & Torma, 1992)

At the same time,hie spectrum of PE powder, when treated with the culture

supernatant of fungus grown MM/IcAlk solution, is significantly different compared

to those previously describeore specifically,the broad, stretching vibration peak

betweer3200- 3600 cm' confirmsthe presence of oxidized moieties containi@g

groupsfor alcohols/phenol@-. Dai et al., 2023; Georgiopoulou et al., 2Q2dhich are

typical degradation products for polyolefin§he C-O stretching frequencies ranging

from 10721300 cmt indicate biodeterioratiofiGhatge et al., 2020; Satlewal et al.,

2008) which is the first step of the PE degradation mechanism with the following steps

of bio-fragmentation, bieassimilation, and mineralizatiqbey et al., 2020; Mohanan

et al., 2020)More precisely, the peak at 1210'drnorresponds to the-O stretching
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due to the formation aicyl groups, while the peaks at 1070 tare attributed to the
C-0 in the formed alkoxy groups. The formation of the alkoxy groups can be related to
hydroxylation thus providing evidence for PE oxidative degradation. Besides,-The C
O formation could also be attributed to the stabilization obyeradicals; although
hydroperoxides, which are products of the oxidative degradation of PE, decompose
leading to the formation of hydroxyl groups and carbonyl groups or ragReitsoto
et al., 2017)However, during PE biodeterioration, the carbonyl groups (1748 cm
1y are also expected to be formed during biodeterioration mainly due to oxidation by
abiotic factors (e.g., physical and chemical treatm@d)asubramanian et al., 2014)
The strong absorbance intensity of the C=C double bond at 818(Ghatge et al.,
2020) monitored in the MM/IcAlk spectrum, is also related to PE biodeterioration
(Esmaeili et al., 2014and indicates chain scissiofPeixoto et al., 2017)Treating
LDPE with Aspergillussp. MM36 secretomeinduced by its cultivation in MM/IcCAlk
growth mediumresulted in significantly different spectra, providing a strong indication
of the molecular structure modifications, attributed to biodeterioration.

To select optimal time points for proteomics analyses, intensity ratios between the
characteristic peaks of LDPE and newly formed peaks were calculated from the ATR
FTIR spectrgFigure 3.2-4). Speci fically, the peaks at 29
selected due to their typical presence in untreated LQEacs et al., 2021)
Concurrently, the peak aoOstretéhihd) andndicalive t hat ¢
sign of acyl groups formation, was selected as it can be correlated with LDPE
functionalization As presented inTable 3.2-2, the calculated ratios between the
characteristic peaks at 1462 c¢cm T and 2919
conditions fluctuating from 0.30.37. On the other hand, the ratio between the peaks
at 1210 cm T and 29 k9 reacimngithe maximunmevalle@fsen pr o g r €
treating LDPE with the IcAlk_3d secretom&aple 3.2-2). Moreover, this specific
intensity ratio is 2.3old higher when compared to the C16_3d condition, marking the
highest difference between IcAlk and C16 during this tcoerse experiment. This
significant difference suggests that the IcAlk_3d secretaanebe possibly enriched
with different and/or more abundant LDRENverting enzymes. Another noteworthy
point is that the IcAlk_2d secretome, which was also selected for further analysis,
exhibited significantly lower intensity ratios between the peatszat1 0 c¢cm T and 29
cm T compared t o t h-+doldloweAihténsit® rtio)sseiggestng o me (3

that the microorganism has been better adapted towards IcAlk breakdown after 3 days.

70



These preliminary findings indicate that IcAlk_3d secretome could contain proteins
associated with LDPE functionalization. This contrasts with the IcAlk_2d and C16_3d
secretomes, which were utilized as comparative proxies in the subsequent differential
andysis.

T a b3 .€2Calculated intensity ratios between characteristic PE peaks and newly form
ATRFTIR spectra

Intensity ratio Intensity ratio
Sample

1462 cm 1 1210 cm 1 [/
Control 0.35 0.07
IcAlk_1d 0.36 0.11
IcAlk_2d 0.31 0.17
IcAlk_3d 0.31 0.59
IcAlk_4d 0.31 0.39
C16_1d 0.37 0.13
Ci16_2d 0.35 0.08
C16_3d 0.30 0.26
C16_4d 0.31 0.48

3.2DdwngmoddéeS anddE&PISng oiamc Ababi ennwist h
LGAM 436

During culture growth, laccase and LiP activities were measured to gain insight into
theA. biennigesponse in presence of PS. Insoluble materials such as natural or synthetic
polymers cannot directly trigger the induction of depolymerizing enzymes, therefore,
several studies are using elicitors or inducers to activate microbial enzyme machinery
(H. Liao et al., 2014; Ogunmolu et al., 2018; Taxeidis et al., 2028) this reason,
OOMW was also added in some cases, aiming at inducing the expression of oxidative
enzymes(Zerva et al., 2017)activities that are expected to direct the basidiomycete

towards PS degradation.

In terms of enzyme expression, laBtivity was not detected in any of the conditions
studied. This is in accordance with our previous findiffgsva et al., 2023)whereA.
biennisshowed no detectable LiP activity during growth on corn stover, with laccases
being the primary enzymes expressed. Similarly, when PS films were incubated with
biennis only laccase activity was detected, following the same pattern in both presence
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and absence of OOMW. More specifically, the laccase activity was maximized after 20
days of cultivation in all conditions test€d i g B r.-%), with OOMW increasing
enzyme expression by 2f@ld, reaching almost 1000 mUnits/mL of extracted enzyme.
The enzymati@activity observed after 10 days of cultivation in all conditions tested was
significantly lower, likely indicating that the microorganism was initially adapting to the
less nutrienenriched MM, which contained only inorganic salts and no other added
carba other than polystyrene. Following this period, oxidative activity increased, but
after 30 days, expression levels were similar to those measured in the beginning of
culture. This suggests that the microorganism may have entered the deatbrghase

cels focusing on assimilating the oxidized compounds.

When commercial EPS foam was incubated with the basidiomyeetey @ r-58),

the enzymatic activity measured was much lower compared to PS film. In the case of
EPS foam, maximum enzyme activity was observed after 10 days of cultivation,
followed by a decline at 20 days; after which the activity fluctuated at the same levels
through 30 days. The only exception to this pattern was observed in the case of EPS foam
supplemented with OOMW, where enzymatic activity, although remaining low,
gradually increased over the cultivation period. However, analyzing all the experimental
datasetsthe maximum activity measured is not as high as expected, given OOMW's
known potential to induce oxidoreductase activity. The reduced enzymatic activity
observed in EPS foam can be attributed to several factors, primarily its thickness. In
contrast to th thin polystyrene film (0.1 mm), the thicker EPS foam (0.5 cm), hinders
effective contact between the basidiomycete and the medium, delaying fungal growth
and resulting in lower protein extraction after cultivation. Additionally, the penetration
of fungalhyphae into the structure of EPS foam may cause protein entrapment within

the sample, further reducing extraction yields from the medium.
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added to boost protein expression towards phefradtt substrates. Standardediation (SD) results

were obtained from 3 biological replicates, each with 2 technical replicates.

Comparing the activity results to other basidiomycetes mentioned in the literature, it

can be concluded that laccases are commonly expressed in avidtbrownrot fungi

such asP. chrysosporiumP. abolenesandA. bisporus when grown in the presence of

PS polymefHock et al., 2019; F. Wu et al., 2023his fact was expected, since laccases

are among the most important ligractive enzymes expressed by basidiomycetes

(Janusz et al., 2020Another significant observation is that in the presence of PS or

similar structures, like PS sulfonate, the basidiomydetefirysosporiunandTrametes

hirsutaadditionally secrete lignimodifying enzymes such as LiP and Mirueger et

al., 2015; F. Wu et al., 2023\hereasin our caseA. biennisis largely dependent on

laccase activityZerva et al., 2023).

At each intervalapart from enzyme activitieBS breakdowmwas assessed by first

examining surface modifications, as these provide key indicators of the ongoing

degradation proces&PS samples were not subjected to surface analysis, as fungal

hyphae had penetrated the pores of the EPS foam material, which would have resulted

in misleading results related to fungal biomass. More specifically, the surface of the PS

films revealed subantial modifications upon 2Gand 30 d ay s 6

t rFigulaet me nt s

3.2-6a and Figure 3.2-6b). Samples removed after 10 days of cultivation were not

analyzed, as the low enzymatic activity and limited biomass growth during this time
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were not expected to yield significant results. The preliminary insights into the surface
morphology of untreated and degraded PS filigure 3.2-6a) were achieved by
optical microscopy. Surface deterioration and fissures are the initial and important
indicators of polymer degradation, especially when it comes to microbial degradation,
which mainly occurs through the surface erosion mechanism. F®mitrographs
presented irFigure 3.2-6, the surface erosion was visible by less pronounced marks
from the extrusion process and quite clearly visible for the PS film when culture was
supplemented with OOMW after 30 days of incubation, where sditeechorphology

was also observedrigure 3.2-6a, C2).

RMS =35.5 £ 0.11 nm RMS =22.7 £ 0.15 nm RMS = 23.0 £ 0.23 nm RMS = 27.0 + 0.08 nm RMS = 21.9 + 0.20 nm

FigBr& a) Surface morAdMhMIiongayg easn do f( buynt3rbeat ed PS fil nm
films after 20 days (B1l) and 30 days (C1) of incuba
PS films from cultures supplementefl wnthb®OMWNafisea
shown. The inserted calcul ated RMS values were calc
presented as means N standard deviation (SD) of thr
PS films (n = 3).

However, the more precise morphological changes of degraded PS samples were
identified by AFM analysisKigure 3.2-6b). Observation of untreated PS film revealed
a relatively plane surface with few beads, as indicated by theyigllotv areas, which
point to higher regions on the surfaédter microbial treatment, the surface of PS films
was significantly modified based on the calculated RMS. More specifically, in the
presence of OOMW after 20 days of cultivatiéiglre 3.2-6b, C1), holes and fissures
were formed on the PS surface, while with prolonged time of exposure, the surface was
quite eroded, which is in accordance with other literature refiatghavi et al., 2021)
Regarding the RMS valuesFigure 3.2-6), the surface roughness decreased
significantly after 20 days of cultivation, showing a 38 % reduction after 30 days. This
observation can al so be supported by Debel
becomes smoother due to microbial degraddfabela et al., 2022YWhen correlating
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the PS surface modification results with the oxidative enzyme activity described earlier,
it is clear that the high levels of laccase expressed after 20 days of cultivation caused
the most significant damage to the PS films. The decline in enzyme aefitaty30

days corresponds with the RMS results, as no significant changes were observed
beyond 20 days of incubation.

The FFIR spectra of the control and treated samples were used to confirm the
microbial degradation of the PS film. For the reasons mentioned before, EPS samples
were not subjected to ATR analysis in this case either. Concerning the PS film spectra
obtainel, the recorded peaks were typical for PS. More specifically, characteristic peaks
at 695 crh! and 752 crit correspond to aromatici € bond, while peaks at 1450, 1492,
and 1600 crit indicate aromatic C=C bond stretching vibrations of the benzene ring
(Figure 3.2-7). Furthermore, peaks at 2849 and 2919'amarrespond to aliphatic iC
H bond(H. R. Kim et al., 2024; Nayanathara et al., 2018)

Analyzing the spectra, it was evident that the peak at 69% anderwent the most
substantial intensity decrease, especially in PS samples removed from cultures
supplemented with OOMW. In more detail, the peak intensity attributed to aroratic C
H bond decreased by 22 %, 48 %, and 61 %, after 10, 20 and 30 daystivelype
which is again consistent with laccase expresdtogufe 3.2-5). Similarly, the peak
intensity in cultures without OOMW had maximum decrease up to 20 %, just after 30

days of incubation.
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To better interpret the results, the Cl was calcul@dedez et al., 2019As shown
in Figure 3.2-7D1, 24D2, the absorbance at 1667 'chs increased when compared to
the untreated sample, a peak which corresponds to the formation of carbonyl groups
due to oxidative modificatioNayanathara et al., 2018imilar findings were also
observed in our previous stug¥erva et al., 2023)as a new peak appeared slightly
displaced at 1656m' lafter enzymatic action. Considering the ClI, this showed only a
modest increase (fbld) after 10 days and then remained unchanged throughout the
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remaining 20 days, irrespective of the presence of OOMWure 3.2-8). This

suggests that mycelial growth leads to the formation of carbmmthining

intermediates, already from the first days of incubation, with no significant changes
afterward. This could indicate thatd the mi

or that the oxidation process is primarily surféeeel and slows down over time.

0,18
| —@— Culture - OOMW
® - Cultures + OOMW
0,16 +
e
=
=
g
<
[~
&
0,14 +
0,12 H : ; :
0 10 20 30
Time (days)
Figgr& arbonyl index of PS film when incubated with
absence (solid Iine) of OOMW after 10, 20, and 30 d

The molecular weight of PS samples was measured at each point to assess the
extent of degradation. GPC analysis of the PS film showedithat) and 0
remained unchanged during the first 20 days of cultivation. However, after 30 days, all
three values decreased by approximately {Bigure 3.2-9, Table 3.2-3), indicating
a shift in the molecular weight distribution (MWD) towards lower molecular weights.
This suggests that chain scissioocursthroughout the polymer sample, with the
expressed enzymes acting uniformly across the MWD, rather than selectively targeting
the smallest or largest chains. This uniform action across the polymer chains also
explains the lack of change in the Polydisggreidex (PDI). Notably, the molecular
weights decreased by similar levels in both the presence and absence of OOMW,
indicating that OOMW did not significantly enhance polymer downgrade. By
correlating molecular wght results with the other measurements presented earlier
(Figure :3), we can conclude that there is a delay between the peak enzyme expression

and the reduction in PS molecular weight. High titers of laccase measured after 20 days
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of cultivation resulted in a delayed molecular weight decrease just after 30 days,
suggesting that oxidative modifications require more time to manifest in a measurable

reduction in molecular weight.

