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ABBREVIATIONS

AA = Auxiliary Activity
Amp = Ampicillin

BHET = Bis-2(hydroxyethyl) terephthalate
CE = Carbohydrate Esterases

Chf = Chloramphenicol

DMSO = Dimethyl Sulfoxide

EC number = Enzyme Commission number
EG = Ethylene Glycol

FACS = Fluorescence-Activated Cell Sorting
FCE = Free Cell Extract

GH = Glycoside Hydrolase

GT = Glycosyl Transferase

HMM = Hidden Markov Model

HPAEC-PAD = High-Performance Anion-Exchange
Chromatography with Pulsed Amperometric Detection

HPLC = High-Performance Liquid Chromatography

IPTG = Isopropy! B-D-1-thiogalactopyranoside
LB = Lysogeny Broth
LCC = Leaf-branch Compost Cutinase

LPMO = Lytic polysaccharide monooxygenase
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MDNA = Metagenomic DNA
MHET = Mono-(2-hydroxyethyl)terephthalic acid
MSA = Multiple Sequence Alignment

PA = Polyamide

PE = polyethylene

PET = Poly(ethylene terephthalate)
PHE = PET Hydrolysing Enzyme
PL = Polysaccharide Lyase

PNA = Peptide Nucleic Acid

pNP = para-Nitrophenol

PP = polypropylene

PS = Polystyrene

PSP = Phenol red

PUR = Polyurethane ester-based

PVC = Polyvinylchloride

Thc_Cutl = Cutinase 1 from Thermobifida cellulosilytica
Ty = Glass Transition Temperature

TPA = Terephthalic acid



W/o droplets = Water/oil droplets

W/o/w droplets = Water/oil/water droplets

X-substrates = 5-bromo-4-chloro-3-indolyl-substrates
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RIASSUNTO

Gli uomini dominano il pianeta Terra, cambiandolo in modi
che minacciano la loro sopravvivenza e quella di altri esseri
viventi. La crescita della popolazione mondiale e il conseguente
sfruttamento delle risorse, la trasformazione e la frammentazione
degli habitat, la produzione e il consumo di energia e |l
cambiamento climatico sono meccanismi che causano una
trasformazione dell’ecosistema su scala planetaria. Dati i rischi
per la resilienza della Terra, 'ampia scala e la rapidita del
fenomeno, ma soprattutto la plausibilita di un “punto di non
ritorno”, hanno portato a una maggiore consapevolezza da parte
della popolazione e dei governi. Cid ha innescato un aumento
della richiesta di soluzioni di tipo biologico, su scala locale e
globale.

Al fine di minimizzare la dipendenza da materie prime fossili,
le industrie stanno cercando di introdurre alternative sempre piu
verdi e sostenibili, anche nell'ottica della realizzazione di una
economia circolare. | concetti di bioeconomia ed economia
circolare incoraggiano infatti uno sviluppo sostenibile, realizzando
una sinergia tra societa, economia e ambiente.

L’economia circolare ha vari target di interesse
biotecnologico, tra cui i polimeri, sia naturali sia artificiali. Un
insieme di biopolimeri dal grande potenziale € rappresentato dalla
biomassa lignocellulosica, che pud essere fonte di combustibili
verdi come il bioetanolo, da utilizzare in alternativa a quelli fossili.
A tal fine, la ricerca di enzimi che degradano la lignocellulosa
capaci di resistere a condizioni industriali spinte & ancora oggi al
centro dell’attenzione in ambito industriale, per sfruttare al meglio
il potenziale di questa biomassa. Tra i polimeri artificiali, invece, il
polietilene tereftalato (PET) ha richiamato su di sé una notevole
attenzione negli ultimi anni. La sua refrattarieta alla degradazione
naturale, cosi come I'assenza di metodi verdi efficaci per il suo
riciclo o per la valorizzazione dei prodotti ottenuti, hanno infatti
scatenato una crescente ricerca di biocatalizzatori utili a questi
fini.

Scoperta di nuovi enzimi attivi sui carboidrati attraverso la
metagenomica funzionale

La dipendenza dai combustibili fossili come fonte di energia
ha provocato un aumento di anidride carbonica, uno dei gas che
causano leffetto serra, contribuendo ampiamente al
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surriscaldamento globale. Questo problema ambientale,
accompagnato dalla diminuzione della disponibilita di combustibili
fossili, ha innescato la ricerca di una fonte alternativa di energia.

| biocarburanti da biomasse rinnovabili rappresentano una
valida opzione, dal momento che riducono I'emissione globale di
gas serra creando un circolo chiuso del carbonio. Una
promettente fonte di biocarburanti (come il bioetanolo) e
rappresentata dalla lignocellulosa, la piu abbondante fonte di
carboidrati in natura, sfruttata nelle bioraffinerie di seconda
generazione. Inoltre, a differenza delle biomasse amidacee usate
nelle bioraffinerie di prima generazione, la lignocellulosa non crea
competizione con [lindustria alimentare. Questa biomassa
rappresenta quindi non solo una scelta virtualmente inesauribile,
ma anche una alternativa piu conveniente ed eticamente
sostenibile.

Data la sua struttura complessa, la lignocellulosa e spesso
recalcitrante allidrolisi (saccarificazione). In particolare, la
saccarificazione enzimatica rappresenta lo step limitante
dell'intero bioprocesso nelle bioraffinerie di seconda generazione.
Questo e principalmente dovuto ai loro costi, alla loro bassa
efficienza catalitica e alla loro instabilita operazionale in presenza
di agenti denaturanti. A tal proposito, risulta necessaria la ricerca
di nuovi ed efficienti cockails enzimatici per [lidrolisi della
biomassa lignocellulosica.

Grande attenzione e data agli enzimi da microorganismi
(ipertermofili, in particolare agli enzimi attivi sui carboidrati
(Carbohydrate Active enZymes, CAZymes) tra cui le glicosil
idrolasi (Glycoside Hydrolases, GHs). Questi catalizzatori
possono lavorare in condizioni in cui gli analoghi mesofilici
denaturano rapidamente.

I microorganismi (iper)termofili, date le condizioni estreme in
cui normalmente vivono, sono spesso difficili da isolare, coltivare
e studiare in laboratorio. Per tale ragione, & necessario l'uso di
tecniche non dipendenti dalla coltura. In questo frangente, la
metagenomica funzionale rappresenta una valida alternativa per
la ricerca di nuove GHs. Essa consiste nella costruzione e nello
screening funzionale di librerie di vettori contenenti inserti di DNA
metagenomico (MDNA).

I DNA metagenomico utilizzato in questo studio e stato
estratto da campioni raccolti in ambienti ipertermofili,
specificamente da siti geotermali. L'obiettivo principale del
progetto €& stato sviluppare nuovi protocolli di analisi
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metagenomica funzionale per lo screening di dataset
metagenomici ipertermofili. A tal fine, sono stati utilizzati strumenti
bioinformatici avanzati per l'annotazione di CAZymes, e di
assegnazione tassonomica, al fine di selezionare in modo mirato
i campioni piu promettenti per la costruzione di genoteche
fosmidiche. Queste genoteche sono state successivamente
sottoposte a screening con l'intento di identificare geni codificanti
per nuove GHs adatte a funzionare in condizioni estreme di
temperatura. Per raggiungere questo scopo, i protocolli utilizzati,
sia nei metodi convenzionali sia in quelli basati su tecnologie di
microfluidica, sono stati appositamente adattati e ottimizzati per
consentire I'identificazione di enzimi in condizioni ipertermofile.
Sebbene  l'esplorazione iniziale non abbia  portato
all'identificazione diretta di cloni positivi di GHs ipertermofile,
qguesto lavoro ha permesso di sviluppare e raffinare tre nuovi
protocolli di metagenomica funzionale aprendo nuove vie per la
ricerca di enzimi capaci di operare efficacemente in contesti
industriali che richiedono alte temperature.

Scoperta di enzimi attivi sul PET attraverso la metagenomica
in-silico e ingegnerizzazione di enzimi gia noti

L’'uso massivo di plastica ha causato il suo accumulo
nellambiente. Una delle plastiche sintetiche piu utilizzate e il PET,
un polimero ad alto peso molecolare composto da acido tereftalico
(TPA) e glicole etilenico (EG) legati tramite legame estere. Le
caratteristiche chimico-fisiche che rendono il PET un materiale
vantaggioso, come versatilita e durevolezza, rappresentano allo
stesso tempo il motivo per cui si accumula in natura, essendo
recalcitrante alla degradazione naturale.

La degradazione biologica del PET consiste nell'idrolisi
enzimatica, che converte la molecola nei suoi due monomeri
ecocompatibili, TPA ed EG. Inoltre, poiché lidrolisi del PET
incrementa con il crescere della temperatura a causa
dell’aumentata mobilita delle catene, la ricerca di nuovi enzimi che
degradano il PET (PET Hydrolysing Enzymes, PHES) ad alta
temperatura e giustificata.

Date le problematiche gia descritte, legate allo studio degli
organismi (ipentermofili in laboratorio, sono necessari approcci
indipendenti dalla coltura. La metagenomica basata sull’analisi
computazionale del DNA metagenomico sequenziato con metodi
massivi (Next Generation Sequencing), anche detta in-silico,
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rappresenta una soluzione. Inoltre, per ottenere PHEs capaci di
lavorare ad alte temperature, anche [Iingegnerizzazione
enzimatica rappresenta una via utile. Adoperando la mutagenesi,
sia random sia sito-diretta, e infatti possibile ottenere enzimi che
degradano il PET che siano in grado di resistere ad alta
temperatura.

Per quanto riguarda la scoperta di nuovi enzimi attraverso la
metagenomica in-silico, le sequenze disponibili online di PHEs gia
caratterizzate hanno rappresentato il punto di partenza per la
costruzione di un modello di Markov nascosto (Hidden Markov
Model, HMM). Quest’ultimo & stato impiegato, in collaborazione
con il gruppo del Prof. Wolfgang Streit del’Universita di Amburgo,
curatore del Plastics-Active Enzymes Database (PAZy -
https://pazy.eu), per la ricerca di sequenze interessanti di nuovi
putativi PHEs in datasets metagenomici privati. Sono state cosi
identificate due nuove putative PHEs, PP_EG e Sis, che sono
state  selezionate per [I'espressione, purificazione e
caratterizzazione. Sia Sis sia PP_EG hanno mostrato attivita nei
saggi cromogenici durante le analisi preliminari, ovvero su
substrati esterei e su substrati plastici. Inoltre, I'enzima Sis ha
mostrato attivita su substrati plastici ed é stato caratterizzato in
dettaglio.

Per quanto invece concerne l'ingegnerizzazione enzimatica,
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SUMMARY

Humans dominate the Earth, changing it in ways that
menace planet's resilience. For the plausibility of a “tipping point”,
this situation enhances the demand for biological solving from the
local to the global scale, in particular, concerning the discovery of
biocatalysts. In the frame of a circular bioeconomy, the discovery
of enzymes able to breakdown natural and artificial polymers is
gaining much attention.

For the first objective of this PhD thesis, the scientific
background concerns the dependence on fuels from fossil as
energy source, contributing to global warming. Biofuels represent
a valid alternative, and lignocellulose is a promising reservoir. As
biocatalysts, great attention is given to (hyper)thermophilic
glycoside hydrolases (GHs), which can operate under conditions
in which the mesophilic ones quickly denature. To this aim,
functional metagenomics can help find new GHs.

The project aimed to create new protocols for analysing
(hyper)thermophilic metagenomic data, wusing advanced
bioinformatics for enzyme annotation and sample selection for
fosmid library  construction. Despite  not identifying
hyperthermophilic GH clones initially, the project developed and
refined three novel functional metagenomic protocols, enhancing
the search for enzymes suitable for high-temperature industrial
applications.

For the second objective, given the environmental
accumulation of poly(ethylene terephthalate), the aim is to
discover new PET Hydrolysing Enzymes (PHES). Since the
hydrolysis of PET increases with the rising temperature, screening
for thermophilic enzymes may be helpful. In-silico metagenomics
and protein engineering represent two approaches. For the
enzyme discovery, two new PHEs, PP_EG and Sis, were
identified, showing activity on ester and plastic substrates. Among
them, Sis was biochemically characterized more in detail. For the
engineering,
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CHAPTER 1: INTRODUCTION

To date, humans dominate the Earth, changing it in ways
that menace their and other animals’ survival. The growth of the
human population and the consequent resource exploitation, the
transformation and the fragmentation of the habitat, the production
and the consumption of energy and climate change are forcing
mechanisms causing a planetary-scale transformation of the
ecosystem of the planet [1], [2]. For its wide scale, its speed, and
its menace to the resilience of the Earth, but mainly for the
plausibility of a “tipping point”, this novel situation has led to an
increasing awareness from both the population and the
governments, enhancing the demand for biological solving from
the local to the global scale [1].

In the industrial field, the request for biological solutions
concerns new biocatalysts. Enzymes are interesting for their vast
range of applications, also being biodegradable and non-toxic,
originating from renewable sources [3]. Enzymes involved in
polymer modification play a pivotal role across diverse fields,
spanning from biofuel production to plastic degradation. [4], [5]. In
particular, most enzymes for industrial applications are hydrolases
able to catalyse polymeric substrates breakdown into simpler
molecules [6].

1.1. Metagenomics for enzyme discovery
1.1.1. Functional metagenomics

Enzyme discovery through functional metagenomics
depends on the construction and functional screening of libraries
of suitable vectors containing metagenomic DNA (mDNA) inserts
to identify enzymes of interest [7], [8], [9]. Briefly, the first step
consists of extracting mDNA and constructing the libraries,
sometimes containing hundreds of thousands of clones. The
fragments dimensions usually range from 2 to 200 kbp, depending
on the cloning vector [8]. Then, the libraries can be functionally
screened, exploiting different kinds of substrates and
methodologies [8], [10], [11], [12].

Generally, the functional screening exploits chromogenic or
fluorescent substrates to detect the presence of the enzymatic
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activity of interest. For example, in the search for catalysts able to
degrade polysaccharides, the insoluble azurine-cross-linked-
polysaccharides (AZCL-polysaccharides) represent a solution
because the presence of endo-hydrolase activity is indicated by
the release of soluble azure products as AZCL-oligosaccharides
(Fig. 1a) [8]. Resorufin-glycosides represent another suitable
substrate for the functional screening since, by the exploitation of
this class of molecules, it is possible to observe hydrolysis by the
release of fluorescent resorufin aglycone (Fig. 1b) [11], [13].
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Figure 1. Schematic representation of the activity detection on (a) AZCL-substrates (adapted from
https://www.megazyme.com/shop-all-products/enzyme-substrates/insoluble-chromogenic-
substrates) and (b) resorufin-substrates (adapted from ref. [13]).

