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RIASSUNTO

La costruzione di un‘economia circolare, definita come "un insieme di
modelli sostenibili di produzione e consumo” dallAgenda 2030 delle
Nazioni Unite, emerge come una priorita per la comunita scientifica
globale. Negli ultimi anni, la ricerca si € concentrata sulla creazione di
nuovi approcci biotecnologici volti a monitorare o ridurre le sostanze
inquinanti, e a ottimizzare processi industriali sostenibili. Nel contesto
della lotta allinquinamento e dell'utilizzo dei materiali di scarto per la
produzione di risorse rinnovabili e di prodotti di valore aggiunto, gli
studi sulla fisiologia, ecologia e biochimica dei microorganismi
presenti in vari ecosistemi sono fondamentali.

In particolare, in questo lavoro di tesi intitolato “Extremophiles as
microbial tools to face environmental problems associated to
anthropogenic activities” l'attenzione si € maggiormente focalizzata
sullo studio delle potenzialitda di un gruppo di microrganismi
estremofili, i termofili, e dei loro enzimi, i termozimi. | microrganismi
termofili prosperano ad alte temperature e molto spesso dimostrano
anche una capacita di sopravvivenza in ambienti caratterizzati da
elevate concentrazioni saline, valori di pH estremi e presenza di
sostanze tossiche. La prima parte di questa tesi (Capitolo 2) & un
lavoro di sinossi sulle caratteristiche uniche dei microrganismi
estremofili, in particolare i termofili, e dei loro enzimi, evidenziandone
l'interesse significativo nel contesto biotecnologico. Sono state
esplorate le diverse applicazioni di tali microrganismi in vari settori,
con particolare rilevanza nellambito industriale e ambientale. La
straordinaria capacita di adattamento di questi microrganismi nel
crescere su scarti e/o inquinanti li rende strumenti importanti non solo
nella tutela ambientale, ad esempio nella gestione dellinquinamento
da metalli pesanti e composti organici, ma anche nella valorizzazione
delle biomasse lignocellulosiche per la produzione di prodotti ad alto
valore aggiunto. In questa ottica diventa essenziale disporre di
strumenti adeguati allingegnerizzazione di tali microrganismi al fine di
massimizzarne le prestazioni. Quindi, si &€ cercato di delineare quali
sono stati i recenti sviluppi tecnologici nellambito dell'ingegneria
genomica applicata ai microorganismi termofili.

La fase sperimentale iniziale di questo lavoro di tesi (Capitolo 3) si é
inserita in un progetto di ricerca che mirava al completamento della
caratterizzazione del sistema di resistenza all'arsenico del batterio
Gram-negativo Thermus thermophilus HB27. TtArsM, una arsenito
metiltransferasi SAM-dipendente, e stata identificata come nuovo
membro di questo sistema di resistenza attraverso un approccio di
pull-down utilizzando TtSmtB (il repressore trascrizionale del sistema)
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come esca, mettendo in luce la loro interazione in vitro. Le interazioni
proteina-proteina tra TtSmtB e TtArsM sono state confermate da
esperimenti di co-immunoprecipitazione e saggi EMSA, evidenziando
la formazione di complessi multimerici che potrebbero influire sul
controllo trascrizionale o post-trascrizionale. Ulteriori analisi EMSA
hanno suggerito un meccanismo regolatorio della trascrizione di
TtArsM da parte di TtSmtB analogo a quello osservato per altri geni di
resistenza all'arsenico gia caratterizzati nello stesso microorganismo.
Il ruolo di TtArsM nella resistenza all'arsenico e stato poi dimostrato in
vivo in cellule di E. coli che esprimevano TtArsM in maniera
ricombinante. L'enzima, che si contraddistingue per la presenza di
una singola cisteina nella sua sequenza amminoacidica, mostra
un‘attivita arsenito metiltransferasica specifica e produce come
prodotti primari arsenico mono- e di-metilato. Analisi cromatografiche
di esclusione molecolare hanno poi dimostrato come linterazione di
TtArsM con il substrato arsenito sia in grado di influenzarne la
struttura quaternaria, da omodimero a monomero. Per valutare il ruolo
di questo enzima in vivo e stata sviluppata una strategia di editing
genomico con tecnologia CRISPR-Cas9 direttamente in T.
thermophilus HB27. In questo modo sono stati prodotti tre ceppi
mutanti; i) un ceppo knock-out per il gene TtarsM, ii) un ceppo knock-
out del gene TtarsX (il trasportatore di membrana del sistema di
resistenza) al cui posto € stato inserito il gene codificante per la
proteina fluorescente gialla termotollerante, sYFP, iii) un ceppo
doppio knock-out per i geni TtarsM e TtarsX e knock-in per il gene
syfp. Il ceppo ATtarsM-ATtarsX (syfp) si € rivelato il meno resistente
agli ioni As(lll) e As(V), ed in grado di emettere fluorescenza a basse
concentrazioni di As(lll) e As(V), confermando il suo notevole
potenziale come whole-cell bioreporter. In conclusione, il lavoro
fornisce dettagli sulle proprieta biochimiche di TtArsM, contribuendo
alla comprensione del sistema di resistenza all'arsenico in T.
thermophilus HB27 e fornendo uno strumento promettente da
implementare per applicazioni nel biomonitoraggio di arsenico
nellambiente.

Nella sezione successiva di questa tesi (Capitolo 4), sono stati
effettuati studi su Alicyclobacillus mali FL18, un batterio termo-
acidofilo Gram-positivo isolato a Pisciarelli, un’area idrotermale della
Solfatara di Pozzuoli vicino Napoli (Italia) resistente ad alcuni metalli
pesanti e a determinati antibiotici. Durante questo lavoro di tesi e stato
indagato se questo batterio possedesse enzimi in grado di degradare
materiali lignocellulosici. In particolare, I'analisi genomica di A. mali
FL18 ha identificato 73 geni codificanti enzimi potenzialmente attivi sui
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carboidrati (CAZymi), corrispondenti a circa il 2,5% del totale dei geni
codificanti proteine. Le glicoside idrolasi (GH) costituiscono la famiglia
pil  numerosa con 32 enzimi annotati, i quali appaiono
prevalentemente coinvolti nella decomposizione di specifici
componenti della lignocellulosa. In particolare, & stato caratterizzato
un membro della famiglia 9 delle glicoside idrolasi (GH9), chiamato
AmCel9, ed é stato messo in luce il suo ruolo significativo nel
processo di idrolisi della cellulosa. In generale, i membri di questa
famiglia presentano una struttura quaternaria altamente eterogenea,
infatti, recenti analisi metagenomiche hanno rivelato 19 moduli diversi
nelle GH9, caratteristica altamente correlata alla loro multifunzionalita.
Nello specifico, l'analisi strutturale in silico dellenzima AmCel9 ha
mostrato la tipica triade catalitica della famiglia e un dominio Ig-like N-
terminale, comune anche nella struttura di altre GH9. AmCel9
purificata (prodotta in modo ricombinante in cellule di E. coli) mostra
una notevole resistenza ad un ampio spettro di valori di pH,
differenziandosi significativamente da altri membri della famiglia GH9.
Questo enzima, inoltre, presenta valori molto simili di attivita specifica
trai 40 e i 70 °C e mantiene il 60% di attivita a 50 °C fino a 16 ore. In
termini di specificita del substrato e proprieta catalitiche, AmCel9 € in
grado di idrolizzare efficacemente la carbossilmetilcellulosa (CMC) e |l
lichenano con alti valori di keat € di attivita specifica. Questo enzima
inoltre presenta una notevole attivita su substrati di cellulosa
insolubile, come Avicel PH101 e carta da filtro Whatman®,
caratteristica non comunemente riscontrata in numerosi membri di
guesta famiglia enzimatica. Queste caratteristiche rendono AmcCel9
un biocatalizzatore multifunzionale molto promettente da testare per la
degradazione di materiali lignocellulosici senza I'esecuzione di
pretrattamenti dannosi per I'ambiente.

Obscured due to 12-month embargo request.
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SUMMARY

This thesis, entitled "Extremophiles as microbial tools to face
environmental problems associated with anthropogenic activities”,
aims to demonstrate the feasibility of sustainable solutions in
biotechnology based on the use of extremophiles, with a particular
focus on thermophiles and their enzymes. The study of these
extraordinary microorganisms can provide new tools for many
applications among which environmental issues and valorization of
renewable resources. Chapter 2 offers a comprehensive overview of
these microorganisms emphasizing their importance in various
biotechnological fields. Their adaptability to thrive in pollutants and
biomass wastes makes them ideal for environmental preservation,
including heavy metal remediation and biomass valorization. The
potential for engineering these microorganisms for improved
performance is also discussed.

Chapter 3 focuses on the identification of TtArsM, a SAM-dependent
arsenite methyltransferase with a role in the arsenic resistance system
of the Gram-negative bacterium Thermus thermophilus HB27. In vivo
studies on enzyme function have been possible thanks to the set-up
of CRISPR-Cas9 genome editing technology for T. thermophilus; the
tool has also been used to develop a whole-cell arsenic bioreporter
system. In the following section (Chapter 4) Alicyclobacillus mali
FL18, a Gram-positive thermo-acidophilic bacterium, is examined with
an emphasis on its capacity to produce lignocellulolytic enzymes.
Genomic analysis reveals genes for 73 putative carbohydrate-active
enzymes (CAZymes), including the multifunctional GH9 family
member, AmCel9, exhibiting exceptional cellulolytic activity. In the
second section of Chapter 4, the study delves into Geobacillus
stearothermophilus GF16, a Gram-positive thermophilic bacterium,
and the ability of its secretome to degrade lignocellulose. The
bacterium, grown on minimal medium enriched with xylan, has
significant xylanolytic activity. The secretome of G. stearothermophilus
GF16 effectively hydrolyzes various agri-food residues, highlighting its
potential for an eco-friendly lignocellulose degradation strategy. The
concluding Chapter 5 focuses on three glucuronoyl esterases (GES).
These enzymes, belonging to CE15 family, have been characterised
from the endophyte Dyadobacter fermentans NS114T and play a
crucial role in cleaving ester bonds within lignin-carbohydrate
complexes. Their diverse catalytic efficiencies and structural features
have been explored, with the goal of deepening their potential for
overcoming recalcitrance in lignocellulosic waste utilization.
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Chapter 1 — General introduction

The Earth is in a biological and geochemical equilibrium where
environmental resources and biosphere elements are replenished
through large-scale biochemical cycles. Since the beginning of time,
humans have modified the environment in which they live through
agriculture, farming, urbanization, and the use of natural resources.
However, since the Industrial Revolution in the 19th century, and
especially in the last 30 years, advances in chemistry, agriculture,
medicine, and massive industrial production have disturbed the
ecological balance to an unprecedented degree [1]. Anthropogenic
emission of CO2, depletion of non-renewable resources, production of
non-recyclable wastes left in the environment and release of toxic
compounds into groundwater are only some aspects of the failure of
the current economic system [2].

In addition, the COVID-19 crisis has devastated economies and
societies, reducing the likelihood of achieving adequate
environmentally sustainable growth in line with the 2030 Agenda and
the Paris Climate Agreement [3]. For this reason, an important goal for
the scientific community is to find alternatives to classical industrial
processes to face the depletion of non-renewable resources and
environmental pollution. In fact, the sustainability of environmental
resources is one of the fundamental points of the bioeconomy, which
aims to reform current processes towards an environmentally friendly
circular economy strategy [4].

Importance of extremophiles: focus on thermophilic features

In the last decades, a good part of scientific research has been
focused on the use of microbial enzymes and microbial metabolic
pathways for the development of biomonitoring and bioremediation
strategies to solve environmental problems and more recently for the
enhancement of biorefineries designed to convert biomass into
chemical compounds. Harsh conditions, which are not optimal for the
growth of microorganisms and their enzymes, usually prevail in some
steps of these industrial bioprocesses. From this perspective,
microbes inhabiting habitats considered inhospitable from the human
point of view have some advantages over their mesophilic
counterparts [5]; in fact, many bacteria or archaea can tolerate
extreme pH values, high or low temperatures, high concentrations of
salts, toxic substances and/or heavy metals. These microorganisms,
called extremophiles, are valuable sources of biomolecules and
bioprocesses for many biotechnological applications in agriculture,
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chemistry, biomedicine, etc [6]. Depending on the temperature range
in which they grow, extremophiles can be classified as: psychrophiles
(-15° to 20°C), mesophiles (20-45°C), thermophiles (45-80°C) and
hyperthermophiles (=80°C) [7]. They populate volcanic regions, hot
springs, deep-sea hydrothermal vents, geothermal areas, but also
compost piles and waste treatment plants [8]; studies on this group of
microorganisms began in the 1960s with the isolation of Thermus
aquaticus [9] and have been gradually intensified until today.

Unique thermophilic features include smaller genome size, reverse
gyrase for DNA  protection, chaperones/chaperonins  for
macromolecular folding, and saturated fatty acids maintaining cell
membrane rigidity at high temperature [10]. Due to the temperature
range in which they work optimally, many industrial bioprocesses
utilize these microbes for their numerous advantages over mesophilic
counterparts, such as faster reaction rates, increased solubility of
substrates, reduced Vviscosity, and elimination of microbial
contamination [11]. They are also a source of heat-stable catalysts,
called thermozymes, which can also show stability and activity under
extreme conditions such as high pressure, salt presence, low pH, and
stability in detergents and organic solvents [12]. However, although
they are ideal platforms for expressing proteins/enzymes or metabolic
pathways at high temperatures under harsh and toxic conditions, the
practical use of thermophiles/hyperthermophiles could be hindered by
difficulties in culturing and genome manipulation [13,14]. It is still
needed to deepen the studies on these microorganisms to fully exploit
their potential in various biotechnological fields. This was the premise
of the work carried out in this thesis project.

Heavy metals and bioreporter strategies

Nowadays, the presence of high levels of heavy metals in the
environment is a worldwide problem. In ecotoxicology, the term
"heavy metals" refers to metals with relatively high densities, atomic
weights, or atomic numbers that are toxic at low concentrations; they
occur naturally in soils, rocks, sediments, air, and water, and many
metals (iron, copper, manganese, and zinc) are essential for the
metabolism of living species [15,16]. Nonetheless, uncontrolled
anthropic activities (mining, smelting, waste incineration, fossil fuel
combustion, etc.) have severely altered the natural biogeochemical
cycles of heavy metals, causing various types of consequences on the
ecosystem, such as biodiversity imbalance, biomass reduction,
modification of microbial community structure, and reduction of
enzyme activity [17]. In fact, this type of contaminant cannot be
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degraded and accumulates in the biota through bioaccumulation and
biomagnification processes. Therefore, humans experience the
highest potential impact because they are at the apex of the food
chain, making them susceptible to long-term adverse health effects
and clinical manifestations, the severity of which depends on the
specific metal involved [18,19]. Five heavy metals elements [arsenic
(As), cadmium (Cd), chromium (Cr), mercury (Hg), and lead (Pb)]
exert toxic effects at very low concentrations and represent the most
widespread heavy metals, called toxic heavy metals (THMs) [20].
Among them, arsenic (As) is one of the most toxic semi-metallic
elements of global concern.

Generally, traditional analytical methods for soil and water
contaminant analysis, such as atomic absorption spectroscopy (AAS),
gas chromatography-mass spectrometry (GC-MS), high performance
liguid chromatography (HPLC), inductively coupled plasma-mass
spectrometry (ICP-MS), and X-ray absorption spectroscopy have
been used [21]. These traditional chemical approaches, however, are
primarily used to assess the chemical availability of soil contaminants
rather than their bioavailability [22]. In this context, the concept of
chemical availability, does not consider critical aspects such as the
uptake of contaminants by organisms, their subsequent accumulation
in their tissues, and the resulting toxic effects. This limitation is in
contrast with the broader concept of bioavailability, which embraces
the dynamic and complex processes by which contaminants interact
with the environment and the ecosystem [23]. The divergence
between these concepts underscores the necessity for a more
comprehensive understanding, prompting the exploration of biological
approaches that address the interactive dynamics of contaminants
within the environment and organisms. Hence, the use of bioreporters
and biosensors, becomes essential.