Table3.2-3 Number average molecular weight () and weight average molecular weight () of PS film (A) and
commercial EPS foam (B) during 30 days of cultivation

(A) PS film
Incubation time . .
Sample 0 (g/mol) 0 (g/mol)
(days)

0 Untreated PS film 103027 214076
10 PS film 102131 + 2185 211614 + 2526
PS film + OOMW 103833 + 1188 213127 + 798
PS film 105378 £ 921 215930 + 1204
20 PS film + OOMW 104752 £ 993 213165 + 857
PS film 89775 + 925 187975 + 1583
30 PS film + OOMW 91521 + 3230 192812 + 5074

(B) EPS foam

0 Untreated EPS foam 131854 242652
EPS foam 113794 + 2081 234938 + 1280
10 EPS foam + OOMW 112980 = 1504 232503 + 430
EPS foam 109942 + 2265 232003 + 1728
20 EPS foam + OOMW 106344 + 1034 225233 + 1386
30 EPS foam 110251 £ 724 233114 + 2761

EPS foam + OOMW

110316 + 1035

232588 + 371

For the treated EPS foand, and0 decreased by 13.7 and 3.2%, respectively,
after just 10 days of cultivation, with no significant changes during the remaining
incubation period, indicating that degradation ceased beyond this(pabie 3.2-3).

The maximum reduction iB , reachingl9 %, occurred after 20 days in the EPS
sample supplemented with OOMWhereas the maximum reduction in was

similar in both the presence and absence of OOMW, reaching 4.4%, also after 20 days
of incubation(Figure 3.2-9). Regarding , OOMW appeared to enhance the cleavage

of the longest polymer chains, as a 1.4% reduction was observed as early as 10 days in
the OOMWsupplemented sample, while the maximum redudqdd® %)was recorded

after 20 days, also in the EPS sample with OOMW supplement@taiie 3.2-3).

Finaly, following the same pattern recorded in the PS film experiment, the maximum
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molecular weight decrease of EPS foam was delayed compared to the day that the
maximum enzyme activity was observed.

These combined values suggest that in case of EPS, the downgrade process is not
uniform across all polymer chains. Instead, it is preferentially affecting the smaller
chains, with the longer, heavier chains been less affected, leading to a broader
molecular weight distribution and more heterogeneous sampleigure 3.2-9C,

Figure 3.2-9D). When comparing PS and EPS forms, it becomes clear that EPS is more
readily impacted, but through a different mechanism. The pattern observed in EPS foam
suggests that this material has more accessibleei¢aagled polymer chains, while

the longer, morentangled chains are more resistant to microbial attack. Over time, the
sample shows increasing fragmentation, though the larger molecular weight chains
degrade more slowly. This finding is particularly significant given that EPS foam is a
major waste prauct, widely used in packaging and insulation, with very low recycling
rates(Hidalgo-Crespo et al., 20227 he ability to downgrade EPS foam, even partially,

not only highlights a promising pathway for waste management but also underscores
the potential of fungal enzymes in addressing the challenging environmental issue.

Considering other research studies, Wu et al., showed that the white rot Rungus
chrysosporiumsignificantly degraded PS films when grown on {oarbon Potato
Dextrose Agar plates. After 35 days of incubation at 30°C, the fungus reduced both the
weight and molecular weight of the films by up to 20% and 33%, respectively.
Additionally, as in our cas the PS film spectra revealed new peaks corresponding to
hydroxyl and carbonyl groups, which increased the hydrophilicity of the mat€rial
Wu et al., 2023)The observed differences in the effecPothrysosporiunon PS may
be attributed to the different enzymatic machinery possessed by this fungus, but also to
the fact that the growth medium used in their study boosted microorganism growth and

enhanced response compared to the MM used in our experiment.
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Regarding mass loss, the weight reduction of PS films across different samples
showed large SD, while fungal hyphae had penetrated the pores of the EPS foam
material. These factors collectively limited our ability to draw reliable conclusions from
the weidnt loss measurements.
3.883ecretome analysis of potential p
After developing a novel screening meth
potenti al of fungal secretome, the secrete
identi fied. Secreted protein i dentificati
enzymesi,ngma ncrement al progress toward pl a

effective green

technol ogi es.
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Regarding the secretome lefisariumsp. IA2, the analysis detected 70 proteins in

total, from which 52 (74 %) were predicted to be extracellular or memiaured.

Interestingly, 3 cutinases, a lipase, and a peptide hydrolase belong among the 10 most

abundant detected enzymes. At this poinis iivorth mentioning that proteases form
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the largest group of the secreted enzymes, which is consisted oftgparm metallo
proteases witlende andexc activity ( Oz sagi roglu et al ., 2012;
2020) Regarding the enzymes with esterolytic activity, only 7 were detected in the
fungal secretome and were identified as cutinases, lipases, and carboxyl ester
hydrolases.

Surprisingly, in botlFusariumsecretomes, proteasa® dominant compared to the
other enzymes identifief(Figure 3.3-1). This discovery is of high significance since
the detection of protease activity in culture mediums supplemented with a polyester
polyurethane dispersion, such as Impranil DLN is not so frequently regéitetez
Barragan et al., 2016; Khruengsai et al., 2022; K. Zhang et al., ,2622) though
proteases are referred to be more effective than esterases in PU degradation
( Skl eni | k ov. B any tasethe large nuinbe2 @f the detected proteases can
be justified, if we consider that the main product of the urethane bond hydrolysis after
esterase or protease action is an anfMagnin et al., 2020Q)so the secretion of

enzymes with proteolytic activity is expected to be induced.

A Fusarium oxysporum BPOP18 B Fusarium sp. 1A2

Esterases: 14 (8%

[Proteases: 23 (13%) |

Proteases: 14 (27%,

Oxidoreductases: 25 (14%) |
Oxidoreductases: 7 (14%)

Other: 114 (65% Other: 23 (45%

Br-BComparative analysis of the secreted enzymes
P18 (A) and Fusarium sp. I A2 (B).

Overall based on the enzymatic activities induced in presence of Impranil, it can
be assumed that ethbased PU degradation, was caused after urethane bond cleavage.
Simultaneously, the same enzymatic activities can degradebested PU and the
intermediate pducts can be subsequently utilized, providing a carbon source

necessary for fungal growth. The esterase activityrusarium sp.lA2 culture
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supernatant was not as high as in the case okysporunBPOP18, a fact which is

also justified by the proteomics analysis, since proteases form the largest group in
Fusariumsp. IA2 secretome. However, this does not necessarily mean that the PU
degradation mechanism between theseRugariumspecies substantially differs, as it
seems that in any case, the complete degradation demands an enzymatic mixture,
consisting of both esterases and proteddeserthelessk. oxysporunBPOP18 was
further selected fordifferential proteinexpression in ordeto identify potential
biocatalystdor heterologous expressias its higher esterase activity renders it a more
suitable candidate with potential applications in the degradation of a wider range of
polyesters

Regarding the differential protein expressionFobxysporumBPOP18 grown in
MM and Impranil® DLN-SD, samples collected after 40 and 66 hours of incubation
were subjected to LKMS/MS analysis. The 6Bour samples yielded slightly greater
MS/MS spectral information and a higher protein identification rate, although both
conditions produced comparable numberglentified peptides.

In total, 1,086 proteins were identified, of which 58% were predicted to be
intracellular and 24% extracellulaMany of these proteins were likely involved in
intracellular processes, such as ribosomal proteins and histones, possibly due to cell
lysis during sample preparatidBengtsson et al., 2016)able 3.3-1 displaysthe
abundance of various extracellular protein families detected in the secretome in the
presence of Impranil. Notably, among these proteins, amidases, proteases, esterases,
and oxidoreductases are enzymes known to have ptagti®e membergNikolaivits
et al., 2021)

Tabld dAbundance of extracellular protein fam
Protein famil MS detecln genor% detec
ami dases 4 17 23.53
esterases 32 127 25. 2
oxi doreductas 40 151 26. 49
proteases 54 159 33.96
uncharacteriz 111 653 17
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As described abovéhe most abundant enzyme groaso in this casewas the
proteases, constituting the highest percentage (33,96#6wed by oxidoreductases
(33.96%) andesterases (25.2%)pmpared to the entire genome. On the other hand,
uncharacterized proteins had the lowest percentage compared to the genome. These
proteins could not be assigned to any specific protein family and lacked known protein
domains, suggesting that this groupyrcontain errors in gene models or represent
novel protein sequences.

Only 18 proteins were differentially abundant expressed and split equally between
upregulated and downregulatdédgure 3.3-2). This small number is an indicator that
the secretomes of these two timepoints have similar protein content and distribution of

protein abundances.
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Among the nine proteins that exhibited increased abundance at-tlmid@me

point, three were identified as esteraSeable 3.3-2). No esterases were upregulated

at the later time point, suggesting that these enzymes are primarily associated with the

early response of the fungus to the ebtsed Impranil substrate. At 66 hours, the

differentially abundant proteins included two oxidductases and two proteins of

unknown function(Table 3.3-2). Based on these findings, the selection of potential

polyetherbased PWUdegrading enzymes focused on those induced in thieo66

secretomes, as enzymes active at this later stage are likely responsible for the enhanced

degradation of polyethdype PU obsered inFigure 3.2-3, or on proteins displaying

consistently high abundance at both time poiMsreover, theidentified proteins

underwent a thorough search for homologs ptdsticactive enzymes. Utilizing

sequences from biochemically characterip&s$ticactive enzymes obtained from the
PlasticActive Enzymes Database (PAZyBuchholz et al.,, 2022)we conducted
BLAST searches.

T a b3 .€F. oxysporum BPOP18nzymes selected after the differential expression analysis

proteinid Protein Class uniprot Identifie  Identified theoretical protein MS_av MS_avgA
d PSMs _trypsin_ _length gAbd _t bd_t2
peptides peptides 1
Cutinases
Cutinase
AOA2H3GLG6
g011918R1 (FoCut59 10 550 13 230 30,39 23,71
g005596R1 Cutinase W9JGM1 6 228 10 265 27,15 27,49
g013034R1 Cutinase WaJIS6 271 9 221 29,05 27,90
g011490R1 Cutinase X0CLGO 11 1223 15 234 33,01 26,80
Amidases
Intracellular
. AOA2H3FXB8
g003877R1 amidase 2 3 36 539 20,97
g015072R1 AB hydrolase X0B838 10 225 19 310 26,92 27,68
Neutral
) XOCRT1
g007121R1 ceramidase 4 40 748 22,05
g011422R1  Amidohydrolase X0C5G0 4 44 18 326 2490 25,82
g011238R1 Amidase AOA2H3GFJ3 3 34 585 22,41
Imidazolonepropi
onase with urease A0A2H3HICE
g003736R1 domain 1 1 34 656 24,44
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Other esterases

AOA2H3G048

g004028R1 EsteraseRoFaeQ 1 2 25 558 22,73
g002126R1 Carboxylesterase  XocRrT7 6 28 22 584 25,33 16,44
g008200R1 Carboxylesterase  xoBk26 9 33 22 600 23,09 24,63
g005473R1 Lipase B X0BZR1 3 7 20 467 23,78
Oxidoreductase
g003332R1 Tyrosinase 21 870 35 572 29,93 28,13
g003744R1 Tyrosinase 8 75 16 403 26,14 21,41
g003469R1 Tyrosinase 5 77 19 392 23,62 25,84
g007967R1 AAl 3 5 46 39 659 24,40 24,90
g0117406R1 AAl 3 3 3 37 658 23,63 22,42
g006615R1  Peroxidase AA2 3 17 20 510 23,27 19,88
FAD-linked
XO0D6W6
g008742R1  oxidoreductase 14 554 23 505 29,08 28,59
FAD-linked
) X0BR40
g015052R1  oxidoreductase 26 692 30 495 29,62 28,34
Intradiol ring:
cleavage XOCBB1
g003754R1 dioxygenase 3 19 9 370 24,25
Intradiol ring:
cleavage XOBZES
g014040R1 dioxygenase 4 65 11 368 22,70 26,59
Protease
g015794R1 Serine protease XO0KSJ8 32 1817 34 659 30,78 31,30
Serine
] X0D5G9
g008692R1 carboxypeptidase 2 7 27 676 24,44
Secreted aspartic
. AOA2H3HTE9
g002340R1 endopeptidase 1 2 15 494 19,11 23,63
Secreted aspartic
. AO0A2H3GTQ6
g003039R1 endopeptidase 2 34 29 681 22,93 24,57
Secreted aspartic
g002870R1 endopeptidase XOCUX2 1 9 21 516 23,74 23,16
Peptidase ADAZHIHQQ9
is identical but
g004532R1 M3A/M3B 200 aa shorter 8 25 60 950 23,05 24,38
Median Protein
Intensity 25,78 24,71
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According to this rationale, cutinase g011918, which was strongly induced during
the early response to the polyedtesed Impranil substrate, was selected as a candidate
enzyme for the degradation of polyestgve polyurethane. This enzyme corresponds
to the previously characterized PHlEgrading cutinasEoCutba (Dimarogona et al.,
2015) thus highlighting its potential as a versatile biocatalyst capable of acting on
various polyester substrates. MoreovieoCutba shares 73% protein identity with
9013034, which was the most abundant enzyme at t®dOtime point and among
the most abundant overall. A second cutinase, g011490, also exhibited significant
sequence similarity td-oCutba, sharing 67% identity, and was among the most
abundant proteins detected in the secretome.

Another enzyme selected for heterologous expression was the esterase g004028,
detected exclusively in the @®ur secretome, suggesting its involvement in later
stages of polymer degradation. This enzyme is a taslikasteruloyl esterase (FAE)
previouslydescribed in the literature &®FaeC(Dimarogona et al., 2020; Ferousi et
al.,, 2023; Topakas et al., 2008phown to release hydroxycinnamic acids from
hemicellulose and pectin by hydrolyzing ester bonds linking these acids to L
arabinofuranoseontaining polysaccharidedopakas et al., 2007)The MHETase
from ldeonella sakaiensjsthe only known MHEThydrolyzing esterase producing
terephthalic acid (TPA) and ethylene gly¢Blalm et al., 2019)also belongs to the
FAE-like enzyme family(Knott et al., 2020pand is a structural homolog &bFaeC,
with aZ-score of 35.0 and a ReMeanS quar e Devi at i o(RerosRMSD) of
et al., 2023)These structural and functional similarities further support g004028 as a
promising candidate enzyme, BsFaeC has also demonstrated activity toward other
polyester substrates.

Amidases and endopeptidabase been proposed as key enzymes involvé&dlin
degradationJ. Liu et al., 2021)Accordingly, one abundant and reliably quantified
secreted amidase, detected at both time points with multiple peptides, and one
endopeptidase were selected as potential candidates for this mode of action. In addition,
a serine proteasghich wasamong the most abundant proteins in all Imprarduced
secretomes and lacking homology with any previously characterized pnwesredso
selected. Finally, a highly abundant tyrosinase detected at theus@ime point was
included, as members of this enzyrfamily have recently been reported to exhibit
etherase activityOates et al., 2021)
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3.3PRoteomics analysis of the secreted

Theextracellular fractiomf Aspergillussp. MM36grown in the presence of MM/C16
for three days and in presence of IcAlk for two and three days was collected in triplicates and
subjected to L&MS/MS analysisThe resltswere searched together against the proteome
of Aspergillus transmontanengigP000325433, 14,200 sequences) with MaxQuant.