Concerning the methodologies of high-throughput screening
for glycosidases, among the ones available, the most common
ones exploit solid and liquid plates containing a cultivation medium
and a chromogenic substrate. The most used substrates are
represented by the AZCL-polysaccharides described above but
also by Azo-polysaccharides and 5-bromo-4-chloro-3-indolyl-
substrates (X-substrates) [8], [9], [10], [12]. Azo-polysaccharides
are blue-coloured substrates, and the activity can be highlighted
on a solid plate by forming a clear halo around the colony. X-
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polysaccharides instead are non-coloured substrates, and the
activity can be detected by the formation of a blue-coloured halo
around the colony on a solid plate. Moreover, these substrates
allow the differentiation between endo- and exo-acting enzymes
during the screening since AZCL- and Azo-polysaccharides
permit the identification of endo-activities, while X-substrates
allow the detection of exo-activities [8]. As regards the screening
methods, besides the conventional one described above, a valid
alternative is represented by microfluidics-based high-throughput
screening. More in detail, exploiting droplet-based systems,
pipelines for the screening of new activities from mesophilic
communities have been reported [11], [14]. This approach can
exploit resorufin-substrates since the release of fluorescent
groups can be detected downstream by Fluorescence-Activated
Cell Sorting (FACS) [11]. Also, conventional and microfluidics-
based methodologies can exploit minimal media supplemented
with oligosaccharides as the sole carbon source, aiming to find
clones that can degrade the target oligosaccharide, thus growing
[8], [14].

Besides the discovery of glycosidases, functional screening
has been extensively used in searching for esterase and lipase
activities [15]. A generic pH indicator assay can be exploited to
detect new activities by high-throughput screening. This method,
in fact, represents a simple and generic way to detect activities
targeting esters of interest [15], [16], [17], [18]. To this aim, the
commonly used pH indicators are represented by para-
nitrophenol (pNP), phenol red (PSP) and bromothymol blue [15].
For example, in the presence of activity, the expected colour
change for bromothymol blue is from blue to yellow [15], [16], [17].
To identify activities of esterases and lipases, functional screening
can utilize chromogenic substrates like a-naphthyl esters (for
lipase/esterase activities), indoxyl esters (for lipase/esterase
activities), tributyrin (specifically for lipase), and rhodamine (also
for lipase). For instance, the successful activity detection on solid
plates with a-naphthyl esters is indicated by a brown colour,
whereas a blue colour signifies activity on indoxyl esters [18].

Once identified, the positive clones are usually processed in
a secondary screening to confirm the activity, finally arriving at the
sequencing step to identify the genes [8], [11]. For example, the
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commonly used methods for the secondary processing of positive
clones, which are putative glycosidases, are represented by
another round of screening on AZCL-, Azo- or X-substrates, but
also by pNP-mono/oligosaccharide and high-performance anion-
exchange chromatography with pulsed amperometric detection
(HPAEC-PAD). Regarding pNP-substrates, the yellow colour
shows the release of pNP-OH as the leaving group in the reaction
mixture. Regarding the HPAEC-PAD analysis, the activity
validation involves chromatographically separating the reaction
products and their identification using appropriate standards [8].

1.1.2. In-silico metagenomics

Besides the difficulties in constructing libraries (e.g. given by
the low amount or the low quality of mMDNA), a drawback in the
functional metagenomics approach is represented by the
considerable presence of false positives and false negatives [8],
[11], [19], [20], [21]. Indeed, false positives often arise when non-
specific activities or background noise are mistakenly identified as
the target enzymatic activity [11], [19], [21], [22]. On the other
hand, false negatives can occur when the actual enzymatic
activity is present but goes undetected, possibly because the
conditions used for the screening are not optimal for the enzyme's
activity or the expression levels of the relevant genes are too low
to be detected under the assay conditions [8], [11], [19], [22].
Moreover, given the difficulties in studying (hyper)thermophilic
microorganisms and the aim to discover novel thermozymes, the
screening temperature also represents a significant bottleneck
[21].

In this framework, a complementary approach is given by
sequence-based, or in-silico, metagenomics. The mMDNA is
extracted, sequenced, and assembled from environmental
samples. This process allows for subsequent functional and
taxonomic annotation without the biases associated with isolating
novel microbial species, which often necessitate growth
conditions that are challenging to replicate in the laboratory. In this
way, it is possible to mine metagenomes, both from private and
public datasets, searching for new enzymatic activities [23], [24]
by exploiting suitable bioinformatic tools [25], [26]. One of the most
efficient methods is the construction of Hidden Markov Models
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(HMMs), statistical models built starting from the multiple
sequence alignment of already reported enzymes with the activity
of interest. Hence, Hidden Markov Models (HMMs) can be utilized
to scan metagenomic datasets to discover new enzymes that are
biotechnologically valuable [23], [24], [27].

1.2. Biotechnological applications of extremozymes

Even if some environments seem inhospitable for life (in
terms of harsh conditions of temperature, pH, pressure, salinity,
ionizing radiations, presence of heavy metals), these extreme
habitats are populated by microorganisms from all three life
domains: Eukarya, Archaea, and Bacteria [28]. The study of
extremophilic microorganisms, known as extremophiles, has
increased over time, given the biotechnological applicability of
their enzymes (extremozymes) [28], [29], [30]. Extremophiles
display ecological and biochemical adaptations that are atypical if
compared to their mesophilic counterparts.

Defined the environmental parameters (e.g. pH,
temperature, salinity), the extremophiles are classified in various
categories, also with specifications of sub-categories to better
arrange the organisms. Concerning the temperature, the
extremophiles are classified as hyperthermophiles (optimal T > 85
°C), thermophiles (optimal T 45-85 °C) and psychrophiles (optimal
growth under 15 °C) [28]. Even if the extremophiles are spread
within the three domains of life, most belong to Archaea and
Bacteria, and, in particular, hyperthermophiles are mainly Archaea
[31], [32], [33].

The high stability of the enzymes from (hyper)thermophiles,
namely thermozymes, can be exploited in a broad range of
industrial applications, given the tolerance of these catalysts to
temperature [28], [34]. Since they can catalyse reactions under
conditions where the mesophilic counterparts are quickly
denatured, the potential of thermozymes in biotechnological fields
is therefore recognised [34]. These biocatalysts can be, in fact,
used for cosmeceutical applications, waste management, food,
and beverage, but also in biorefineries, e.g. for the pretreatment
of lignocellulosic biomasses for biofuels production [3], [35], [36],
[37], [38]. For example, concerning enzymes active on
carbohydrates, xylanases can be exploited in pulp and paper bio-
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bleaching since the process requires thermostable and
alkalophilic enzymes [37]. Regarding the enzymes active on
plastics, examples are represented by cutinases, which usually
can degrade poly(ethylene terephthalate) (PET) at high
temperatures [5], [39].

The commercialisation of enzymes started in 1873 with the
production of pepsin preparations, aiming to treat digestive
problems. This was possible thanks to Christian Hansen, an
entrepreneur which opened the first enzyme factory, today known
as the company Chr. Hansen [40]. The demand for enzymes has
increased over time, given their advantageous properties such as
selectivity and efficiency [36], [40]. For industrial enzymes, the
global market was worth 2 billion dollars in 2004, 3.3 billion dollars
in 2010 and 7 billion dollars in 2017, expecting to reach more than
10 billion dollars by 2024 [35], [36], [41], [42]. Since most
commercial enzymes currently available have a mesophilic origin,
the demand for thermozymes able to resist harsh industrial
conditions is growing [36]. Thus, given the great potential of these
biocatalysts in the biotechnological field, this represents another
reason why their study keeps increasing over the years, aiming
for a more complete exploitation for industrial applications [21],
[36].

1.3. Carbohydrate-Active enZymes (CAZymes) and CAZy
database

Carbohydrates can form many combinations in nature, given
the different monosaccharides involved, the large variety of non-
sugar substituents that can decorate the final chain, and the
diverse regio- and stereospecificity of the glycoside bonds
involved [43]. Complex carbohydrates diversity is regulated by
enzymes that catalyse their assembly and their disruption [43],
[44]. Collectively, these enzymes are indicated as Carbohydrate-
Active enZymes (CAZymes), which are classified in families
based on the sequence similarity for over 20 years [43], [44], [45].
The classification is available online in a daily updated database
named CAZy (www.cazy.org) created in 1998, and it is possible
to notice the division in enzymatic classes based on their
activities, that are Glycoside Hydrolases (GHs), Glycosyl
Transferases (GTs), Polysaccharide Lyases (PLs), Carbohydrate
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Esterases (CEs) and Auxiliary Activities (AAs) [43], [44]. The
classes are divided into families based on sequence similarity,
and families can include enzymes with diverse substrate
specificity. Moreover, when a high correlation between sequence
and substrate specificity occurs, members of the same family can
be sub-grouped into sub-families. Furthermore, families with the
same 3D structure can be grouped into clans, indicating a
common origin from an ancestral DNA sequence [43], [44]. The
number of enzymes identified is continuously expanding [43], and
to date (December 2023), the classification includes 187 GH
families, 117 GT families, 43 PL families, 20 CE families and 17
AA families.

1.3.1. Glycoside Hydrolases (GHSs)

GHs are enzymes that can act on complex sugars or
glycosylated molecules, catalysing the hydrolysis of the glycosidic
bonds that hold together these macromolecules. Given the central
role of carbohydrates in the metabolism, GHs are widespread in
all living organisms, freeing simple sugars processing larger
carbohydrate molecules [46], [47].

GHs can be classified according to different criteria. First,
they can be divided into exo- and endo-glycosidases based on the
action mode on the long sugar chain. More in detail, exo-acting
enzymes cleave the substrate at the end (most frequently the non-
reducing end), and endo-acting enzymes cleave within the middle
of the chain (Fig. 2) [48].

endo-acting reducing end
exo-acting

A o L7 oA o Ly 0O o L7 O N2 on

}
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Figure 2. Schematic representation of exo- and endo-activities
(https://www.cazypedia.org/index.php/Glycoside hydrolases).

Furthermore, GHs can be divided into a- or B-glycosidases
based on the stereo-specificity of the anomeric carbon involved in
the glycosidic bond (Fig. 3) [49].
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Figure 3. In red, examples of 3-glycosidic bond on the left (in particular, B-1,3-glycosidic bond) and
a-glycosidic bond on the right (in particular, a-1,4-glycosidic bond).

GHs can also be classified as inverting or retaining, based
on the stereochemistry of the reaction product that is respectively
inverted or maintained if compared to that of the substrate [49],
[50]. More in detalil, inverting GHs (a—f and f—a) exploit a single-
displacement mechanism that results in the inversion of the
anomeric carbon in the product compared to the substrate. In this
case, two carboxyl groups are in the active site, acting like an acid
and a general base, respectively, with a typical distance of 7-11
A. Since the acid protonates the glycosidic oxygen and the water
is activated by the base, this situation leads to the inverted
configuration of the anomeric carbon (Fig. 4a) [49]. Conversely,
the retaining GHs (a—a and B—p) follow a double-displacement
mechanism, consisting of glycosylation and de-glycosylation
steps with the formation of a covalent glycosyl-enzyme
intermediate that is resolved to a product with a maintained
anomeric configuration. Here, the two catalytic carboxyl groups
are separated by a distance of about 5 A, acting as a general
acid/base and a nucleophile (Fig. 4b) [49]. Finally, concerning the
classification of GHs, it is worth highlighting that some GH families
do not follow the mechanisms described above [50]. Examples are
represented by families GH4 and GH109, exploiting a mechanism
that involves a NAD* molecule as cofactor [51].
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Figure 4. Mechanisms of reaction of (a) inverting GHs (here the mechanism of an inverting
a-glycosidase is represented) and (b) retaining GHs (here the mechanism of a retaining
B-glycosidase is represented) (https://www.cazypedia.org/index.php/Glycoside hydrolases).
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1.4. PET Hydrolysing Enzymes (PHEs) and PAZy database

Nowadays, plastic accumulation in nature represents a
global challenge [52], [53]. These materials are hugely exploited
in the economy, and around 350-400 million tons are produced
every year at global scale. This prompted the request for
biocatalysts, searching for enzymes able to degrade plastics
without generating toxic substances, as in the case of chemical
recycling processes [5], [52], [54], [55]. So far, only a limited
selection of enzymes has been identified for the degradation of
PET, polyurethane ester-based (PUR), and polyamide (PA).
Moreover, no enzyme is known to degrade other hugely used
fossil-fuels based plastics as polystyrene (PS), polyvinylchloride
(PVC), and polypropylene (PP), and none has been characterized
at the biochemical level for polymeric and crystalline polyethylene
(PE) [54]. As CAzy for CAZymes, despite the considerable
difference in the number of known enzymes given the lack of
catalysts active on plastic polymers, thus requiring a massive work
of discovery and annotation, Plastics-Active enZymes database
(PAZy - www.pazy.eu) was developed in 2021 to collect the
information about the enzymes described above. This database,
in fact, collects activities, genes and protein data for verified
enzymes acting on fossil fuel-based polymers and polymers from
mainly renewable resources [54].

One of the most used synthetic plastics is PET, a high
molecular weight polymer composed of ester bond-linked
terephthalic acid (TPA) and ethylene glycol (EG) [5], [56]. PET’s
advantageous physical properties are excellent cheapness,
versatility, and durability [5], [57]. Nevertheless, this plastic poses
an environmental challenge due to its recalcitrance to natural
degradation, thereby presenting a drawback for recycling and
upcycling efforts. The leading techniques for plastic degradation
consist of chemical and biological processes. However, chemical
degradation processes require high temperature and pressure,
consume much energy, and generate many toxic and polluting
substances [5], [52], [53]. Conversely, biological processes of
degradation are eco-friendly, and the degradation through PET
Hydrolysing Enzymes (PHES) could be a solution, converting the
molecule into its building blocks [5], [52], [53], [58].
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PET is a semicrystalline polymer consisting of an amorphous
and a crystalline part. The latter strongly affects the enzymatic
activity of PHEs since it is less accessible for the breakdown. This
suggests that the enzymatic activity increases with the decreasing
crystallinity [55], [59], [60]. Moreover, the enzymatic hydrolysis of
PET increases with the rising temperature. This is possible
because there is a higher probability for the surface chains to
leave the polymer structure near its glass transition temperature
(Tgaround 75 °C). Thus, these chains could become targets fitting
into the active site of PHEs [39]. In fact, as the temperature
approaches the Ty, there is an increased chain mobility that results
in a more rapid enzymatic hydrolysis. This underscores the critical
importance of finding enzymes that are effective in these high-
temperature conditions [2], [24], [52], [53]. Therefore, a significant
number of these enzymes preferentially hydrolyse the amorphous
regions of PET due to the less restricted chain mobility [39], [52],
[55], [61].