Engineered whole-cell bioreporters are microbial cells, genetically
modified able to detect and signal the presence of specific
contaminants. A whole-cell bioreporter typically consists of several
key components that enable it to function as a biosensor for specific
environmental stimuli; these components provide a rapid and sensitive
tool of monitoring contaminants in environmental samples and include
i) a Sensor Element, ii) a Genetic Logic Circuit, iii) a Reporter Gene,
and iv) an Actuator (Figure 1) [24].
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Figure 1. Whole-cell microbial bioreporter-based detection principle. Expression of
the specific promoter and downstream reporter gene is activated or inhibited by the
analyte [24].

This approach complements traditional chemical analysis to provide a
more in-depth assessment of the impact of contaminants on the
ecosystem and living organisms. For this reason, a deeper
understanding of bacterial resistance pathways and mechanisms is
critical to advancing the development and optimization of technologies
for assessing the environmental risks associated with heavy metals
soil and/or water contamination.

Arsenic resistance in Thermus thermophilus HB27

While several prokaryotes can use arsenic oxidation for energy, life
could not have emerged without arsenic resistance systems, as the
abundance of arsenic in the environment provided the intense
selective pressure that was the driving force for the evolution of
mechanisms related to arsenic detoxification and metabolism in
Gram-positive and Gram-negative bacteria [25-27]. These
mechanisms can classically include i) Arsenic Resistance (ars)
System, responsible for the detoxification of inorganic arsenic and
involving ars operons located in the chromosomes or plasmids of
bacteria; ii) Arsenic Methylation and Related Pathways, organo-
arsenicals are detoxified by this pathway; iii) Arsenite Oxidation
(aio/arx) and iv) Arsenate Reduction (arr) Systems which participate
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in the energy-producing respiratory biotransformation between As(lIl)
and As(V) [28,29].

The Gram-negative  thermophilic ~ microorganism Thermus
thermophilus HB27 originally isolated from a natural thermal
environment in Japan by Oshima and Kazutumo has a well-
characterized arsenic resistance system; it grows at temperatures
ranging from 50 ° to 82 °C with an optimum of 70 °C and pH 7.0 [30],
and it is resistant to arsenate and arsenite up to concentrations of 44
mM and 40 mM. Its arsenic resistance machinery is interspersed in
the chromosome and is composed by an arsenate reductase (TtArsC)
[31], an ATP-dependent membrane transporter (TtArsX) [32] and
TtSmtB, a transcriptional regulator belonging to the ArsR/SmtB family
Sgigure 2) [33’33'3'
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Figure 2. Scheme of arsenic resistance system in T. thermophilus HB27. (A) In the
absence of arsenic, TtSmtB represses gene transcription, especially TtarsX
(TTO354). (B) Upon arsenate entry, TtSmtB binds arsenic and represses itself and
TtarsC expression, allowing arsenate to be converted to arsenite. (C) As arsenite
accumulates, TtArsX is released and activated to expel arsenite. This process
lowers intracellular arsenate, efficiently exports arsenite, and restores transcriptional
repression [33].
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Detailed molecular studies of the arsenic resistance system have
enabled the development of tools for the detection of heavy metals. In
fact, innovative biosensors capable of detecting arsenic have been
obtained either using the enzyme TtArsC absorbed onto stabilized
gold nanoparticles or immobilizing on gold electrodes chimeric
proteins derived from the genetic fusion of the thermophilic arsenate
reductase with hydrophobin from Pleurotus ostreatus [35-37].

T. thermophilus HB27 possesses many different genes of
biotechnological interest, such as proteases/peptidases,
starch/oligosaccharide-hydrolysing enzymes or esterases [38]; it also
represents a huge source of interesting thermostable and
thermoactive enzymes that can be exploited in environmental
bioremediation of persistent organic pollutants [39,40]. These features
coupled with its great metabolic versatility, high growth rates, high
biomass yields, and a constitutive very efficient natural competence
apparatus for the introduction of heterologous DNA [41-43], make T.
thermophilus HB27 a good model laboratory strain for the generation
of engineered strains for industrial production of miscellaneous
biomolecules and the development of whole-cell bioreporter system.

Lignocellulosic materials - a renewable resource: intrinsic value and
drawbacks

As mentioned above, extremophilic microorganisms are of great
interest in the field of biotechnology because of their potential
applications in various industrial sectors, such as energy production
and the production of biopolymers from renewable sources. Among
renewable resources, lignocellulosic waste materials are of particular
importance [44].

These materials have enormous potential as a sustainable raw
material, providing a valuable alternative to non-renewable and fossil
resources. Indeed, lignocellulose is extremely abundant; it is
estimated that approximately 181.5 billion tons of lignocellulosic waste
Is generated annually, and only 9% of biomass contributes to total
energy supply, according to a recent report by the International
Energy Agency (IEA) [44]. Various types of lignocellulosic wastes are
generated from agricultural activities, including sources such as
animal manure, post-harvest forestry residues, non-marketable
products, low or unprocessed vegetable waste, and by-products from
urban and industrial processing. These lignocellulosic materials can
be used as feedstock for bioenergy production and to produce bio-
based chemicals, materials and polymers, supporting waste
valorization and carbon sequestration to offset emissions to fossil
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fuels use (Figure 3) [45]. The term lignocellulose refers to a highly
heterogeneous biopolymer synthesized by plant cells, consisting
mainly of cellulose, hemicellulose, and lignin, which are present in
varying amounts and ratios, depending on the origin of the biomass. It
also contains small amount of proteins, pectins and extractives
(tannins, lipids, resins, steroids, terpenes, terpenoids, flavonoids, and
phenolic compounds) [44].
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Figure 3. Many value-added products derived from the major lignocellulosic
components of common biomass sources [45,46].

v

The main obstacle to the full utilization of this sustainable resource is
its recalcitrance, which refers to its resistance to degradation to
smaller molecules to be further converted into biofuels or high-value
chemicals. This recalcitrance is primarily due to the complex and
tightly bound structure of lignocellulose, which is difficult to access, to
separate and to break down into its components. Several factors
contribute to the recalcitrance of lignocellulosic materials: i) its
structural and chemical heterogeneity which depends on the vegetal
source, and also poses challenges in the development of universal
conversion processes; ii) the lignin content and structure, in fact lignin
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is a complex and rigid polymer that acts as a barrier, coating cellulose
and hemicellulose and making them scarcely accessible to enzymes
or chemicals for degradation; iii) Lignin-Carbohydrate Complexes
(LCCs), covalent bonds between lignin and carbohydrates, particularly
hemicellulose, further impede the accessibility of cellulose to
conversion processes; iv) the crystalline structure of cellulose, which
IS very resistant to enzymatic or chemical degradation and requires
additional pretreatments; v) the great heterogeneity of hemicellulose,
characterised by different linkages and substitutions, making it even
more tricky than cellulose to degrade [44].

The integrated biorefinery concepts aims to the simultaneous
valorization of a lignocellulosic biomass maximizing efficiency and
minimizing waste to produce a diversified range of products such as
biofuels, high-value chemicals and bioproducts. Such a sustainable
process involves several critical steps.

For example, physicochemical conversion processes, which include
thermochemical methods such as pyrolysis and gasification, provide
pathways for the production of biobased chemicals and syngas
[45,46]. Biochemical conversion includes pre-treatment methods used
to break down the complex lignocellulosic structure and improve the
accessibility of cellulose and hemicellulose for further processing; pre-
treatments may involve physical, chemical, physicochemical, or
biological methods [47,48].

Subsequent enzymatic hydrolysis and fermentation strategies
facilitate the conversion of these components into fermentable sugars,
biofuels, and high-value chemicals. Meanwhile, lignin undergoes
valorization processes that contribute to the production of other
valuable chemicals and materials (Figure 3) [48,49].

To improve the efficiency of biofuel and high-value chemical
production, novel advances in biotechnology, enzyme engineering,
and process optimization are required, including ones that address the
recalcitrance of lignocellulosic materials.

Synergistic enzymatic systems for lignocellulose degradation and the
advantages of thermophilic microorganisms

The wide variety of lignocellulose components requires the synergistic
action of many enzymes with multiple and different activities. In nature
several enzymatic systems for lignocellulose degradation have been
found, and the Carbohydrate-Active enZymes database (the CAZy
database, http://www.cazy.org/) [50] provides a basic classification of
these biocatalysts. Ligninolytic enzymes such as laccases,
manganese-dependent peroxidases (MnP), lignin peroxidases (LiP),
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versatile peroxidases (VP) and aryl alcohol oxidases cause lignin
modification and consumption. The hydrolytic enzymes responsible for
holocellulose degradation are a group of enzymes generally referred
to as cellulases and hemicellulases, but oxidative enzymatic system,
esterases and pectinases are also involved. Cellulases break down
cellulose, a major component of lignocellulose, into glucose and other
simple sugars. Cellulases include endoglucanases, exoglucanases,
and B-glucosidases. Hemicellulases, including  xylanases,
mannanases, and arabinofuranosidases, degrade hemicellulose [51].
Lytic Polysaccharide Monooxygenases (LPMOs) are enzymes
capable of oxidative cleavage of cellulose and other polysaccharides
using oxygen or hydrogen peroxide as a co-substrate and a reducing
agent as an electron donor. Esterases cleave ester bonds in
lignocellulose, releasing acetic acid and other organic acids.
Esterases are important for the efficient breakdown of hemicellulose
and are a relatively new class of enzymes that have been shown to
play a crucial role in lignocellulose degradation [52].

The degradation of lignocellulose presents challenges, including
temperature and solvents requirements, and the production of
inhibitors and toxic compounds. These factors can inhibit enzyme
activity, reduce degradation efficiency, and pose risks to
microorganisms’ viability necessary for the fermentation process. Also
in this context, the use of thermophiles or thermophilic enzymes offers
some advantages over other treatments, including higher efficiency,
faster process, reduced inhibitory effects and great specificity [52,53].
Thermophiles are also beneficial in the efficient breakdown of organic
matter, as observed in composting processes, where they contribute
to pathogen elimination and accelerated decomposition, due to the
higher temperatures that can be used. These capabilities highlight the
environmental benefits of using thermophiles and thermozymes in
lignocellulosic degradation. Their ability to operate at elevated
temperatures reduces the reliance on chemical treatments and harsh
conditions, thereby mitigating negative environmental impacts [11,54].
Overall, the use of thermophilic microorganisms and their enzymes is
an attractive choice for sustainable and environmentally friendly
applications in lignocellulose degradation.
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Aim of the work

The overall aim of this project has been focused on the exploitation of
extremophiles and their enzymes for the set-up of biomonitoring and
lignocellulose valorization strategies. The first goal was to develop
whole-cell arsenic bioreporters and the second one was to utilize new
thermophilic strains and/or their carbohydrate-active enzymes for the
processing of raw materials into high value-added products.

In Chapter 2, the comprehensive Review Article documents updated
literature regarding the peculiarities of extremophiles and their
biocatalysts as well as main applications in biotechnology.

In Chapter 3, the Paper 1 deepens the comprehension of the arsenic
resistance mechanisms of T. thermophilus HB27 and describes a
strategy that led to the identification of a novel member within this
system. The extensive study of the molecular determinants that
regulate the resistance mechanism along with the set-up of a novel
CRISPR-Cas9 genome editing tool for the bacterium allowed the
development of a whole-cell bioreporter strain able to detect
micromolar concentrations of arsenic ions.

The second objective of this thesis is described in the Chapter 4 and
Chapter 5. One published paper and one manuscript in preparation
examine the lignocellulose degradation activities of two recently
identified strains and are included in Chapter 4:
1. Insight into CAZymes of Alicyclobacillus mali FL18:
Characterization of a New Multifunctional GH9 Enzyme (Paper
2-1)
2. Genomic mining of Geobacillus stearothermophilus GF16 for
xylose production from hemicellulose-rich biomasses using
secreted enzymes (Manuscript 2-11).

The concluding Chapter 5 contains the submitted Paper 3 that is
focused on another under explored class of enzymes, the
Glucuronoyl Esterases (GEs), considered extremely important to
overcome the recalcitrance of lignocellulosic raw material; in
particular, the work explores the structural-functional relationship in
three different members of the CE15 family highlighting peculiarities of
the active site, differences in substrate specificity and giving new
insights in the relevance of this class for the degradation of
lignocellulosic feedstocks .
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Chapter 2 — Extremophiles, a Nifty Tool to face Environmental
Pollution: From Exploitation of Metabolism to Genome
Engineering

Extremophilic  microorganisms are a valuable reservoir of
biomolecules naturally stable to harsh conditions that can be applied
in various fields. Among them, thermophiles show significant potential
for a wide range of industrial and environmental applications requiring
high temperatures.

The ability of these microorganisms to degrade waste biomasses and
chemical contaminants represents a promising avenue for their
employment in biocatalysis and biotransformation processes; in this
sense they can contribute not only to environmental protection, but
also to enhance the sustainable production of high-value
biotechnological products. The increasing demand to improve the
performance of these microorganisms has been the driving force to
establish new genetic engineering tools. At the top of that CRISPR-
Cas technology, can significantly expand their applicability.

This chapter summarizes the pros and cons in the exploration of

biotechnological applications of thermophiles, by examining resistance
mechanisms to pollutants and their role in bioremediation processes.
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Abstract: Extremophiles are microorganisms that populate habitats considered inhospitable from an
anthropocentric point of view and are able to tolerate harsh conditions such as high temperatures,
extreme pHs, high concentrations of salts, toxic organic substances, and/or heavy metals. These
microorganisms have been broadly studied in the last 30 years and represent precious sources of
biomolecules and bioprocesses for many biotechnological applications; in this context, scientific
efforts have been focused on the employment of extremophilic microbes and their metabolic pathways
to develop biomonitoring and bioremediation strategies to face environmental pollution, as well as
to improve biorefineries for the conversion of biomasses into various chemical compounds. This
review gives an overview on the peculiar metabolic features of certain extremophilic microorganisms,
with a main focus on thermophiles, which make them attractive for biotechnological applications in
the field of environmental remediation; moreover, it sheds light on updated genetic systems (also
those based on the CRISPR-Cas tool), which expand the potentialities of these microorganisms to be
genetically manipulated for various biotechnological purposes.

Keywords: extremophiles; environmental pollution; heavy-metal resistance; aromatic-compounds;
bioremediation; biosensors; genome-engineering; CRISPR-Cas

1. Introduction

Natural environments on Earth display the most miscellaneous life conditions, and
microorganisms are among the few entities that are able to grow in very extreme and
inhospitable habitats. Hot springs, volcanic areas, polar regions, saline-alkaline, or acidic
lakes and deep-see hydrothermal vents are some examples of natural environments that
show temperature, salt concentration, pH, and pressure conditions very harsh for almost
all forms of life [1].

Extremophiles are microorganisms that can live in these kinds of natural niches, and
based on the conditions in which they thrive, they can be grouped in: acidophiles/alkaliphiles
that grow at acid or alkaline pHs, halophiles that can live at high salt concentrations,
piezophiles that prosper in high pressure conditions, metallophiles that are able to thrive
in presence of metals/heavy metals, psychrophiles which live at low temperatures, and
thermophiles/hyperthermophiles that grow at elevated temperatures [2]. Moreover, as a
result of anthropogenic activities, some microbes adapted to flourish in polluted environ-
ments such as industrial wastewaters and contaminated soils characterized by the presence
of toxic substances like pesticides, heavy metals, and different chemicals [3,4]. Therefore,
extremophiles possess peculiar biological molecules and metabolic pathways that allow
them to face multiple environmental stresses, sometimes simultaneously. For example,
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enzymes of thermophiles (called thermozymes), in comparison to their mesophilic coun-
terparts, maintain their activity and their folding at higher temperatures due to a more
compact hydrophobic core, and a better distribution of hydrogen bonds and salt bridges at
the protein surface [5]. At the same time thermozymes are also stable in the presence of
organic solvents, denaturing agents, and high salinity, and more resistant to proteolysis,
mirroring the niches where they are found. So far, extremophiles have increasingly received
attention for their biotechnological significance and for industrial purposes; the study of
these peculiar microorganisms, their metabolisms and catalysts makes possible to develop
bioremediation technologies and bio-based energy processes.