A total of 20.7 % of the total MS/MS spectra were successfully assigned to peptides
in the protein database, identifyisg230 peptides that compiled 1,096 proteifise
growth of Aspergillussp. MM36in the presence of ICAIk for three days induced the
richest secretome, which included almost all quantified proteins. Conversely, the
second day showed the fewest proteins in the secrefidmase results indicate a clear
substrateand timedependent pattern of protein secretion, with only about half of the

proteins being constitutively secreted under all tlwa@sditions(Figure 3.3-3).

C16_3d

IcAlk_2d IcAlk_3d

Fi g @ r-B/enn diagram of protein quantification overlap between substrates

Table 3.3-3 summarizeshe abundance of major extracellular protein families in
the secretomes AAspergillussp. MM36 and compares their representation to that
predicted from the genome. Notably, amidases, proteases, esterases, and
oxidoreductasesvere identified. which are known as plasticactive candidates

(Nikolaivits et al., 2021)midases were the most underrepresented, with only a single
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member detected in the secretomes, whereas proteases and oxidoreductases were the
most abundant, a pattern consistent with that observed in the secretorfes of
oxysporunBPOP18Table 3.3-3).

Table 3.3-3 Abundance of extracellular protein families Aspergillussp. MM36 secretomes and in th

genome
Protein family MS detected In genome % detected
amidases 1 12 8.33
esterases 26 146 17.81
oxidoreductases 27 149 18.12
proteases 28 125 22.40
uncharacterized 47 363 12.95

Considering the enzymes whose activity can be attributed to IcAlk degradation,
unspecific peroxygenases (UPOsan be considered as potential candidass
extracellular heme proteins that catalyse varioud @xyfunctionalization reactions
using hydrogen peroxide as an oxygen dqfaiza et al., 2019)UPOs are classified
in InterPro as members of the chloroperoxidase protein family (IPROO(P2g3an
Lafosse et al., 2023The genome oAspergillussp.MM36 encodes five extracellular
chloroperoxidases; among these only RU639 007575 was detected in our experiment
and was induced in IcAlk_3d secretomes. RU639 007575 is a short UPO of 27.5 kDa
that contains the characteristic PCP (ProfiysteineProline) amino acid motif for
hemebinding, as well as the EHD (Glutamdtiéstidine-Aspartate) motifMoreover,
the proteomics analysis revealed an increased productidouofflavin adenine
dinucleotide (FAD)Xependent oxidoreductases enzyme which belongs tloe AA7
family of CAZy databas¢Table 3.3-4). EspeciallyRU639 005614s differentially
abundant in IcAlk_3d compared to IcCAlk_Zdable 3.3-4). Another monooxygenase
of interest is CYP505A3, secreted exclusively in IcAlk_3d. Members of the CYP505
family of the cytochrome P450 monooxygenases are considergdrsubal fatty acid
hydroxylases, while CYP505E3 frof. terreuscatalyses also the regioselective in
chain hydroxylation of CHT16 nalkanegdMaseme et al., 2020)

T a b3 .@3Aspergillussp. MM36 enzymes detected after the differential expression analysis

pr ot ei nl ProteinClass proteinavgAbd_ ¢l ogFC_al k _:
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RU639_01MCO AA1_3 589 27,66 3,53

RU639_0CMCO AAl 593 27, 38 1,99
RU639_O0OCFAD bi 384 29,55 3,01
reductase
RU639_ _OCFAD oxidasb501 28,55 3,50
RU639_0CCytochr ome 448 27,13 2,08
redutti &ee
RU639_OCFAD oxidas 486 25 87
RU639_O0O1FMMNoinding 289 25,26 74
barrel
RU639_0CChl oropero240 24, 43 2,48
RU639_ _OCFAD oxidas 497 24,27 2,29
RU639_ _OCFAD oxidas502 24, 21 1,61
RU639_0O0OCUncharacte338 31,59 2,03
RU639 OCUncharacte3d6l 29,67 3,40
RU639 0OCUncharacteilb54 29,58 2,37
RU639 OCUncharactel29 28,80 2,53
RU639 0OCUncharactel113 28,79 4,40

Another possible explanation for the LDPE modification after its treatment with
the culture supernatant in presence of IcAlk can be also attributed to reactive oxygen
species (ROS)Alkane hydroxylases @rcome the low chemical reactivity of the
alkanes by generating reactive oxygen species (RR&p, 2009b) a strategy also
proposed for PE oxidatidiZadjelovic et al., 2022)Interestingly, a similar mechanism
of LDPE degradation was also described in the case of the marine bacterium
Alcanivorax sp., suggesting that several secreted oxidoreductases can generate
extracellular ROS, although no homology with already characterized superoxide
generating enzymes was foufthdjelovic et al., 2022) The proteom&P000325433
of A. transmontanensisontains a transmembrane NADPH homologous to an oxidase
of Aspergillus nidulangble to generate RQ&araOrtiz et al., 2003)As observed not
only by Zadjelovic et al. but also in our case study, the hypothesis of LDPE oxidation
by ROS is also strengthened aftdetecting high induction ofthree superoxide
dismutases in IcAlk_3d compared to IcAlk_2d. These enzymes help control ROS
levels, protecting the fungus from oxidative stress and preventing enzyme ink(ifition
Zhang, Hao, et al., 2020)

In addition, three members of the hydrophobic surfsinding protein A (HsbA)

family (IPR021054) were identified with comparable abundance across conditions, one
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of which contains a GPI anchor linking it to the cell wall. HsbA proteins have been
implicated in longchain fatty acid binding and stora¢@. Liao et al., 2010)and in
mediating polymer degradation by recruiting cutinases to hydrophobic substrates such
as PBSA(Ohtaki et al., 2006)Cerateplatanins, another family of surfaeetive
proteins that reduce the hydrophobicity of plasiiGao et al., 2020Q)were also
detected; one of the two encoded ceyaltianins was constitutively secreted in all
conditions.

Overall, these findings highlight thaspergillussp. MM36 responds to loachain
alkanes through a coordinated oxidative and sumfaodifying enzymatic system,
combining ROSgenerating enzymes, peroxidases, and hydrophobic stifadieg
proteins. This integrated response likely enhances substrassadmlity and initiates
oxidative polymer breakdown, underscoring

of hydrophobic plastics such as polyethylene.

3. 3A3 bikeenyniesnzymes involved in PS fungal

To study the genetic features underlying this capability and to facilitate subsequent
proteomic analyses, we first performed whgnome lllumina sequencing, assembly
and annotation. The genomeAfbiennisLGAM 436 comprises 809 scaffolds and is
33.7 Mb long. It encodes 12,083 proteimding genes, demonstrating 98 %
completeness at the proteome level as per BUSCO analysis. The repeat content in the
genome is 4.60 % based on RepeatMasker. There is onbtloerepublished genome
of this species, the gemz of A. biennisCIRM-BRFM 1778, with a genome size of
33.1 Mb, proteome completeness of 96.6 %, and a repeat content of {-&g)@oet
al., 2021)

In total 19.9 % of the MS/MS spectra were successfully assigned to peptides in the
protein database, identifying 11,599 peptides that aggregated to 1,467 proteins. After
applying a filter for proteins present in at least two replicates of any conditk88 1,
proteins were reliably quantified. Of these, 33.8 % were predicted to be extradellular
2.9 times higher than the proportion of extracellular proteins in the total protedme of

biennis

The secretome composition across all samples was highly similar, with 85.5 % of

guantified proteins shared across all three substriaiggré 3.3-4).
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glucose PS film

EPS foam
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This is not surprising, since plastics are known to be unable to act as inducers of
the expression of lignocelluloskegrading enzymes, due to their inertness and high
MW. Glucose had the fewest quantified proteins, with 11.2% been absent. When easily
metaolizable compounds like glucose are available, filamentous fungi initiate carbon
catabolite repression (CCR). This phenomenon has been obserdsdamycetes
such asAspergillus nigerand Trichoderma reeseiwhere CAZyme synthesis is
suppressed in thergsence of glucosé&iesenhofer et al., 2016)Vhereas we did
observe a reduction in the overall number of secreted proteins in the presence of
glucose, this was not specific to CAZymes, since the portion of CAZymes absent in
glucose samples was only 5.3 %. A similar reduction in the secretofndéieinnisvas
previously demonstrated in the presence of xyl@&erva et al., 2023)another
monosaccharide activating CGRrathumpai et al., 2004)

The genome oA. biennisencodes 383 CAZymes, a number close to the median of
386 found in the members of tRelyporalesorder available in MycocosiGrigoriev
et al., 2014) Excluding glycosyltransferases, which are primarily intracellular or
membraneassociated, 59.9% of the encoded CAZome was reliably quantified in the

secretomes, despite the absence of lignocellulosic substrates. This suggests that many
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secreted CAZymes are constitutively expressed and/or that glucose, a lignocellulose
derived compound, may induce certain cellulolytic enzymes. Consistent with previous
findings(Zerva et al., 2023A. biennissecretes a wide array of CAZymes targeting all

major components of lignocellulosic biomass, including cellulose, lignin, starch, pectin,
and hemicell ul oses such a-glucanfriguaer8.35) mannan,
E)

313 . absent

. quant

412
4/15

T T
20 30

B)

L

[&]

I
G
C)
g
10/23

oy

[=]

@

a 15/20

Q

<

o] 10 20 30 4] 1'0 2I0 3IO
Number of proteins Number of proteins

Fi gBr-8CAZymes encoded in the genome (blue bars) an
(orange bars). A) Auxiliary activities (AA) at the
family 1|1 evel C) Pol ysacchar i dcee sisyaceetsa b(gRLi)c aptr ott lee 1
including -wiamdiomy dmad el es (CBM) and expansins (EXPN
the family | evel

Among CAZyme classes, auxiliary activity (AA) enzymes were the least
represented, with only 40% detected. This pattern aligns with othermhitengi, in
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which families such as AA14 are frequently abg&ijpornyongpan et al., 2022The

AA9 LPMOs formed the largest AA family, comprising 19 memBenggher than the
median of 16 irPolyporale® with seven quantified in the secretomEgy(ire 3.3-5).
Although the direct involvement of LPMOs in plastic degradation remains unproven,
their structural features, including hydrophobic surfaces and exposed active sites, may
facilitate interactions with plastic substrates. LPMOs may thus act as hydrophobins,
enhancing PETase performance during PET hydroly&Borréa et al., 2024)The
expression of LPMOs may be inducedAybiennis as an important part of the fungus
potent oxidative system, secreted in response to the presence of recalcitrant polymeric
materials in its environment.

The AA families capable of oxidizing lignin-C bonds, such as laccases and
peroxidases, are of particular interest. Lignin resembles certain plastics like PS in that
it is not hydrolyzable and possessing structural elements such-gb@oolic aromatic
rings, @ C and various ether bonds. However, the redox potential required to break the
C-C backbone of PS is considerably hig{t@mueger et al., 2015)

In this context,A. biennissecretes 15 peroxidases, including four AA2 family
members, five cytochrome P450s, one chloroperoxidase, and three peroxiredoxins.
Notably, two AA2 peroxidases, both annotated as manganese peroxidases (MnPs),
were detected exclusively in Rffown culturegFigure 3.3-6). All AA2 enzymes inA.
biennis are Mnoxidizing, with no lignin or versatile peroxidases encoded in its
genome. MnPs are considered ancestral ligninolytic peroxidases, capable of oxidizing
phenolic lignin, and may contribute indirectly to PS degradation through redox
mediators(Ayuso-Fernandez et al., 2019urthermore, one membrabeund P450
monooxygenase (ABKN59_ 0058Ri) was detected only in the presence of PS
(Figure 3.3-6). Given the known role of P450s in the oxidation of recalcitrant aromatic
compounds, including lignifWolf et al., 2024)their activity is plausibly linked to the

initial oxidative attack and hydroxylation of PS polymers.
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Regarding AAL laccases,. biennisis a potent producer, since multiple laccases
were detected, in all tested conditions. Fhebiennisgenome encodes nine laccases
and laccaséike enzymes, all of which had detectable peptides in our experiment.
However, four of these were not quantified due to shared peptides with other laccases,
resulting in protein grouping where only the protein il most peptides is quantified
(Nesvizhskii & Aebersold, 2005)This phenomenon is prevalent amofhgbiennis
laccases due to high sequence conservation, with members of the same protein group
sharing more than 70 % amino acid identity. Notably, the two laccases discussed in
Zerva et al(Zerva et al., 2023\ere the most abundant, wilbiLac2 among the top
10 proteins in EPS foam ambiLacl among the top 20 in PS filnki§ure 3.3-6).
Considering all the other enzymes found to be secreted in the presence of PS, we may
assume that laccases, and espechdiiiacl, are the main enzymes responsible for the
oxidative damage to the PS polymer incurred frAmbiennis while the concerted
auxiliary action of other oxidases may also facilitate degradation. Moreover, laccase

activity was also measured in enzyme assays, and their expression was timely corelated
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with the observed modifications in PS. Alsb, biennisencodes only one AAl1 2
ferroxidase, a trait shared by m&stlyporaleqGrigoriev et al., 2014)This ferroxidase
was secreted under all three conditions.