1.4.1. PETases and MHETases

Among the PHEs, esterases named PET hydrolases
(PETases) display the highest PET hydrolytic activity at ambient
temperature. However, PETases are often heat-labile and an
outstanding occurrence among the biochemically characterized
PHEs is that they generally display high thermostability [2], [52].
In fact, concerning environmental remediation, in the past decade,
several studies have identified enzymes from thermophilic
organisms showing a detectable PET degrading activity [5], [62],
[63]. For the biodegradation of PET, the pioneering researchers
have mainly employed cutinases [64], [65], [66], enzymes that can
degrade the plastic substrate up to 50 °C but are not able to
perform efficiently the reaction at room temperature [5]. Therefore,
PET degradation at this temperature represented a challenge,
until Yoshida et al. in 2016 discovered a new bacterium, Ideonella
sakaiensis 201-F6, able to grow on PET as the principal carbon
source [58]. The degradation of PET is possible because the
bacterium adheres to its surface, secreting a cutinase-like enzyme
that can degrade it [52], [56], [57], [58]. The main products of this
hydrolysis are mono-(2-hydroxyethyl)terephthalic acid (MHET),
bis-2(hydroxyethyl) terephthalate (BHET), TPA, and EG. PETase
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can further degrade BHET in MHET and EG (Fig. 5a). Meanwhile,
a second enzyme of I. sakaiensis, the MHET-digesting enzyme
(MHETase), is a tannase capable of degrading MHET to obtain
TPA and EG (Fig. 5b).
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Figure 5. General reaction schemes of (a) PETases and (b) MHETases.

The monomers resulting from PET breakdown by PETase
and MHETase are finally used for the metabolism of I. sakaiensis
[52], [58], [67].

1.4.2. Engineering of PHES

Newly discovered enzymes are often responsible for

biochemical functions that can be interesting for industrial
applications, but usually, they are not suitable for a complete
biotechnological exploitation. For example, low resistance under
harsh conditions or a low substrate specificity can hamper their
use [2]. To overcome these hurdles, as well as to better
understand the adaptation that can contribute to the improvement
of the activity, protein engineering represents a solution [2], [55],
[57].
Many efforts have been made to produce PETase variants,
especially the one from |. sakaiensis, and the preferred host for
the expression is E. coli [2], [57], [68], [69]. There is still the
necessity of a robust and straightforward expression procedure
concerning the large-scale production of these enzymes. To this
aim,
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1.5. Enzymatic polymer modification for circular economy

In the 17™ century, the invention of steam engines started
the industrial revolution. At that time, energy and raw materials
were considered unlimited, creating a linear economy with a flow
summarised as: take - make - dispose [74]. This economic model
generated 110 million tons of municipal solid waste per year in
1900, over 1 billion tons in 2000, and about 2 billion tons in 2016
[74], [75]. Due to the estimated scenarios concerning the
increasing accumulation of waste in the future, a new economic
model, called a recycling or reusing economy, was developed.
The critical point of this model was to reuse a part of the materials
and disposing of them at the end of their second life [74].

Given the amounts of raw materials used, the quantity of
waste generated, and the risk of an ecological collapse, the linear
and the recycling economy do not represent the ideal economic
model for modern society [74], [76]. Thus, the circular economy
concept was born to introduce a sustainable growth model, aiming
to encourage a synergy between society, economy, and
environment [76], [77]. This model emerged in the 1970s,
prompting the adoption of sustainable strategies for industrial
production and representing the key to sustainability [78], [79].
The goal is preserving natural resources, reducing or eliminating
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waste, and using renewable resources in a biobased economy
[79]. The global masterplan, in fact, considers the negative impact
of the consumption of non-renewable resources on the
environment and, thus, on the quality of life. Concerning the
industrial field, the producers are lowering their dependence on
unsustainable resources, applying the principles of a circular
economy, and creating new employment [77].

1.5.1. GHs in the frame of circular economy

The human dependence on fossil fuels as energy source, led
to a dramatic increase of the atmospheric concentration of COz,
in a time span much reduced if compared to the formation of fossil
carbon derivatives. Thus, the gases causing the greenhouse
effect widely contributing to global warming, is a current problem
extensively discussed nowadays. This environmental issue,
accompanied by the diminishing supply of fossil fuels, prompted
the search for an alternative energy source [80]. Biofuels
represent a valid option since they reduce the global emission of
greenhouse gases and they are renewable [80], [81], [82]. One of
the most promising reservoirs of biofuels, as ethanol, is
represented by lignocellulose, the most abundant carbohydrate
source in nature [81], exploited in the second-generation
biorefineries. The carbon present in plant lignocellulose results
from its assimilation during photosynthesis, in which CO: is
converted into organic compounds. Thus, the wusing of
lignocellulosic biomasses as fuel sources allows a homogeneous
emission of CO2 and its re-assimilation during photosynthesis.
This close circle of carbon, occurring in the same time frame, can
lead to a decrease of greenhouse gases emission derived from
fossil fuels. Furthermore, unlike the starchy biomasses currently
used in first-generation biorefineries, lignocellulosic biomasses do
not compete with the food industry, representing not only a choice
of more straightforward procurement but also a more convenient
and ethically sustainable alternative [78], [80], [81], [82].

Unfortunately, given its complex structure (typically
composed of 40-80% cellulose, 15-30% hemicellulose and 10-
25% lignin [83]) (Fig. 7), lignocellulose is generally recalcitrant to
hydrolysis (saccharification) [82].
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Figure 7. The structure of lignocellulose, existing as microfibrils in plant cell walls, consisting of
cellulose bordered by hemicellulose and lignin [84].

The complete bioconversion of lignocellulosic biomasses
involves the following basic steps: mechanical or chemical pre-
treatment; saccharification by acid or enzymatic hydrolysis to
obtain simple sugars (pentoses and hexoses); microbial
fermentation of monosaccharides to obtain chemical building
blocks; separation and concentration of the final bioproducts (Fig.
8) [4], [85]. Due to their cost, low catalytic efficiency and
operational stability to denaturant agents, the enzymes for the
saccharification represent the limiting step of the entire large-scale
bioprocess in second-generation biorefineries. This issue makes
it necessary to search for new efficient cocktails of enzymes for
this hydrolysis [82].
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Figure 8. Bioprocess of conversion of lignocellulosic biomass into bioethanol and co-products.

To this aim, CAZymes play a significant role. Among them,
lytic polysaccharide monooxygenases (LPMOs) can be found,
being classified in CAZy database as AAs. LPMOs gained much
attention in the last years, having an exceptional role in the
polysaccharide degradation performing the oxidative cleavage of
B-1,4-glycosidic bonds [86], [87], [88]. Furthermore, great
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attention has been given to hydrolytic enzymes as the
(hyper)thermophilic  GHs and, in particular, to the
(hemi)cellulases, able to degrade the (hemi)cellulosic fraction of
lignocellulose. This interest is justified by their ability to operate
under conditions where mesophilic GHs quickly denature [82].
Therefore, the research for new (hemi)cellulases as GHs from
(hyper)thermophilic microorganisms, with new properties in terms
of substrate specificity, stability to denaturant agents and
improved conditions of reaction compared to those already
known, plays an essential role in the field of biofuels [46], [48],
[80], [81], [82].

1.5.2. PHEs in the frame of circular economy

In less than a century of manufacturing, plastics have
become essential to modern society, determining its accumulation
in nature with severe ecologically damaging effects [2], [5], [23],
[54], [56], [89]. The production, in fact, is estimated to be almost
400 million tons/year, with applications in textile and electrical
equipment. However, overall packaging (around 36% of the
production) is the main constituent of plastic waste (around 47%)
[55].

The problems concerning marine and terrestrial pollution
and the negative impacts of microplastic exposure on human
health have caused many worries [2]. The wasted plastic
materials in the environments are exposed to oxygen and intense
sunlight, causing plastics’ partial deterioration and fragmentation,
thus forming microplastics [62]. Both large debris of plastic and
microplastics are thus disseminated worldwide in terrestrial and
oceanic environments. The Great Pacific Garbage Patch, a
collection of debris in the North Pacific Ocean, is probably the
most famous instance of plastic accumulation. Furthermore,
environmental accumulation of plastic negatively affects the
health of humans and other animals [23], [89]. For instance,
marine creatures such as fish often eat plastic debris, thus
introducing plastics into the food chain [23]. Juvenile animals, for
example, often get entangled in plastic fragments, which can lead
to growth issues, both in terms of restriction of movements and
difficulty in feeding and breathing [89].
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Among plastics, PET is the most abundant since it is largely
exploited for different applications such as beverage bottles and
clothing [55]. PET waste is spread in the environment both during
its production and after its use, and its accumulation keeps
increasing over time [5], [54], [55]. Given its recalcitrance to
natural degradation, concerning waste management, the most
practised methods are currently disposal (landfill, open-air),
incineration, recycling, and biodegradation.

Biodegradation, foreseeing the use of enzymes and
microbes, is the most eco-friendly method to degrade PET. In the
frame of circular bioeconomy, biodegradation, in fact, gives many
advantages as relatively low energy input and no need for costly
machines [55], [89]. The rising awareness about environmental
issues thus prompts the search for novel bio-based strategies to
mitigate the dependence on petroleum resources [55], [90].
Recycling of PET through enzymes has represented an attractive
research topic for twenty years, and it is now gaining more
attention [52], [55], [58].

PHEs are typically serine hydrolases with a Ser-His-Asp
catalytic triad, mainly belonging to the superfamily of ao/f
hydrolase [91], [92]. Moreover, most of them are included in the
carboxylic ester hydrolases class, with the Enzyme Commission
(EC) number 3.1.1.-, as cutinases [90], lipases [93], and esterases
[94]. Pioneeristic studies, in fact, involved cutinases (EC 3.1.1.74),
a class composed of secreted catalysts able to degrade the cutin,
an insoluble aliphatic polyester that is ejected from the cuticle of
the plant [95]. This research allowed the identification of
thermostable enzymes able to degrade PET [64], [92], [96].
Aiming to efficiently degrade PET, a high reaction temperature is,
in fact, preferable, better if near to Tq [55], [97], [98]. Nevertheless,
these catalysts could also be used to treat PET surface at lower
temperatures but with slow responses [55]. Lipase activities have
also been used for PET breakdown, but generally, they have low
catalytic efficiency on this substrate [55], [99], [100]. Esterases,
instead, usually display activity on esters with a short aliphatic
chain, but only a few of them act on PET [55], [101]. More recently,
given the discovery of PETase and MHETase from |. sakaiensis
in 2016 [58], this research topic has gained more and more
attention. Thus, from this perspective, the discovery and
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engineering of PHESs appears to be necessary, given the lack of
knowledge to scale-up this biodegradation technology [55].
Therefore, this represents an eco-friendly strategy within the
frame of a circular bioeconomy. This approach is also a valid
option from a biotechnological point of view since it includes
biorecycling, bioremediation, and sustainable polymer
modification. Since significant steps forward have been taken,
even if there are still significant challenges to commercialise these
technologies, a circular bioeconomy for PET still represents a
global expectation [52], [55].

1.6. Discovery of (hyper)thermophilic enzymes

Enzymes are catalysts with a great potential to untie current
industrial problems. Given the necessity to obtain concrete
solutions starting from this potential, the demand for their
discovery has been growing over the years [102]. With great
processivity and specificity, enzymes catalyse chemical reactions
increasing the quality and the yields of the products [6], [103],
[104]. To this aim, it is possible both to identify novel enzymes and
to engineer the already available ones [5], [82].

Historically, enzyme discovery has leaned on cultivating
organisms and their screening. However, less than 1% of them
can be accessible through cultivation-dependent approaches,
neglecting the uncultivable majority [102], [105]. Moreover,
(hyper)thermophilic microbes often are difficult to cultivate due to
the harsh conditions in which they normally thrive [106], [107].
Currently, metagenomics represents a valid tool for studying these
microorganisms to obtain access to the entire metagenome of the
microbial communities populating extreme environments such as
hot springs in geothermal areas. This approach allows obtaining
information about the metabolic and enzymatic potential of the
entire microbiota, including the uncultivable species [82], [106],
[107].

Among the metagenomic approaches, a classical approach
is given by sequence-based, or in-silico, metagenomics, where
taxonomic annotation is performed by suitable bioinformatic tools.
Instead, in a complementary approach, functional metagenomics
represents a straightforward way to identify genes showing the
desired functions, starting from genomic libraries built using the
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extracted mDNA of mixed microbial populations from
environmental metagenomes [14], [31].

1.7. Aims of the PhD thesis

Aiming to improve the current bioprocesses in the frame of a
circular bioeconomy, the identification and engineering of
enzymes useful for biotechnological purposes represent a valid
option. The aim of this PhD thesis is thus to develop new
functional metagenomic protocols for identifying GHs (glycoside
hydrolases) from (hyper)thermophiles, as detailed in Chapter 2,
and to discover new PHESs using a sequence-based metagenomic
approach in Chapter 3. Specifically, Chapter 2 focuses on fine-
tuning these new functional metagenomic methods for GH
discovery, employing conventional and microfluidics-based
screening technigues. Furthermore, since protein engineering
represents another way to contribute to the exploitation of PHES
in biotechnological processes, another purpose is to improve the
catalytic properties of already characterised catalysts, as reported
in Chapter 3.
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CHAPTER 2: DEVELOPMENT OF NEW
PROTOCOLS FOR THE DISCOVERY OF
GLYCOSIDE HYDROLASES THROUGH
FUNCTIONAL METAGENOMICS FROM
GEOTHERMAL SITES

2.1. Aim of the Chapter

The aim of this Chapter was the development of novel
functional metagenomics protocols for the discovery of
(hyper)thermophilic GHs. The aim was pursued by exploiting both
conventional and droplet-based microfluidics approaches, using
chromogenic and fluorescent substrates, as well as natural
oligosaccharides, overcoming the limits of the existing protocols
used for screening mesophilic hydrolases.

This research activity was performed in my laboratory in
Naples and during my 6-months-long period abroad in Toulouse,
France, at the National Institute of Applied Sciences of Toulouse,
INSA - Toulouse Biotechnology Institute, TBI. In particular, the
libraries were constructed in Naples and functionally screened in
Toulouse. It was possible to perform the functional screening
thanks to the platform PICT-ICEO "Engineering and Screening for
Original Enzymes" (https://www.toulouse-biotechnology-
institute.fr/en/plateformes-plateaux/pict-iceo/),  certified 1SO
9001:2016 and NFX 50-900. This is a platform led by Dr. Sophie
Bozonnet, open to international academic and industrial scientific
communities, providing services for high-throughput enzymatic
screening, characterisation of the reaction products and
purification and biophysical characterisation of proteins in
analysis. Platform PICT-ICEO is a partner of the European/French
infrastructure IBISBA “Industrial Biotechnology Innovation and
Synthetic Biology Accelerator” (https://www.ibisba.eu/).