In the last years, as a consequence of environmental pollution, global warming, and
depletion of non-renewable sources and with the push of the 2030 Agenda for Sustainable
Development drawn up by the United Nations [6], many research efforts have been focused
either on the optimization of green and sustainable industrial processes (biorefineries),
and on the setup of biotechnological methods to monitor and remove pollutants from
the environment (biomonitoring and bioremediation, respectively) [7,8]. In this context,
investigation on the biology, ecology, and physiology of microorganisms is a necessary
prerequisite to set up white and green biotechnologies [9] in the field of industrial processes,
energy generation [10], prevention of environmental pollution by detection and /or removal
of contaminants [11], and production of biopolymers from renewable resources [12,13].
For example, thermophilic microorganisms can find applications to reduce pollution in
industrial wastewaters that are often characterized by higher temperatures and highly
dissolved heavy metals [14,15]. Moreover, thermophiles are more advantageous than
mesophiles in biorefineries which require high-temperature steps [16].

This review analyses the metabolic strategies adopted by extremophilic microorgan-
isms, with major emphasis on thermophilic ones, to face three classes of compounds
with high impact on environmental pollution: heavy metals, organic compounds, and
lignocellulosic biomasses, as well as their exploitation for application in bioremediation,
biosensing, and biorefinery. Moreover, it provides updates regarding available genetic
systems to engineer these microorganisms, in order to use them as platforms for metabolic
engineering and production of valuable compounds.

2. Heavy Metals

The term “heavy metals” is widely referred to a group of metals and metalloids asso-
ciated with potential toxicity or ecotoxicity. Generally, these metals possess relatively high
densities, atomic weights, or atomic numbers. The criteria used for this classification vary,
depending on the author and the context [17]; a recent paper reported by the International
Journal of Environmental Research and Public Health, proposed to refer to them as “potentially
toxic elements” [18]. Heavy metals are among the most persistent and toxic pollutants in
the environment (Figure 1); they are non-biodegradable, and even in small concentrations,
can threaten human and environmental health [19]. Heavy metals naturally occur in soils,
rocks, sediments, air, and waters and microbial communities affect their speciation and
mobility in the environment, because they are actively involved in metal geochemical
cycles [20]. In traces, several heavy metals are essential for life; almost half of all enzymes
require the presence of a metal atom to function [21]. Some of them as iron, copper, nickel,
manganese, and zinc play key roles as functional centers in proteins and enzymes (i.e., met-
alloproteins) allowing biological transformations that are exceptionally unlikely to proceed
spontaneously [22], as manganese in manganese-peroxidases or copper in laccases [23];
in fact these metallozymes are often employed as industrial biocatalysts (see Section 4.1,
Lignin degrading thermozymes). The uncontrolled urbanization and the anthropogenic
activities have much altered metal amounts in the environment; in fact, heavy metals are
released from mining activities and industrial wastes, vehicle emissions, microplastics
floating in the world’s oceans or they come from common devices as lead-acid batteries,
fertilizers, paints [24-26]. On the other hand, their use is expected to increase over time,
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since many heavy metals, like copper or nickel, have been identified by the European
Commission as critical raw materials for the transition to green energy technologies [27,28].
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Figure 1. Periodic table of elements. Metals/ metalloids are highlighted on the basis of the main characteristic that define
them as “heavy”: density > 5 g/, om?® (blue); toxic (red); rare (green); synthetic (yellow).

Microorganisms have evolved resistance systems to cope with these toxic metals
that usually rely on a balance between uptake and efflux processes [29]; many of these
systems are also common in mesophiles, but in thermophilic Bacteria/Archaea they can
present peculiar features [30]. The comprehension of the heavy metals resistance systems
in thermophiles is increasingly supported by genome analyses, which allow to individuate
their putative molecular determinants [31,32]. To date, at least four mechanisms of heavy
metal resistance have been described: extracellular barrier; active transport of metal ions
(efflux); enzymatic reduction of metal ions; intracellular sequestration [33-39]. Some
bacteria are able to form complexes or chelates with extracellular polymers that reduce the
permeability of metals [40]. However, heavy metals can escape this system and enter the
cell thanks to the uptake systems of elements essential for life, for example, arsenic enters
the cell via the phosphate or the glucose transporters [41]. Usually, the resistance to heavy
metals is due to the coordinated work of intracellular enzymatic oxido-reduction and heavy
metal efflux systems which generally consuming ATF, pushes the toxic metal outside the
cell [42,43]. The resistance genes are usually organized in operons that also guarantee
the expression of a transcription factor that regulates the whole system. Regarding the
intracellular sequestration of heavy metals, the general mechanism foresees that some
proteins, rich in cysteine residues, form complexes with the metals by exploiting the thiol
groups [30].

24



Review article CHAPTER 2

Int. |. Environ. Res. Public Health 2021, 18, 5228 4of24

Sometimes the same microorganism owns more metal resistance mechanisms; for
example, Escherichia coli possesses either a copper active transport system (CopA) and
another system based on multicopper oxidases (CueO) and CusCFBA transport system for
periplasmic copper detoxification [23,44]. These resistance mechanisms are often activated
as stress response [45,46]; understanding their underpinning molecular basis is crucial for
application in the environmental monitoring of metal contamination (biosensing) and /or
to set up bioremediation processes [14,47,48].

Biometallurgy is the branch of biotechnology that exploits the interaction between
microorganisms (or their components) and metals or metal-bearing minerals (Figure 2) [49].
It includes microbial processes as metal biosorption, bioaccumulation or biomining (de-
scribed below); these processes play a crucial role, on one hand, in the supply of critical raw
materials, because can offer eco-efficient alternatives to classical pyro- or hydrometallurgi-
cal processes [50,51], and on the other hand in the set-up of strategies for metal biomonitor-
ing and bioremediation (Table 1). In this context, the exploitation of thermophiles offers
several advantages related to their ability to survive under harsh conditions and to degrade
recalcitrant mineral species. Furthermore, in principle they could be successfully used in
situ for metal bioremediation and/or biorecovery in any environment [52].

Passive import

Biomining . Metal
i Biometallurgy Recovery
Bioleaching

Bioaccumulation
Energy driven
import

Figure 2. Schematic representation of metal bioprocesses in biometallurgy. Metals (blue circles) can be extracted from ores
through biomining/bioleaching (green arrow) and they can be recovered into the cell by passive import (biosorption—blue
arrow) or energy driven transport (bioaccumulation—red arrow).

Table 1. Examples of thermophiles exploited in biometallurgy.

Heavy Metals Tolerant Thermophiles

Application Target Microorganism Temperature Ref.
Consortium of Sulfobacillus
Bioleaching Cu, Zn, Ni, Cd, Al, Cr, Pb ther Ifidooxidans and Therniopl, 45°C [53]
acidophilum
‘e, P
Biosorption Ag, Cd, Co,g, Cu, Fe; Pb, Geobacillus thermodenitrificans 60°C 3]
biominefalizadonand Bu T, scotoductus SA-01 65°C [54]
Bloaccumulatlon
Biosensing Cd, As T. thermophilus HB27 70°C [55]
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Table 1. Cont.

Heavy Metals Tolerant Thermophiles

Application Target Microorganism Temperature Ref.

Biosensing N2, Co,F:l%:,;\/ln, CCu A. amylolyticus 60°C [56]

Biosorption Cd, Cu, Co, Mn Gmbarilluj‘ tlu’rmodm{itr[ﬁmns and 60°C [57]
.amylolyticus

Biosorption Cd Geobacillus stearothemophilus 60°C [58]

Geobacillus toebii subsp. Decanicus

Bioaccumulation Cd, Cu, Ni, Mn, Zn Geobacillus thermoleovorans subsp. 60°C [59]
stromboliensis

Biosorption U, Th B. cereus SO-14 65°C [60]

Biosensing As, Cd, Hg, Pb Acidibacillus ferrooxidans 45°C [61]

The possibility to combine metal biorecovery with bioremediation represents an
intriguing challenge to reduce process costs: microorganisms can recover metals from
polluted sites, contemporarily reducing pollution, and producing valuable elements [62].
The microbial pathways that can be exploited to remove toxic metals from an environment
are those related to biosorption /bioaccumulation; they consist into the ability of microor-
ganisms to sequester heavy metals on the cell surface or intracellularly. In particular, the
term “biosorption” is referred to passive processes that follow a kinetic equilibrium, while
“bioaccumulation” to energy driven processes which require active metabolism [63]. For
example, heavy metals metabolic pathways have been widely investigated within the
Geobacillus genus, since many members of this species are highly tolerant to various heavy
metals (As, Ag, Cd, Co, Cr, Cu, Fe, Pb, U, Zn) [57,59,64]. In particular, their biosorption and
bicaccumulation mechanisms have been analyzed and applied on environmental samples
to remove unwanted metals [3,58,59].

On the other hand, biomining (called “bioleaching” if metals are solubilized during
the process) consists in the ability of microorganisms to extract and recover metals from
ores and waste concentrates [65-67]. Several microbial species, as Sulfobacillus sp. and
Ferroplasma sp., are well known for their ability to solubilize Fe(Il) [31,68]; usually they are
acidophilic chemolithotrophs (autotrophs or mixotrophs) presenting iron and /or sulfur
oxidizing pathways [69]. In some cases, they are used as part of microbial consortia, which
can perform the bioleaching of different metals simultaneously [53].

Microorganisms able to extract and accumulate metals from ores or geothermal sources
are very interesting for their potential application in the biorecovery of rare-earth metals,
for example, the Europium (Eu), which is widely used for the production of modern devices
(solar cells, mobile phones and computers, biomedical instruments); Thermus scotoductus
SA-01 can survive in the presence of high levels (up to 1 mM) of Eu, a concentration
hundred times higher than that typically found in the environment and is able to extract
and accumulate it from geothermal fluids [54]. The biorecovery can be useful also for
monitoring metals at low concentration in the environment: Ozdemir S. and co-workers [60]
set up a preconcentration method with Bacillus cereus SO-14 to increase sensitivity in the
detection of U(VI) and Th(IV) by ICP-OES (Inductively Coupled Plasma—Optical Emission
Spectrometry).

Microorganisms have also been exploited for biomonitoring as whole-cell biosensors.
In Thermus thermophilus HB27, the arsenic responsive transcriptional repressor TISmtB
regulates the expression of the arsenic efflux protein TtArsX, in particular, TtSmtB responds
to variation of Cd(1l), As(Ill) and As(V) concentrations [68,69]; therefore, Antonucci and co-
workers engineered T. thermophilus to express a reporter gene from the TtarsX promoter [55].

In the set-up of systems for metal biomonitoring, it is also possible to follow a decrease
of enzymatic activity as a toxicological indicator of heavy metals: Poli and co-workers
observed a decrease in the x-amylase activity of Anoxybacillus amylolyticus, in the presence
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of heavy metals [56]. In contrast, Shih-Hung and co-workers followed the inhibition of the
iron-oxidizing activity of an Acidibacillus ferrooxidans strain [61].

In the fields of heavy metals bioremediation and biomonitoring many thermophilic
oxidoreductases have also been characterized. For example, quinone oxidoreductase,
chromate reductase, and superoxide dismutase from different Anoxibacillus species have
been employed for Pb and Cr bioremoval [70,71]; moreover, the arsenate reductase from
T. thermophilus HB27 (TtArsC) has been exploited as the biological recognition element for
the development of different arsenic biosensors [72-74].

3. Organic Pollutants

Organic pollutants are a wide class of chemically different organic compounds re-
leased in the environment as toxic wastes [75]. They originate from domestic sewage,
urban run-off, industrial effluents, and agricultural wastewater and include pesticides,
fertilizers, hydrocarbons, phenols, plasticizers, biphenyls, detergents, oils, greases, and
pharmaceuticals [76]. Therefore, the organic pollutants are a very heterogeneous group:
the main constituents of the persistent organic pollutants (POPs) are organochlorinated
pesticides (OCPs), polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls
(PCB), dioxins, and dibenzofurans; they are persistent because they remain intact in the
environment for extended periods (years or decades in soil/sediment) [77,78]. These com-
pounds are released in air and soil and even though they are scarcely soluble in water,
can be biomagnified in living organisms and cause adverse effects to human health [79].
Among the most common environmental pollutants of the marine environment, there are
petroleum hydrocarbons that contaminate the sea through natural oil spills, like reservoirs
and volcanic processes in the deep ocean, and artificial oil spills, as oil tanker accidents, oil
transportation processes, or oil refineries. In most cases, this last process represents the
primary way to contaminate the sea with crude oil (Figure 3) [80,81].

Crudie Qil

aliphatics naphtenes aromatics sulfurs nitrogens oxygens

Figure 3. Schematic representation of organic compounds in crude oil. Atoms are reported in grey (C), white (H), yellow
(S), blue (N) and red (O).

Microbial activities on anthropogenic organic compounds usually arise from evolution
of previously existing enzymes and metabolic pathways. Microorganisms have evolved ef-
fective catalysts for detoxification of toxic compounds, as result of a selective pressure [82].
Generally, toxic compounds are converted into metabolites entering central metabolic
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pathways: for example, pathways responsible for the biodegradation of aliphatic and
alicyclic carboxylic acids include 3-oxidation, combined «- and B-oxidation, and aromati-
zation pathways [83]. In Sulfolobus solfataricus members of the multiple antibiotic resistance
regulators family (MarR-family) are involved in detoxification of aromatic compounds, as
benzaldehyde and salicylate [84,85]. Aromatic hydrocarbon dioxygenases, belonging to the
large family of Rieske non-heme iron oxygenases (ROHs), catalyze the initial reaction in
the bacterial biodegradation of a diverse array of aromatic and polyaromatic hydrocarbons,
aromatic acids, chlorinated aromatics, and heterocyclic aromatic compounds [86]. They are
attractive in biotechnology for bioremediation as well as for the production of industrially
and medically important chiral chemicals; for example, toluene dioxygenase catalyze the
oxidation of benzene to benzene cis-diol [87], and many thermophilic bacteria distributed
mainly among Chloroflexi, Deinococcus—Thermus, and Firmicutes have been identified as
sources of these appealing enzymes [88].

Bioremediation of toxic compounds represents an effective and sustainable technol-
ogy, compared with physical and chemical remediation technologies, based on microbial
activities that in an ideal bioprocess degrade all the substances to CO; and HyO (complete
mineralization) [89]. In crude-oil bioremediation processes, the exploitation of thermophiles
can be considered an optimal choice; in fact, at higher temperature there is a decrease
in the oil viscosity that increases the diffusion rates of organic compounds making them
more accessible to microbial degradation [90]. Since the degradation activity can be often
substrate-specific, biodegradation processes can be optimized using microbial consortia,
thus expanding the spectrum of action [91,92]; for example, two strains of Geobacillus
jurassicus and Geobacillus subterraneus, isolated from the Dagang high temperature oil field
in China, can grow on benzoate but not phenol; therefore, to degrade crude oil, they
need the presence of complementary phenol degrading activities (in this specific case a G.
stearothermophilus, which can use phenol but not benzoate) [93].

In addition to biodegradation processes (Table 2), thermophiles also produce macro-
molecules that can be considered useful for the bioremediation of organic pollutants: Bacil-
lus licheniformis and Anaerophaga thermohalophila have been characterized for the production,
under anaerobic conditions, of low molecular weight peptides, which are surface-active
compounds, exploitable as biosurfactants for oil removal [94].

Table 2. Examples of thermophiles exploited in bioremediation processes of organic compounds.

Organic Compounds Degrading Thermophiles

Bioprocess Target Microorganisms Temperature Ref.

Biodegradatio Ciiidedl Consortium of Bn_cll'ln's, Geobacillus and 550C [91]
Clostridium

Biodegradation Hydrocarbons Geobacillus pallidus 30-70 °C [4]

Consortium of 25 genera belonging to

Volatile Organic Alphaproteobacteria, Betaproteobacteria,

Biofilter : . Gammaproteobacteria, 50-60 °C [92]
Compounds (VOCs) Deltaproteobacteria, Flavobacteriia,
Sphingobacteriia, and Bacilli classes
Biodegradation Phenolic compounds Bacillus thermoleovorans sp. A2 65°C [95]
Biodegradation Hydrocarbons (Gonsortiumn ot Geuluclliasnd 60°C [93]

Thermoattinomyces spp.