Aside from oxidases, the CAZy class with the highest representation comprised
carbohydratéinding modules (CBMs), of which 83.0% were quantified by mass
spectrometry. The most abundant was the cellthasging CBM1 family, represented
by 28 quantified mabers(Figure 3.3-5). The high abundance of CBMs reflected an
overall upregulation of several glycoside hydrolases (GHs) in the presence of PS,
including four GH5CBM1, two GH6CBM1, and two GHZCBM1 cellulases; four
GH10CBM1 xylanases; a GH16BM20 and two GH1XBM48 amylasestwo
GH18CBMS5 chitinases; a GH48BM35; and several carbohydrate esterases {CE1
CE15, and CE16CBM1) as well as two AALCBM1 LPMOs. Although these
enzymes primarily target lignocellulosic substrates rather than plastics, their
enrichment contributes the overall prevalence of polysacchasileding domains in
the secretome. The possible involvement of CBMs in plastic degradation remains
uncertain; however, the fusion of a CBM1 moduleTteermobifida cellulosilytica
cutinase has been shown to enhaitseadsorption to hydrophobic PET surfaces,
increasing hydrolytic activity by 3:®ld (Ribitsch et al., 2013)

Other nonrcatalytic proteins potentially involved in plastic interaction include
hydrophobins, ceratplatanins (CPs), and expansins. Hydrophobins are small, secreted
cysteinerich proteins that facilitate fungal attachment to hydrophobic surfac&su
et al., 2023) The A. biennisgenome encodes eight hydrophobins containing the
characteristic PF01185 Pfam don@iapproximately half the number typically found
in Polyporalesgenomes. Although none were detected by MS, the presend& of O
tryptic peptides in most sequences suggests that some may be expressed at low
abundance. In contrast, cergiatanins were highly expressed: of the five encoded
CPs, four were secreted una@dirconditions, with ABKN59 0023381 being among
the most abundant proteins detectEdyire 3.3-6). CPs are constitutively secreted,
interact with hydrophobic materials, and can modulate surface properties; notably, a
TrichodermaCP reduced PET surface hydrophobicity by up to 83&%o et al., 2020)

Expansins also formed a prominent group of-natalytic proteins, with 11 of the
19 encoded members detected in all secretofigsiré 3.3-5). Although expansins
lack catalytic activity, they act as cell widbosening agents that disrupt cellulose

aggregation, facilitating enzymatic acc¢slmddad Momeni et al., 2024piven their
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ability to disrupt crystalline and hydrophobic structures, expansins may hold potential
as auxiliary proteins in the enzymatic degradation of synthetic polymers.

The complex response 8f biennisto PS degradation was interpreted through a
combination of material analyses and proteomic studies. PS degradation appears to
occur in two distinct phases. In the initial phase, as indicated by enzyme assays,
oxidative enzymes, primarily laccases, causpesdficial modifications to the PS
polymer, leading to the formation of carbonyl groups. Based on Cl measurements, this
stage reaches a plateau relatively quickly. Subsequently, other enzymes, potentially
ring-opening dioygenases, take over the modification process, targeting the aromatic
ring and breaking GC bonds. This second phase, following the initial oxidation, is
closely associated with the decrease in molecular weight observed in GPC analysis. It
is also importanto note that noitatalytic proteins, such as hydrophobins, facilitate
microbial attachment to the polymer surface, promoting PS functionalization.

EPS foam was degraded more readily and to a greater extent by the fungus
compared to PS films. This enhanced degradability can be attributed porthes
structure of EPS foam, including less tightly packed areas compared to PS film.
Moreover, EPS foam has higher surface area (5.3 ¢man PS film (1.0 cR),
promoting fungal colonization. At the same time, higher molecular weight of PS foam
likely impedes enzymatic attack, probably counteracting the potential benefits of its
larger surface areadditiondly, commercial EPS foam often contains additives, such
as flame retardants, that can serve as carbon sources to support fungal growth and/or
act as inducers of degradative enzyme expression.

Overall, the muldtomic and material analyses reveal thatoiennisemploys a
complex and coordinated enzymatic system to attack PS. The degradation process
appears to occur in two sequential phases: an initial oxidative phase driven primarily
by laccases, particularikbiLaclandAbiLac2 which introduce carbonyl groups and
initiate superficial oxidation of the PS surface, followed by a secondary phase involving
further aromatiaing cleavage and i@ bond disruption, likely mediated by other
oxidoreductases such as peroxidases and cyioehiP450 monooxygenases. Non
catajtic proteins, including ceratplatanins, hydrophobins, and expansins,
complement this oxidative machinery by facilitating fungal adhesion and increasing
polymer surface accessibility. Among the detected enzymes, laccases emerged as key
oxidative catalyst, both highly expressed and temporally correlated with the observed

chemical modifications of PS. Considering their abundance, activity profile, and central
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role in initiating PS oxidationAbiLacl was selected for heterologous expression and
detailed biochemical characterization to evaluate its potential as a biocatalyst for

oxidative degradation of polystyrene and other recalcitrant polyester materials.

3. EAxpression, plhrairfaicd astrfii aare tvaedd

bi ocatal ysts revealodd iom yprpotraiami
secretome

Based on the knowramino acid sequences of the enzymes subjected to
heterologous expression, the molecular weight, molar extinction coefficient at 280 nm
(Bs0), and theoretical isoelectric point (pl) were computed in silico using ProtParam
(ExXPASYy, Swiss Institute of Bioinformatic8Vaterhouse et al., 2018Jhe results are
summarized imMable 3.4-1.

Tabld3.d4 n silico properties of the

EnzymMol ecwdiaghtU28W i(L«(Theor ef

Ami da 37.0 56, 04 6. 18
Tyrosi 63.7 118, 9 9.16
Prote 75.9 78,56 5.57
Endope 71.1 66, 93 5.34

Additionally, threedimensional structural models of the enzymes were generated
using SWISSMODEL, ExPASy resources, and the AlphaFold algorithm (DeepMind)
(Varadi et al., 2022)Predicted models were compared with experimentally determined
structures deposited in the RCSB Protein Data Bank (RCSB PDB).

Initially, each enzyme sequence was queried against the NCBI BLAST database to
identify homologous proteins with high sequence coverage and-iaiues(Camacho
et al., 2009)Candidate homologs with suitable structural data were then retrieved from

the RCSB PDB for comparative analysis. This workflow enables visualization of the
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guery enzyme and assessment of structural similarity to experimentally solved
homologs.Where an appropriate homolog is available in a subdbh@ted (ce
crystallized) state, alignment of the two sequences and structures can be used to infer
the putative location of the active site in the enzyme under study.

3.4T¢rosi nd&soey $p @mPOR 18

The tyrosinase structure dihepliayes andomly
sheetsAminc-acid segments highlighted in orange indicate regions with lower model
reliability according to the prediction algorith(Rigure 3.4-1). Sequence alignment
against the SwissProt database identified the tyrosinase from the #nigisporus
H97, exhibiting 31.50% sequence identity with amdfiie of 1e47. This enzyme has
a molecular mass of 63.5 kDa, very close to that of the tyrosinase examined here (63.7
kDa).

FiggBrdyrosinase structfalre alcgoridti mm t o Al ¢

In A. bisporusH97 tyrosinase, two copper ions serve as cofactors; one interacts
with His56, Cys79, His81, and His90, and the other with His250, His254, Phe278, and
His282(Waterhouse et al., 2018equence alignment revealed that the corresponding
residues are fully conserved in theoxysporunenzyme, suggesting a similar copper

binding architecture and catalytic mechani$ngure 3.4-2).
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Fi gBr-2Structur al depiction of the examined tyrosinae
(green), and the copper ions (red spheres) that act
indicate representative sotrppgootterianls.si mi |l arities bet

Structural superposition of the two enzymé&sggre 3.4-2) highlights several
regions of strong spatial similarity, particularly around the catalytic celpipding
centers. Furthermore, detailed sequence alignrkégire 3.4-3) confirmed complete
identity of the residues responsible for copper coordination, supporting a conserved
catalyticmechanism between tie oxysporunmandA. bisporugdyrosinases.

Collectively, these results indicate that theoxysporuntyrosinase shares high
structural and functional homology with the crystallographically charactedzed
bisporusH97 enzyme, maintaining the same bimetallic cofipeding motif that

defines the active site of fungal tyrosinases.
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Fi gBr-8Al i gnment of the sequences ofA.t hbei BEPx@anuisn e d

tyrosinase (bottom). Residues coordinating
the second copper ion in blue.

After tyrosinase expression transformedP. pastorisX33 cells for5 days, the
culture supernatant was concentrated and purified as descrifizd IrProtocols for
cell recombination and heterologous enzyme expression and purifizgatfothe
document. The fractions exhibiting the highest activity toward cateéppendix
Figure 2) were selected, pooled, and subsequently analyzed for parigdition to

t he enzymeos catalytic activity on

characterized based on its molecular weight. The calculated molecular weight, derived

from its known amino acid sequence, aaproximately 64 kDaSDSPAGE analysis
revealed two faint band§&igure 3.4-4), a factwhichis consistent with the low protein

concentration of the purified sample. Interestingly, neither of the two detected bands

corresponded exactly to the theoretical molecular weight; howevesutheof the
molecular weightef the two bands was approximaté® kDa which closely matches
the expectedholecular weight

The presence of two bands indicates that the enzyme likely undemgoeslytic

t he

fi

t
rs

catec

processing producing two polypeptides of unequal size. A similar proteolytic

activation mechanism has been reported for the tyrosina&e disporusH97, with
which theF. oxysporumenzyme shows high sequence similaritye A. bisporus

tyrosinase is expressed initially as sractive precursgrwhich upon proteolytic
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cleavage yields the active enzyme with approximad@¥%o lower molecular weight
than the prdorm (Mauracher et al., 2014)Given the high degree of sequence
homology between the two tyrosinases, it is plausible thaf tlexysporunmenzyme
exhibits a comparable activation process, thereby explainingésence of twbands
whose combined molecular mass correspondsdgoreticalvalue.

As mentioned beforethe significant homology and structural identity Af
bisporusandF. oxysporuntyrosinasestrongly supports that both enzymes operate via
anidentical catalytic mechanisrand further comparative studies may reveal additional

functional and biochemical similarities between them.
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Fi gBr-#8SD-BAG&Ef tyrosinase expBROGRER. bywdi h akBFtsplod uan0 kI
frame

The optimum pH of tyrosinase activity was determined through enzyme assays
using catechol as a substrate over a pH range af1B.D. Relative activity was
calculated as the ratio of the activity at each pH value to the maximum observed
activity. The results showed thtte optimal pHfor tyrosinase activity wa8.5 in 50
mM Tris-HCI buffer (Figure 3.4-5). All assays were performed in triplicate, yielding
low standard deviations, which confirmed the reproducibility of the measurements. It
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is also noteworthy that the relative activity remained practically unchanged when

different buffer systems were used.
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Fi g@r®Opti mum pH of tyrosinase activity wi
catechol as substrate. Enzyme assays ipveas
buffer for the pH range 3.5 ted €6.00 (tshreowmnr
in triangiH&d) budderTrfiog the range 8.0 to
Using the same substrate, thptimum temperaturéor catalytic activity was
determinedFigure 3.4-6). The enzymexhibited maximum activity at 40 °C, whereas
at higher temperatures, a progressive decline in activity was observed due to enzyme

denaturation.
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Given the potential biotechnological applications of tyrosinase, its thermal stability
was experimentally evaluated across a temperature radgd®fC The enzyme was
incubated ateach temperature for 24 hours, aftenich the residual activity was
determined using catechol as substratgure 3.4-7).

The enzyme stored at 4 °C served as the reference sample. As expected, increasing
the incubation temperature resulted in a gradual loss of activity, primarily due to
thermal denaturation. Nevertheless, at all temperatures except 50 °C, the enzyme
displayedan almost stable activity profile after an initial sharp decline during the first
four hours of incubation. At 15 °C, the relative activity decreased by approximately
27% within the first four hours but remained stable between 6 and 24 hours at around
71% of the initial value, demonstrating good thermal stability under mild conditions.

In contrast, at 30 °C and 40 °C, the final relative activities were reduced to 41% and
24%, respectivelyindicating that the enzyme is not particularly stable at moderate

temperatures and gradually loses its activity as the temperature increases.
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The threedimensional structure of the amidase, as predicted using SWISS
MODEL (Waterhouse et al., 201&xPASy, and the AlphaFold algorithm (DeepMind)
(Varadi et al., 2022)s illustrated irFigure 3.4-8. Regions shown in blue indicate areas
where the algorithm exhibits high confidence regarding the spatial arrangement of
amino acid residues, whereas regions in light orange correspond to areas with lower
confidence (score < 0.5), suggesting potential siratvariability.
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Fi g@r-8Pr edi c tdeidmetnhsrieoen a | structure of the amidase.
areas where the algorithm exhibits high confidence,
areas with | ower )confidence (score < 0.5

Subsequently, a search was performed to identify an enzyme with significant
sequence homology whose crystallographic structure had been resolved in complex
with its substrate, in order to elucidate the active site of the examined amidase. The
enzyme meetip these criteria was the@rone4,6-dicarboxylic acid hydrolase from
the aerobic, Gramegative bacteriurBphingomonas paucimobiliglentified through
the SwissProt database. This enzyme belongs to the large family of amidohydrolases,
and its substratis 2-pyrone4,6-dicarboxylic acidHobbs et al., 2013Figure 3.4-9).
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FigB8r-%epresentation of the aminoepyarcdinds cfao !
acid hydrolase (blue) bound to its substrsz:

ami dase identified through sequence alignm

The hydrolase exhibited 25.46% sequence identity with the amidase anhhareof

76 23, indicating that the observed similarity is highly significant. As shown in Figure
41, the overall structures share extensive similarity, particularly in regions containing
Urhelices that display notable overlap. Furthermore, sequence alignment combined with
substratéenzyme interaction analysis revealed corresponding amino acids in the

amidase, showing considerable structural resembldfigeie 3.4-10).
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Structural analysis of the hydrolase revealed that its active site comprises eight

amino acids. Sequence alignment with the amidase demonstrated that four of these
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are conserved between the two enzyméguré 3.411).
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Expressiorof amidase was also performedinpastorisX33 cellsafter5 daysof
incubation andthe culture supernatant was concentrated and purifitdIMAC as
described infi2.11 Protocols for cell recombination and heterologous enzyme
expression and purificatianof the documentFollowing IMAC purification, the

amidase was identified based on its molecular weight by-BBGE (Figure 43). The

bott om). Red boxes i

a mi

theoretical molecular mass of amidase, as calculated bioinformatically, was 36.98 kDa

( & 37 .Dudta Jeviation from the theoretical molecular weight was observed: the

major band corresponded to approximately 48 kDa, i.e., about 11 kDa higher than

expected. This suggests that the amidase may undergo glycosylation during expression.

To verify this hyothesis, the enzyme was incubated with EHda glycosidase that

cleaves oligosaccharides from glycoproteins. The reaction was carried out at 37 °C for

one hour following enzyme denaturation at 100 °C to expose glycosylation sites and

facilitate deglycosylation(Figure 3.4-12).
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Fi gBr-BB2SD-BAGE analysis of amidase beforeLeafngu
ami dase (Ri4géhtkmbiadgse after Endo H treatment s
the Endo H enzyme (~29 kDa)

The molecular weight of Endo H is 29 kDa, corresponding to the faint band
observed in the second lane of the geydre 3.4-12). Just above this band, a second,
more intense band appeared at approximately 35 kDa, corresponding to the
deglycosylated amidase, which closely matches the predicted 37 kDa. In the first lane,
the untreated amidase sample displayed the heavier 48 kDallbease results confirm
the occurrence of glycosylation of the amidase during expression by the host organism.