2.2. Results and Discussion

2.2.1. Bioinformatic analysis of metagenomic DNA
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The first aim was to identify interesting mDNA candidates for
the construction of libraries to be screened by exploiting the new
protocols of functional metagenomics. The mDNAs were
extracted from samples from geothermal sites (in collaboration
with Prof. Donato Giovannelli’'s group, University of Naples
“Federico II”, Naples, Italy) and, provided as contigs, they were
bioinformatically analysed. Among the available mDNAs, the
investigation was done for nine of them due to the interesting
extreme condition of the environments from which they come
(metadata in Tab. 1).
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2.2.2. Construction of fosmid libraries from mDNA

Concerning the type of libraries, the choice fell on the fosmid
ones, systems that exploit a DNA vector based on the bacterial
plasmid F and that allowed the discovery of many GHs [11], [12],
[118]. In detail, the fosmid library kit required at least 2.5 ug of
MDNA concentrated at approximately 500 ng/pL. Furthermore,
the kit prefers a dimension in the range of 30-40 kbp to avoid
undesired chimeras since the vector can accommodate these
large inserts. These restrictions thus limited the usage of all the
MDNASs extracted (Tab. 1) since having a huge amount of high-
weight DNA highly concentrated is uncommon [7]. Therefore,
each mDNA sample was analysed by electrophoresis on an
agarose gel to evaluate the dimensions of DNA fragments,
avoiding the ones that appeared as a long smear. Among all the
samples from Argentina, the one with the highest amount and
concentration and the most adequate dimensions was sample IN
with a concentration of 566 ng/uL. The sample Pooll from
Pisciarelli showed instead a concentration of 829 ng/uL, and, also
in this case, the dimension of DNA fragments adequate for
constructing the library. Thus, starting from the mDNAs of these
two samples, two fosmidic libraries have been constructed. The
reactions resulted in two small libraries of about 300 clones for IN
and 2,300 clones for Pool1.

The dimension of the libraries, cloning a metagenome,
usually ranges from 10,000 to 100,000 clones [20]. However, the
size of the libraries from environmental samples can be
compromised by the presence of humic substances, interfering
with the library construction. The DNA extraction from soil in fact
always results in co-extraction of these substances, that are
difficult to remove, compromising the DNA purity [20], [119], [120].
Given the small dimension in the number of clones in the IN
library, the subsequent microfluidics-based screening analysis
was performed only on the one derived from Pooll. Instead,
conventional screening was performed for both libraries. It should
be noted that the selected fosmid kit ceased production between
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2021 and 2022, making it impossible to procure additional units.
Moreover, no alternative product with comparable characteristics
could be identified.

2.2.3. Development of a novel conventional screening protocol
exploiting chromogenic substrates for (hyper)thermophilic GHs
discovery
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2.2.4. Modification of droplet-based microfluidics screening for
thermophilic GHs and FACS analysis
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2.4. Materials and Methods
2.4.1. Metagenomic DNA extraction and bioinformatic analysis

The mDNA samples were purified from 10 g of sediments
collected in each site. The extraction protocol consisted of
modifying a protocol already reported [119]. The sediments were
resuspended in a ratio 1:1 = w:v in the extraction buffer (100 mM
TRIS-HCI pH 8.0, 100 mM sodium phosphate pH 8.0, 1.5 M NaCl,
1% CTAB, 100 mM EDTA pH 8.0). After the addition of 10 mg of
proteinase K, samples were incubated at 37 °C for 30 min. SDS
was added with a final concentration of 20%.

Samples were frozen/thawed three times (10 min in dry ice
and 10 min in a thermal bath at 65 °C) and centrifugated at 6,000
x g for 10 min at room T, recovering the supernatant. Then, before
wasting the derived pellets, this protocol was repeated three
times: they were resuspended in 4.5 mL of extraction buffer,
adding SDS with a final concentration of 20%, vortexed, put at 65
°C for 10 min, centrifugated at room T for 10 min at 6,000 x g and
the derived supernatants were recovered.

A solution of chloroform:isoamylic alcohol (24:1) was added
to the samples in a 1:1 (v:v) ratio that were centrifugated at 6,000
x g for 10 min at RT. The aqueous fractions (above) were
recovered, adding then isopropanol in a ratio of 0.6:1.0
(isopropanol:sample) for the precipitation phase. After 1 h of
incubation at room temperature, samples were centrifugated at
11,000 x g for 20 min at room T. The supernatants were
discarded, and their residues were left evaporating. The obtained
pellets were resuspended in 100 pL of sterile water and
transferred in sterile 1.5 tubes.

To concentrate the DNA, samples were incubated in a
concentrator (Eppendorf Concentrator 5301) to altogether remove
water. Finally, the pellets were resuspended in 10 pL of sterile
water. Each sample was analysed by electrophoresis on 1%
agarose gel (10 cm length, 100 V, 30 min) to evaluate the DNA
fragments dimension.
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2.4.2. Fosmidic libraries construction

Starting from the mDNAs of the samples IN from Argentina
at the concentration of 566 ng/uL and Pooll from Pisciarelli
Solfatara at the concentration of 829 ng/pL, two fosmid libraries in
E. coli were constructed (CopyControl HTP Fosmid Library
Production Kit with pCC2FOS Vector, Lucigen), following the
instructions of the manufacturer.

Briefly, the high-molecular-weight DNAs were end-repaired,
generating blunt-ended, 5-phosphorilated DNA, and then they
were ligated into the fosmid vector. Subsequently, packaging and
titration of the CopyControl fosmid clones occurred. The last step
was represented by plating and selection, spreading the library on
LB medium + Chf 12.5 ng/uL. Libraries were stored both in
multiwell-plates (for conventional screening) and tubes (for
microfluidics-based screening) with 20% glycerol at -80 °C.

2.4.3. High-throughput primary and secondary screening on
chromogenic substrates
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2.4.4. Water/oil and water/oil/water droplets production with
fluorescent substrates or natural oligosaccharide
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2.4.5 FACS analysis and de-emulsification
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CHAPTER 3: IN-SILICO
METAGENOMICS FOR THE DISCOVERY
OF NEW PET HYDROLISING ENZYMES
FROM METAGENOMIC DATASETS
FROM GEOTHERMAL ENVIRONMENTS
AND THEIR ENGINEERING

3.1. Aim of the Chapter

This Chapter aimed to identify novel (hyper)thermophilic
PHEs through an in-silico metagenomics approach through the
screening of private databases. Moreover, considering the
necessity for more resilient enzymatic systems for
biotechnological applications [69], another purpose was to exploit
enzyme engineering.

This objective is part of the REPLAY Project (Progetti di
ricerca di Rilevante Interesse Nazionale, PRIN - funded under the
call PRIN 2020). More in detail, this Italian national project
involves three universities (University of Milano “Bicocca’,
University of Bari “Aldo Moro” and University on Naples “Federico
II”), aiming to contribute to the upcycling of the PET
(https://indbiotechlab.btbs.unimib.it/replay/).

3.2. Results and Discussion

3.2.1. Identification and structural analysis of two new putative
PHEs: Sis and PP_EG

To identify novel PHESs, collaboration was established with
Prof. Wolfgang Streit's team from the University of Hamburg,
Germany. Within this framework, exploration of private
metagenomics datasets was conducted, utilizing a Hidden Markov
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Model (HMM) developed with PHE sequences sourced from the
PAZy database [54], as previously described [23], [24]. Based on
the percentages of identity and on the 3D structure prediction (Fig.
32), Sis and PP_EG (Tab. 7) were selected from geothermal
assembled metagenomic sequences provided by Prof. Donato
Giovannelli (University of Naples “Federico 11", Naples, Italy).
Both the putative PHEs displayed an overall 45% identity
percentage versus PETase from |. sakaiensis [58] (IsPETase in
Fig. 32). For the structural analysis, the 3D models of Sis and
PP_EG were predicted using AlphaFold2 [126]. The models
highlight a higher presence of a-helix structures in both Sis and
PP_EG (W-Z in Fig. 32): four regions (W-Z in Fig. 32) are present
in Sis and three regions (X-Z in Fig. 32) are present in PP_EG.

Figure 32. Alphafold2 models of Sis (on the left, in green) and PP_EG (on the right, in yellow) vs
IsPETase 3D structure (purple, PDB: 6QGC). Note: the signal peptide regions were removed for
all the models of the enzymes. (W-Z) a-helix regions present in Sis and PP_EG but not in IsPETase.

Internal  HMM %. Query Reference scientific %.
D score NR reference Identity coverage names Identity PAZy reference
vs NR  for HSP vs PAZy
Deltaproteabacteria Thermobifida
Sis 279.3 MBP7342671.1 83.7 99.6 Syntrophaceae 56 cellulosilytica
yniroph: ADV92526.1
bacterium
PP_EG 366.1 GBD22443.1 85 99.7 bacterium HR29 gs  BhrPETase from

HR29 bacterium

Table 7. Data collection for Sis and PP_EG.

Based on the aminoacidic sequence alignments, the
sequences encoding for the leader peptide sequences were
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removed obtaining Sis and PP_EG shortened of the residues 1-
24 and residues 1-34, respectively (Fig. 33). The alignments also
allowed the identification of the conserved residues of the catalytic
triad, oxyanion hole, aromatic clamp, and disulfide bond.
Furthermore, the common trait of a/p serine hydrolases, which is
represented by a GXSXG motif, was identified (Fig. 33) [23], [24],
[91], [127].

Figure 33. Protein alignments versus IsPETase of Sis and PP_EG.

The new putative PHE genes were produced in outsourcing
as synthetic genes in the pET21b(+) vector, allowing obtaining
His-tagged proteins. Thus, the 267 aa sequence of Sis resulted in
a 28.4 kDa molecular weight, and the 268 aa sequence of PP_EG
gave a 28.95 kDa weight. IsPETase was considered as a control
for this study (31.4 kDa molecular weight, including signal
peptide). To ensure a standardised comparison, the wild-type
IsPETase was specifically expressed in recombinant form and
subsequently purified.

The proteins were produced in E. coli BL21(DE3) RIL strain
(Fig. 34), identifying the best conditions of expression (0.6 Asoo nm,
1 mM IPTG with 18 °C/16 h induction for ISPETase and 37 °C/2 h
induction for Sis and PP_EG). All enzymes were purified by Ni-
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affinity chromatography (His-Trap) (Fig. 35). Preliminary assays
on pNP-acetate on His-Trap fractions allowed to identify both for
Sis and for PP_EG the elution peaks containing esterase activity
(data not shown).

Molecular weight was determined for every step through SDS-
PAGE electrophoresis, exploiting 10% polyacrylamide gel.

NI 0.5mM  1mM NI 05mM  1mM
a — — — — — e—
0.6 OD 120D
MFgyPoF PF PFPFPFPFP
116kDa
66.2 kDa
45kDa
35kDa
25kDa
18.4kDa
14.4kDa
b NI 05mM 1mM NI 05mM  1mM
0.6 OD 1.20D

FiyPeM F P F P FPFPFPFP

116 kDa
66.2kDa

45kDa

35kDa

25kDa

18.4kDa

14.4kDa

Figure 34. Expression in E. coli BL21(DE3) RIL for (a) Sis and (b) PP_EG in different conditions
of IPTG concentration and at different Agoo nm Of induction. Growth time after induction: 2 h.
Temperature of growth after induction: 37 h. Red boxes highlight the detection of the proteins of
interest, among which the best expression conditions were chosen. F = Free cell extract; P = pellet
resulted from the free cell extract obtaining; Fnr = F not-transformed; Pyt = P not-transformed; M =
Marker Thermo Scientific™ Pierce™ Unstained Protein MW Marker (Catalog number: 26610); NI
= not-induced expression.
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11.6 pg IsPETase

8.6 pg Sis
4 ug PP_EG

= s =
116 kDa 116 KkDa 116 kDa
66.2kDa 66.2 kDa
66.2kDa
45 kDa 45 kDa
35kDa 45 kDa
35 kDa 35 kDa
25 kDa
25 kDa 25 kDa
18.4kDa
18.4 kDa 18.4kDa

Figure 35. Purified (a) IsPETase, (b) Sis and (c) PP_EG after His-Trap chromatography and
dialysis, highlighted by a red box. M = Marker Thermo Scientific™ Pierce™ Unstained Protein MW
Marker (Catalog number: 26610).

Given the lower identity percentage of Sis against PAZy
database reference over PP_EG, priority for the subsequent
analyses was given to Sis.

To confirm the correct folding of Sis and to structurally
characterize it, a far-UV circular dichroism (CD) analysis was
performed in collaboration with Prof. Filomena Sica (University of
Naples “Federico II”, ltaly). The analysis showed a higher
presence of a-helix structures in Sis than IsPETase (Fig. 36), as
suggested by the 3D model (Fig. 32).

1,0x10"

8,0x10° — IsPETase
6,0x10° — Sis

4,0x10°
2,0x10"

0,0
-2,0x10°
-4,0x10"

-6,0x10° 4

-8,0x10°

Mean residue molar ellipticity (deg cm? dmol?)

| | T T T T T 1
200 210 220 230 240 250 260
Wavelenght (nm)

Figure 36. CD spectra of IsPETase (in black) and Sis (in red).
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3.2.2. Biochemical characterization of Sis on pNP-butyrate

The initial biochemical characterisation of Sis was performed
on pNP-butyrate, a commonly used pNP-aliphatic ester substrate
mimicking the ester bond of PET [58]. The aim was to establish
the optimum pH and temperature to conduct subsequent reactions
on plastic substrates under the most favourable conditions. On
pNP-butyrate, Sis revealed a broad pH range of activity with a
pHopt in the range 5.0-7.0 (Fig. 37a) and Topt of 70 °C (Fig. 37b).
Furthermore, the structural stability of Sis was assessed using
Differential Scanning Fluorimetry, which revealed a melting
temperature (Tm) of 82 °C. (Fig. 38). Since a rapid spontaneous
degradation of the substrate with the rising temperature was
observed, the study of the effect of temperature on Sis activity was
conducted up to 70 °C (Fig. 37b). Sis was thus kinetically
characterized on pNP-butyrate at pHopt and Topt, revealing that it
efficiently hydrolysed the substrate with a kcat value of 447 + 24
s, a Km of 0.08 £ 0.01 mM and a kca/Kwm ratio of 5,587 s*-mM-.
Compared to IsPETase activity on the same substrate under its
optimal conditions [128], Sis exhibited a specificity constant
1.3-fold greater than IsPETase (4,298 s'-mM?1 and 5,587
st.mM for IsPETase and Sis, respectively). When compared to
its PAZy reference (Tab. 7), the thermophilic Cutinase 1 from
Thermobifida cellulosilytica (Thc_Cutl), on the same substrate
under optimal conditions, Sis displays a specificity constant that is
13.1-fold greater (425 s*-mM! and 5,587 s1-mM for Thc_Cutl
and Sis, respectively) [129]. Moreover, if compared to the kca/Kwm
ratio of another thermophilic PETase, that is the Leaf-branch
Compost Cutinase (LCC), on the same substrate under optimal
conditions, Sis shows a specificity constant that is 3.4-fold bigger
(1630 st-mM* and 5,587 s*-mM-1 for LCC and Sis, respectively)
[130].
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Figure 37. Determination of optimal (a) pH and (b) temperature on pNP-butyrate for Sis. All the
assays were performed in triplicate.
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Figure 38. DSF analysis revealed a Tr, of 82 °C for Sis.