The substrate specificity and the stability of detoxifying thermozymes make them
also exploitable as recognition elements of biosensors, especially those which require
electrochemical detection; for example, the haloacid dehalogenase, L-HADsy of Sulfolobus
tokodaii was immobilized an N-hydroxysuccinimidyl Sepharose resin and used for the
detection of halogenated organic compounds, retaining 70% of its initial activity after
storage at 4 °C for 6 months [95,96].
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Toxic Dyes

Industrialization has represented one of the main causes of water pollution. Wastewa-
ters can be rich in recalcitrant, mutagen and carcinogenic compounds [97]. Dyes are a class
of very toxic pollutants that are released in the wastewaters of textile manufacturing. These
recalcitrant compounds change both the pH and the chemical oxygen demand (COD) and
biochemical oxygen demand (BOD) in aquatic ecosystems [98,99]. The dyes are classified
on the basis of their chemical structure or industrial uses. The most employed dyes are
acid dye, synthetic dye, and direct dye. Even if they can are complex organic molecules,
each dye has a characteristic chromophore: for example, the acid and synthetic azo dyes
are typical for their azo linkage (-N = N-), the central chromophore of the anthraquinone
dyes derives from the oxidation of anthracene, the indigoid dyes derive from indoles [100].

There are several technologies for colored wastewater remediation: physical, chem-
ical, and biological. The physical treatments include screening, coagulation, precipita-
tion, adsorption and membrane filtration; the chemical treatments comprise coagulation—
flocculation, oxidation, ozonation, Fenton oxidation, photocatalytic oxidation, ion ex-
change, and electrochemical treatments; the biological methods are aerobic, anaerobic, and
anaerobic-aerobic treatments in which the contaminated organic compounds are converted
into safe and stable compounds [101,102]. Each technology has advantages and inconve-
niences; in fact, to date the typical method for wastewater remediation of colored waters is
physical-chemical flocculation combined with biological treatment [101,102].

Interestingly, the analysis of microbial communities of these waters revealed the oc-
currence of several bacteria able to decompose the dyes: they possess intra/extra cellular
oxidoreductases, such as dye decoloration peroxidases (DyP), laccases, azoreductases [103].
Many laccases and azoreductases have been characterized in several thermophiles like
T. thermophilus, Geobacillus, Anoxibacillus, Thermosediminibacter species, and others (Table 3).
Their enzymes are expected to be more stable to extreme temperatures and pHs in compar-
ison to those of mesophilic bacteria.

Table 3. Examples of dye-decolorizing thermophiles.

Microorganisms Substrates Ref.
Anoxybacillus pushchinoensis,
Anoxybacillus kamchatkensis and Reactive Black 5 [104]
Anoxybacillus flavithermus
Anoxybacillus sp. Congo red [105]

Remazol Brilliant Blue R, Methyl Orange, Malachite Green

G. stearothermophilus (MG) and Indigo Carmine [106]

” o Dye orange, Acid red dye, green dye, naphthol brilliant
L tenmophilus 1827 blue, Remazol brilliant blue, congo red (1071

s s Congo Red, Reactive Black B and Reactive Black WNN, and

T. thermophilus SG0.5]P17-16 Remazol Brilliant Blue R [108]
Thermus sp. 2.9 Xylidine, RBBR, Gentian Violet, Methyl Orange [109]
Geobacillus sp. ]S12 Congo red, Malachite green [110]

s e Direct blue 6, acid black 1, direct green 6, direct black 19,
Anoxybacillus ayderensis SK3-4 and acid blue 93 [111]
Thermosediminibacter oceani Malachite green (MG) and Congo red [112]

In the genome of T. thermophilus HB27, a laccase that is able to oxidize six different
dyes (dye orange, acid red dye, green dye, naphthol brilliant blue, Remazol brilliant
blue, Congo red), has been characterized; the enzyme requires an electron shuffle, that
supports this reaction for some dyes [107]. Also Geobacillus sp. JS12 contains a laccase,
LacG, that can decolor these artificial compounds at 70 “C [110]. In the alkaliphilic and
thermophilic bacterium Anoxybacillus sp. strain UARK-01, the UARK 01 laccase can
oxidize the Congo red substrate, one of the most toxic dyes [105]. In addition to the
laccases, these extremophiles also have a striking azoreductase, active on different dyes;
for example, Anoxibacillus sp. PDR2 acts towards the direct black G [113]; moreover, the
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degradation of the same dye can be obtained by a thermophilic microflora, consisting of
facultative aerobic (Anoxybacillus flavithermus strain 52-1A, Tepidiphilus thermophilus strain
JHK30, Tepidiphilus succinatimandens strain 4BON, Brevibacillus aydinogluensis strain PDF25,
Bacillus thermoamylovorans strain DKP and Geobacillus thermoleovorans strain NP1) and
exclusively anaerobic bacteria (Thermoanaerobacterium thermosaccharolyticum strain DSM
571, Thermoanaerobacterium thermostercoris strain Buff, and Caloramator proteoclasticus strain
Uruguayensis) [114]. These examples give a generic view on the potential application of
thermophilic oxidoreductases in biological detoxification.

4. Lignocellulosic Biomasses

In the last decades, there is a growing interest in the use of microbes in industrial pro-
cessing to break waste food and lignocellulose biomasses to produce biofuels and bioprod-
ucts. Among renewable resources, non-food lignocellulosic waste biomasses are currently
considered among the most promising materials, since they are present in large quantities
and at low cost [115]. Every year, a significant amount of lignocellulosic residues is gen-
erated worldwide from agricultural wastes, food industry, household garbage, non-food
seeds, etc. (see Table 4), causing an increase in environmental pollution. Lignocellulosic
wastes are also often improperly stored and recalcitrant to different disposal treatments;
moreover, when burnt, they provoke environmental pollution problems. Thus, the re-
use and exploitation of such wastes in industrial biotechnology to produce interesting
chemicals allows to bypass a part of disposal treatments [116].

Table 4. Percentage content of most common lignocellulosic wastes [117,118].

Lignocellulosic Wastes Lignin (%) Hemicellulose (%) Cellulose (%)
Softwood stems 25-35 25-35 45-50
Hardwood stems 18-25 2440 40-55
Miscellaneous Corn stover 19 22 39
Wheat straw 15 50 30
Rice straw 18 24 33
Nutshells 3040 25-30 25-30
Peels 14-20 11 4
Shells 26-30 20-25 40-45
Sorted refuse 20 20 60
Swine waste n/a 28 6
Solid cattle manure 2757 14-33 1647
Grass 10-25 35-50 30-40
Cotton seed hairs 0 5-20 80-95
Leaves 0 80-85 15-20
Sawdust 14-34 71-89 31-64
Paper 0-15 0 85-99
Newspaper 14-19 25-40 40-55
Wastepaper from chemical pulps 5-10 10-20 60-70
Primary wastewater solids 24-29 n/a 8-15

Lignocellulose is a significant component of plant biomass and it consists of cellulose,
hemicellulose, and lignin. Cellulose and hemicellulose are polymers of different sugars; in
particular, the principal constituent of lignocellulosic biomass is cellulose, a polysaccharide
composed of -1,4-linked D-glucose units, widely employed for paper and cardboard
production. Instead, hemicellulose is a complex branched polysaccharide formed by
a mixture of xylans, mannans, B-glucans, and xyloglucans, depending on the type of
wood. In softwood, hemicellulose mainly consists of galactoglucomannan, composed
of B-1,4-linked D-glucose and D-galactose units. In contrast, xylan is the constituent of
hemicellulose in hardwood, and it is formed of B-1,4-linked D-xylose units, which can be
substituted with other monosaccharides [119]. Hemicellulose is closely associated with
cellulose filaments and covalently attached to lignin, forming a matrix.
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Lignin is an aromatic heteropolymer composed of ether and C-C bonds that link
phenylpropanoid aryl-C3 units. The percentage composition of these polymers in waste
lignocellulosic biomasses varies as shown in the table below; the content of cellulose,
hemicellulose and lignin also changes in a single plant depending on the age, stage of
growth, and other conditions [120].

A high number of microorganisms, belonging to both bacterial and archaeal king-
dom, possesses complex metabolic pathways able to decompose lignocellulose. Their
enzymes can be utilized as biocatalysts for green approaches in several industrial fields,
such as paper and pulp industry, food processing and textile sector, agriculture, animal
food production, etc. (Figure 4). Furthermore, several microbial based technologies for
the exploitation of lignocellulosic wastes as raw materials for producing bioproducts and
biofuels were set up. In the specific case of bioethanol production, from early 70 to 2000s,
a “first-generation technology” (1G) was developed, in which the biorefinery systems
were based on the use of starch/sugar crops (sugar beet, maize, and sugar). However, 1G
has several unsustainability issues bound to the great request of crops subtracted to the
food chain and the cultivation of large areas (destined for this purpose) that causes defor-
estation and decrease of biodiversity [121]. As an alternative, in the “second-generation”
technologies (2G), lignocellulosic materials are employed as feedstocks; in this respect,
lignocellulose is cheap and immediately available in a large amount [122], but the de-
velopment of tailored technologies is necessary to exploit more recalcitrant components.
For example, both 1G and 2G technologies have to simultaneously maximize production
yield and reduce costs and environmental impact; in both cases, exploitation of microbial
mechanisms and biocatalysis supports the process. The bioethanol production process
consists of different phases: biomass pre-treatment, saccharification, fermentation, and
distillation. The main difference between the two technologies lies in the complexity of the
starting raw material; in the first-generation technologies after pre-treatment of sugarcane
and maize, a chemically homogenous material (sucrose and starch) can be easily broken
into sugar units by a limited number of enzymes like amylases, amylopullulanases or
glucosidases [123]. For the improvement of 1G processes, investigation on x-amylases, «-
D-glucosidases, pullulanases and amylopullulanases of thermophilic bacteria and archaea
have been carried out. For example, T. thermophilus HB27, Thermoanaerobacter ethanolicus
39E, Geobacillus thermoleovorans NP33, Rhodothermus marinus, Clostridium thermosulfurogenes,
Clostridium thermocellum, Desulfurococcus mucosus, Fervidobacterium pennavorans, Bacillus
stearothermophilus, Thermotoga maritima and some species of the genera Pyrococcus, Ther-
moanaerobacter, and Thermococcus have been studied since they are able to produce starch
degrading enzymes. However, some of their biocatalysts have limited activity with high
starch concentration (>30%). Therefore, mesophilic hosts are still the preferred ones for
bioethanol production [124,125]. In fact, standardized methodologies for saccharification
and fermentation have been mainly optimized in engineered mesophilic yeasts or microbes
(Saccharomyces and Zymomonas spp.) with a high bioethanol production yield [126].

On the other hand, the degradation of lignocellulose is more complicated because the
starting matrix is heterogeneous. The lignin removal step requires a significant amount of
energy (acid hydrolysis or steam explosion) to release sugar polymers for the subsequent
saccharification step [123]. Moreover, in 2G, either in saccharification and fermentation,
additional steps are necessary to achieve the complete production of bioethanol from
cellulose and hemicellulose; therefore, despite its cheapness and availability, lignocellulosic
material implicates a more elaborate treatment process.
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| Food processing /paper /texile industry |

X f
Lignocellulolytic enzymes
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Figure 4. Industrial applications of lignocellulolytic enzymes. In food processes cellulases and xylanases are employed to
improve the shelf life of dairy products and to hydrolyze monosaccharides in milk processing; they are also used in winery
industries and to decrease viscosity of fruit juice. Also, laccases are used to increase quality of beverages and food, for
example eliminating toxic substances. In pulp/paper industry laccases and xylanases enhance pulp bleaching for paper
manufacturing, and cellulases improve flexibility and softness of fibers. Lignocellulolytic enzymes can be employed for
improving nutrient digestibility of animal feeds, for enhancing color and surface brightness of fabric in textile industry, for
textile dye bleaching, for synthesis of complex polymers. In agriculture, they are involved in fruit ripening and defense

mechanisms against insects. Laccases are employed in wastewater treatment of colored waters. Lignocellulolytic enzymes are
used in biorefinery systems to produce biofuels [103,127,128] (Created with BioRender.com (accessed on 20 January 2021)).

In this context, the use of thermophiles in lignocellulosic biomass degradation has
the advantage that higher temperatures and organic solvents can be used, reducing either
risks of microbial contamination or energy consumption (because the cooling steps are not
necessary), and increasing rates of hydrolysis and product yields [129]. Another attractive
progress on the use of renewable lignocellulosic biomass to produce bioethanol or feedstock
chemicals consists in setting up microbial based bioprocesses that exploit the synergistic
degradative capabilities of thermophilic microorganisms or consortia [130].

4.1. Lignin Degrading Thermozymes

Enzymes that depolymerize lignin are isolated principally from the white-rote fungi;
some of these enzymes are manganese peroxidase (MnP), lignin peroxidase (LiP), versatile
peroxidase (VP), and laccase. In particular, laccases are a heterogeneous subfamily of
multicopper oxidases (MCOs) that can be involved in several biological processes like
lignolysis and detoxification of dyes (see above) [131].

Recent studies have described very promising thermostable laccases able to degrade
lignin derived from thermophilic microorganisms such as Bacillus sp. PC-3 and sp. ENT
with optimum activity temperatures of 60 and 70 °C, respectively [132,133]. The first
archaeal laccase was characterized from the halotolerant Haloferax volcanii, a promising
microorganism for the lignin break-down purposes; this archaeon grows up to 50 “°C
and it possesses a stable glycoprotein, the laccase LccA that acts on several substrates at
elevated temperature (55 °C), high salt concentrations (0.1 to 1.4 M) and it can maintain
its activity also in organic solvents [134]. Also, many Thermus species have laccases that
can be employed in lignin degradation; laccase of Thermus sp. 2.9 can retain 80% of its
activity at 70 °C for 16 h and is able to successfully delignify Eucalyptus biomass [135].
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Two strains of T. thermophilus (H]6 and HB27) produce laccases capable of maintaining
an optimal temperature range of activity at 85-90 °C for reactions up to 1 h [107,136].
Moreover, two hyperthermophilic bacteria present laccases with remarkable heat stability;
a chemolithoautotrophic bacterium, Aquifex acolicus, expresses a multicopper oxidase
with an optimal temperature of 75 °C but that preserves its activity at 80 and 90 “C for
up to 9 and 5 h, respectively [137]. Furthermore, the laccase-like multi-copper oxidase
of Thermobaculum terrenun is extremely thermostable with a half-time of inactivation of
2.24 days at 70 °C and 350 min at 80 °C and pH 7 [138].

These features suggest that an impressive compromise between thermostability and
lasting activity exists for these enzymes; for this reason, they are considered as promising
tools to degrade the lignin component of biomasses.

4.2. Cellulose and Hemicellulose Degrading Thermozymes

Several thermophilic archaea and bacteria are able to produce a considerable amount
of promising cellulose /hemicellulose degrading enzymes. These thermophilic enzymes,
differently from their mesophilic counterparts, have the advantage that they can be added
immediately after the thermochemical pre-treatment of biomass, making the cooling steps
not necessary, increasing conversion efficiency, and saving time [139].

Whereas cellulose can be completely depolymerized through endoglucanases, exoglu-
canases and B-D-glucosidases, the total degradation of hemicellulose requires a wider pool
of enzymatic activities (i.e., B-xylosidases, B-xylanases, p-glucuronidases, f-mannanase,
B-mannosidase, a-galactosidase, etc.).

Several thermophilic cellulose degrading bacteria have been isolated from distinct
environments like hot springs, compost systems and soil. They include different species
belonging to the genera Actinomadura, Alicyclobacillus, Anoxybacillus, Acidothermus, Bacil-
lus, Caldanaerovirga, Caldicellulosirupto, Cellulononas, Clostridium, Dictyoglomus, Geobacillus,
Paenibacillus, Nesterenkonia, Paenibacillus, Pyrococcus, Rhodothermus, Sulfolobus, Thermoanaer-
obacterium, and Thermotoga; they can produce both cellulose and hemicellulose degrading
enzymes that can raise the rates of biomass hydrolysis if they are used in industrial biopro-
cesses [140].

Some examples of remarkable thermophiles include the following ones.

Acidothermus cellulolyticus 11B, isolated from a hot spring in Yellowstone National
Park, produces a tri-functional enzyme that can break down birchwood xylan with high
efficiency; in fact, this enzyme has endo-xylanase, arabinofuranosidase, and acetyl-xylan
esterase activities [141].