To assess its applicability toward PU degradation, it was necessary to determine
the optimum pHof amidase activity. The enzyme was tested using a variety of
substrates, including:

1 Casein
p-Nitrophenyl acetate (pNPA)
p-Nitroacetanilide (pNAA)
Acetamide
L-BAPNA

= =4 -4 =4
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f Impranif® DLN-SD

Except for Imprani® DLN-SD, which presented technical difficulties in
absorbance measurement due to its suspension nature, no catalytic activity was detected
with any of the other substrates. Additional activation protocols were tested for
potential inactive enzyme forms, includisigort incubation at pH 3.0 for one minute at
0 °C and at pH 4.5 in sodium acetate buffer containing DTT for one hour at 37 °C.
However, no catalytic activity was observed even at high protein concentrations.

Therefore, enzyme activity was evaluated using the ImfraBILN-SD
suspension. Activity was expressed as the
measured by the reducti on ,innmwhicDboenzymer el at i v

was added.

Tabl . @Opti mum pH of amildmapréDmidds assuebds tursa tneg

pH Relative Activity (%) Error
CPiT 35 0% 0%
CPiT 4.0 45% 3%
CPii 45 100% 3%
CPii 5.0 81% 6%
CPiT 6.0 56% 5%
NaPii 6.0 39% 3%

It was determined that the optimum pH for amidase actividsin CPi buffer
(Table 3.4-2). Enzymatic activity was also tested at more neutral and basic pH values
(07.0); however, only negligible activity
It should be notethat Impranil DLNSD, dueto the nature of the substrate, presented
certain technical challenges in the turbidity measurements, as flocculent aggregates
were formed after incubation with amidase. To ensure reliable readings, these
aggregates had to be dispersed by vigorous vogegrior to measurement. This

phenomenon may have slightly affected the reproducibility of the experiment.
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3.4CAB8tinase and ferFul oxly BeOtPdirBa s e f r om

Cutinase(FoCut5a) (Dimarogona et al., 20159nd feruloyl esteraseé=¢FaeC)
(Dimarogona et al., 2020; Ferousi et al., 2023; Topakas et al., 2@0@)been
extensively characterized in terms of its catalytic activity, Haieeensional structure,
and optimal reaction conditions. In the present stkbhCutSa andFoFaeCwere
expressed in transforméd coliandP. pastoriscells as described in section 2418d
purified using IMAC.Eachpureenzyme was alstestedoy SDSPAGE, to be further
used in enzymatic reactions usidgferent polymergFigure 3.4-13). As shown in
Figure44, theFoCut5aprotein bandppearslightly below 25 kDa, consistent with the
theoretical molecular weight predicti¢?23 kDg. Regarding,te theoretical molecular
weight of FoFaeC, as calculated from its amino acid sequence, is approximately 62
kDa. However, on SDSAGE, the enzyme migrated slightly above the expected
molecular weight. This deviation is likely attributed to pwanslational glycosylation
occurring during hetelogous expression i. pastoris a common phenomenon
observed for secretddngal enzymes expressed in yeast systems.

According tothe above citetiterature reportsi-oCut5a exhibits optimal catalytic
activity at pH 8.0 and 40 °C, whiloFaeC displays an optimum around pH 7.0 and 50
°C, conditions under which both enzymes demonstrate notable stability and efficiency

toward their respective ester substrates.
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3. 4PWegr aduwstiinogh enzyme cocktail

During the proteomic analysis &. oxysporumcultivated in the presence of
Impranil DLN-SD, proteases and endopeptidases were identified as highly abundant
enzymes potentially involved in urethane bond cleayage mentioned ifi 3 1 3 .
Comparison of F. oxXxysporum sedowetegmes f or
attempts to heterologously express selected protease candidates in recombinant hosts
were unsuccessful, likely due to folding, activation, or {h@stslational processing
requirements commonly associated with fungal proteases.

To overcome this limitation and to further investigate the contribution of
proteolytic activity to polyurethane degradation, a commercially available serine
protease (Savinase®) was employed as a model proteolytic biocatalyst. Savinase,
derived fromBacillus subtilis has been previously reported in the literature for its
involvement in polyester degradation, particularly RLAenadovi | et al ., 2
al., 2000) and exhibits broad substrate specificity toward peptide and amide bonds.

Given the structural similarity between urethane linkages and peptide bonds, Savinase
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was considered a suitable surrogate enzyme to evaluate the potential role of proteolysis
in polyurethane depolymerization.

The commercial protease was therefore incorporated into enzyme cocktail
formulations and tested both individually and in combination with other recombinant
enzymes. Its contribution to polymer degradation was assessed through gravimetric
analysis, GPC, andHPLC, enabling evaluation of mass loss, molecular weight
reduction, and formation of soluble degradation produh® experimental design
included five reactions assessing individual enzyme activity and three reactions
evaluating dual synergistic combtrans, as presented in the Table abaoVi@ble
3.4-3).

Table 3.4-3: Experimental design of PU degradation reactions

Amidase at pH 5.0

Tyrosinase at pH 8.0

Singleenzyme reactions CutinasgFoCut5a)at pH 8.0
Savinase at pH 5.0
Savinase at pH 8.0

Savinase + Amidase at pH 5.0
Synergistiareactions Savinase + Tyrosinase at pH 8.0
Savinase + CutinagéoCut5a)at pH 8.0

3.4SY¥nérgistic Action (FfCcuStabvai)nase and

Savinase exhibited the highest PU degradation efficienoypared to cutinase
resulting in a weight reduction of 7.7% % 3.8%. Cutinase also promoted polymer
degradation, yielding a 5.1% * 1.0% decrease in rfleasle 3.4-4). However, when
the two enzymesvere addedogether no enhancement of degradation was observed
compared to their individual effects, indicating the absence of a positive synergistic
interaction.

GPC analysis further supported this observatiam he combined Savinakse
cutinase treatment resulted in reductions of approximately 2.0% in both Mn and Mw,
values essentially identical to those obtained with Savinase alone. In contrast, cutinase
aloneinduced a smaller decrease in molecular weight (approximately(Té&bje

3.4-4), confirming its comparatively lower depolymerization efficiency under the tested
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conditions. Overall, the molecular weight distribution data did not demonstrate any
synergistic improvement resulting from enzymeagpplication.

HPLC analysis provided additional insight into the degradation pattern. A new
peak, detected at 210 nm and eluting .9 minutes, was observed in both the
Savinasgécutinase combination and the cutinasample (Appendix Figure 4).
Interestingly, this peak was approximately threefold more intense in the cutinase
treated sample, suggesting a higher accumulation of the corresponding soluble
degradation product. In contrast, Savinase alone did not generate any additional
detectable paks relative to the control, indicating that the formation of this product is
primarily associated with cutinase activity.

T a b3 .e&Effect of enzymatic treatment BnUmolecular weight and mass reduction (Savitias
Cutinase case study).

Enzymes Weight decrease (% Mn reduction (%) Mw reduction (%)
Savinasé Cutinase 20x0.5 2005 2100

Savinase 7.7+3.8 2003 21+0.6
CutinasgF € u t 51+1.0 0.7+0.1 1.0+£0.6

3.4S¥ndrgistic Action of Savinase and

As expected, tyrosinase alone did not induce measurable PU weight loss, consistent
with its oxidative rather than hydrolytic mode of action. The combination of Savinase
and tyrosinase resulted in a 6.6% + 0.0% reduction in mass, a value slightly lower than
that obtained with Savinase alone (7.7% * 3.§¥able 3.4-5), indicating that no
enhancement of macroscopic degradation was achieved throwagiplocation.

GPC analysis revealed subtle differenceat the molecular levelas Savinase
tyrosinase treatment led to a 3.9% * 0.7% reduction in Mn, which was higher than that
observed for Savinase alone (2.0%), suggesting improved depolymerization of lower
molecularweight fractions. In contrast, the reduction in Mw was only 0.4%1%c0.
under synergistic conditions, compared to 2.1% + 0.6% for Savinase (@lable
3.4-5). These findings indicate differential effects on polymer fractions of varying sizes,
with the combined treatment preferentially affecting smaller chains, while Savinase
alone appears more effective toward higimedecularweight fractions.

HPLC analysis further supported these observations. A new peak eluting at 9.5

minutes and detected at 210 nm was observed in the Savyrasease reaction,
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corresponding to the same retention time previously detected in the Sagutasese
system, albeit with lower intensifAppendix Figure 5). This suggests formation of a
similar soluble degradation product, but in smaller quantities. No additional peaks were
detected in samples treated with Savinase or tyrosinase individually, confirming that

product formation under these conditions is asgediwith enzyme capplication.

T a b3 ..&&ffect of enzymatic treatment BnUmolecular weight and mass reduction (Savifidsgosinasecase

study).

Enzymes Weight decrease (%) Mn reduction (%) Mw reduction (%)
SaviinTaysreo s i 6.6 N O 3.9 N o0 0.4 N
Savinase 7.7 N 3 2.0 N o 2.1 N ¢
Tyrosinase ~0 0.1 N O 0.4 N

3.4SY¥n8rgistic Action of Savinase and

The Savinaseamidase combination, evaluated at pH 5.0, resulted in a 3.4% + 0.0%
reduction in PU mass. Savinase alone induced a higher weight loss (6.8% + 2.0%)
(Table 3.4-6), whereas amidase alone exhibited negligible effect. The slight mass
decrease observed in the control samples (approximately 1%) was attributed to
experimental handling during sample processing and drying. Despite the moderately
acidic conditions, Savinaseetained substantial catalytic activity. However, no
enhancement of degradation was observed upeapplication with amidase at the
gravimetric level, indicating the absence of a positive synergistic effect in terms of total
mass loss.

GPC analysis revealed a different trend at the molecular scale. The combined
Savinaséamidase treatment resulted in reductions of 4.4% + 1.0% in Mn and 2.4% +
1.1% in Mw (Table 3.4-6), values higher than those obtained with Savinase alone
(3.5% + 0.1% and 1.5% = 0.3%, respectivélyable 3.4-6). Amidase alone induced
only marginal changes in molecular weight. These findings suggest that, although
overall mass loss remained limited, polymer chain scission occurred more extensively
in the combined treatment. The discrepancy between gravimetrimaledular data
indicates that thedegradation products generatékiely remained insoluble and

therefore were not removed during processing.
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HPLC analysis further supportedeie resultsas no new soluble peaks were
detected compared to the control samples. This observation suggests that, under these
conditions, degradation products were not released into the aqueous phase, remaining
instead associated with the residual polymer matrix.

T a b3 .®Effect of enzymatic treatment BnUmolecular weight and mass reduction (Saviiidseidasecase

study).

Enzymes Weight decrease (%) Mn reduction (%) Mw reduction (%)
SavinAmedas 3.4 N 0 4.4 N 1 2.4 N 1
Savinase 6.8 N 2 3.5 N o0 1.5 N ¢
Ami dase ~0 0.6 N 0 0.2 N

3. 4ApplicationNfF®@dt aY ohase polyesters

Among the recombinant enzymes derived fienoxysporumcutinase exhibited
the highest depolymerization efficiency when applied individually. In contrast to
amidase and tyrosinase, which showed negligible gravimetric effects on PU, cutinase
consistently promoted measurable polymer hydrolysis, confirmingréstctatalytic
contribution to ester bond cleavage. Proteomic data further supported its functional
relevance, as cutinase was identified among the most highly expressed
carboxylesterases in the secretomé-obxysporuncultivated in the presence of the
esterbased polyurethane dispersion Impranil DEN.

Considering that agar plate screening demonstrated the abiktyoaf/sporunto
grow on several polyestsubstrates andiven the high abundance of cutinase under
polyestei nduci ng conditions, this enzyme 1is
polyesterdegrading capacity.

Based on these combined observatieoSut5awas selected for further evaluation
against additional polyestersicluding PLA, PHB, PBS, as well as amorphous and
crystalline PET FoCut5a efficiency was assessed gravimetrically by determining
percentage weight loss relative to untreated contAdsshown inthe table below
(Table 3.47), in the case of aliphatic polyestefspCut5a exhibited pronounced

depolymerization activity, highlighting its strong preference for accessible ester
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linkages within flexible polymer backbones. The highest hydrolytic efficsheere
observed for PCL, which underwent an almost complete mass reduction (98.9 + 1.0%),
andPBS (77.0 £ 2.9%), whereas more moderate weight losses were recorded for PLA
(16.0 = 2.8%) and PHB (8.5 £ 2.0%)he markedly higher degradation of PCL and
PBS compared to PLA and PHB suggests that polymer chain flexibility, lower steric
hindrance, and increased ester bond accessibility significantly influence enzymatic
efficiency.

In the case of ethdrased polyurethane, thacreagd enzyme concentration
(almost 256 fold highel, did not result inhigher degradation yields, when compared
to the previousexperimeniTable 3.4-4). Specifically,FoCutb5a induced a 5.8 £ 0.6%
weight reduction under the higher enzyme load, a value comparable to the 5.1 £ 1.0%
decrease observed previousien only4 eM of enzyme were used herefore, no
significant improvement in hydrolysis was achieved despite the substantially increased
enzyme amount. It should be noted that in both cases the tested substrate was ether
based PURegarding PETFoCut5a also exhibited relatively low activity. Amorphous
PET showed a 3.5 + 1.6% weight decrease, whereas crystalline PET presented a lower
reduction of 2.1 £ 0.1%, indicating limited depolymerization under the tested
conditions.

Tabl . 4Gr avi metric degradation o

Polymer Weight decrease (%) = SD

PCL 98.9+1.0
EtherbasedPU 58+0.6

PLA 16.0+2.38
PHB 85%+20
PBS 77.0+£29

PET (amorphout 3.5+1.6
PET (crystalline) 2.1+0.1

Taken together, these findings confirm thaiCut5a displays broad substrate
specificity toward synthetic polyesters, with clear preference for aliphatic and less
ordered materials, while retaining detectable activity toward aromati@R&FU.
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Nevertheless, gravimetric polymer degradation assays areifdbosive, time
consuming, and require relatively large quantities of material. For this reason, a more
rapid and sensitive screening approach was required to evaluate pedigesteting
potertial at a higher throughput level. Consequently, the next series of experiments
employed novel synthetic substrates structurally designed to mimic polyester repeat
units. This strategy enabled fast functional screening of crude secretomes and enzyme
variarts, providing a practical tool for assessing esterolytic activity prior to more
demanding bulk polymer degradation experiments.