Concerning the determination of functional thermostability,
Sis was assayed in optimal conditions (0.1 M sodium-phosphate
buffer pH 7.0, 70 °C) on pNP-butyrate after incubation at two
different temperatures (50 °C and 70 °C) up to 96 h (Fig. 39). The
enzyme lost almost 40% of its activity after only 30 min of
incubation, which is in contrast with the DSF experiment where
Sis showed a Tm of 82 °C once incubated with a thermal gradient
of +1 °C/min, in the range from 20 °C to 95 °C. Possibly, the
lowered amount of NaCl that was present in the incubation buffer
used for the DSF stabilized the enzyme (Fig. 38). Nevertheless,
Sis kept around 50% of its activity after 24 h of incubation under
both temperatures tested. After 4 days, Sis kept around 30% of its
activity when incubated at 50 °C, instead losing around 80% of
activity at 70 °C (Fig. 39).
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Figure 39. Functional thermostability of Sis at 50 °C and 70 °C on pNP-butyrate under optimal
conditions. 100% of activity is equal to 1,199.87 + 11.74 U/mg.

In addition, the hydrolytic activity of Sis on pNP-butyrate was
evaluated, in quadruplicate, at 30 °C in the presence of two
different concentrations of organic solvents or detergents (1% and
10%) (Fig. 40). Sis displayed a remarkable tolerance to a
significant part of the additives tested. The presence of 1%
ethanol increased the enzymatic activity by 50%. Conversely,
Triton X-100 lowered the enzymatic activity by more than 50% at
both concentrations of detergent.
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Figure 40. Effect of different detergents and organic solvents on Sis’ activity on pNP-butyrate at 30
°C, pH 7.0. All the assays were performed in quadruplicate compared to a control without adding
detergents and organic solvents. The standard error (n = 4) represents the percentual error.
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3.2.3. Assessment of the PETase activity of Sis and PP_EG

Preliminary tests for Sis and PP_EG on plastic substrates
were conducted using BHET and PET nanoparticles (nanoPET,
diameter < 0.22 pm) as substrates. Through a preliminary PSP-
based assay [16], [17] at 30 °C and 50 °C, activity on nanoPET
and BHET was detected for both Sis and PP_EG. In particular, Sis
and PP_EG exhibited higher activity at 50 °C on both substrates
in comparison to IsPETase (Fig. 41).
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Figure 41. PSP of Sis, PP_EG and IsPETase on BHET and nanoPET. Highlighted in the graphs:
decrease of absorbance signal at 558 nm in 30 min (a) on BHET at 30 °C, (b) on nanoPET at 30
°C, (c) on BHET at 50 °C and (d) on nanoPET at 50 °C. (e) Example of visive change of reaction
colour produced by Sis on nanoPET after the 30 min incubation at 50 °C, performed in duplicate
(R1 and R2). A shift from red to orange is observed if comparing B (Blank with no enzyme), R1 and
R2.

Based on the previous observations, further assays of Sis on
BHET and nanoPET substrates were carried out in triplicate at pH
7.0 at 30 °C, 50 °C, and 70 °C and analysed by HPLC. The same
analysis was performed on IsPETase (Fig. 42 and 43) as a
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comparison. Even if the analysis on BHET revealed a 5-fold higher

release of MHET

by IsPETase over Sis at 30 °C, it also showed a

higher MHET production by Sis over IsPETase at 50 °C and 70

°C (Fig. 42). In th
can be attributed

ese cases, the decrease in MHET concentration
to a combined effect of the enzymes' reduced

thermal resistance (as evident with IsPETase at 70 °C after 40
min, in Fig. 42) and the spontaneous degradation of BHET at high

temperatures.
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Figure 42. HPLC analysis of released MHET from the reaction of BHET of IsPETase and Sis at
(a) 30 °C, (b) 50 °C and (c) 70 °C.
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The release of TPA, MHET, and BHET by Sis and IsPETase
assayed on nanoPET was also measured by HPLC (Fig. 43). The
TPA concentration over time revealed that Sis, already after 24 h,
produces 3.5- and 1.5-fold more product, at 70 °C and 50 °C
respectively, than IsPETase incubated at its optimal conditions.
After 96 h of incubation, the difference in terms of TPA
concentration further increases 6.5-fold at 70 °C and 5.5-fold at 50
°C (Fig. 43a). After 48 h of incubation, we observed a decrease of
BHET and MHET concentrations during the time with the rising
temperature is visible in all the conditions tested (Fig. 43b and
43c), particularly for MHET at 70 °C (Fig. 43b). The decrease of
BHET concentration can be explained both by the spontaneous
degradation with the rising temperature and by the enzyme
activity, considering that BHET is itself a substrate of PETases
(Fig. 43c). Instead, the decrease of MHET can be ascribed to the
loss of stability of the product with the rising temperature (Fig.
43b). Nevertheless, the increase of the total released products
after 96 h at 50 °C, if compared to the concentration obtained at
70 °C, cannot be explained only by the spontaneous degradation
of MHET and BHET (Fig. 43d). The absence of a rise in the
concentration of total released products at 30 °C and 70 °C may
be due to the thermophilicity and the biochemical thermal stability
of the enzyme (Fig. 37b and Fig. 39, respectively). These
observations validate Sis' PETase activity and its thermophilic
nature, demonstrating its ability to hydrolyse nanoPET at 50 °C
and to maintain its activity for up to 4 days.
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Figure 43. HPLC analysis of released (a) TPA, (b) MHET, (c) BHET and (d) total released products
from the reaction of BHET of IsPETase at 30 °C and for Sis at 30 °C, 50 °C and 70 °C.

In light of these results, Sis clearly represents a thermophilic
and thermostable PHE, thus being a good candidate for PET
degradation. Thus, the discovery of the two new PHEs, Sis and
PP_EG, aims to contribute to a better degradation of plastics
through protein engineering and the construction of stronger
HMMs for the enzyme discovery.

3.2.4. Expression on Escherichia coli outer membrane
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3.2.5. Preliminary activity assays of whole cells on pNP-esters
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3.3. Conclusion

The discovery of PHEs is essential for waste plastic
bioconversion, as a green approach in the frame of a circular
economy [52], [55]. In this frame, this chapter described a valid
strategy to identify new PHEs through an in-silico metagenomics
approach. The identification of two novel PHES, and, in particular,
the deep characterisation of one of them, could represent a step
forward to constructing more reliable Hidden Markov Models for
enzyme discovery.

Moreover,

3.4. Materials and Methods
3.4.1. Identification and structural prediction of new putative PET
Hydrolysing Enzymes

The in-silico identification of novel PHEs was performed as
previously reported in the literature [24]. ChimeraX v. 1.4
AlphaFold tool was used to predict the 3D structure [126]. PyMOL
v. 2.4.1 was used to detect the structural features and to visualise
the superposition of 3D models.

3.4.2. Construction of expression vectors
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The gene coding for the new putative PHEs Sis and PP_EG were
codon-optimised for the expression in E. coli, exploiting the
GenSmart™ Codon Optimization online tool by GenScript
(https://www.genscript.com/gensmart-free-gene-codon-
optimization.html, GenScript Biotech Corporation, New Jersey,
US). The DNA sequence corresponding to the signal peptide was
removed. The obtained DNA for Sis and PP_EG was synthesised
in pET21b(+) plasmid by GenScript. Conversely, the gene coding
for IsPETase, containing the nucleotide sequence corresponding
to the signal peptide, was obtained by AddGene (Massachusetts,
USA) in pET21b(+) plasmid.

3.4.3. Heterologous expression and purification

The constructs were used to transform E. coli BL21(DE3)-
Codon Plus RIL strain. To find the best expression conditions for
Sis and PP_EG, cells were cultured at 37 °C in LB medium
supplemented with 100 ng/uL ampicilin and 30 ng/uL
chloramphenicol. Reached Asoo nm = 0.6 or 1.2, the induction of
protein expression was performed by adding 0.5 or 1 mM
isopropyl B-D-1-thiogalactopyranoside (IPTG), incubating the
flasks for 2 h or overnight at 18 °C or 37 °C. Non-induced and non-
transformed were also assayed. Concerning ISPETase, cells were
cultured at 37 °C in LB medium supplemented with 100 ng/pL
ampicillin and 30 ng/pL chloramphenicol until Asoo nm reached a
value of 0.6, inducing the expression with 1 mM IPTG overnight at
18 °C as already reported [58]. Cells were withdrawn by
centrifugation (5,000 x g, 20 min, 4 °C) and resuspended in lysis
buffer (150 mM NacCl, 20 mM NaH2PO4 pH 7.3, Triton X-100 1%)
in a ratio w:v = 1:4. Then, 25 mg/L lysozyme and 5 mg/L DNase |
were added, followed by a freeze/thaw lysis. The FCEs were
clarified by centrifugation (17,000 x g, 20 min, 4 °C) and filtered
through a 0.45 um PVDF membrane. The lysates were applied to
a 1 mL His-Trap HP column exploiting an AKTApure
chromatography system (Cytiva Life Sciences). The protein
elution was performed by exploiting a discontinuous gradient of an
imidazole-containing buffer (150 mM NacCl, 50 mM NaH2PO4 pH
7.3, 500 mM imidazole). 20 uL of every fraction derived from His-
Trap purification was assayed on pNP-acetate in a 1 mL final
volume in 45 mM Na2HPO4 at pH 7.0, 90 mM NaCl and 10% (v/v)
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DMSO [58]. The fractions containing the enzyme of interest were
pooled, followed by dialysis (cutoff 12 kDa) overnight against 150
mM NaCl, 20 mM NaH2PO4 pH 7.3. The concentrations of the
purified proteins were determined by Bradford assay, using Bio-
Rad Protein Assay Dye Reagent Concentrate by Bio-Rad
(California, USA).

3.4.4. Circular Dichroism analysis

Circular dichroism (CD) spectra were recorded with a Jasco
J-715 spectropolarimeter equipped with a Peltier temperature
controller. Far-UV measurements were carried out at a protein
concentration of 0.1 mg-ml~* in 10 mM NaH2PO4 and 50 mM NaCl
pH 7.3 at 10 °C, using a cell with an optical path length of 0.1 cm.
Spectra, registered with 50 nm-min~' scanning speed, 2 s
response time, 1 nm data pitch, and 2.0 nm bandwidth, were
obtained averaging three scans. Data were expressed as mean
residue molar ellipticity in deg-cm?-dmol™".

3.4.5. Differential Scanning Fluorimetry

Differential Scanning Fluorimetry (DSF) analysis aimed to
evaluate the thermal stability of Sis by determining the Tm value.
A 0.3 mg/mL concentration of purified enzyme was mixed with 0.2
M NaH2PO4 pH 8.5 and with 5X SyproTM Orange Protein Gel
Stain by Invitrogen (Thermo Fisher Scientific, Massachusetts,
USA) to a final volume of 50 uL. The mix was prepared in triplicate
and loaded into a transparent sealed PCR 96-wells plate in the
StepOnePlus Real-Time PCR System by Applied Biosystems
(Thermo Fisher Scientific, Massachusetts, USA). Samples were
incubated at 20 °C for 10 min, then a melting scan from 20 °C to
95° C at 1 °C/min was recorded, with a final incubation at 95 °C
for 10 min as previously reported [24]. Protein unfolding was
monitored by detecting changes in SYPRO™ Orange
fluorescence, extracting thermal stability parameters by non-linear
curve fitting.

3.4.6. Preliminary assays and biochemical characterisation on
pNP-esters

Preliminary analyses on pNP-esters were conducted to
determine optimums of pH and T for Sis. In detail, the enzyme
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(0.05 uM) was was incubated at 30 °C with 1 mM pNP-C4 (pNP-
butyrate, dissolved in isopropanol) in 100 mM buffer citrate (pH
4.0 —5.0), phosphate (pH 6.0 — 8.0) or borate (pH 9.0 — 10.0). The
release of pNP-OH was monitored continuously at 405 nm in
triplicate, exploiting a BioTek Synergy HTX plate reader (Agilent
Technologies, California, USA).

To evaluate the thermophilicity of Sis, the enzyme (0.01 uM)
was incubated with 1 mM pNP-C4 in 100 mM NaH2PO4 buffer pH
7.0 at different temperatures, ranging from 10 °C to 70 °C. The
absorbance change was recorded in triplicate with a Cary 3500
Multicell UV-Vis Spectrophotometer equipped with a Peltier
temperature controller (Agilent Technologies, California, USA).

The effects of different detergents and organic solvents were
evaluated by testing Sis (0.05 yM) at pH 7.0 and at 30 °C on 1
mM pNP-butyrate in quadruplicate. For each detergent/solvent,
the final concentration of 1% and 10% in the reaction mixture was
tested.

To assess the thermal stability of Sis, the enzyme (0.05 pM)
was incubated in 100 mM NaH2POa4 at pH 7.0, at 50 °C and 70 °C
for up to 4 days. The residual activity was measured in triplicate
after 20 min, 30 min, 1 h, 2 h, 3 h, 6 h and then every 24 hours,
up to 96 h, on 1 mM pNP-C4 under the optimal reaction conditions.

3.4.7. NanoPET production

NanoPET was prepared as previously described [16], [17],
[131]. Briefly, PET microplastics (maximum particle size 300 ym,
crystallinity 40%, natural colour) by Goodfellow (Bad Nauheim,
Germany) were dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol,
with a ratio of 1 g of PET every 100 mL of water-soluble solvent.
The solution was put drop by drop, under stirring, in a 10-fold
larger volume of ddH20. Since the boiling point for hexafluoro-2-
propanol (T = 58.2 °C) is lower than that of H20, the solvent was
removed by heating the mixture during the stirring. Removed the
bigger particles by filtration (cutoff 0.22 um), the concentration
was determined by weighing the nanoPET after the water
evaporation exploiting Concentrator 5301 by Eppendorf.

3.4.8. Preliminary enzymatic degradation of nanoPET through
PSP assay
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Preliminary degradation analyses of nanoPET were
performed using the colorimetric assay based on PSP dye [16],
[17], [18]. Briefly, the Asssnm signal was detected continuously for
30 min at 30 °C and 50 °C exploiting a BioTek Synergy HTX plate
reader (Agilent Technologies, California, USA). The enzyme (final
concentration 0.5 yM) was added to 1 mM BHET (TCI, Tokyo
Chemical Industry) or 0.2 mg/mL nanoPET and 0.2 mM PSP, up
to a final volume of 200 pL by adding 1 mM NaH2POa4 buffer at pH
8.0. All the assays were performed in duplicate, compared to an
enzyme-free control.