Two thermoalkaline species of Anoxybacillus (kamchatkensis NASTPD13 and sp. 3M)
express many xylanases and f-xylosidases, respectively, highly resistant to alkaline and
acidic pHs, denaturing agents and organic solvents [142,143]. Also the facultative anaero-
bic Bacillus coagulans MA-13, which lives at an optimal temperature of 55 °C, secretes an
endo-1,4-B-glucanase which can act from 37 to 60 °C. B. coagulans MA-13 is also able to
ferment sugars derived from pre-treatment of lignocellulose to lactic acid in the presence
of inhibitors; in fact, it was proved that this bacterium can grow and ferment in bioreactors
containing 95% hydrolysate [144]. At the same time, seed culture pre-adaptation of B. cong-
ulans MA-13, before simultaneous saccharification and fermentation step, can improve the
production of lactic acid; again, it has a pool of interesting intra- and extracellular enzymes
with glycosyl hydrolyzing activities that make B. coagulans MA-13 useful for increasing
nutritional value of food [145,146].

Clostridium thermocellum has a non-enzymatic scaffolding protein bound with different
enzymatic subunits that simultaneously degrade cellulose and hemicellulose [147]. Tn 2018
anew cellulolytic strain was identified in the Chryseobacterium genus, which produces an en-
zyme with a double cellulase/xylanase activity working either on carboxymethylcellulose
and birchwood xylan [148].

Instead, the anaerobic Caldicoprobacter sp. CL-2, isolated from bovine manure com-
post, has a xylanase activity showing a modular structure with a glycoside hydrolase

33



Review article CHAPTER 2

Int. ]. Environ. Res. Public Health 2021, 18, 5228 130f24

domain coupled with a carbohydrate binding module [149]. Another hyperthermophilic
microorganism from geothermal springs that produce miscellaneous glycoside hydrolases
is T. maritima; it has an endoglucanase enzyme (Tm_Cel5A) with an optimum T of 80 °C
and pH of 4.8. Tm_Cel5A is a peculiar GH5 (glycoside hydrolase family 5) enzyme with
an unusual activity because it can act both on glucan and mannan based polysaccharides,
while the other GH5 hydrolysing enzymes degrade either cellulose or mannans [150].

Dictyoglomus turgidum is another thermophilic microorganism that displays a set
of genes encoding putative enzymes with glycosyl hydrolyse activity; this not yet well
characterized thermophile has an endo-1,4-3-mannanase, DfurCelB, with a high thermore-
sistance (Tm of 88 °C) and a good thermal and pH stability; it is also resistant to chemicals
and has been analyzed in an enzymatic cocktail able to cut-off cellulose and hemicellu-
lose [151,152]. In fact, different thermophilic biocatalysts can be utilized synergistically for
the complete breakdown of hemicellulose sugars (pentose and hexose) of lignocellulosic
material. The two recombinant thermophilic enzymes, the above mentioned DfurCelB from
D. turgidum and the «-galactosidase from T. thermophilus, can be tested in the lignocellulose
pre-hydrolyzing step right before the saccharification step [153].

Other two thermophiles, Thermotoga neapolitana 5068 and T. thermophilus, display the
most thermoactive (~100 °C) and thermostable (half-life of 30 h at 70 °C) a-galactosidase
activities, respectively [154,155].

Archaeal glycoside hydrolyzing enzymes have also been exploited to improve biomass
degradation processes. For example, the hyperthermophilic archaeon Sulfolobus shibatae
encodes an endo-1,4-B-D-glucanase that accomplishes the break-down of carboxymethyl-
cellulose, xylan and barley B-glucan [156]. Pyrococcus furiosus produces extracellular
endoglucanases, intracellular glucosidases, and different intra- and extracellular amylases
with a high thermostability in the range 80-100 “C; one of these enzymes, a -glycosidase,
is immobilized and used in industrial process of lactulose production [157]. Further-
more, Saccharolobus solfataricus expresses a membrane-bound xylanase, an extracellular
endoglucanase, intra- and extracellular galactosidases, an extracellular xylosidase and an
intracellular mannosidase. In the case of S. solfataricus, its thermozymes have been used as
model for engineering mesophilic enzymes in order to improve their thermostability; for
instance, the B-glycosidase of this archaeon, that shows a maximal activity above 95 °C,
represents a fine example of an efficacious heterologous production in a yeast expression
system [158].

In recent years, several studies are focused on taking advantage on thermophilic com-
munities that can provide a high hydrolyzation rate of lignocellulosic material (Table 5). For
example, consortia formed by bacterial and fungal microorganisms such as Alcaligenaceae,
Burkholderiacea, Thermoamylovorans, Xanthomonadaceae, Mycobacterium, Talaromyces and
Rubrobacter can decompose biomasses with a high content of lignin [159].

Furthermore, high throughput genome sequencing, transcriptomics, proteomics,
metagenomic, and other omics techniques together with metabolic engineering strategies
and bioinformatic tools have contributed significantly to explore a considerable amount of
novel thermophilic lignocellulolytic microorganisms and enzymes.

Table 5. Examples of thermophilic bacteria and archaea able to hydrolyze the lignocellulose.

Lignocellulosic Component Microorganism Temperature Ref.
A. aeolicus 89°C [137]

Bacillus sp. PC-3 5592 °C [132]

Bacillus sp. FNT 50-55 °C [133]

H. volcanii 50°C [160]

Lignin Thermus sp. 2.9 65°C [135]

T. thermophilus HJ6 80°C [136]

T. thermophilus HB27 70°C [107]

T. terrenum 67°C [138]

Fungal and bacterial consortium 55.°C [159]
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Table 5. Cont.

Lignocellulosic Component Microorganism Temperature Ref.
A. cellulolyticus 11B 70°C [141]

A. kamchatkensis NASTPD13 60°C [142]

Anoxybacillus sp. 3M 55°C [143]

B. congulans MA-13 55°C [144]

Brevibacillus borstelensis SDM 50°C [161]

C. thermocellum 60°C [147]

Chryseobacterium sp. 55°C [148]

Cellulose and hemicellulose Caldicoprobacter sp. CL-2 60-75 °C [149]
D. turgidum 75-80 °C [151]

T. maritima 80°C [150]

T. neapolitana 5068 70-80 °C [162]

T. thermophilus HB27 70°C [107]

P. furiosus 100 °C [158]

S. shibatae 80°C [156]

S. solfataricus 80°C [158]

The development of genome editing tools also represents a new approach to address
biomass degradation by microorganisms; in fact in a next future, the genome manipula-
tion of thermophilic bacteria will make possible to develop fine bioprocessing microbial
strains, that will be capable of better performing degradation of lignocellulose [163]. Thus,
thermophiles have a great potential to be considered as a suitable platform for metabolic
engineering to produce various biomolecules and/or valuable chemicals from lignocellu-
losic biomasses.

5. Engineering of Thermophiles

Thermophilic microorganisms have unique biochemical and physiological character-
istics with important biotechnological implications. Thermophilic microorganisms can
be used in numerous applications, such as biocatalysis, or as sources of thermoactive or
thermostable enzymes. However, unfortunately, their employment as whole-cell systems is
limited by the lack of easily usable genetic systems. This situation has changed recently,
with unprecedented progress in genetic tools for extremophilic microorganisms, and the
use of these microorganisms as platforms has become possible.

Significant studies have been made to develop and improve molecular genetic tech-
niques for thermophilic microorganisms in the past decade, either belonging to the bacterial
or archaeal kingdom. A significant challenge for genetic modification in thermophiles is
the choice of a selectable marker to screen positive transformants. The antibiotics typically
used in mesophiles often target cell components specific to bacteria and are ineffective
against the archaeal species. Even in cases where antibiotics are useful, both the antimi-
crobial compound and the gene product that confers resistance must be stable at elevated
temperatures. Due to the low efficiency of the heat-resistant antibiotic selection markers,
usually nutritional selection systems such as enzymes essential for the synthesis of amino
acids can be used. To date, genetic techniques have been obtained for ten such archaea,
including Metallosphaera, Sulfolobus, Thermococcus, and Pyrococcus species [164-167].

The creation of genome editing tools enabling stable integration of genetic elements
into host chromosomes is crucial for industrial applications, where plasmid instability
becomes problematic and volumes of antibiotics on an industrial scale are very polluting.
In principle, two alternative approaches for developing genome editing tools can be
adopted for thermophilic bacteria; one is by adapting mesophilic protocols to function at
elevated temperatures. The second is to seek alternative means of genome editing from
thermophilic springs. Several examples describe the use of homologous recombination to
knock out or replace chromosomal genes in thermophilic bacteria. In 2012, Suzuki and
co-workers developed a pyrF/pyrR counterselection system for Geobacillus kaustophilus,
enabling marker-free genome editing at 60 °C [168].
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Another widely used system to obtain genetic manipulation of thermophilic bacteria
is the Cre/loxP site-specific recombination [169]. This recombination is performed between
two loxP sites using a Cre recombinase, loxP is a 34 bp consensus DNA sequence with
a central spacing region of 8 bp, which defines its orientation, flanked by two 13 bp
palindromic sequences, which are the Cre binding sites. The Cre/lox system'’s effectiveness
in a broad spectrum of biological species and a wide variety of applications has made this
technology indispensable for in vivo genetic manipulation. This system allows various
recombination types, such as conditional recombination, intermolecular recombination
and time and space specific recombination [169]. Recently, a Cre/lox system was developed
for the thermophilic bacterium T. thermophilus HB27 [170], leading to the development of a
highly efficient method of destroying multiple genes to facilitate genetic manipulation of
this bacterium. The most important advantage that made easier to develop genetic tools
for T. thermophilus is the constitutive expression of a natural competence system in several
strains [171]. Several plasmids have been developed to transform T. thermophilus, and some
of these, suitably modified using regions of homology to the chromosome, have been used
to stimulate homologous recombination, obtain deletions of genes, thus allowing the study
of the in vivo function of specific proteins [172].

For these reasons, T. thermophilus is considered a biological model for functional
studies and a right candidate for biotechnological applications. However, its efficient
defense system against the exogenous DNA can be an impairment since it can destroy the
cloning vectors used for transformation; in 2014, Daan C. Swarts and co-workers identified
TtAgo, a protein belonging to the Argonaute family as the protein responsible for the
prevention of the uptake and propagation of foreign DNA [173]. The researchers observed
that the protein generally attacks the AT-rich regions of double-stranded DNA, leading to
the complete plasmid degradation by other nucleases [173].

The Rise of the CRISPR-Cas Era

Until 2013, the principal genome editing tools were the zinc finger nucleases, the
transcription activator-like effector nucleases and intrinsic homologous recombination
systems [174-176]. These systems use artificial fusion proteins composed by an engineered
DNA-binding domain fused to the non-specific nuclease domain of the restriction enzyme
FoklI. These systems were extensively used for the genome editing of eukaryotic microor-
ganisms. A new technology for genome editing rose based on RNA-guided engineered
nucleases (CRISPR-Cas9 system) in the last decades. Although the CRISPR array was
discovered in the late 1980s [177], its function remained unknown until 2005 [178]. Only
in 2007, it was concluded that it represented a bacterial innate immunity system [179,180].
The transition of the CRISPR/Cas system from a biological phenomenon to a tool for
genome engineering occurred when it was shown that the target DNA sequence could
be reprogrammed simply by changing 20 nucleotides in the crisprRNA (crRNA) and that
the targeting specificity of the crRNA could be combined with the structural properties of
the tracrRNA (trans-activating crisprRNA) in a chimeric single guide RNA (sgRNA) [181]
(Figure 5).

Furthermore, the evidence that sgRNAs with different specificities could be produced
made it possible to modify more loci simultaneously, giving a connection to the so-called
CRISPR-mania [182]. The various genome editing applications pioneered in human and
animal cells have recently been transferred back to bacteria to carry out genome editing and
transcriptional control, as well as genome-wide screens. In fact, the CRISPR-Cas system
was used to obtain some genetically modified prokaryotes. However, one problem for
applying this genetic editing tool to thermophilic microorganisms, is that it is based on a
mesophilic system. In recent years the research has been going towards the search for Cas
proteins from thermophiles; in fact, a thermostable genome editing tool was developed
based on a thermophilic Cas9, that can be used up to 55 °C and contains everything
necessary for genome editing in a single plasmid; with the advent of the ThermoCas9,
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genome manipulation in moderate thermophilic bacteria becomes possible, making the
editing process much more comfortable and less time-consuming [183].

000 0
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CRISPR-Cas editing tool

Figure 5. Schematic representation of the genome editing tools for thermophilic microorganisms. The Zinc finger nuclease
is the first genome editing tool setup for thermophilic microorganisms. The most common is the spontaneous homologous
recombination. In the last decades, the Cre/lox and CRISPR-Cas based tools were adapted for thermophiles (Created with
BioRender.com (accessed on 20 January 2021)).

A genome-editing tool was recently developed for moderate thermophilic bacteria
obtained using the Cas12a from Francisella novicida [184]; this system allowed to obtain
knockout mutants in less than one week with high editing efficiencies. FnCas12a has an
interesting potential for the genome editing of many thermophilic bacteria and archaea.

Cas9 and Casl2a are multidomain CRISPR-associated nucleases that can cleave com-
plementary DNA targets using a guide RNA. The Cas9 belongs to type Il-a, while the
Casl2a to type V-a. The first enzyme is the best characterized and utilizes nuclease for
genome-editing purposes. In the last years, Cas12a has emerged as a potential alternative.
These two enzymes have distinct evolutionary origins and present different structural
architectures, resulting in specific molecular mechanisms; in fact, the nuclease activities of
Cas9 and Cas12a and the resulting DNA repair outcomes are affected by circumstantial
factors such as cell type, target sequence, and genomic context [185]. Their biological
differences influence their application as genome editing tools: in some cases, the Cas9
activity is more suitable for some organisms, in other cases the best option is to use Cas12a.
Instead, Cas9 and Cas12a and their engineered variants are highly complementary in their
properties and together build up a powerful and versatile toolkit.

6. Conclusions

Extremophiles represent a class of microorganisms very interesting for their ability
to live in harsh conditions, not only high temperature, but also extreme pHs and high
salinity concentrations. These peculiar characteristics make them and their biocatalysts very
promising tools for industrial and environmental applications. Thermophilic extremophiles
stand out in biometallurgy for biomonitoring and bioremediation, as well as in degradation
of organic biomasses to transform them into resources ready to be re-used. In fact, in
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addition to the biofuel production, hydrolyzing extremozymes have a wide range of
applications in the food, feed, beverage, textile, pulp and paper industry.

Improved knowledge in onic-era and the increasing need to address environmental
pollution with green processes drive biotechnological research in search of microorganisms
that can replace chemical processes. The newly available thermophilic genome editing
tools based on the CRISPR-Cas system, open the way for the complete achievement of
these goals in various industrial fields. In fact, the rise of the “CRISPR-Cas era” makes
possible the application of engineered extremophiles as a whole-cell platform.
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Chapter 3 — A Hyperthermoactive-Cas9 Editing Tool Reveals the
Role of a Unique Arsenite Methyltransferase in the Arsenic
Resistance System of Thermus thermophilus HB27

This chapter focuses on understanding the role of TtArsM, a SAM-
dependent arsenite methyltransferase, in the arsenic resistance
system of T. thermophilus HB27. TtArsM was identified by a pull-down
proteomic approach and shown to be involved in arsenic
detoxification. The research described in the paper had three main
objectives: i) the functional characterization of TtArsM and its
regulation, ii) the setup of a novel genetic system for T. thermophilus
based on CRISPR-Cas9 technology iii) the development of a whole-
cell arsenic bioreporter using mutant strain of T. thermophilus.

Biochemical studies revealed the unique catalytic mechanism of
TtArsM and its specific activity in the methylation of arsenite.
Regulatory studies elucidated the role of TtSmtB in TtArsM
transcription and revealed protein-protein interactions that influence
transcriptional or post-transcriptional control.

A genome editing tool based on CRISPR-Cas9 technology was
optimized at 65 °C in T. thermophilus HB27 and this method was used
to confirm the in vivo role of TtArsM in arsenic tolerance.

The use of the newly developed CRISPR-Cas9 genome editing tool
allowed the generation of a double mutant strain expressing the
thermostable yellow fluorescent protein (sYFP) with enhanced
sensitivity to arsenic ions, demonstrating its potential as a highly
responsive bioreporter.