3.4 ternative appnopgamhtiorpthsmbc

degradation: PET as a case study

Although the development of soluble model substrates enabled rapid functional
screening of PETctive enzymes, improving bulk polymer degradation efficiency
remains a major challenge. One of the principal barriers to efficient PET hydrolysis is
its intrindc hydrophobicity, high crystallinity, and limited surface accessibility, which
collectively restrict enzyme adsorption and catalytic turnover. In this regpastic
degradation resembles theydrolysis of natural lignocellulse where complex,
insolubke, and hydrophobic polymers require coordinated enzymatic and
physicochemical strategies for efficient breakdown. In natural systems, fungi overcome
similar structural constraints through the synergistic action of hydrolytic and oxidative
enzymes togethewith amphiphilic molecules such as hydrophobins and other
biosurfactants, which modify substrate surface properties and enhance Eenzyme
substrate interactior(sla Silva et al., 2021; He et al., 2024; Ru et al., 2000jably,
hydrophobins have been shown to increase the affinity of cutinases toward hydrophobic
polyester surfaces, resulting in improved degradation yi@ldkahashi et al., 2005,
2015)

Inspired by these natural biomadsgrading mechanisms and considering that
manyplasticactive enzymes originate from lignocelluledegrading microorganisms
(R. Wei & Zimmermann, 2017; Zerva et al., 2024 sought to investigate whether
mimicking such cooperative systems could enhance PET hydrolysis. While enzyme
cocktails have been previously employed to improve polymer depolymerization and
intermediate conversigiMrigwani et al., 2022; Sun et al., 2024; Yoshida et al., 2016)

the combined use of enzymatic systems together with seafanee molecules

119



represents an underexplored strategy. Therefore, PET was again selected as a case study
to evaluate a chermenzymatic approach in which enzyme mixtures were applied in the
presence of synthetic surfactants, aiming to improve enzyme adsorption, increase

suiface accessibility, and ultimately enhance monomer release.

3.5The rationale behind the selection of

pol ymer degradati on

The selection of the enzymes presented in this study was made not only on their
natural proficiency in degrading plant biomass, but also, in some cases, on previous
literature reports highlighting their potential in PET degradation. Specificayut5a
could hydrolyze a PET model substrate, BHET and sewstalline PET fabrics,
releasing TPA and MHET, suggesting promise for PET degrad@ddiomarogona et
al., 2015; Kanelli et al., 2015t the same time, given that TPA can be upcycled into
valueadded product§Araujo et al., 2024; Esmail et al., 2022; P. Liu et al., 2022)
different esterases such BeFaeC,MtFael, andSIGE2 were supplemented to the
reaction mixture to test their potential at increasing TPA yield. Regarding FAESs, such
asFoFaeC andvtFael, these enzymes can naturlilgirolyze ester bonds involved in
the crosdinking between hemicelluloses and/or hemicellulose and lignin.
Interestingly, in recent years, some of these enzymes have been repurposed for
synthetic polymer degradation aark considered ideal candidates for enhancing TPA
yields(Knott et al., 2020; Nikolaivits et al., 2022; Palm et al., 2019; Péaazia et al.,

2023) with FoFaeC standing out as a structural homolog to the MHETase from

Ideonella sakaiensidsMHETase;(Ferousi et al., 2023)Ho we v e r itds | mpol
highlight that although botRoFaeC (type C FAE) aniitFael(type B FAE)belong

to the FAE superfamily, the latter enzynMtFael,is classified as a carbohydrate

esterase of family 1 (GE) in the Carbohydrate Active Enzymes database (CAZy)
(http://www.cazy.org/YDrula et al., 2022)according to Topakas et &l.opakas et al.,

2012) Unlike the typical type C FAEs found in the tannase superfamily, such as

FoFaeC andsMHETase,MtFael structurallydiverges,sharing high homology with

acetyl xylan esterasé€repin et al., 2004)

In addition to FAEsGEsplay a crucial role in the degradation of hemicellulose,
targeting the ester bonds between lignin and glucuronic acid moieties on

glucuronoxylanof hemicellulose. Despite the similar natural role of both FAEs and
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GEsin assisting lignocellulose degradation contributing to the separation of lignin and
hemicellulose, there are only scarce reports about GEs potential for plastic degradation
(Taxeidis et al., 2024)The unexplored potential of bothiGE2 andMtFael for
breaking down synthetic polymers, was the main reason for selecting these enzymes
for PET degradationmarking a significant advancement in the search for novel
biocatalysts.

To further emulate the mechanism employed by fungi to express biosurfactants,
(Sui et al., 2023)nonionic (TritonX), anionic (SDS) and cationic (CTARhemical
surfactants were added in the reaction mixtur&ke biosurfactants, chemical
surfactants have been reported to act in a related manner, enhancing enzyme
performance, especially when catalyzing hydrophobic substrates like p{&kiers et
al., 2009) Research has indicated that surfactants alter the surface charge of the
polymers causing either enzyme attraction or repulsion. This phenomenon can lead to
effective results only when the enzyme
surface(Furukawa et al., 2018)or these reasons, our experimental design tested
different surfactants to determine the most suitable one.

3.5ERucidating enzyme mode of action f

substrates

Before investigating the enzyme potential in PET hydrolysis, synthetic PET model
substrateg¢Djapovic et al.,, 2021ver e ut i |l i zed to validate
recognize and cleave ester bonds within the PET structure. As shbwia 3.5 1A,
FoCut5a had minor activity on MTPA, while BHET was completely converted to
MHET and TPA in a ratio of 3:1. According to former reports, other cutinasesHrom
solaniand Thermobifida fusc&xhibited high activity against BHET releasing MHET
and TPA, with the latter being formed only after complete hydrolysis of BHET
to MHET (Eberl et al., 2009).

Regarding the methyl substituted substrates M(HET)1 and M(HET)2, the cutinase
action resulted in MTPA as the main hydrolysis products in both cases. In more detail,
M(HET)1 was cleaved to MHET (13 % of total products), TPA (9 % of total products)
and MTPA(78 % of total products), implying that the enzyme preferentially cleaves
MTPA rather than MHET moietied-{gure 3.5-1A). Following the same hydrolysis
pattern, M(HET)2 was hydrolyzed towards MTPA (47 %) and BHET (3 %), which was
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further hydrolyzed to MHET (38 %) and TPA (12 %), as shown befappdndix
Figure 6). Absence of M(HET)1 again verifies that the enzyme has higher affinity
towards MTPA moiety.

Comparing M2(HET)1.5 and M(HET)2, which both consist of two terephthalate
units, the enzyme activity is almost -ffld lower in the dimethylated substrate
(Appendix Figure 8 andAppendix Figure 7, respectively). Analysis of the enzymatic
mechanism revealed that substrate hydrolysis releases MTPA and M(HET)1, and the
|l atter is further c¢cleaved to MTPA or MHET,

In the case of substrates with three terephthalate units, namely M2(HET)2.5, and
M(HET)3, the enzymatic activity decreases even further, with M(HET)3 appearing to
be more hydrolysable blfoCut5a. Both M2(HET)2.5 and M(HET)3 substrates are
converted to MTPA and MHETAppendix Figure 9 and Appendix Figure 10,
respectively), while TPA detection can be attributed mainly after hydrolysis of MHET.
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The two FAEsFoFaeC andMtFael, even though they belong to different enzyme
families, they seem to have the same catalytic behakvigure 3.51B and Figure
3.51C, respectively), since both enzymes release mostly TPA, regardless of the
substrate they hydrolyzé&ppendix Figure 11 - Appendix Figure 15). In the case of
MtFael, also some MTPA was detected, suggesting that HoitkeeeC MtFael shows
preference for the ethyl groupgpendix Figure 16- Appendix Figure 20). Regarding
SGE2, as depicted ifrigure 3.5-1D, this enzyme appears to exhibit much lower
activity on the tested PET model substrates, compared to the other enzymes, with
MTPA and MHET being the most abundant products deteétpplgndix Figure 21 -
Appendix Figure 25). Additionally, analyzing the detected hydrolysis products from
the longerchain and lessoluble substratg®japovic et al., 2021 )such asM(HET)2,
M2(HET)2.5 and M(HET)3, it was revealed tHafGE2 firstly removed the MTPA
groups, and subsequently recognizes and cleaves the MHET moieties that comprise the
final products of the hydrolysis. This implies that the enzyme does not function like
MHETases, as observed with FAES, but rather exhibitsleohysis mode of action like
that ofFoCut5a.

3.5F8Qwa hydridolfyezreesnt PET materi al s

The hydrolysis potential of PET materials with varying crystallinity and
morphology, including amorphous PET film: (&0), amorphous PET powder: 6&0)
and semurystalline PET powder £41%) (Nikolaivits et al., 2022Was testedising
FoCutbaas a biocatalyst.

As shown n Figure 3.5-2, the cutinase can degrade all PET materials releasing
mostly TPA and MHET. Comparing the hydrolysis yield of amorphous PET film and
powder, the amount of degradation products was significantly different. More
specifically, in the case of amorphous PET gdew approximately 42M of water
soluble products were detected, whereas in PET film, almost half of that amount was
released. This contradiction can be attributed to the much lower surface area of PET
film compared to PET powdeleadingto the exclusion of this material from the
subsequent tests described below. Regarding amorphous arcrgstaiine powder,
the product release was also divergent, with onlgK0of PET degradation products
detected in the case of seamystalline powder, further comfing that amorphous

polymersare more susceptible to degradatigviaurya et al., 2020)Concerning
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product ratio, MHET consistently emerged as the primary degradation product,
constituting 69 % to 81 % of total products, while TPA ranged from 20 % to 30 %, with
only trace amounts of BHET detected.
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3.5S¥nerdegtadation of PET in the presenc

The hydrolysis of PET oligomers llye FAEs and GEsoupled with their various
modes of actiosparked interest istudying different enzyme mixtures wiBoCut5a
cutinase to cooperatively degrade amorphous PET powder. Building upon the
knowledge thatFoCut5a releases MHET as the main product of PET hydrolysis
(Figure 3.5-2) and FAEs produce TPA as the end product of PET oligomer hydrolysis
(Figure 3.51), the enzymatic reactions were supplemented with FAEs to convert
MHET to TPA, thereby increasing the TPA yield.

Regarding the supplementation of surfactants, their concentrations were selected
based on former reports studying the interaction between surfactants and cutinases
homologous toFoCut5a (Arnling Baath et al., 2022; S. Chen et al., 201dpre
specifically, the effect of different concentrations of Tri#rf0.06 to 0.6 % w/v) and
SDS (0.02 to 0.2 % wi/v) on the activity Bf solani cutinase a close homologue to
FoCut5a(Dimarogona et al., 2013)as been already studied by Chen et al. with T+iton
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X showing negligible impact, whereas SDS

even at the lowest concentratiofSs. Chen et al., 2010Regarding the cationic
surfactant, the performance ®hermobifida fusca&utinase (TfC) in PET hydrolysis,
seems to be enhanced in the presence of 0.07 % (w/v) GAAH#Nng Baath et al.,

2022) To put these findings into perspective, we selected to treat PET materials in
presence of 0.1 % (w/v) TriteXd or CTAB, facilitating this way a direct comparison
between the two surfactants, while SDS concentration did not exceed 0.02 % (w/v), due
to its previously observed negative impact on the activity of a highly homologous
cutinase td-oCut5a.

In Figure 3.5-3, it is depictedhat the complementary action of the cutinase and
FAEsled to thecomplete conversion of MHET to TPA all the conditions studied,
without, however, enhancing the overall degradation of the bulk polyirhier can be
attributed to the minor activity of FAEs on PET polymer, as evidenced in the respective
control reactions. Moreover, the modest increase in total hydrolysis products yielded
by FoCut5a and FAEs can imply that cutinase is not inhibited by MHET, otherwise the
cutinase performance would be highlobwever, it's important to note that despite
MtFael stuctural difference from FAEs found in the tannase superfamily, it exhibits
MHETase activity. To the best of our knowledge, this is the first report to mention
MHETase activity in an esterase belonging totamily of CAZy databasesharing
high homology with acetyl xylan esterases.

The cooperation ofFoCut5a with theSIGE2, also resulted in a lower or similar
amount of hydrolysis products compareétCut5a alone in both absence of surfactant
and in the presence of Tritohand SDS. Additionally, it is observed tH&GE?2, failed
to convert MHET to TPA in almost all conditions testedinding aligning withthe
aforementioned results on the model substraié® nondetection of hydrolysis
products in all the studied conditions, even tho8§hE2 showed a similar mode of
action to hat of FoCut5g leads us to consider that this enzyme may cleave ester bonds
of PET structure via an endo mode of action. According to previous studies, in such
cases, the reaction rate is reported to be much lower as there are fewer attack sites for
the enzyme, resuitg in longefchain, insoluble produc{&chubert et al., 2024)

Focusing on surfactantsd contribution
FoCut5a released 1.and 2.3fold higher amount of degradation products in presence
of Triton-X and SDS, respectively, compared to the absence of surfactant, proving that

the latter is the most efficient surfactant for this enzgulastrate system at the
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concentrations teste&igure 3.5-3). Surprisingly, in the presence of these surfactants
the released product composition was also dramatically changed with TPA accounting
for more than 90 % of total products, even wkeQut5a was the only enzyme in the
reaction mixture. This observation implies that under these conditions cutinase interacts
also with MHET, leading to ester bond hydrolysis and TPA release. On the other hand,
in the presence of CTAB the enzymes were almeattivated, resulting in much lower
amount of released products.