3.4.9. HPLC analysis of enzymatic degradation of BHET and
nanoPET

Sis and IsPETase were assayed by using 0.05 uyM of
enzyme on 150 uM BHET up to 1 h, and on 50 pg/mL nanoPET
by using 0.01 uyM of enzyme up to 5 days, at 30 °C, 50 °C and 70
°Cin 0.1 M sodium-phosphate buffer pH 7.0. For the time-course,
50 uL of reaction were withdrawn and put on ice in a 150 pL final
volume containing 15% acetonitrile and 0.1% trifluoroacetic acid
(TFA). After centrifugation (15,000 x g, 5 min, 4 °C), the
supernatant was injected in a 20 pL loop and analysed by HPLC
(LC-4000 Series System by Jasco) equipped with a C18 column
Reversed-phase, 4.6 x 250 mm, 5 uM particle size (Hamilton
Company, Nevada, USA). The A240nmsignal was monitored during
the isocratic elution by using a solution 15:85 = acetonitrile: ddH20
(ratio 15:85), acidified with 0.1% TPA. BHET, MHET, and TPA
were used as standards to evaluate the retention time and
quantify the products obtained. Every assay was performed in
triplicate.

3.4.10. Heterologous expression for the exposure on E. coli
outer membrane
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3.4.11. Assays of whole cells on pNP-esters
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CHAPTER 4: CLOSING REMARKS

The planetary-scale transformation of the planet triggered
the enhancing request for biological remediation on a local and
global scale. Concerning the industrial field, the demand for new
biocatalysts as enzymes has increased in recent years, given their
specificity and processivity. Among the available ones, the focus
IS on thermozymes, able to resist harsh temperatures over their
mesophilic counterparts. To this aim, enzyme discovery and
engineering represent valid strategies to contribute to the
realisation of a circular bioeconomy.

This thesis work aims to expand the knowledge about the
industrial applications of enzymes that can degrade
(hemi)cellulose and PET. To this aim, Chapter 2 unveils the
possibility of using high-throughput screening, particularly
microfluidics-based, to screen for thermophilic CAZymes.
Moreover, the discovery of novel PHEs in Chapter 3 contributes
to the knowledge of this class of catalysts and the growth of PAZy
database entries. These results also reinforce the bioinformatic
models, which are helpful to screen for new activities. Finally,
Chapter 3 also laid the foundations for a novel methodology to
screen for novel PETase and MHETase activities and obtain an
improved degradation of PET.
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5. APPENDIX

5.1. Publications

Manuscript in preparation

Title:

“‘Discovery and Characterization of Sis: A Novel

Thermophilic PETase Identified through Sequence-Based
Metagenomics”.

5.2. Communication

10th International Congress on Biocatalysis

University of Technology (TUHH) - Am Schwarzenberg-
Campus, 1, 21073, Hamburg, Germany.

Presenting author (poster session and lightning talk),
awarded with a travel grant. Discovery of novel
thermophilic PET hydrolyzing enzymes by sequence-
based metagenomics. Carmen Ercolano, Andrea
Strazzulli, Roberta lacono and Marco Moracci.

XVI FISV Congress (Federazione ltaliana Scienze della
Vita)

Reggia di Portici - Via Universita, 100, 80055, Portici,
Naples, Italy

e Contributing author (poster session and short oral
presentation). Characterization and engineering of
thermophilic  a-glucosidase  MalA  from the
hyperthermophilic ~ crenarchaeota  Saccharolobus
solfataricus. Francesca Maria Pia Paragliola, Carmen
Ercolano, Andrea Strazzulli, Roberta lacono and
Marco.

e Presenting author (poster session and short oral
presentation). Functional metagenomics approach for
the identification of new (hyper)thermophilic
carbohydrate active enzymes of biotechnological
interest. Carmen Ercolano, Andrea Strazzulli, Roberta
lacono, Donato Giovannelli and Marco Moracci.

Meeting Sezione SIB Campania 2022
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Complesso di Biotecnologie dell'Universita degli Studi di
Napoli Federico Il - Via Tommaso De Amicis, 95, 80131,
Naples, Italy

Contributing author (poster session). Engineering of
thermophilic a-glucosidase MalA from the
hyperthermophilic crenarchaeota Saccharolobus
solfataricus to change the substrate specificity. Francesca
Maria Pia Paragliola, Carmen Ercolano, Andrea Strazzulli,
Roberta lacono and Marco Moracci.

CIMEs Team Seminar (Catalysis and Enzyme Molecular
Engineering Research Team)

La Grange de Holle, Route de Boucharo, 65120, Gavarnie,
France.

Presenting author (shared talk). EAD1's advances in
droplet-microfluidics based screening of enzymatic and
microbial functions. Sophie Lajus, Simon Ladeveze,
Carmen Ercolano and Jean-Luc Parrou.

62° SIB Congress 2023 (Italian Society of Biochemistry and
Molecular Biology)

Polo Didattico Morgagni, Universita di Firenze - Viale
Giovanni Battista Morgagni, 40, 50134, Florence, Italy.
Presenting author (poster session). Engineering PET-
hydrolysing enzymes for display on E. coli outer
membrane: a promising approach for plastic waste
management. Carmen Ercolano, Andrea Strazzulli,
Roberta lacono, Rosa Merlo, Rosanna Culurciello, Elio
Pizzo, Giuseppe Perugino and Marco Moracci.

4th IBBR Memorial Workshop Maria Ciaramella

Institute of Biosciences and Bioresources of CNR - Via
Pietro Castellino, 111, 80131, Naples, Italy.

Discovery, characterization and engineering of PET-
hydrolysing enzymes for sustainable plastic degradation.
Carmen Ercolano, Andrea Strazzulli, Roberta lacono,
Rosa Merlo, Golo Feuerriegel, Rosanna Culurciello,
Donato Giovannelli, Elio Pizzo, Giuseppe Perugino,
Wolfgang R. Streit and Marco Moracci.
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5.3. Period spent abroad

From October 4% 2022, to march 31st, 2023, under the
supervision of Dr. Gabrielle Potocki-Veronese, at Institut National
des Sciences Appliquées de Toulouse, INSA - Toulouse
Biotechnology Institute, TBI - Avenue de Rangueil, 135, 31077,
Toulouse CEDEX 4, France.

95



BIBLIOGRAPHY

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

A. D. Barnosky et al., “Approaching a state shift in Earth’s
biosphere,” Nature, vol. 486, no. 7401. pp. 52-58, Jun. 07,
2012. doi: 10.1038/nature11018.

Y. Cui et al., “Computational Redesign of a PETase for
Plastic Biodegradation under Ambient Condition by the
GRAPE Strategy,” ACS Catal, vol. 11, no. 3, pp. 1340—
1350, Feb. 2021, doi: 10.1021/acscatal.0c05126.

S. Bruno, D. Coppola, G. Di Prisco, D. Giordano, and C.
Verde, “Enzymes from marine polar regions and their
biotechnological applications,” Marine Drugs, vol. 17, no.
10. MDPI AG, Sep. 23, 2019. doi: 10.3390/md17100544.
M. Valdivia, J. L. Galan, J. Laffarga, and J. L. Ramos,
“Biofuels 2020: Biorefineries based on lignocellulosic
materials,” Microb Biotechnol, vol. 9, no. 5, pp. 585-594,
Sep. 2016, doi: 10.1111/1751-7915.12387.

Y. Ma et al., “Enhanced Poly(ethylene terephthalate)
Hydrolase Activity by Protein Engineering,” Engineering,
vol. 4, no. 6, pp. 888-893, Dec. 2018, doi:
10.1016/j.eng.2018.09.007.

M. V. Arbige, J. K. Shetty, and G. K. Chotani, “Industrial
Enzymology: The Next Chapter,” Trends in Biotechnology,
vol. 37, no. 12. Elsevier Ltd, pp. 1355-1366, Dec. 01,
2019. doi: 10.1016/j.tibtech.2019.09.010.

K. N. Lam, J. Cheng, K. Engel, J. D. Neufeld, and T. C.
Charles, “Current and future resources for functional
metagenomics,” Front Microbiol, vol. 6, no. OCT, 2015,
doi: 10.3389/fmicb.2015.01196.

L. Ufarté et al., “Functional metagenomics: Construction
and high-throughput screening of fosmid libraries for
discovery of novel carbohydrate-active enzymes,” in
Methods in Molecular Biology, vol. 1399, Humana Press
Inc., 2016, pp. 257-271. doi: 10.1007/978-1-4939-3369-
3_15.

D. A. Cecchini et al., “Functional Metagenomics Reveals
Novel Pathways of Prebiotic Breakdown by Human Gut
Bacteria,” PLoS One, vol. 8, no. 9, Sep. 2013, doi:
10.1371/journal.pone.0072766.

L. Tasse et al., “Functional metagenomics to mine the
human gut microbiome for dietary fiber catabolic

96



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

enzymes,” Genome Res, vol. 20, no. 11, pp. 1605-1612,
Nov. 2010, doi: 10.1101/gr.108332.110.

A. S. Tauzin et al., “Investigating host-microbiome
interactions by droplet based microfluidics,” Microbiome,
vol. 8, no. 1, Oct. 2020, doi: 10.1186/s40168-020-00911-z.
R. Ameri et al., “Two new gene clusters involved in the
degradation of plant cell wall from the fecal microbiota of
Tunisian dromedary,” PLoS One, vol. 13, no. 3, Mar. 2018,
doi: 10.1371/journal.pone.0194621.

F. M. Ibatullin et al., “A real-time fluorogenic assay for the
visualization of glycoside hydrolase activity in planta,”
Plant Physiol, vol. 151, no. 4, pp. 1741-1750, 2009, doi:
10.1104/pp.109.147439.

S. Ladeveze, P. J. Zurek, T. S. Kaminski, S. Emond, and
F. Hollfelder, “Versatile Product Detection via Coupled
Assays for Ultrahigh-Throughput Screening of
Carbohydrate-Active Enzymes in Microfluidic Droplets,”
ACS Catal, vol. 13, no. 15, pp. 10232-10243, Aug. 2023,
doi: 10.1021/acscatal.3c01609.

D. Reyes-Duarte, C. Coscolin, M. Martinez-Martinez, M.
Ferrer, and H. Garcia-Arellano, “Functional-based
screening methods for detecting esterase and lipase
activity against multiple substrates,” in Methods in
Molecular Biology, vol. 1835, Humana Press Inc., 2018,
pp. 109-117. doi: 10.1007/978-1-4939-8672-9 4.

V. Pirillo, M. Orlando, D. Tessaro, L. Pollegioni, and G.
Molla, “An efficient protein evolution workflow for the
improvement of bacterial PET hydrolyzing enzymes,” Int J
Mol Sci, vol. 23, no. 1, Jan. 2022, doi:
10.3390/ijms23010264.

V. Pirillo, L. Pollegioni, and G. Molla, “Analytical methods
for the investigation of enzyme-catalyzed degradation of
polyethylene terephthalate,” FEBS Journal, vol. 288, no.
16, pp. 4730-4745, Aug. 2021, doi: 10.1111/febs.15850.
D. Reyes-Duarte, M. Ferrer, and H. Garcia-Arellano,
“Functional-based screening methods for lipases,
esterases, and phospholipases in metagenomic libraries,”
Methods in Molecular Biology, vol. 861, pp. 101-113,
2012, doi: 10.1007/978-1-61779-600-5_6.

M. Ferrer, M. Martinez-Martinez, R. Bargiela, W. R. Streit,
O. V. Golyshina, and P. N. Golyshin, “Estimating the
success of enzyme bioprospecting through metagenomics:

97



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Current status and future trends,” Microbial Biotechnology,
vol. 9, no. 1. John Wiley and Sons Ltd, pp. 22-34, Jan. 01,
2016. doi: 10.1111/1751-7915.12309.

T. Uchiyama and K. Miyazaki, “Functional metagenomics
for enzyme discovery: challenges to efficient screening,”
Current Opinion in Biotechnology, vol. 20, no. 6. pp. 616—
622, Dec. 2009. doi: 10.1016/j.copbio.2009.09.010.

M. E. DeCastro, E. Rodriguez-Belmonte, and M. I.
Gonzalez-Siso, “Metagenomics of thermophiles with a
focus on discovery of novel thermozymes,” Frontiers in
Microbiology, vol. 7, no. SEP. Frontiers Media S.A., Sep.
27, 2016. doi: 10.3389/fmicb.2016.01521.

A. Zinchenko, S. R. A. Devenish, and F. Hollfelder, “Rapid
guantitative assessment of small molecule leakage from
microdroplets by flow cytometry and improvement of
fluorophore retention in biochemical assays,” 2023, doi:
10.1101/2023.04.23.538007.

D. Danso et al., “New Insights into the Function and Global
Distribution of Polyethylene Terephthalate (PET)-
Degrading Bacteria and Enzymes in Marine and Terrestrial
Metagenomes,” 2018, doi: 10.1128/AEM.

P. Perez-Garcia et al., “An archaeal lid-containing feruloyl
esterase degrades polyethylene terephthalate,” Commun
Chem, vol. 6, no. 1, Dec. 2023, doi: 10.1038/s42004-023-
00998-z.

“Section I: Accessing New Enzymes.” [Online]. Available:
http://books.rsc.org/books/edited-volume/chapter-
pdf/1555095/bk9781782627265-00001.pdf

B. Lobb and A. C. Doxey, “Novel function discovery
through sequence and structural data mining,” Current
Opinion in Structural Biology, vol. 38. Elsevier Ltd, pp. 53—
61, Jun. 01, 2016. doi: 10.1016/j.sbi.2016.05.017.

B.-J. Yoon, “Hidden Markov Models and their Applications
in Biological Sequence Analysis,” 2009.

G. Fongaro et al., “Extremophile Microbial Communities
and Enzymes for Bioenergetic Application Based on Multi-
Omics Tools,” Curr Genomics, vol. 21, no. 4, pp. 240-252,
Jun. 2020, doi: 10.2174/1389202921999200601144137.
M. A. Cabrera and J. M. Blamey, “Biotechnological
applications of archaeal enzymes from extreme
environments,” Biological Research, vol. 51, no. 1. BioMed

98



[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Central Ltd., Jan. 03, 2018. doi: 10.1186/s40659-018-
0186-3.

S. Elleuche, C. Schrdder, K. Sahm, and G. Antranikian,
“‘Extremozymes-biocatalysts with unique properties from
extremophilic microorganisms,” Current Opinion in
Biotechnology, vol. 29, no. 1. Elsevier Ltd, pp. 116-123,
2014. doi: 10.1016/j.copbio.2014.04.003.