In conclusion, this work provides comprehensive insights into TtArsM,
contributing to a deeper understanding of the arsenic resistance
system in T. thermophilus HB27 and highlighting the powerful
potential of genome editing in both basic and applied research.
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ABSTRACT Arsenic detoxification systems can be found in a wide range of organisms,
from bacteria to humans. In a previous study, we discovered an arsenic-responsive
transcriptional regulator in the thermophilic bacterium Thermus thermophilus HB27
(TtSmtB). Here, we characterize the arsenic resistance system of T. thermophilus in more
detail. We employed TtSmtB-based pulldown assays with protein extracts from cultures
treated with arsenate and arsenite to obtain an S-adenosyl--methionine (SAM)-depend-
ent arsenite methyltransferase (TtArsM). In vivo and in vitro analyses were performed to
shed light on this new component of the arsenic resistance network and its peculiar
catalytic mechanism. Heterologous expression of TtarsM in Escherichia coli resulted in
arsenite detoxification at mesophilic temperatures. Although TtArsM does not contain a
canonical arsenite binding site, the purified protein does catalyze SAM-dependent
arsenite methylation with formation of monomethylarsenites (MMAs) and dimethylar-
senites (DMAs). In addition, in vitro analyses confirmed the unique interaction between
TtArsM and TtSmtB. Next, a highly efficient ThermoCas9-based genome-editing tool
was developed to delete the TtArsM-encoding gene on the T. thermophilus genome
and to confirm its involvement in the arsenite detoxification system. Finally, the TtarsX
efflux pump gene in the T. thermophilus ATtarsM genome was substituted by a gene
encoding a stabilized yellow fluorescent protein (sYFP) to create a sensitive genome-
based bioreporter system for the detection of arsenic ions.

IMPORTANCE We here describe the discovery of an unknown protein by using a pro- \nvited Editor Erka Kothe, Fredrich-Schiler-

m.org/journal/mbio on 22 January 2024 by 37.161.61.168.

teomics approach with a transcriptional regulator as bait. Remarkably, we successfully Universitat

obtained a novel type of enzyme through the interaction with a transcriptional regula- Editor Reinhard Fischer, Karlsruhe Institute of
tor controlling the expression of this enzyme. Employing this strategy, we isolated Technology (KIT)

TtArsM, the first thermophilic prokaryotic arsenite methyltransferase, as a new enzyme Copyright ©2021 Gallo et al. This s an open-

access article distributed under the terms of

of the arsenic resistance mechanism in T. thermophilus HB27. The atypical arsenite bind- tha Creatve ComnoRs Attrbution 40

ing site of TtArsM categorizes the enzyme as the first member of a new arsenite meth- International license

yltransferase type, exclusively present in the Thermus genus. The enzyme methylates Address comespondence to Gabriella
arsenite-producing MMAs and DMAs. Furthermore, we developed an hyperthermophilic fore e fogatne briad oflokg A deg

e 3 Qost, johnvanderoost@wur.nl.
Cas9-based genome-editing tool, active up to 65°C. The tool allowed us to perform
Received 25 September 2021

highly efficient, marker-free modifications (either gene deletion or insertion) in the T. Accepted 28 October 2021
thermophilus genome. With these modifications, we confirmed the critical role of TtArsM Published 7 December 2021
in the arsenite detoxification system and developed a sensitive whole-cell bioreporter for

Downloaded from https://journal

November/December 2021 Volume 12 Issue6 e02813-21 mBio" mbio.asmorg 1

a7



Gallo et al. Bio'

arsenic ions. We anticipate that the developed tool can be easily adapted for editing the
genomes of other thermophilic bacteria, significantly boosting fundamental and metabolic
engineering in hyperthermophilic microorganisms.

KEYWORDS arsenic resistance, thermoresistance, extremophiles, Thermus
thermophilus, CRISPR-Cas9 genome editing, genetic tool, bioreporter

rsenic is the most abundant environmental toxic element which enters the bio-

sphere mainly from geochemical and (to a lesser extent) anthropogenic sources
such as herbicides, growth promoters for livestock, and industrial activities (1). Arsenic
has two relevant oxidation states, trivalent arsenite [As(lll)] and pentavalent arsenate
[As(V)]. Methylated arsenicals include mono- (MA), di- (DMA), and tri- (TMA) methylated
forms. In general, trivalent states are more toxic than pentavalent ones, and TMAs are
more toxic than inorganic arsenite. Although arsenic is not beneficial for life, it can
enter cells through transporters such as aquaglyceroporins. Hence, arsenic detoxifica-
tion systems can be found in a wide range of organisms, from bacteria to humans.
Arsenic resistance genes (ars) include genes encoding efflux transporters, redox
enzymes, methyltransferases, transcriptional repressors, and biosynthetic pathways for
arsenosugars and arsenolipids (2, 3). The identification and characterization of these
pathways have attracted the attention of fundamental, evolutionary, and biotechno-
logical research (4-6).

Microorganisms have been exposed to arsenic since the origin of life and conse-
quently have evolved arsenic resistance systems, encoded by genes generally clustered
in operons (7). The organization and number of the operons of arsenic resistance
genes are highly variable between different species (8, 9), reflecting differences in the
level of arsenic resistance. The key players of arsenic detoxification are (i) arsenate re-
ductases (ArsC) that reduce intracellular arsenate to arsenite (10), (i) efflux permeases
responsible for arsenite transport outside the cell (11), and (iii) transcriptional repress-
ors that are generally metalloregulatory proteins of the ArsR/SmtB family (12). In addi-
tion, arsenite can be methylated by arsenite S-adenosylmethionine methyltransferases
(ArsM) into MMAs, DMAs, and TMAs (13), after which they can passively leave the cell
or be extruded by methylarsenite-specific efflux permease (ArsP) (14).

Based on recent molecular clock analyses, it has been concluded that arsenite efflux
and arsenite methylation represented the core of microbial arsenic resistance systems
before the rise of atmospheric oxygen (15). In such primordial anoxic environments,
methyl-arsenicals could also function as antibiotics against competitor microbes. After
the rise of atmospheric oxygen, the ArsM enzymes did become primary components
of the arsenic detoxification machinery; nevertheless, in some microorganisms, they
maintained their antibiotic activity (16, 17).

Hydrothermal hot springs, which can be considered environments with conditions
similar to niches of primordial Earth, may contain large amounts of arsenic. In these
cases, these hot springs are niches for arsenic-tolerant microorganisms, which play a
critical role in the global arsenic biogeochemical cycle (18). Although the resistance
mechanisms to inorganic arsenic have been studied in many microorganisms (19), the
contribution of organo-arsenical biotransformation in extreme environments is still at
a stage of infancy. In this regard, only two algal thermoactive ArsM enzymes have
been characterized to date (20).

The thermophilic bacterium Thermus thermophilus HB27, originally isolated from a
volcanic hot spring in Japan (21), has an unusual genetic organization of its machinery
to cope with arsenic toxicity. The currently identified arsenic resistance genes are ran-
domly scattered in its genome (22), complicating the identification of all the genes
involved. In previous studies, we elucidated some components of the arsenic resist-
ance system of T. thermophilus HB27. We identified and characterized TtSmtB, the met-
alloregulatory transcriptional repressor that is responsible for the regulation of the ar-
senic detoxification system. TtSmtB recognizes and firmly binds to operator sequences
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in the promoter regions of the arsenite efflux gene (TtarsX) (23) and the arsenate re-
ductase gene (Tarec) (24, 25), efficiently repressing their transcription in the absence of
arsenic ions. TtSmtB and TtArsX are also involved in cadmium sensing and export,
respectively (23). In two T. thermophilus HB27 deletion mutant strains (ATtarsX and
ATtsmtB), tolerance to arsenate, arsenite, and cadmium was significantly reduced com-
pared to the wild-type strain. Although these analyses confirmed the involvement of
TtArsX and TtSmtB in the promiscuous resistance mechanism, the mutant strains could
still grow at concentrations of arsenic up to 3 mM (22, 23). Notably, the genome of T.
thermophilus HB27 is not predicted to express arsenite methyltransferases or arsenite
oxidases, suggesting the existence of unidentified component(s) of the T. thermophilus
HB27 arsenic resistance system that cannot be predicted by in silico approaches, high-
lighting the need to employ an alternative experimental identification method.

Since members of the ArsR/SmtB family are a group of homodimeric proteins with
a common HTH-winged helix DNA binding domain and heterogeneous metal binding
domain architectures and interaction modes (26), we hypothesized that TtSmtB could
even form protein interactions with unknown, functionally related protein partners.

In this study, using an integrated proteomic, biochemical, and genetic approach,
we provide a gain of insight into the arsenic resistance system of T. thermophilus HB27.
We report the discovery of the first T. thermophilus HB27 arsenite methyltransferase,
TtArsM. Moreover, we describe the development of a highly efficient, markerless Cas9-
based genome-editing tool at temperatures up to 65°C. Using this ThermoCas9 system,
we demonstrated the in vivo involvement of TtArsM in arsenite detoxification. The
newly developed genome editing tool was further validated by constructing a very
sensitive whole-cell bioreporter system in which the TtarsX efflux transporter gene was
substituted by a gene encoding a thermo-adapted superfolder yellow fluorescent pro-
tein (syfp) (27).

RESULTS

Exploring the p in-p in interacti of TtSmtB. A combined comparative
and functional proteomic approach was employed to identify putative TtSmtB-interact-
ing proteins with a role in arsenite metabolism/detoxification. Purified recombinant
His-tagged TtSmtB was bound to a Ni2*-nitrilotriacetic acid (NTA) resin for protein pull-
down assays using T. thermophilus HB27 cell extracts (CFE) from cultures exposed ei-
ther to arsenite or arsenate or untreated CFE cultures used as control. SDS-PAGE sepa-
ration of the pulled-down proteins eluted with 0.5 M imidazole, followed by liquid
chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS)
(28), and comparative analysis of the acquired data resulted in the identification of 51
cytosolic proteins that interact with TtSmtB (Table S1 in the supplemental material).
Only five of these proteins are simultaneously present in CFE from cultures exposed to
arsenite and arsenate, but not in control CFE from the nonexposed cultures. Among
these proteins, TTC0109 (GenPept accession no. AAS80457; UniProt code Q72LF0) was
predicted to be involved in the arsenic detoxification system (based on homology to
annotated ArsR family transcriptional regulators) and to contain a C-terminal S-adeno-
syl-.-methionine (SAM)-dependent methyltransferase domain (based on homology to
annotated methyltransferase domain-containing proteins), suggesting a role in arsenic
methylation. To date, there are no annotated arsenite SAM-dependent methyltransfer-
ases in the genome of T. thermophilus HB27 or the genomes of other thermophilic bac-
teria. Hence, we selected TTC0109 for further investigation as a potential novel arsenite
methyltransferase.

Bioinformatics analysis of TTC0109. BLASTP analysis of TTC0109 translated sequence
with sequenced microbial genomes and evolutionary analysis conducted with MEGA X
demonstrated that TTC0109 is highly conserved among the members of the Thermus ge-
nus (Fig. 1A). Moreover, multiple-sequence alignment of TTC0109 with characterized pro-
karyotic arsenite methyltransferases (Fig. 1B) showed that all the aligned proteins contain
a typical Rossman fold (29). This fold contains a GxGxG motif in a loop region, which pre-
sumably interacts with the carboxypropyl moiety of SAM, and a highly conserved aspartic
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Methanosarcina acecivorans  EMVKKAQDNAR - - - - - - - - KYGYSNVEFRQGD | EALP - - - - - - LDDRSVDV I | 147 E
Halobacterium satinarim EMISKARENVA- - - - - - - - KNDAENVEFRLGE | GHLP - - - - - - VADESVNVV 1 277 E]
Cranidiosehyzon merolae NQLEVARKYVEYHAEKFFGSPSRSNVRFLKGF |ENLATAEPEGVPDSSVDIVI1 171 S
Closzridism sp. EMLAVAKENQR- - - 2 - - - - KSGIENAEFLKGHIEEIP- - - - - - LAAKS IDV 11 150 2
Z chermophilus HB27 FGLALH-===-=-=-- HLDPVPALREASRVARRVAVLEWPYREE 20 2
Z osnimai FGLALH --HLDP | PALREAARVARRVAVLEWPYREE - - --- 205

T istandicus FGLSLH - -HLDAEKALKEAARVARRVAVLEWPYREE - - - - - 206 =
T caditing FGLSLH-==--=--- HLDP | PALREAARVARRVVVLEWPFRQE - - = = = = = = - - - 206 £
T brockianus FGLSLH-=-==--- HLDP | PALKEAARVARRVAVLEWPYREE - « = = = = = = = = = 206 <
T antranikianii FGLSLH-------- HLDP | PALREAARVARRVAVLEWPFRQEVALPEGQTDLR 217 %
Rhodopsendomonas pausris SNCV I NLSGDKDRVLREAFRVLKPGGRFAVSDVVTRGE | PEAL - == === - - - - 194

Preudomonas alcaligenes SNCVVNLAPEKQRVFDDTYRVLRPGGRVA I SDVVQTAPFPDDV - - - - - - - - - - 320

Methanosarcina acesvorans  SNCV I NLAPDKEKVFREAFRVLKPGGRMYVSDMVLLEDLPEDL - = = = = = = - - - 190

Halobacterism salinarun SNCVVNLAPEKQRVFDDTYRVLRPGGRVAISDVVQTAPFPDDV - --- 320

Qunidiosehyzon merolac SNCVCNLSTNKLALFKE IHRVLRDGGELYFSDVYADRRLSEAA - .- 214

Closortdiionsp. SN(.}VlNLSGDKDKVLKEAYRVLKPQGRFAVSDIV IKRPLPEKI - =« == ccu-- 193

FIG 1 (A) Phylogenetic tree of archaeal and bacterial arsenite methyltransferases, SAM-dependent methyltransferases, and methyltransferase
domain-containing proteins. The aminoacidic sequences used for the construction of the phylogenetic tree are TtArsM from T. thermophilus HB27;

(Continued on next page)
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acid residue at the end of the 82 strand, which forms hydrogen bonds with the ribose
hydroxyls of the cofactor (30). In the case of TTC0109, the predicted GxGxG motif is com-
posed of G114, T115, G116, T117, and G118 residues, and the conserved aspartic residue
is D135 (29, 30).

On the other hand, the alignment shows that TTC0109 greatly differs from character-
ized ArsM proteins in the remaining sequence (Fig. 1B); nonetheless, if TTC0109 is an
arsenite methyltransferase, it would be evolutionarily distant from other archaeal and
bacterial arsenite methyltransferases, as shown in the phylogenetic tree (Fig. 1A), and
therefore, it could belong to a new type of arsenite methyltransferases. Additionally, all
the known arsenite methyltransferases, including those in the alignment, possess at least
two, usually three, cysteines that are responsible for the binding of arsenite and its subse-
quent methylation (16, 31). TTC0109 contains a single cysteine residue at position 77,
which is perfectly conserved in all the sequences analyzed (Fig. 1B); hence, TTC0109 could
be an arsenite methyltransferase with a distinct reaction mechanism.

Reasoning that the TTC0109 structure could provide more information regarding
the function of TTC0109, we generated a structural model of the protein and per-
formed molecular docking with arsenite and SAM (Fig. S1). The obtained model pre-
dicts that TTC0109 forms homodimers via its N-terminal moiety; molecular docking
highlighted that arsenite could be coordinated by two histidines, H40 and H179, while
C77 interacts with the methyl group of SAM (Fig. S1A).

Although H40 and H179 residues are not conserved in characterized ArsM proteins,
they are maintained at an identical position in the translated genomes of all Thermus
species (five of them are shown in Fig. 1B); moreover, H40 is encompassed in a sequence
motif (34-YRVFPTHSE-42) that shares 45% identity (underlined) with a sequence motif
(101-YRLADRHVE-109) at the C terminus of the TtSmtB metal binding site (32), strengthening
the hypothesis that H40 could be involved in arsenite binding and suggesting an evolution-
ary connection between the two proteins.

We proceeded with the generation of structural models of mutant proteins in which
the amino acids H40 or H179 were replaced with alanine residues producing TTC0109
H40A and TTC0109 H179A and C77 replaced with a serine residue generating TTC0109
C77S (Fig. S1B to D). The predicted models showed that the substitution of either H40 or
H179 with an alanine residue altered the three-dimensional structure of TTC0109,
whereas the effect of the cysteine-to-serine substitution had only a minimal effect
(Fig. S1C and D), supporting the hypothesis that this residue could have a functional role.