Considering the complementary enzymatic interactions, in the presence of SDS,
FoCut5a- FoFaeC and-oCut5a- MtFael resulted to almost 140 ande3d of total
products, respectively, amounts -l&hd 1.2fold higher compared to cutinase alone,
whereasSIGE2 did not enhance the PET degradation yiédldditionally, when
FoFaeCMtFael an&iGE2 were individually added to the reaction mixture, they could
degrade amorphous PET powder, releasingg2hd 4¢M of watersoluble products,
respectively, a result thavas not observed in the absence of surfactd@bsthe
contrary, when CTAB was added to the reaction mixture, esterases alone could release
modest amounts of TPA and MHET reaching up te8I5while in presence of Triton

no products were detected.
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chromatograghy #aféetrt mant3 of PET at 40 AC. No degr a
control reactions (absence of enzymesXValruewmhear eusi n
presented as means N standard deviation (SD) of th
indicate(s) no statistical difference between total

3.5 lproved degraaytsit@an | o fr &su®di® aveiCt h

system in the presence of SDS

After selecting SDS as the most efficient surfactant, its impact was also
investigated on senarystalline PET hydrolysis. The degradation of crystalline PET
poses a significant challenge for enzymatic recycling, particularly given that most PET
waste, intuding the PET found in most plastic bottles, is highly crystalline2QX %)
(Garcia, 2022)

As illustrated in Figure 3.54, the presence of SDS notably enhanced the
performance oFoCut5a in PET hydrolysis, resulting in the release of nearg\8®f
watersoluble products; a 1-8ld increase compared to reactions lacking the
surfactantRegardinghe complementary effect 6oCut5a and the other esterases, a
similar trend to that of amorphous PET was obsertaglite 3.54). Specifically, in
the absence of surfactant, the combinationsa@fut5aFoFaeC and-oCut5aMtFael
led to the complete conversion of MHET to TPA, but overall yielding slightly lower
degradation products.

In the presence of SDSoCutbaFoFaeC system demonstrated significant
improvement in PET degradation, exceeding KBof PET products, an amount almost
2.5fold higher compared to the same enzyme mixture without surfactant. This
observation was also evident in the case of amorphous PET, suggesting that SDS
enhances the performance of these enzymes, leading to morsiextegradation.
Another notable finding concerf®Cut5a andSIGE2 combination, which in absence
of surfactant significantly enhanced ttiegradation yield in serurystalline PET by
up to 1.4fold compared td-oCut5a alone. This result contrasts with the performance
observed with amorphous PET, highlighting the potential different effe&iQE2
depending on the polymer's crystallinity.
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Regarding thesuperiority of SDS iFoCut5aPET catalytic system, this can be
justified based on the enzyme structure and the occurring electrostatic interaction
between PET, surfactant, and enzyme. More specificall§ and generally anionic
surfactants can electrostatically interact with positively charged groups from either
lysine, arginine ohistidine(Holmberg, 2018)tn proximity to theFoCut5aactive site,
there is a positively charged region consisting of Arg55, Lys59 and [(is8@&rogona
etal.,2015) whi ch has been shown to be crucial f
1 o Thefmobifida cellulosilyticagutinasegHerrero Acero et al., 2013Jhis finding
could potentially describe how SDS ardCut5ainteract enhancing enzyme catalysis
by either loosening the enzyme structure or facilitating the enzyme and substrate
binding.

Following critical evaluation of the results, it can be concluded that this study

provides valuable feedback on a new strategy for increased PET degradation. However,
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several limitations should be noted that must be further tested and optimized. To begin
with, different synthetic surfactants may have varying effects on enpphmer
interactions, warranting more tests to determine optimal surfactant types and
concentrédons. Another critical point that should be further studied includes different
enzyme/substrate ratios, as optimizing these ratios could significantly enhance

degradation yields.

3.Noov el Substrates for Enzymatic sc

met agenomic anal ysi s: PET as case

The previous experimental workflow, which relied on agar plate screening,
secretome analysis, heterologous expression, purification, and gravimetric polymer
degradation assays, although highly informative, proved to beciim&uming and
material intensive.Bulk polymer assays require extended incubation times and
relatively large substrate quantities, limiting their suitability for rapid evaluation of
crude secretomes or large enzyme libraries. Therefore, the development of sensitive,
soluble model substias wadollowedas a complementary strategy to enable fast;high
throughput functional screening.

Within this framework, PET was selected as the model polymer for substrate
design. AlthoughFoCut5a exhibited only moderate gravimetric activity toward PET
compared to more readily hydrolyzed aliphatic polyesters such as PCL and PBS, PET
remains one of the most environmentally relevant and industrially abundant synthetic
polyesters. Its aromatic Oebone, high crystallinity, and intrinsic resistance to
enzymatic hydrolysis make it a structurally demanding substrate. Therefore, the
capacity to detect evenviolevels of PETrelated esterolytic activity is particularly
valuable when aiming to identify enzymes with potential industrial applicability.

By using PET as a case study, the newly developed model substrates were
specifically designed to mimic structurally complex aromatic polyester motifs. This
strategy enables the early detection of enzymes capable of acting on recalcitrant
polyester structws before proceeding to labiotensive solid polymer assays. In this
context, the transition from traditional bulk degradation experiments to sensitive
modelsubstrate screening does not replace established methodologies; rather, it
represents a logical ethodological evolution toward a more efficient enzyme
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discovery pipeline that effectively bridges crude secretome analysis with recombinant

enzyme validation.

3.6Sél ection of candidate enzymes and
amor phous PET

The PETdegrading enzymes used in this study have been previously investigated
for their activity on PET substrates, exhibiting varying degrees of hydrolytic efficiency.
This variability provides a suitable framework for evaluating the performance of the
labeled model substrates in differentiating enzyme candidates according to their PET
degradingability. More specifically, PET hydrolases L(€S, ISPETase, antfoPe
exhibit different performances in PET depolymerization, allowing their correlation with
the labeled substrates. AdditionallypFaeC is a representative tannéke FAE
(Dimarogona et al., 2020; Ferousi et al., 2023; Topakas et al., #@3)an release
hydroxycinnamic acids from hemicellulose and pectin, hydrolyzing the ester bond
with L-arabinofuranoseontaining polysaccharid¢$opakas et al., 200F3MHETase
from|. sakaiensisis the only known MHET esterase, yielding TPA and ethylene
glycol.(Palm et al., 2019pespite the low sequence identity shared betweadraeC
and IsMHETase (27% for 82% coveragdsMHETase also belongs to FAkke

enzymegKnott et al., 2020pnd is a structural homolog BbFaeC with &-score of

35.0 and a RoeMeanSquar e Devi at i o rFergqusl dtSaD,)2023) f 2 .

FoFaeC was selected as an intriguing candidate not only because it could be possibly

assayed when conducting functional screening tests for PETases, but also due to this

t

h e

enzymeods capacity to hydr NkoawitsetBIEZD22p | i g o me |

Apart fromFoFaeC, enzymes hydrolyzing natural polymers were also selected in this
study, considering the structural and chemical similarities shared between natural and
synthetic polymer¢C. C. Chen et al., 202@lucuronoy! esterases are carbohydrate
esterases that have been reported to hydrolyze iigaibohydrate ester bonds in
lignin-carbohydrate complex€gong et al., 2022T o the best of our knowledge these
enzymes have never been tested in synthetic polymer degradation. On the contrary,

lipases have long been reported to hydrolyze petrcleased polyestefBokiwa &

Suzuki, 1977) ex hi bi t i ng d e g rcapdolactogpe) @Cldohanart y o n

et al., 2022; Tokiwa & Suzuki, 197 7polyethylene succinate (PEB)ohanan et al.,
2022) and PET fabrics and film{&berl et al., 2009 specially for theA. nigerlipase
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used in this study, according to lon et al., this enzyme acts as a BHETase, hydrolyzing
BHET to MHET and TPA, with the conversion of MHET to TPA being a time and
enzyme concentratiedependent procegkn et al., 2021)n pursuit of evaluating a
crude enzyme preparation against labeled substrates, the culture supernat&nt from
oxysporunBPOP18 Fudm) induced by Impranil® DLNSD was also employed.

All the abovementioned enzymes were tested for their degrading activity on
amorphous PET anthe amount of TPA and MHET releasesddepicted inFigure
3.6-1. Treatment of PET powder with equivalent amounts of known polyesterases, led
to considerable amounts of monomer release approaching 450 mg/mg enzyme for
LCC'CCC, while the corresponding amount in the cas®oPE was almost 36fbld
lower. Converselyi-oFaeCA. nigerlipase, SIGE2, and-udm demonstrated negligible
PET degradation activity, releasing no more than 0.54 mg of degradation products per
mg of enzymeKigure 3.6-1). These findingserveas a benchmark for evaluating the
efficacy of the labeled substrates in distinguishing PET hydrolases from general ester
cleaving enzymes, classifying, at the same time, PET hydrolases based on their

performance on the polymer.
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3.6FRuorogenic model substr adteegsr apdatnegnt i al
activity

The kinetic characteristics of the different PET hydrolases were determined on the
fluorescent substrates, where the results revealed variations in their catalytic efficiency
(KcafKwm). For example, in mUPET1 and mUPETZ2, the catalytic efficiency ranged from
7.5 to 20.8 Ms?t and 4.1 to 9.0 Ms?, respectively Figure 3.6-2). In contrast, the
other esterases exhibited significantly lower catalytic efficiencies, as the higdi&st k
value was dold lower in mMUPET1 and 2®&Id lower in mUPET2 compared to the
least efficient PET hydrolas€igure 3.6-2A, Figure 3.6-2B).
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FigBr®atal yti ccdeofi cadaeecnhc yenzky me on mUPET1 (A),
(C)

When mUPET3 was used as a substrate, the catalytic efficiencies determined
ranged from 0.06 to 0.6 'Ms'%, which were up to 286bld lower compared to the other
fluorescent substrateFigure 3.6-2C). All enzymes displayed similéga/Ku values,
except for LCC*CC that exhibited the highest catalytic efficiency, which was up to 10
fold greater than those of the other enzymes. This finding suggests that mUPET3 might
be able to differentiate highly efficient PET hydrolases, whereas enzymes with little or
no activityon PET, likeSIGE2, have negligible activity on this substrate, which does
not allow the calculation of kinetic constants.

In the context of this study, the turnover numbes)(was also calculate@ able
3.6-1). Thekeatof ISPETase on mUPET1 was found to be-lahd 1.7fold higher
compared to those of LE€E® andMoPE, respectively, reaching almost 0.5 *4&)'.
However, a different trend was observed for mMUPET2, sinck:4fwf MOPE was up
to 2.4fold higher than those of LCE*©andIsPETase, whose turnover numbers
remained relatively consistent, as those before. In general, it is important to note that
thekeatvalues of enzymes with PEdegrading activity are at least-3dnd 76fold
higher in mUPET1 and mUPET2, respeely, compared to those of the best
performing esterase.

Furthermore, when examining mUPET3, L€ exhibited the maximum
which was 4.5 and 13fold higher thanlsPETase andVoPE, respectively Table
3.6-1). This reaffirms earlier observations regardingkfa¢ku values Figure 3.6-2),
highlighting the superior catalytic efficiency of LEE® for PET degradation. It is
noteworthy that the determined turnover numbers for this substrate were at least 10
fold lower than those of MUPET1 and mUPET2. The reduced turnover rates can be
attributed to the fact th&ta: defines the release rate of the fluorescent moiety, and since
MUPET3 contains four ester bonds, the cleavage of that specific bond has a slower rate.

Regarding the Ig values, these can be generally described by the following
correlation, KimureTsp Kmmupret2p> KmmureTy)(Table 3.6-1). This pattern could be
the result of the elevated hydrophobicity when the substrate size increases and/or the
fact that bulkier substrates exhibit greater steric hindrance leading to reduced enzyme
affinity. Based on this observation, tk& values of LCCE“Cwere significantly

impacted in comparison to their corresponding values in mUPET1, sirke was
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increased by 4:5and 13.4fold for the hydrolysis of mMUPET2 and mUPET3 substrates,
respectively.

RegardingStGE2 andA. nigerlipase, the affinity of the glucuronoyl esterase was
among the highest in mMUPET1 and mUPEWRereas the affinity of. nigerlipase
was the greatest in mMUPET2 and mUPETAahkle 3.6-1). Although these enzymes
exhibit significantly high affinity for
preference for PET oligomers, neither their catalytic efficiency nor PET powder
degradation establishes them as potential PET degraders. Bessdasgwn that these
enzymes can hydrolyze the ester bond within the PET oligomers without necessarily
having the capability to extensively degrade the PET polymer {tdeifero Acero et
al., 2011; Péregarcia et al., 202I)ue to these reasonsulannot be considered an
indicator that can be correlated with enzyme performance on PET polymer, so an
enzyme selection should not rely only on this kinetic parameter.

ND- not determined
Table3.61: Knconst ant cf(s)Mf)each endyméon mUPET1 (A), mUPET2 (B) &

mUPETS3 (C).

(A) mUPET1 Kuv( € M) Kcat (s1)

LCClcce 16+£0.1 3.4x10°+0.1x 10°
ISPETase 6.7+0.6 50x10°+0.2 x 10°
MoPE 1.9+£0.1 3.0x10°+0.1x 10°
SIGE?2 0.7x0.1 5.7x10°+0.1x 107
A. nigerlipase 57+05 8.7 x10"+0.1x 107
(B) mUPET2 Kvm( € M) Kcat (s1)

LCC'cce 7.2x0.7 5.8x 10°+0.2x 10°
ISPETase 9.3+0.8 3.8x10°+0.1 x 10°
MoPE 156 +15 1.4 x10°+0.1 x 10°
SIGE2 4.7+04 3.4x10°+0.1 x 10’
A. nigerlipase 1.0+0.1 5.0x10°+0.1 x 10’
(C) MUPETS3 Kv( € M) Kcat (s1)

LCCIcc6 21.7+2.8 1.3x10°+0.1 x 10°
ISPETase 34.1+55 2.8x10°+0.3 x 10°
MoPE 174+ 2.1 9.9 x 10’ + 0.5 x 10’
SIGE?2 ND ND

A. nigerlipase 0.6+0.1 56x10°+0.2x 10°
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Considering all the aforementioned kinetic parameters, each substrate can give
important information, allowing screening and sorting of the studied enzymes based on
their efficiency. Especially for mUPET1 and mUPET?2, these substrates could identify
the enymes with activity on PETHigure 3.6-2), as theikcatandkcalKm values were
up to 400 and 137fold higher than those of the other enzymes tested. Regarding
MUPET3, the corresponding values proved that this substrate could identify and
differentiate highly efficient PET hydrolases such as [“€€ not to mention that the
esterases with imperceptible activity on PET polymer had either low or no activity on
this substrate; a piece of useful evidence as interference of insufficient hydrolases can
be avoided.