D. Chapman, D. Garbary, A. Oren, and W. Reisser,
“Biodata of Joseph Seckbach, author of the chapters
‘Oxygenic Photosynthetic Microorganisms in Extreme
Environments: Possibilities and Limitations’ (with co-author
Aharon Oren) and ‘Algae and Cyanobacteria under
environmental extremes: final comments’ (with co-
authors,” 2007. [Online]. Available:
www.springer.com/sereis/5775

K. O. Stetter, “Hyperthermophilic procaryotes,” FEMS
Microbiol Rev, vol. 18, no. 2-3, pp. 149-158, May 1996,
doi: 10.1111/j.1574-6976.1996.tb00233.x.

R. T. D. Duarte, F. Nébrega, C. R. Nakayama, and V. H.
Pellizari, “Brazilian research on extremophiles in the
context of astrobiology,” Int J Astrobiol, vol. 11, no. 4, pp.
325-333, Oct. 2012, doi: 10.1017/S1473550412000249.
J. A. Coker, “Extremophiles and biotechnology: Current
uses and prospects,” F1000Research, vol. 5. Faculty of
1000 Ltd, 2016. doi: 10.12688/f1000research.7432.1.

D. Zhu, W. A. Adebisi, F. Ahmad, S. Sethupathy, B.
Danso, and J. Sun, “Recent Development of Extremophilic
Bacteria and Their Application in Biorefinery,” Frontiers in
Bioengineering and Biotechnology, vol. 8. Frontiers Media
S.A., Jun. 12, 2020. doi: 10.3389/fhioe.2020.00483.

J. Atalah, P. Caceres-Moreno, G. Espina, and J. M.
Blamey, “Thermophiles and the applications of their
enzymes as new biocatalysts,” Bioresource Technology,
vol. 280. Elsevier Ltd, pp. 478-488, May 01, 2019. doi:
10.1016/j.biortech.2019.02.008.

A. Walia, S. Guleria, P. Mehta, A. Chauhan, and J.
Parkash, “Microbial xylanases and their industrial
application in pulp and paper biobleaching: a review,” 3
Biotech, vol. 7, no. 1, May 2017, doi: 10.1007/s13205-016-
0584-6.

A. Alves, E. Sousa, E. Sousa, A. Kijjoa, M. Pinto, and M.
Pinto, “Marine-derived compounds with potential use as

99



[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

cosmeceuticals and nutricosmetics,” Molecules, vol. 25,
no. 11. MDPI, Jun. 01, 2020. doi:
10.3390/molecules25112536.

T. Fecker et al., “Active Site Flexibility as a Hallmark for
Efficient PET Degradation by I. sakaiensis PETase,”
Biophys J, vol. 114, no. 6, pp. 1302-1312, Mar. 2018, doi:
10.1016/j.bpj.2018.02.005.

A. Vogel and O. May, Industrial enzyme applications.
2019.

B. Joseph, P. W. Ramteke, and G. Thomas, “Cold active
microbial lipases: Some hot issues and recent
developments,” Biotechnol Adv, vol. 26, no. 5, pp. 457—
470, 2008, doi:
https://doi.org/10.1016/j.biotechadv.2008.05.003.

B. Sarrouh, “Up-To-Date Insight on Industrial Enzymes
Applications and Global Market,” J Bioprocess Biotech,
vol. s1, no. 01, 2012, doi: 10.4172/2155-9821.s4-002.

E. Drula, M. L. Garron, S. Dogan, V. Lombard, B.
Henrissat, and N. Terrapon, “The carbohydrate-active
enzyme database: Functions and literature,” Nucleic Acids
Res, vol. 50, no. D1, pp. D571-D577, Jan. 2022, doi:
10.1093/nar/gkab1045.

V. Lombard, H. Golaconda Ramulu, E. Drula, P. M.
Coutinho, and B. Henrissat, “The carbohydrate-active
enzymes database (CAZy) in 2013,” Nucleic Acids Res,
vol. 42, no. D1, Jan. 2014, doi: 10.1093/nar/gkt1178.

G. W. Hart and R. J. Copeland, “Glycomics hits the big
time,” Cell, vol. 143, no. 5. Elsevier B.V., pp. 672—676,
Nov. 24, 2010. doi: 10.1016/j.cell.2010.11.008.

l. André, G. Potocki-Véronese, S. Barbe, C. Moulis, and M.
Remaud-Siméon, “CAZyme discovery and design for
sweet dreams,” Curr Opin Chem Biol, vol. 19, pp. 17-24,
2014, doi: https://doi.org/10.1016/j.cbpa.2013.11.014.

A. E. Stutz and T. M. Wrodnigg, “Chapter 4 - Imino sugars
and glycosyl hydrolases: Historical context, current
aspects, emerging trends,” in Advances in Carbohydrate
Chemistry and Biochemistry, vol. 66, D. Horton, Ed.,
Academic Press, 2011, pp. 187-298. doi:
https://doi.org/10.1016/B978-0-12-385518-3.00004-3.

G. Davies and B. Henrissat, “Structures and mechanisms
of glycosyl hydrolases,” Structure, vol. 3, no. 9, pp. 853—
859, Sep. 1995, doi: 10.1016/S0969-2126(01)00220-9.

100



[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

B. Cobucci-Ponzano, A. Strazzulli, M. Rossi, and M.
Moracci, “Glycosynthases in biocatalysis,” Advanced
Synthesis and Catalysis, vol. 353, no. 13. pp. 2284-2300,
Sep. 2011. doi: 10.1002/adsc.201100461.

D. E. Koshland Jr., “Stereochemistry and the mechanism
of enzymatic reactions,” Biological Reviews, vol. 28, no. 4,
pp. 416—-436, Nov. 1953, doi:
https://doi.org/10.1111/j.1469-185X.1953.tb01386.x.

Q. P. Liu et al., “Bacterial glycosidases for the production
of universal red blood cells,” Nat Biotechnol, vol. 25, no. 4,
pp. 454-464, Apr. 2007, doi: 10.1038/nbt1298.

I. Taniguchi, S. Yoshida, K. Hiraga, K. Miyamoto, Y.
Kimura, and K. Oda, “Biodegradation of PET: Current
Status and Application Aspects,” ACS Catal, vol. 9, no. 5,
pp. 4089-4105, May 2019, doi: 10.1021/acscatal.8b05171.
K. Hiraga, |. Taniguchi, S. Yoshida, Y. Kimura, and K. Oda,
“ Biodegradation of waste PET ,” EMBO Rep, vol. 20, no.
11, Nov. 2019, doi: 10.15252/embr.201949365.

P. Buchholz et al., “Plastics degradation by hydrolytic
enzymes: the Plastics-Active Enzymes Database-PAZy,”
2021, doi: 10.22541/au.163924551.18365494/v1.

Y. H. V. Soong, M. J. Sobkowicz, and D. Xie, “Recent
Advances in Biological Recycling of Polyethylene
Terephthalate (PET) Plastic Wastes,” Bioengineering, vol.
9, no. 3. MDPI, Mar. 01, 2022. doi:
10.3390/bioengineering9030098.

X. Han et al., “Structural insight into catalytic mechanism of
PET hydrolase,” Nat Commun, vol. 8, no. 1, Dec. 2017,
doi: 10.1038/s41467-017-02255-z.

H. P. Austin et al., “Characterization and engineering of a
plastic-degrading aromatic polyesterase,” Proc Natl Acad
SciU S A, vol. 115, no. 19, pp. E4350-E4357, May 2018,
doi: 10.1073/pnas.1718804115.

S. Yoshida et al., “A bacterium that degrades and
assimilates poly(ethylene terephthalate).” [Online].
Available: https://www.science.org

E. Marten, R.-J. Muller, and W.-D. Deckwer, “Studies on
the enzymatic hydrolysis of polyesters I. Low molecular
mass model esters and aliphatic polyesters,” Polym
Degrad Stab, vol. 80, no. 3, pp. 485-501, 2003, doi:
https://doi.org/10.1016/S0141-3910(03)00032-6.

101



[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

E. Marten, R.-J. Miiller, and W.-D. Deckwer, “Studies on
the enzymatic hydrolysis of polyesters. Il. Aliphatic—
aromatic copolyesters,” Polym Degrad Stab, vol. 88, no. 3,
pp. 371-381, 2005, doi:
https://doi.org/10.1016/j.polymdegradstab.2004.12.001.
M. A. M. E. Vertommen, V. A. Nierstrasz, M. van der Veer,
and M. M. C. G. Warmoeskerken, “Enzymatic surface
modification of poly(ethylene terephthalate),” J Biotechnol,
vol. 120, no. 4, pp. 376-386, 2005, doi:
https://doi.org/10.1016/j.jbiotec.2005.06.015.

F. Kawai, T. Kawabata, and M. Oda, “Current knowledge
on enzymatic PET degradation and its possible application
to waste stream management and other fields,” Applied
Microbiology and Biotechnology, vol. 103, no. 11. Springer
Verlag, pp. 4253-4268, Jun. 04, 2019. doi:
10.1007/s00253-019-09717-y.

A. Senga et al., “Metal binding to cutinase-like enzyme
from Saccharomonospora viridis AHK190 and its effects
on enzyme activity and stability,” J Biochem, vol. 25, no. 1,
pp. 149-156, Jan. 2020, doi: 10.1093/jb/mvz020.

R.-J. Mlller, H. Schrader, J. Profe, K. Dresler, and W.-D.
Deckwer, “Enzymatic Degradation of Poly(ethylene
terephthalate): Rapid Hydrolyse using a Hydrolase from T.
fusca,” Macromol Rapid Commun, vol. 26, no. 17, pp.
1400-1405, Sep. 2005, doi:
https://doi.org/10.1002/marc.200500410.

C. M. Silva et al., “Cutinase—A new tool for
biomodification of synthetic fibers,” J Polym Sci A Polym
Chem, vol. 43, no. 11, pp. 2448-2450, Jun. 2005, doi:
https://doi.org/10.1002/pola.20684.

E. Herrero Acero et al., “Enzymatic Surface Hydrolysis of
PET: Effect of Structural Diversity on Kinetic Properties of
Cutinases from Thermobifida,” Macromolecules, vol. 44,
no. 12, pp. 4632—-4640, Jun. 2011, doi:
10.1021/ma200949p.

S. Joo et al., “Structural insight into molecular mechanism
of poly(ethylene terephthalate) degradation,” Nat Commun,
vol. 9, no. 1, Dec. 2018, doi: 10.1038/s41467-018-02881-
1.

B. C. Knott et al., “Characterization and engineering of a
two-enzyme system for plastics depolymerization”, doi:
10.1073/pnas.2006753117/-/DCSupplemental.

102



[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

S. A. H. Heyde, J. Arnling Baath, P. Westh, M. H. H.
Ngrholm, and K. Jensen, “Surface display as a functional
screening platform for detecting enzymes active on PET,”
Microb Cell Fact, vol. 20, no. 1, Dec. 2021, doi:
10.1186/s12934-021-01582-7.

R. Merlo et al., “An AGT-based protein-tag system for the
labelling and surface immobilization of enzymes on E. coli
outer membrane,” J Enzyme Inhib Med Chem, vol. 34, no.
1, pp. 490-499, Jan. 2019, doi:
10.1080/14756366.2018.1559161.

S. Del Prete et al., “Thermostability enhancement of the a-
carbonic anhydrase from Sulfurihnydrogenibium
yellowstonense by using the anchoring-and-self-labelling-
protein-tag system (ASLtag),” J Enzyme Inhib Med Chem,
vol. 34, no. 1, pp. 946-954, Jan. 2019, doi:
10.1080/14756366.2019.1605991.

G. V. Los et al., “HaloTag: A novel protein labeling
technology for cell imaging and protein analysis,” ACS
Chem Biol, vol. 3, no. 6, pp. 373—382, Jun. 2008, doi:
10.1021/cb800025k.

C. G. England, H. Luo, and W. Cai, “HaloTag Technology:
A Versatile Platform for Biomedical Applications,”
Bioconjug Chem, vol. 26, no. 6, pp. 975-986, Jun. 2015,
doi: 10.1021/acs.bioconjchem.5b00191.

D. I. Collias, M. I. James, and J. M. Layman, “Introduction -
Circular Economy of Polymers and Recycling
Technologies,” in ACS Symposium Series, vol. 1391,
American Chemical Society, 2021, pp. 1-21. doi:
10.1021/bk-2021-1391.ch001.

D. Hoornweg, P. Bhada-Tata, and C. Kennedy,
“‘Environment: Waste production must peak this century,”
Nature, vol. 502, no. 7473, pp. 615-617, 2013, doi:
10.1038/502615a.

V. F. Gregorio, L. Pié, and A. Tercefio, “A systematic
literature review of bio, green and circular economy trends
in publications in the field of economics and business
management,” Sustainability (Switzerland), vol. 10, no. 11.
MDPI, Nov. 16, 2018. doi: 10.3390/su10114232.

M. Mujtaba et al., “Lignocellulosic biomass from
agricultural waste to the circular economy: a review with
focus on biofuels, biocomposites and bioplastics,” Journal

103



[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

of Cleaner Production, vol. 402. Elsevier Ltd, May 20,
2023. doi: 10.1016/j.jclepro.2023.136815.

S. Longo, M. Cellura, L. Q. Luu, T. Q. Nguyen, R.
Rincione, and F. Guarino, “Circular economy and life cycle
thinking applied to the biomass supply chain: A review,”
Renew Energy, vol. 220, p. 119598, Jan. 2024, doi:
10.1016/j.renene.2023.119598.

R. A. Sheldon, “Biocatalysis and biomass conversion:
Enabling a circular economy: Biocatalysis and Biomass
Conversion,” in Philosophical Transactions of the Royal
Society A: Mathematical, Physical and Engineering
Sciences, Royal Society Publishing, Jul. 2020. doi:
10.1098/rsta.2019.0274.

D. Barnard, A. Casanueva, M. Tuffin, and D. Cowan,
“Extremophiles in biofuel synthesis,” Environmental
Technology, vol. 31, no. 8-9. Taylor and Francis Ltd., pp.
871-888, 2010. doi: 10.1080/09593331003710236.

C. J. Yeoman, Y. Han, D. Dodd, C. M. Schroeder, R. I.
Mackie, and I. K. O. Cann, “Thermostable Enzymes as
Biocatalysts in the Biofuel Industry,” in Advances in
Applied Microbiology, vol. 70, Academic Press Inc., 2010,
pp. 1-55. doi: 10.1016/S0065-2164(10)70001-0.

A. Strazzulli et al., “Discovery of hyperstable carbohydrate-
active enzymes through metagenomics of extreme
environments,” FEBS Journal, vol. 287, no. 6, pp. 1116—
1137, Mar. 2020, doi: 10.1111/febs.15080.

P. Halder et al., “Progress on the pre-treatment of
lignocellulosic biomass employing ionic liquids,”
Renewable and Sustainable Energy Reviews, vol. 105, pp.
268-292, 2019, doi:
https://doi.org/10.1016/j.rser.2019.01.052.