TTCO109 is a novel arsenite methyltransferase. A recombinant His-tagged ver-
sion of TTC0109 was produced and purified to homogeneity from Escherichia coli BL21-
CodonPlus (DE3)-RIL cells transformed with pET30b(+)/TtarsM (predicted mass,
29.1 kDa) (Fig. S2A). Gel filtration chromatography analysis agreed with the in silico-
predicted dimeric configuration of the protein, showing that the homodimer has a
mass of approximately 64.5 kDa (Fig. S2B). To determine whether TTC0109 had arsenite
methyltransferase activity, a coupled spectrophotometric enzymatic assay based on
the formation of S-adenosylhomocysteine (SAH) from SAM after transfer of methyl
group(s) on the substrate was employed (33, 34). In this case, the acceptor of methy!
groups was As(lll). SAH is degraded by SAH nucleosidase into S-ribosylhomocysteine

bio on 22 January 2024 by 37.161.61.168.

FIG 1 Legend (Continued)
SAM-dependent methyltransferase from five members of the Thermus genus (T. islandicus, T. caldilimi, T. antranikianii, T. oshimai, and T. brockianus),

Anaerolineae bacterium, and arsenite from Clostridium sp. strain BMX (55), Methanosarcina acetivorans,
palustris (13), i (38), Ha i i (56), and Cyanidi merolae (45); and a methyltransferase
domain-containing protein from Sanguinobacter sp. (B) Multiple-: e ali of ical and functionally characterized arsenite
(ArsM) with T. ilus HB27 TtArsM. The partial alignment includes 5 members of the Thermus genus (T. islandicus, T. caldilimi,

T. antranikianii, T. oshimai, and T. brockianus) (98% identity to TtArsM, sequence aligned from amino acids 40 to 89), Clostridium sp. BMX (55) (28%
identity to TtArsM, from 22 to 193), R. palustris (13) (32% identity to TtArsM, from 23 to 168), M. acetivorans (39) (29% identity to TtArsM, from 19 to
190), P. alcaligenes (38) (31% identity to TrArsM, from 149 to 320), Cyanidioschyzon merolae (45) (27.7% identity to TtArsM, from 29 to 214), and H.
salinarum (56) (25% identity to TtArsM, from 58 to 294). Red arrow indicates the catalytic cysteine conserved in characterized ArsM and TtArsM; green
amrows indicate two catalytic cysteines conserved in characterized ArsM, but not in TtArsM; blue arrow indicates the conserved aspartic acid; and the
SAM binding domain, which is part of the typical Rossman fold, is underlined in blue. The two histidines of TtArsM predicted to interact with arsenite
are indicated by black arrows.
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and adenine; adenine deaminase acts on adenine producing hypoxanthine, which is
converted into urate and hydrogen peroxide (H,0,) by xanthine oxidase. The rate of
production of H,0, is measured by an increase in absorbance at 510 nm with the help
of the colorimetric reagent 3,5-dichloro-2-hydroxybenzensulfonic acid (DHBS). Then,
arsenite methyltransferase activity was assayed following the increase in absorbance at
510 nm (35). Preliminary assays were set up to assess the thermal stability of the differ-
ent components, and, consequently, the optimal assay temperature; afterward, the sat-
urating concentrations of SAM and arsenite were determined. Therefore, the optimal
assay conditions resulted as follows: 50°C, 200 #M arsenite, 800 M SAM, and 3.1 uM
TTC0109. Under these conditions, the specific arsenite methyltransferase activity of
TTCO109 was 4.5 mU/mg (Fig. 2A). For this reason, here, the TTC0109 protein will be
denoted as TtArsM.

In order to determine which products are formed upon As(lll) methylation by
TtArsM, we incubated 10 uM TtArsM with As(lll), GSH, and SAM at 65°C for 24 h; the
mixture was then solubilized and analyzed by gas chromatography-mass spectrometry
(GC-MS) (36). Two sharp peaks, at 2.92 min and 2.96 min, were present in the chromat-
ogram of the product of the TtArsM reaction (Fig. 2B) but not in the chromatogram of
the product of the control reaction (Fig. 2C). These peaks were tentatively attributed to
MMAs and DMAs, respectively. Unambiguous identification of each compound was
accomplished by comparison of their retention times and fragmentation spectra with
those of MMA and DMA standards. Butterfly plots showing the strong correspondence
of experimental versus theoretical fragmentation spectra for MMAs and DMAs are
depicted in Fig. 2D and E, respectively. The assignment was further confirmed by
matching the experimental fragmentation spectra with those publicly available in the
NIST 05 mass spectral library. According to NIST guidelines, score values higher than
700 indicate an effective identification; the scores determined for MMA and DMA were
790 and 820, respectively (37). MMAs and DMAs were manually integrated, and the
results are summarized in Fig. S2C.

The results of in vitro assays using purified TtArsM protein confirmed the ability of
the protein to methylate As(lll)-producing mono- and dimethylated arsenic, the latter
being the primary product. The oxidation state of the products could not be deter-
mined because the reactions were terminated with H,0,, which oxidized all arsenicals
to pentavalent states.

Since the in silico predictions of TtArsM led to the hypothesis that C77, H40, and H179
were catalytic amino acids, three mutated versions of TtarsM, namely, TtarsM C77S, TtarsM
H40A, and TtarsM H179A, were constructed and expressed in E. coli BL21-CodonPlus(DE3)-RIL
cells, and the corresponding TtArsM mutants were purified (Fig. S3). Although the expression
levels of the three mutant proteins are comparable (Fig. $3), it was not possible to perform in
vitro characterization of purified TtArsM H40A and TtArsM H179A, which precipitated in solu-
tion after purification; this phenomenon is probably due to protein instability, thus indicating
the importance of these amino acids for TtArsM structure. On the other hand, the purification
of soluble TtArsM C77S protein was possible, albeit with a lower yield than the wild-type
TtArsM. Nonetheless, using the previously mentioned coupled assay, this mutant enzyme did
not show any in vitro arsenite methyltransferase activity, confirming the C77 residue plays a
role in TtArsM activity (Fig. 2A). These in vitro results demonstrated that TtArsM has arsenite
methyltransferase activity, and its distinct active site suggests a novel reaction mechanism
compared to other characterized arsenite methyltransferases (13, 38, 39).

TtSmtB interacts with TtArsM and binds to its promoter. This is the first study to
report the protein-protein interaction of an ArsR/SmtB transcriptional regulator with a member
of the arsenic detoxification system as identified by pulldown and mass spectrometry. For this
reason, we decided to confirm the physical interaction between TtSmtB and TtArsM and to
investigate the effect of different metals on the TtSmtB-TtArsM interaction. A coimmunopreci-
pitation (co-IP) assay was carried out upon incubation of purified TtArsM and TtSmtB, either in
the presence or in the absence of arsenite, arsenate, cadmium, and antimony. The first three
ions are TtSmtB effectors, as their interaction weakened the binding to target promoters, while
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FIG 2 In vitro assessment of methyltransferase activity. (A) Arsenite methylation assays. The enzyme-coupled colorimetric assay
was carried out in continuous rotation in the presence of 3.1 uM recombinant TtArsM (black curve) or TtArsM C77S (red curve),
800 M SAM, and 200 uM As(lll) at 50°C. The absorbance of the reaction mixture was recorded every minute for a total of 1 h.
The graph represents the average of three independent experiments, each performed in triplicate. (B) Products of As(lll)
methylation by purified TtArsM. Arsenic species were analyzed by GC-MS. Each assay contained 10 uM TtArsM, 250 uM As(lll),
6 mM GSH, and 1 mM SAM, incubated at 65°C for 24 h. (C) Negative control. Both chromatograms were recorded between 2 and
6 min. (D and E) Butterfly plots. The plots show the correspondence between experimental and theoretical fragmentation spectra
for MMA and DMA, respectively. The plots confirmed the arsenite methyltransferase activity of TtArsM.
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FIG 3 TtSmtB-TtArsM interaction in the presence of heavy metal ions. Co-IP of TtSmtB-TtArsM §
complex with increasing concentrations of arsenate (A), arsenite (B), cadmium (C), and antimony (D). ’r:
Complexes were immunoprecipitated with anti-TtSmtB antibodies and revealed through Western z
blotting using anti-His antibodies against the His tag of TtArsM. (C and D, Bottom) Densitometric <
analysis of blots of TtSmtB:TtArsM complex. The intensity of the unchallenged complex was used as a :c:
reference. Average values from three biological replicates are shown, with error bars representing P
standard deviations. Statistical analysis was performed using one-way ANOVA; significant differences s
are indicated as *, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001. £
a
a
antimony had no effect on DNA recognition (32). Inmunoprecipitation with anti-TtSmtB anti- g
bodies, followed by detection of the His-tagged TtArsM by anti-His-tag antibodies, showed 2
that the two proteins interact and form a complex in the absence of arsenite and arsenate,
confirming the existence of physical interaction between them (Fig. 3). No band was
detected when the immunoprecipitation was carried out with the unrelated control pro-
tein, TtGalA (40). Increasing arsenate and arsenite concentrations negatively affected the
stability of TtSmtB-TtArsM complex; in fact, densitometric analysis of the Western blot
revealed up to a 3-fold decrease in the intensity of the band corresponding to the complex
(at 1:100 protein/arsenic ratio) in the presence of both arsenate (Fig. 3A) and arsenite
(Fig. 3B). Interestingly, the presence of cadmium had the opposite effect, enhancing the
band intensity by up to 2-fold (Fig. 3C), suggesting that the interaction of this metal with
the complex occurs with a different mechanism. Finally, the presence of antimony had a
negligible effect on complex stability, in agreement with previous data showing that this
metal ion is not an effector for TtSmtB (32) (Fig. 3D).
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FIG 4 TtSmtB-p,,,,, interaction. (A) Interaction of p,,,,, in the presence of increasing concentrations of
TtSmtB. Lane 1, negative control; lane 2, 1 uM TtSmtB; lane 3, 2 uM TtSmtB; lane 4, 3 uM TtSmtB;
lane 5, 5 M TtSmtB; and lane 6, 10 uM TtSmtB. (B) EMSA with p,,.,, in the presence of 3 uM TtSmtB
and 3 uM TtArsM.

Since TtSmtB is the transcriptional repressor of the genes involved in arsenic and
cadmium resistance in T. thermophilus HB27 (22, 23), we hypothesized that it could
also regulate TtarsM transcription. Sequence analysis of TtarsM promoter (p,.,,), a 108-
bp-long region upstream of TtarsM and encompassing the translation start codon
revealed the presence of an inverted repeat region [GAAC(N14)CTTG] between posi-
tions —6 and —27 upstream of the start codon. The sequence overlaps —10 and —35
putative basal promoter region, is 100% identical to the TtarsX operator recognized by
TtSmtB, and matches the consensus binding sites of ArsR/SmtB proteins (41). Hence,
we performed electrophoretic mobility shift assay (EMSA) to investigate the capacity of
purified TtSmtB to bind to the promoter region of TtarsM. TtSmtB binds to p,,., in a
concentration-dependent manner, as shown by the gradual formation of lower-mobil-
ity complexes and the gradual decrease of residual unbound DNA (Fig. 4A, lanes 2 to
5); at 10 uM protein, the complex hardly enters the gel, suggesting the formation of
multiple dimers associated with target DNA (Fig. 4A, lane 6). This observation suggests
that by interacting with the regulatory region, TtSmtB controls TtarsM transcription in
a way comparable to that already reported for other arsenic resistance genes, i.e., the
arsenate reductase, the metal ion transporter, and itself (22, 23).

Since the existence of a physical interaction between TtSmtB and TtArsM was estab-
lished, we asked whether TtArsM influenced TtSmtB interaction with p,,, Therefore,
we preincubated 3 M of both proteins before performing an EMSA under the same
conditions described above. Interestingly, when the two proteins are coincubated,
shifted bands can be observed (Fig. 4B, lane 3, complex 3) corresponding to complexes
of higher molecular weight in comparison to those generated or not by TtSmtB or
TtArsM, respectively (Fig. 4B, lane 2, complex 2, and lane 4); this analysis indicates that
TtSmtB-TtArsM multimeric complexes bind to the promoter and suggests that TtSmtB-
TtArsM protein-protein interaction may function in either transcriptional and posttran-
scriptional control. Notably, very few studies in bacteria report protein-protein interac-
tions of transcriptional regulators with the product of the genes they regulate (42, 43).

In vivo activity of TtArsM and its mutants in E. coli. Aiming to explore the role of
TtArsM in arsenite resistance in vivo, we challenged E. coli BL21-CodonPlus (DE3)-RIL
strains transformed with plasmids expressing TtArsM and its catalytic mutants (TtArsM
C77S, TtArsM H40A, and TtArsM H179A) to grow in the presence of arsenite. Each
recombinant strain was grown in the presence of different arsenite concentrations for
24 h to determine the MIC toward the metal ion. The TtArsM-expressing strain
appeared to be more resistant to arsenite than the control strain (MICs of 6 mM and
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FIG 5 Growth of E. coli BL21 strains expressing TtArsM and its mutants, in the presence of different
arsenite concentrations, measured 24 h postinoculation. The strains are E. coli BL21/pET30b (black), E.
coli BL21/pET30/TtarsM (red), E. coli BL21/pET30/TtarsM H40A (green), E. coli BL21/pET30/TtarsM
H179A (blue), and E. coli BL21/pET30/TtarsM C775 (orange). Average values from three biological
replicates are shown, with error bars representing standard deviations.

4.5 mM, respectively). Additionally, the strains expressing mutated TtArsM were inhib-
ited by the presence of arsenite to the same extent as the control strain (Fig. 5). This
shows that the heterologous expression of TtArsM in E. coli increases arsenite resist-
ance even at mesophilic temperatures, indicating the role of TtArsM in arsenite detoxi-
fication. Moreover, the result obtained with the mutant strains demonstrates the role
of C77, H40, and H179 in the catalytic function of TtArsM.

Developing a hyperthermoactive-Cas9 editing tool. We further aimed to investi-
gate in vivo the contribution of TtArsM to the arsenite detoxification mechanism via
the deletion of the TtarsM gene from the T. thermophilus HB27 genome. Nonetheless,
the currently available genome editing tool for T. thermophilus is time-consuming, not
marker-free, and not always efficient (44). For this purpose, we reasoned to develop a
marker-free, plasmid-based, homologous recombination (HR) Cas9 counterselection
(CS) genome-editing tool for T. thermophilus employing ThermoCas9, a thermotolerant
and thermoactive Cas9 orthologue (45).

We initially evaluated the targeting efficiency of ThermoCas9 in T. thermophilus HB27.
Therefore, a set of 3 vectors was constructed, namely, pMK-ThermoCas9-NT, pMK-
ThermoCas9-sp1, and pMK-ThermoCas9-sp2 (Fig. 6A) by cloning into the pMK18 vector
(46) (i) the codon-harmonized version of the thermocas9 gene under the transcriptional
control of the constitutive ngo promoter (44), and (ii) the single guide RNA (sgRNA)-
expressing module under the transcriptional control of the constitutive 165 rRNA promoter,
either with a nontargeting/control spacer (NT, 5'-CTAGATCCGCAGTAACCCCATGG-3') or
with spacers that target the TtarsM gene (sp1, 5'-GGGCGTTGGTGATGTGGGCCCTC-3', and
sp2, 5'-CCACCTCCTCCTCCCGGTAAGGC-3). The 3 vectors were used to transform T. ther-
mophilus HB27, along with pMK-Pnqo-syfp vector (27), as transformation control. The cells
were allowed to recover at 70°C before being plated on selective agar plates and incu-
bated overnight at 60°C due to the sensitivity of pMK18 at temperatures above 65°C. The
transformation efficiencies of pMK-ThermoCas9-sp1 and pMK-ThermoCas9-sp2 targeting
vectors were significantly reduced compared to the transformation efficiency with the
PMK-ThermoCas9-NT nontargeting vector (Fig. 6B). Moreover, the transformation efficiency
with the pMK-Pngo-syfp vector was only slightly higher than the transformation efficiency
with the pMK-ThermoCas9-NT vector (Fig. 6B), which could be attributed to the significant
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FIG 6 ThermoCas9-based genome engineering in T. thermophilus HB27. (A) pMK-ThermoCas9-sp1/2/NT targeting vectors. (B) Graphical representation of
the ThermoCas9 targeting assay results (CFU) for assessing the ThermoCas9 toxicity and targeting efficiency in T. philus HB27. Average values from
three biological replicates are shown, with error bars representing standard deviations. (C) pMK-ThermoCas9-HR-sp1/2 editing vectors, employed for the
genomic deletion of the TtarsM gene. (D) Agarose gel electrophoresis showing the resulting products from genome-specific colony PCRs on T. thermophilus
colonies formed from the ThermoCas9-based TtarsM deletion process. A wild-type colony was subjected to the same PCR, and the related product is
shown here as negative control for TtarsM deletion. The expected sizes of the PCR amplification products that correspond to the wild-type and ATtarsM
genotypes are indicated with black arrows.

size difference between the two vectors (7,552 bp and 13,554 bp, respectively). This result
indicates that ThermoCas9 is expressed in T. thermophilus HB27 cells in an active and not-
toxic form, motivating the development of a ThermoCas9-based genome-editing tool.