3.6LBmitations using | abel ey dsrudlsa sreast e s

The newly designed and synthesized labeled substrates have been demonstrated as
novel tools for assaying the PEEgrading activity of characterized enzymes, as they
can rapidly identify PEqdegrading candidates and even differentiate those with high
actiity on PET. Aiming to understand any potential limitations that the labeled
substrates would pose, the class of PET oligethegrading enzymes was investigated.
This investigation was motivated by a previous study wherein a novel enzyme called
PET46 was dicovered through a sequerizased metagenome search for PETases.
PET46 shares structural similarities with feruloyl esterases and exhibits the ability to
hydrolyze MHET, BHET, and synthetic PET oligomers, including 3PET. However, its
activity on PET polyme was significantly lower when compared to benchmark
enzymes such dsPETase and LC(PerezGarcia et al., 2023)n this context, we also
assessed the ability of the labeled substrates to differentiate between FAES/MHETases
and PETases. Similar observations were also observed in our cBeEaaf€ showed
874fold, 5-fold, and 9fold greater catalytic efficiency on mUPET1, mUPET2, and
MUPET3, respectively, when compared to the next-jppedborming enzymeTable
3.6-1andTable 3.6-2). The results obtained in our study demonstrate that FAEs can
also generate falggositive indications, a fact that should be considered when using
MUPET substrates. This limitation may also apply to MHETases considering the high
similarity in mode of addbn to FAEs.

The remarkably high catalytic efficiency BbFaeC compared to those of the other
enzymes tested, alongside the simiarvalues found in mMUPET substrates despite

their structural diversity, implies a plausible mechanism wheFebpeC
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preferentially recognizes and cleaves the fluorogenic moiety of the substrate. To further
examine this hypothesiBpFaeC was also assayed withmU- andp-NPhOH
octanoate, which is a substrate specified for measuring lipase activity. Interestingly, the
catalytic efficiency determined usingmMU-octanoate as a substrate was more than
100,0006fold higher compared to that obtained ugmiPhoctanoate, although the
enzyme should in theory recognize the acyl moiety of each substrate. Furthermore,
theKwm values of MUPET1, mUPETS3, andmU-octanoate did not exhibit statistically
significant differences, indicating similar substrate affinities. Similarly, Kihef
mUPET2 fell within a similar range, but on the other hand Kihealue ofp-NPh
octanoate was significantly higher. All of these findings collectively indicate that this
specific enzyme effectively cleaves thardJ moiety, highlighting the limitations of
assaying FAEs/MHETases, withrdU-labeled substrates. Simultaneously, thecimu
lower affinity and catalytic efficiency dfoFaeC toward thp-NPhOH moiety is an
observation that will be explored in greater depth within this study, since the utilization
of substrates with alternative labeling may potentially enable the differentiat
between FAES/MHETases and actual PETases.

Tabd .@Kucons eM)ndat ¥ , FoFaeC on mUPRPET asswlad

NPioct anoat e

adkd( ks of

Substrate Kuv( € M) Kcat (1) kca/Km (M1 s1)
mMUPET1 17x10%+0.1x10°2 30.0x 103+ 04x 10° 180x 16+ 12 x 1G
MUPET?2 75x10%+0.6 x 16° 38x10*+0.1x10% 51.0+46
MUPET3 22x10°+0.3x10°2 11.0x10°+ 0.4 x 10° 53+07

4-mU-octanoate

p-NPh-octanoate

19x 103+ 0.3 x 102
77 x10'+0.7 x 10t

2.1x10% + 0.1 x 16
85x105+0.2x10°

12.0x16+18 x 1¢
1.1x 102 £+ 0.1 x 12

2. the values exhibit no statistically significant difference

Taking all the above into account, it is noteworthy that fluorescent substrates serve

as a valuable tool for the rapid identification and assessment of enzymes with PETase
activity. Particularly, these labeled substrates are-swgled for screening mutan
libraries or characterizing engineered PETases, providing valuable insights into enzyme
performance as they can promptly evaluate their activity on PET. Moreover, these

substrates enable determination of kinetics without the requirement for additional
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secondary analyses, thereby making the screening process more efficient. However, it
should be mentioned that the same compounds are not recommended when screening a
metagenomic library since the possible presence of FAEs/MHETases can result in
falsepositve indications, necessitating subsequent tests using PET polymer.

In addition to quantifying the enzymatic activities of variousd PET analogues,
a quick qualitative assay can be conducted using-aediémicroplate under room
temperature conditions and UV light exposufeg(re 3.6-3). However, attempts to
develop an agaplatebased screening assay utilizing thend PET analogues for
direct assessment of &n colimutant library were unsuccessful. One possible
explanation for this outcome is the inability of the labeled substrates to penetrate the
intracellular space and undergo hydrolysis by the recombinantly expressed enzymes.
Hence, it is advisable to utilize aenzymesecreting expression host for the

establishment of an agar plate assay screening.

Control

FigBr-3®ualitative egpbamUBRETAgasd0d substrate. The r e:
in a totaleLyolusmemgofO.210OM phosphate bulf fefr e@adctpH .
enzyme, the plate was | eft to incubate fWsd 30 secon
l'ight.

3.6Ud4e of a chromogenic substrate for PET

As shown by the kinetic results, mUPET3 proved superior in the identification of
enzymes with high PEdlegrading activity compared with the other fluorogenic
substrates. Additionally, the reduced binding affinity of FAE towardpthehOH
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moiety (Table 3.6-2) prompted us to synthesize a new subst@atéRhPET3), akin to
MUPET3, wherein 4nU was replaced witp-NPhOH as a chromophoré&igure
2.132D). The hydrolysis op-NPhPET3 can be easily assayed by vis spectroscopy, a
fact that makes its use more laborattrgndly, not to mention that it is partially
insoluble under assay conditions, resembling the hydrophobic and insoluble structure
of PET.

At this point, another notable benefit of UV/vis spectroscopy is its capability to
assay a broader range of enzyme preparatio
This exoproteome (or secretome) is another source for discovering novel PETases,
althoughscreening with fluorescent substrates is often restrictive according to the
principles of fluorescence microscopy. More specifically, screening crude enzymes
derived from culture supernatants can interfere with a fluorescent assay, since
compounds with sigjficant biological activity can be fluorescent themselves or act as
a quenche(Simeonov & Davis, 2004for example, secondary metabolites, such as
flavonoids, contribute the most to background fluorescence interfering with the
fluorescence emission ofMU (Kongkamnerd et al., 2011 the case of wholeell
screening, it should be considered that NADPH fluorescence wavelength bands
(excitation range 32380 nm, emission range, and 4280 nm) overlap with those of
4-mU (Cannon et al., 2021; Simeonov & Davis, 2004)

For all these reasons, the screening assay utilENEhPET3 included not only
purified enzymes but alsbudm; the induced secretome Bf oxysporumwherein
various enzymes including lipases, cutinases, and carboxypeptidases have been
identified (Taxeidis et al., 2023)These enzymes have putative PETase activity
(Tournier et al., 2023therefore~udm was also included in our study and tested with
p-NPhPET3. As shown iRigure 3.6-4, FoFaeC could extensively hydrolype
NPhPET3 exceeding 13 units/mg enzyme, verifying again the conclusion that FAEs
present particularly high activity on these substrates. Regarding the other enzymes, the
activity of LCCC©S, IsPETase, anMoPE was approximately-2o0 4-fold higher than
that of SIGE2, which exhibited the highest activity amohgnigerlipase and-usim,
reaching 0.45 units/mg enzyme. Furthermore, the activitifusim showed no
statistical difference compared$GE2, while the activity oA. nigerlipase fluctuated
at the same level, indicating that {W&PhPET3 substrate could successfully
differentiate PET hydrolases from the estkraving enzymes. However, it is worth

noting thatFudm is a crude exyme preparation, leading to a lower ratio of enzymes
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with actual PETase activity,

hydrolysis.

14.0

a fact which potentially underestimates its ability in PET
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Despite the need for a centrifugation step prior to analydd?hPET3 stands out

as a useful tool for effectively sorting enzymes based on theirdegnading ability

and allows the screening of both pure and crude enzymes obtained from culture

supernatants. Considering the limitations above, both chromogenicwndginic

substrates can be used not only for determining the activity of putative PETases but

also as screening tools in higiroughput assays for molecular evolution studies. Also

in this cae, we observed that the performance of PET hydrolases mirrors that of real

PET, with LCCCC® emerging as the most efficient candidate for PET hydrolysis when

assessed with the chromogenic substrate. Regarding the othallemterg enzymes,

both glucuronoyl esterasiGe2 andA. nigerlipase demonstrated comparable levels of

PET degradation performance and exhibited similar activityp-NPhPETS3,

wheread-udm displayed a minimal impact on PET degradation despite its activity

being comparable to that 81Ge2. This discrepancy may be attributed to the presence
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of other enzymes within the induced secretome, particularly feruloyl esterases, as
previously discussed in a study by Taxeidis €Takeidis et al., 2023)

Overall, these substrates offer significant advantages in terms of time efficiency
and costeffectiveness as they can reliably and directly determine enzymes with PETase
activity. Particularly during enzyme screening, which involves numerous candidates,
the substrates can be inexpensively synthesized, significantly reducing both the cost
and time required compared to HPLC analysis. Notably, this assay enables kinetic
measurements of up to 96 samples, offering a substantial advantage over HPLC, which
at thesame time can only measure a single time point of one sample.

Moreover, this screening assay demands smaller enzyme amounts compared to
PET degradation studies due to the high sensitivity of fluorescence, also providing
initial insights into enzyme performance and subsequently reducing reaction times for
PET degradadn. Finally, considering the high costs associated with purchasing and
maintaining the HPLC infrastructure, the economic feasibility of substrate synthesis
becomes even more evident, as this method can eliminate the large number of samples
needed to be nasured with liquid chromatography, further highlighting the advantages

of the assay.

3.C1l osed | oop of plastic degradatio

bl ends with other polymers

Despite advances i n enzymati c depol ymer
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AMY shows a wide temper gtTomasi &n ge Horomn2O0

Here, we s$owvghktigate the i mpact of the ten

oL CCc9°AMiYo conver{fTPRi péddsPETs into their b:

by performing degradation it.8e6.t s58t . ahde&0d]
The degradation of the mixed PHPS materials was initially studied at 30 °C

(Figure 3.7-2a). The enzymatic decomposition of samples occurred mostly due to

AMY action, an expected result considering the low activity of I€€at this

temperature (Shirke et al., 2018). Enzymatic depolymerization was below 20% for all

samples in the reaction systems containing AMY and't€0AMY, except when the

PET-TPS40 material was degraded by L®EAMY and a maximum

depolymerization of 30.1 =+ 0.9% was observEde enzymatic degradation of PET

TPS films was further confirmed by detecting and quantifying degradation products

from the hydrolysis reaction, from which TPA, MHET, and BHET were detected as

PET intermediate product®\s expeted, the total amount of PET intermediates

released was very low at 30 °C, around only 0.0tnm§ ! or in some cases not

detected at allKigure 3.7-2b). This clearly indicated that this temperature is not

favorable for any enzymatic treatment investigated for the mixed THES plastic.

Nevertheless, PETPS40 had the highest amount of reducing sugars among all

degraded films at 30 °CFigure 3.7-2c), increasing from 1.43 + 0.1 mg-rhiafter

AMY treatment to 3.0 + 0.2 mgiL’ 'when both enzymes were combined in the

LCC'°CS/AMY treatment, which indicated a synergistic decomposition effect. This

finding was clearly shown by DS = 2.0 for PEPS40, which was the highest value

observed at 30 °G~{gure 3.7-2d).
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Fi g Br-&Enzymatic degradation study on the mixed PEPB films using AMY, LC€®, and

LCCcCe AMY at 30 . (a) Enzymatic decomposition ( %)
(BHET, MHET, TPA, and reducing sugars); (b) Total PET products released detected by HPLC analysis;
(c) Reducing sugars detected via the DNS method; and (d) Ca@npari degree of synergism (DS) for

the different mixed PETPS samples. DS was calculated from the total decomposition BYS@@Y

in relation to each individual egmatic treatment. Reactions were carried out for four days under
constant agitation (120fpm) using 3& g of AMMY, o O°CCLdE & combination of both
enzymes in 0.1 phosphate buffer, pH = 7. The concentration of 100%-FB¥ degradation products

is equivalent to 10 mg-miL Tests were carried out in triplicate; error bars represent the standard
deviation of the mean values.

ca

Then the degradation reaction of the mixed PEAS films was studied at 50 °C.
As it can be clearly seen Figure 3.7-3a, the overall performance of the enzymatic
treatments was improved with the temperature increase, indicating that both AMY and
LCC'®CCenzymes are active at 50 °C. The improved degradation was attributed to the
activation of LCCCC as demonstrated by a 15% depolymerization of neat PET film
treated with only LCE&CC. Moreover, the combined LC€S/AMY treatment
synergistically improved the enzymatic decomposition of the-PES films, with
depolymerization rates up to 31%. This was supported by an increase in the total
concentration of TPA, MHET, and BHET released from PS films after the
LCC'°CYAMY treatment at 50 °C, which rged from 1.9 to 2.3 mgiL' (Figure
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3.7-3b). Reducing sugars were detected in all treatment scenarios at 50 °C, however
this was limited to only 1.3 mgiL’ *was detected for PETPS40 treated with AMY
alone(Figure 3.7-3c). As suggested above, increased enzymatic depolymerization was
correlated with the enzymatidegradation synergy for the mixed REPS films,
particularly for the PEATPS10 sample that showed a DS =(Eigure 3.7-3d).
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Fi g Br-&Enzymatic degradation study on the mixed PEB films using AMY, LC€®, and

LCCcCe AMY at 50 : (a) Enzymatic decomposition (%) ca
(BHET, MHET, TPA, and reducing sugars); (b) Total PET products released detected by HPLC analysis;

(c) Reducing sugars detected via the DNS method; and (d) Ca@npari degree of synergism (DS) for

the different mixed PETPS samples. DS was calculated from the total decomposition BYS@@Y

in relation to each individual enmyatic treatment. Reactions were carried out for four days under

constant agitation (1206pm) using 3& g of AMMY, o §°CCLdE & combination of both

enzymes in 0.1 phosphate buffer, pH = 7. The concentration of 100%-FE¥ degradation products

is equivalent to 10 mg-riL Tests were carried out in triplicate; error bars represent the standard

deviation of the mean values.
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depol ymeri zati on o0bs &d=v &dl &pba rel)6shheo wnienagt aP E T
correlation between the mixed material sé6 |
enzymatic degradation. Upo&9&8MYoc amtod li wcteiad | &
change€lainktvehees werTabd pA rrviede (ofXcup to 5
in the neat PET sampl ¢é¢s“faseatwoéecddwi im AMWNL

significant difference in c#ystadleldi mwiotny rwd
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