W. Den, V. K. Sharma, M. Lee, G. Nadadur, and R. S.
Varma, “Lignocellulosic biomass transformations via
greener oxidative pretreatment processes: Access to
energy and value added chemicals,” Frontiers in
Chemistry, vol. 6, no. APR. Frontiers Media S. A, Apr. 01,
2018. doi: 10.3389/fchem.2018.00141.

S. I. Mussatto et al., “Technological trends, global market,
and challenges of bio-ethanol production,” Biotechnology
Advances, vol. 28, no. 6. pp. 817-830, Nov. 2010. doi:
10.1016/j.biotechadv.2010.07.001.

104



[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

R. Rani Singhania et al., “Role and significance of lytic
polysaccharide monooxygenases (LPMOS) in
lignocellulose deconstruction,” Bioresource Technology,
vol. 335. Elsevier Ltd, Sep. 01, 2021. doi:
10.1016/).biortech.2021.125261.

X.Yu, Y. Zhao, J. Yu, and L. Wang, “Recent advances in
the efficient degradation of lignocellulosic metabolic
networks by lytic polysaccharide monooxygenase,” Acta
Biochimica et Biophysica Sinica, vol. 55, no. 4. Science
Press, pp. 529-539, 2023. doi: 10.3724/abbs.2023059.

A. Karnaouri et al., “Lytic polysaccharide monooxygenases
as powerful tools in enzymatically assisted preparation of
nano-scaled cellulose from lignocellulose: A review,”
Bioresource Technology, vol. 345. Elsevier Ltd, Feb. 01,
2022. doi: 10.1016/j.biortech.2021.126491.

H. K. Webb, J. Arnott, R. J. Crawford, and E. P. Ivanova,
“Plastic degradation and its environmental implications
with special reference to poly(ethylene terephthalate),”
Polymers (Basel), vol. 5, no. 1, pp. 1-18, 2013, doi:
10.3390/polym5010001.

V. Tournier et al., “An engineered PET depolymerase to
break down and recycle plastic bottles,” Nature, vol. 580,
no. 7802, pp. 216-219, Apr. 2020, doi: 10.1038/s41586-
020-2149-4.

D. L. Ollis et al., “The a/p hydrolase fold,” Protein
Engineering, Design and Selection, vol. 5, no. 3, pp. 197-
211, Apr. 1992, doi: 10.1093/protein/5.3.197.

R. Wei et al., “Functional characterization and structural
modeling of synthetic polyester-degrading hydrolases from
Thermomonospora curvata,” AMB Express, vol. 4, no. 1, p.
44, 2014, doi: 10.1186/s13568-014-0044-9.

H. R. Kim and W. S. Song, “Lipase treatment of polyester
fabrics,” Fibers and Polymers, vol. 7, no. 4, pp. 339-343,
2006, doi: 10.1007/BF02875764.

J. C. S. Sales, A. M. de Castro, B. D. Ribeiro, and M. A. Z.
Coelho, “Supplementation of watermelon peels as an
enhancer of lipase and esterase production by Yarrowia
lipolytica in solid-state fermentation and their potential use
as biocatalysts in poly(ethylene terephthalate) (PET)
depolymerization reactions,” Biocatal Biotransformation,
vol. 38, no. 6, pp. 457-468, Nov. 2020, doi:
10.1080/10242422.2020.1782387.

105



[95] R.E. Purdy and P. E. Kolattukudy, “Hydrolysis of plant
cuticle by plant pathogens. Purification, amino acid
composition, and molecular weight of two isoenzymes of
cutinase and a nonspecific esterase from Fusarium solani
f. pisi,” Biochemistry, vol. 14, no. 13, pp. 2824-2831, Jul.
1975, doi: 10.1021/bi00684a006.

[96] U. Thumarat, R. Nakamura, T. Kawabata, H. Suzuki, and
F. Kawai, “Biochemical and genetic analysis of a cutinase-
type polyesterase from a thermophilic Thermobifida alba
AHK119,” Appl Microbiol Biotechnol, vol. 95, no. 2, pp.
419-430, 2012, doi: 10.1007/s00253-011-3781-6.

[97] M. Oda et al., “Enzymatic hydrolysis of PET: functional
roles of three Ca2+ ions bound to a cutinase-like enzyme,
Cut190*, and its engineering for improved activity,” Appl
Microbiol Biotechnol, vol. 102, no. 23, pp. 10067-10077,
2018, doi: 10.1007/s00253-018-9374-x.

[98] N. M. Alves, J. F. Mano, E. Balaguer, J. M. Meseguer
Duenas, and J. L. Gémez Ribelles, “Glass transition and
structural relaxation in semi-crystalline poly(ethylene
terephthalate): a DSC study,” Polymer (Guildf), vol. 43, no.
15, pp. 4111-4122, 2002, doi:
https://doi.org/10.1016/S0032-3861(02)00236-7.

[99] W. Zimmermann and S. Billig, “Enzymes for the
Biofunctionalization of Poly(Ethylene Terephthalate),” in
Biofunctionalization of Polymers and their Applications, G.
S. Nyanhongo, W. Steiner, and G. Glbitz, Eds., Berlin,
Heidelberg: Springer Berlin Heidelberg, 2011, pp. 97-120.
doi: 10.1007/10_2010_87.

[100] A. Eberl et al., “Enzymatic surface hydrolysis of
poly(ethylene terephthalate) and bis(benzoyloxyethyl)
terephthalate by lipase and cutinase in the presence of
surface active molecules,” J Biotechnol, vol. 143, no. 3, pp.
207-212, 2009, doi:
https://doi.org/10.1016/j.jbiotec.2009.07.008.

[101] D. Ribitsch et al., “Hydrolysis of polyethyleneterephthalate
by p-nitrobenzylesterase from Bacillus subtilis,” Biotechnol
Prog, vol. 27, no. 4, pp. 951-960, Jul. 2011, doi:
https://doi.org/10.1002/btpr.610.

[102] Z. Armstrong, P. Rahfeld, and S. G. Withers, “Discovery of
New Glycosidases From Metagenomic Libraries,” in
Methods in Enzymology, vol. 597, Academic Press Inc.,
2017, pp. 3-23. doi: 10.1016/bs.mie.2017.06.001.

106



[103] J. M. Choi, S. S. Han, and H. S. Kim, “Industrial
applications of enzyme biocatalysis: Current status and
future aspects,” Biotechnology Advances, vol. 33, no. 7.
Elsevier Inc., pp. 1443-1454, Nov. 15, 2015. doi:
10.1016/j.biotechadv.2015.02.014.

[104] J. Chapman, A. E. Ismail, and C. Z. Dinu, “Industrial
applications of enzymes: Recent advances, techniques,
and outlooks,” Catalysts, vol. 8, no. 6. MDPI, Jun. 05,
2018. doi: 10.3390/catal8060238.

[105] K. Alam, M. N. Abbasi, J. Hao, Y. Zhang, and A. Li,
“Strategies for natural products discovery from uncultured
microorganisms,” Molecules, vol. 26, no. 10. MDPI AG,
May 02, 2021. doi: 10.3390/molecules26102977.

[106] T. Thomas, J. Gilbert, and F. Meyer, “Metagenomics - a
guide from sampling to data analysis,” Microb Inform Exp,
vol. 2, no. 1, Dec. 2012, doi: 10.1186/2042-5783-2-3.

[107] A. Strazzulli, S. Fusco, B. Cobucci-Ponzano, M. Moracci,
and P. Contursi, “Metagenomics of microbial and viral life
in terrestrial geothermal environments,” Reviews in
Environmental Science and Biotechnology, vol. 16, no. 3.
Springer Netherlands, pp. 425-454, Sep. 01, 2017. doi:
10.1007/s11157-017-9435-0.

[108] R. Paul et al., “Complex organic matter degradation by
secondary consumers in chemolithoautotrophy-based
subsurface geothermal ecosystems,” PLoS One, vol. 18,
no. 8 August, Aug. 2023, doi:
10.1371/journal.pone.0281277.

[109] M. Zaparty et al., “Hot standards’ for the thermoacidophilic
archaeon Sulfolobus solfataricus,” Extremophiles, vol. 14,
no. 1, pp. 119-142, Jan. 2009, doi: 10.1007/s00792-009-
0280-0.

[110] J. A. Leigh and W. B. Whitman, “Archaeal Genetics,” in
Brenner’s Encyclopedia of Genetics: Second Edition,
Elsevier Inc., 2013, pp. 188-191. doi: 10.1016/B978-0-12-
374984-0.00093-0.

[111] R. S. Gupta, “Chapter Two - Molecular Markers for
Photosynthetic Bacteria and Insights into the Origin and
Spread of Photosynthesis,” in Advances in Botanical
Research, vol. 66, 2013, pp. 37-66.

[112] D. Riviére et al., “Towards the definition of a core of
microorganisms involved in anaerobic digestion of sludge,”

107



ISME Journal, vol. 3, no. 6, pp. 700—-714, Jun. 2009, doi:
10.1038/ismej.2009.2.

[113] K. C. Y. Lee, P. F. Dunfield, and M. B. Stott, “The phylum
armatimonadetes,” in The Prokaryotes: Other Major
Lineages of Bacteria and The Archaea, vol.
9783642389542, Springer-Verlag Berlin Heidelberg, 2014,
pp. 447-458. doi: 10.1007/978-3-642-38954-2_388.

[114] N. Theodorakopoulos, D. Bachar, R. Christen, K. Alain,
and V. Chapon, “Exploration of Deinococcus-Thermus
molecular diversity by novel group-specific PCR primers,”
Microbiologyopen, vol. 2, no. 5, pp. 862—-872, Oct. 2013,
doi: 10.1002/mbo3.119.

[115] J. R. Battista, “D einococcus— T hermus Group,” in
Encyclopedia of Life Sciences, 2016, pp. 1-12. doi:
https://doi.org/10.1002/9780470015902.a0021151.

[116] V. Bhandari and R. S. Gupta, “The phylum thermotogae,”
in The Prokaryotes: Other Major Lineages of Bacteria and
The Archaea, vol. 9783642389542, Springer-Verlag Berlin
Heidelberg, 2014, pp. 989-1015. doi: 10.1007/978-3-642-
38954-2_118.

[117] P. J. Brumm, K. Gowda, F. T. Robb, and D. A. Mead, “The
complete genome sequence of hyperthermophile
Dictyoglomus turgidum DSM 6724™ reveals a specialized
carbohydrate fermentor,” Front Microbiol, vol. 7, no. DEC,
2016, doi: 10.3389/fmich.2016.01979.

[118] M. Ferrer et al., “Functional metagenomics unveils a
multifunctional glycosyl hydrolase from the family 43
catalysing the breakdown of plant polymers in the calf
rumen,” PLoS One, vol. 7, no. 6, Jun. 2012, doi:
10.1371/journal.pone.0038134.

[119] J. Zhou, M. A. Bruns, and J. M. Tiedje, “DNA Recovery
from Soils of Diverse Composition,” 1996. [Online].
Available: https://journals.asm.org/journal/aem

[120] A. Martinez and M. S. Osburne, “Preparation of fosmid
libraries and functional metagenomic analysis of microbial
community DNA,” in Methods in Enzymology, vol. 531,
Academic Press Inc., 2013, pp. 123-142. doi:
10.1016/B978-0-12-407863-5.00007-1.

[121] J. J. Escuder-Rodriguez, M. E. DeCastro, M. Becerra, E.
Rodriguez-Belmonte, and M. |. Gonzalez-Siso, “Advances
of Functional Metagenomics in Harnessing Thermozymes,”
in Metagenomics: Perspectives, Methods, and

108



Applications, Elsevier, 2017, pp. 289-307. doi:
10.1016/B978-0-08-102268-9.00015-X.

[122] A. Angelov, M. Mientus, S. Liebl, and W. Liebl, “A two-host
fosmid system for functional screening of (meta)genomic
libraries from extreme thermophiles,” Syst Appl Microbiol,
vol. 32, no. 3, pp. 177-185, May 2009, doi:
10.1016/j.syapm.2008.01.003.

[123] H. T. U. D. M. R. and K. H. Hartmut F. Zimmermann,
“Monitoring aerobic Escherichia coli growth in shaken
microplates by measurement of culture fluorescence”.

[124] 1. Mihalcescu, M. Van-Melle Gateau, B. Chelli, C. Pinel,
and J. L. Ravanat, “Green autofluorescence, a double
edged monitoring tool for bacterial growth and activity in
micro-plates,” Phys Biol, vol. 12, no. 6, Dec. 2015, doi:
10.1088/1478-3975/12/6/066016.

[125] S. R. A. Devenish, M. Kaltenbach, M. Fischlechner, and F.
Hollfelder, “Droplets as Reaction Compartments for Protein
Nanotechnology,” in Protein Nanotechnology: Protocols,
Instrumentation, and Applications, Second Edition, J. A.
Gerrard, Ed., Totowa, NJ: Humana Press, 2013, pp. 269—
286. doi: 10.1007/978-1-62703-354-1_16.

[126] M. Mirdita, K. Schitze, Y. Moriwaki, L. Heo, S.
Ovchinnikov, and M. Steinegger, “ColabFold: making
protein folding accessible to all,” Nat Methods, vol. 19, no.
6, pp. 679-682, Jun. 2022, doi: 10.1038/s41592-022-
01488-1.

[127] Z. S. Derewenda and U. Derewenda, “Relationships
among serine hydrolases: evidence for a common
structural motif in triacylglyceride lipases and esterases,”
1991. [Online]. Available: www.nrcresearchpress.com

[128] C. Liu, C. Shi, S. Zhu, R. Wei, and C. C. Yin, “Structural
and functional characterization of polyethylene
terephthalate hydrolase from Ideonella sakaiensis,”
Biochem Biophys Res Commun, vol. 508, no. 1, pp. 289—
294, Jan. 2019, doi: 10.1016/j.bbrc.2018.11.148.

[129] E. H. Acero et al., “Surface Engineering of a Cutinase
From Thermobifida Cellulosilytica for Improved Polyester
Hydrolysis,” 2013, doi: 10.1002/bit.24930/abstract.

[130] S. Sulaiman, D. J. You, E. Kanaya, Y. Koga, and S.
Kanaya, “Crystal structure and thermodynamic and kinetic
stability of metagenome-derived LC-cutinase,”

109



Biochemistry, vol. 53, no. 11, pp. 1858-1869, Mar. 2014,
doi: 10.1021/bi401561p.

[131] A. G. Rodriguez-Hernandez, J. A. Mufioz-Tabares, J. C.
Aguilar-Guzméan, and R. Vazquez-Duhalt, “A novel and
simple method for polyethylene terephthalate (PET)
nanoparticle production,” Environmental Science: Nano,
vol. 6, no. 7. Royal Society of Chemistry, pp. 2031-2036,
2019. doi: 10.1039/c9en00365g.

110