We set out to develop and test the efficiency of an HR ThermoCas9-based CS genome-
editing tool in T. thermophilus HB27. For this purpose, we introduced an HR template for the
deletion of the TtarsM gene into the 3 previously described ThermoCas9 vectors. The HR
template was composed of the fused 1-kb upstream and downstream flanking regions of
the TtarsM gene (Fig. 6C). The three resulting editing vectors, namely, pMK-ThermoCas9-HR-
NT, pMK-ThermoCas9-HR-sp1, and pMK-ThermoCas9-HR-sp2, were transformed into T. ther-
mophilus HB27 cells, recovered at 70°C, and grown on selective agar plates overnight at
60°C. Colony PCR with genome-specific primers was subsequently employed to screen sev-
eral colonies for each transformation (Fig. $4; Table S2). None of the colonies from the pMK-
ThermoCas9-NT transformation were clean ATtarsM mutants (0/10 colonies), and only a
small number of colonies were mixed wild-type/ATtarsM mutants (2/10 colonies) (Fig. S4A;
Table S2). On the other hand, almost all the screened colonies from the pMK-ThermoCas9-
sp1 transformation were clean ATtarsM mutants (19/19 colonies) (Fig. $4B; Table S2); most
of the screened colonies from the pMK-ThermoCas9-sp2 transformation were clean ATtarsM
mutants (13/18 colonies), and the remaining were mixed wild-type/ATtarsM mutants (5/18 col-
onies) (Fig. S4C Table S2); the latter result suggests that less efficient ThermoCas9 targeting is
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obtained when employing spacer 2. Subsequently, DNA sequencing on randomly selected
clean ATtarsM mutant colonies was performed to verify the correctness of the genome editing
(Fig. S4D; Table S2).

Aiming to test the temperature limit of the developed ThermoCas9-based genome-
editing tool, we repeated the editing experiment, increasing the plating temperature
to 65°C, corresponding to the temperature limit of the pMK18 backbone for propagation.
Under these conditions, the numbers of colonies formed upon transformation with the pMK-
ThermoCas9-sp1 and pMK-ThermoCas9-sp2 were 3 and 5 vectors, respectively, much lower
than the corresponding numbers when the plating temperature was 60°C (Table S2). This can
be ascribed to the high ThermoCas9 targeting activity at 65°C (45) and decreased vector stabil-
ity at 65°C. Nonetheless, the DNA sequence of all the screened colonies confirmed that they
were clean ATtarsM mutants, demonstrating the high efficiency of the developed tool at 65°C
(Fig. 6D).

Finally, assuming that the curing of the editing plasmid from a ATtarsM mutant
strain would facilitate additional editing steps, we randomly selected a ATtarsM mutant
colony for inoculation in liquid antibiotic-free TM medium for two culturing rounds at
65°C and then plated the cultures on TM agar plates with and without antibiotic.
Multiple colonies were found on the antibiotic-free plate and no colonies on the plate
supplemented with the antibiotic, demonstrating that the cells were cured from the
edited vector. Seven of these colonies were randomly selected and the absence of the
plasmid confirmed by colony PCR using thermoCas9-specific primers (Fig. S4E).

Therefore, a markerless HR-ThermoCas9-based CS genome-editing tool was developed
for T. thermophilus HB27, highly efficient at temperatures up to 65°C. Using this tool, a T.
thermophilus ATtarsM strain was constructed in less than 10 days (including the plasmid-
curing process), expanding the repertoire of available genetic tools for this microorganism
and considerably accelerating the required time for editing its genome.

TtArsM mutant is more sensitive to arsenite. To compare the arsenic resistance of
ATtarsM to that of wild-type T. thermophilus HB27, both strains were grown in TM lig-
uid medium with different arsenite and arsenate concentrations for 24 h (Fig. 7). As
expected, the arsenite resistance of ATtarsM was significantly lower than that of the
wild-type strain, with the corresponding MIC values being 18 mM and 40 mM, respec-
tively (Fig. 7A). Moreover, the resistance of the ATtarsM strain to arsenate was compa-
rable to the wild-type strain (42 mM and 44 mM, respectively) (Fig. 7B), in agreement
with its role in arsenite resistance. This result confirmed that the thermoactive arsenite
methyltransferase TtArsM is involved in arsenite detoxification and is a novel compo-
nent of the arsenic resistance machinery.

Developing a sensitive arsenic bioreporter. In a previous study, we demonstrated
that TtArsX is the arsenic efflux membrane protein of T. thermophilus HB27 and reported
that a ATtarsX mutant strain is more sensitive to arsenate and arsenite (23). In this study,
we wanted to ascertain whether a strain lacking both TtarsM and TtarsX would be even
more sensitive to arsenic ions than the single-mutant ATtarsX and ATtarsM strains and
therefore could represent an even better bioreporter strain for arsenic detection.

For this purpose, the HR ThermoCas9-based CS-editing tool was employed to
exchange the TtarsX gene on the genome of the ATtarsM strain with the syfp reporter
gene (27), setting the expression of the encoded thermotolerant yellow fluorescence
protein (sYFP) under the control of the arsenic-responsive TtarsX promoter (p,.,). The
employed editing vector, denoted as pMK-ThermoCas9-HR-syfp, contained a spacer
that targets the TtarsX gene (5'-TTTCGACGGAGGAGGCCTTGGCC-3') and an HR template
composed of the 1-kb upstream flanking genomic region of TtarsX followed by syfp and the
1-kb downstream flanking genomic region of TtarsX. Ten colonies grown after transforma-
tion of pMK-ThermoCas9-HR-syfp vector into T. thermophilus ATtarsM cells were screened by
colony PCR with genome-specific primers and sequenced; eight of them were clean T. ther-
mophilus HB27 ATtarsM-ATtarsX (syfp) knock-in mutants (Fig. S5), also proving that the
developed tool was highly efficient for gene insertions and substitutions.

The double-mutant strain was challenged with different arsenite and arsenate concen-
trations in TM liquid medium. As shown in Fig. 7A and B, arsenite resistance is strikingly
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FIG 7 Growth of T. thermophilus HB27 (black), T. thermophilus HB27 ATtarsM (red), and T. thermophilus
HB27 ATtarsM-ATtarsX (syfp) (blue) in TM medium in the presence of different concentrations of arsenite
(A) and arsenate (B) measured 24 h after inoculation. Average values from three biological replicates are
shown, with eror bars representing standard deviations.

lower (0.5 mM) than that of the wild-type (40 mM), ATtarsM (18 mM), and ATtarsX strains
(3 mM) (23). Interestingly, the ATtarsM-ATtarsX (syfp) strain showed also lower resistance
to arsenate than the single-mutant ATtarsX (2 mM and 3 mM, respectively) (22).

To evaluate the sensitivity to arsenate and arsenite of the whole-cell bioreporter
system, exponentially growing cultures of T. thermophilus HB27 ATtarsM-ATtarsX (syfp)
were treated with increasing concentrations of arsenite and arsenate, and the intensity
of the emitted fluorescence was compared (Fig. 8). The background fluorescence of
the ATtarsM-ATtarsX (syfp) strain was low, indicating that the system is repressed in the
absence of metal ions. Moreover, the developed bioreporter system was able to detect
arsenite and arsenate concentrations as low as 0.5 M (Fig. 8). This performance sub-
stantially overtakes the detection limit of the previously developed arsenite and arse-
nate bioreporter system, which was based on the T. thermophilus ATtarsX strain and
plasmid-based expression of the 3-galactosidase (23).

m.org/journal/mbio on 22 January 2024 by 37.161.61.168.

DISCUSSION

In this study, we aimed to identify novel proteins involved in the arsenic resistance
system of T. thermophilus HB27 and employed TtSmtB as a starting point looking
beyond its transcriptional regulation activity. As TtSmtB contains a protein interaction
domain (32), we set out to identify putative TtSmtB-interacting proteins with a role in
arsenic metabolism/detoxification, following an immunoprecipitation and comparative
proteomics approach. This strategy led to the discovery of TtArsM, the first prokaryotic
thermoactive arsenite SAM-dependent methyltransferase, evolutionarily distant from
other known arsenite methyltransferases.
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FIG 8 Bioreporter activity. T. thermophilus HB27 ATtarsM-ATtarsX (syfp) bioreporter strain challenged
with increasing concentrations of arsenite (A) and arsenate (B). Average values from three biological
replicates are shown, with error bars representing standard deviations. Statistical analysis was
performed using one-way ANOVA; significant differences are indicated as *, P < 0.05; **, P < 0.01;
*** P < 0.001; and ****, P < 0.0001.

The original structure and activity mechanism of TtArsM were explored in silico. Like
other arsenite methyltransferases known to date, TtArsM contains a C-terminal SAM-
dependent methyltransferase domain and an N-terminal domain comprised of only
one (instead of the usual three) conserved cysteine; the other two catalytic cysteines
required for arsenite coordination might be replaced by two histidines identified by
docking analysis. Interestingly, H40 is part of an arsenite binding domain typical of
many ArsR metalloregulatory proteins (47), and H179 is located close to the cysteine
(C177) of the arsenite methyltransferase of the extremophilic alga Cyanidioschyzon
merolae (48). Moreover, the conservation of these three amino acids among the puta-
tive arsenite methyltransferases in the Thermus genus supports their possible role in
catalysis and suggests an adaptation in this group of microorganisms.

Indeed, the role of the cysteine and histidine residues in the structure-function of
TtArsM predicted in silico was demonstrated by site-directed mutagenesis, as the heter-
ologous expression in E. coli of TtArsM mutants conferred lower arsenite resistance
than TtArsM.

To date, only for a few arsenite methyltransferases, the reaction mechanism has been
reported (13, 20, 38, 39, 49). Those described possess three, or at least two, cysteine residues
present in their catalytic site that can methylate the arsenic sequentially in its trivalent form
through alternating reduction and oxidative methylation reactions; of note, different enzymes
produce mono-, di-, and trimethylated forms of arsenic in diverse amounts, highlighting a bio-
chemical diversity in the arsenite methylation mechanism (38). The newly discovered TtArsM,
highly conserved within the Thermus genus, possesses only one cysteine and can methylate
As(lll) mainly into DMAs and a smaller amount of MMAs as determined by GC-MS analysis of
the products of the in vitro assay. To the best of our knowledge, this is the first arsenite meth-
yltransferase functioning with a single cysteine in the active site.

The discovered transcriptional and posttranslational interaction of TtArsM with the
transcriptional regulator TtSmtB was investigated in more detail. It was demonstrated
that TtSmtB binds to the promoter region of TtarsM and that this binding is stabilized
by the TtSmtB-TtArsM complex. Moreover, co-IP experiments confirmed the interaction of
TtSmtB with TtArsM and showed a reverse correlation between the stability of the complex
and arsenic concentration. Presumably, the complex enhances the repression of TtarsM tran-
scription in the absence of arsenic ions through a novel mechanism. Hence, through this
analysis, we shed light on a novel kind of interaction, rarely described for bacteria, in which
the transcriptional repressor of a gene interacts with the protein product of the gene that it
regulates (43, 50).

m.org/journal/mbio on 22 January 2024 by 37.161.61.168.
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An example of an enzyme that can modulate the transcriptional activity of regula-
tors by protein-protein interaction is reported in the cysteine metabolism of Bacillus
subtilis where the stable complex formed by CymR (the master regulator of the system)
and CysK (O-acetyl-t-serine-thiol-lyase) represses the transcription of the genes
involved in the cysteine pathway (including the cysK gene itself) when cysteine con-
centration is low. The advantage of this regulatory mechanism is that it employs
enzymes that can specifically recognize their substrates or allosteric effectors; thus,
enzymes and/or transcriptional regulators can act simultaneously as intracellular mo-
lecular sensors and participate in their own transcriptional regulation (42).

The role of TtArsM in T. thermophilus HB27 arsenic detoxification was also demon-
strated via the construction and characterization of a ATtarsM mutant strain. For this
purpose, a marker-free homologous recombination and ThermoCas9-based counterse-
lection genome-editing tool was developed which was highly efficient and active at
temperatures up to 65°C. Our tool equals the highest reported temperature for a Cas9-
based editing tool to date (51, 52). The characterization of the T. thermophilus ATtarsM
strain confirmed its expected higher sensitivity to arsenite, but not arsenate, than the
wild-type strain. To better define the role of TtArsM in the context of the already char-
acterized components of the arsenic resistance system, a double mutant was con-
structed upon exchanging the TtarsX efflux pump gene in the T. thermophilus ATtarsM
genome with the gene encoding the yellow fluorescent protein; the double mutant
resulted as much more sensitive to arsenite and arsenate treatment. Hence, it was
demonstrated that TtArsM and TtArsX are critical players of the arsenite detoxification
system. This is the first example of a successful insertion of a heterologous gene on the
T. thermophilus genome by genome editing. The double-mutant strain was also consid-
ered a sensitive bioreporter for the development of a whole-cell biosensor system.
Indeed, it was able to detect arsenite and arsenate concentrations as low as 0.5 uM,
showing 40 times higher sensitivity than the previously developed T. thermophilus
HB27 ATtarsX- plasmid-based biosensor (23).

In conclusion, this study explores a unique strategy to identify novel enzymes and/
or regulative networks in nonmodel bacteria and expands the repertoire of genetic sys-
tems for hyperthermophiles. In addition, this work has resulted in a gain of insight into
the arsenite/arsenate detoxification mechanism, particularly that of T. thermophilus. On
top of that, this has allowed us to develop a highly robust and sensitive biosensor.

MATERIALS AND METHODS

T. thermophilus HB27 cell extract preparation. 7. thermophilus HB27 cultures were grown aerobically
at70°Cin TM medium, as previously described (24). Once the cultures reached an optical density at 600 nm
(0D, of 0.5, they were treated either with 8 mM NaAsO, or with 12 mM NaH AsO, (Sigma) (the used con-
centrations were below the previously reported MIC values for arsenate and arsenite) (22, 23) or they
remained untreated. Samples were harvested from each culture, either immediately after treatment or
60 min posttreatment. The samples were centrifuged, the precipitates were resuspended in phosphate
buffer (20 mM Na,PO,, pH 7.5) supplemented with protease inhibitor cocktail (Thermo Scientific), and the
resuspended cells were lysed by sonication (10 cycles of 30 s on/30 s off, 40% power; Misonix Sonicator
Ultrasonic Processor XL). The lysates were centrifuged and the cell extracts (CFE) used for pulldown assays.

P of TtSmtB, metal affinity chromatography, and pulldown.
C-terminal His-tagged TtSmtB was purified from E. coli BL21-CodonPlus (DE3)-RIL cells transformed with
the pET28/TtsmtB vector, as previously described (22). Purified C-terminal His-tagged TtSmtB (2 mg) was
incubated with 200 ! of Ni**-NTA resin (Sigma-Aldrich) equilibrated in 20 mM Na,PO,, 0.5 M NaCl, and
20 mM imidazole, pH 7.5, for 16 h at 4°C and then washed three times with the same buffer to remove
unbound proteins. T. thermophilus HB27 CFE, treated with arsenite, treated with arsenate, or not treated
were incubated with the functionalized resin (Ni2*-NTA/TtSmtB) for 16 h at 4°C under stirring conditions.
Subsequently, the resin was extensively washed, and the interacting proteins were eluted with 20 mm
Na,PO,, 0.5 M NaCl, and 0.5 M imidazole, pH 7.5. As negative controls, samples of Ni>*-NTA resin not
functionalized with TtSmtB were incubated with the same T. thermophilus HB27 CFE.

In situ hydrolysis and LC-MS/MS analysis. The fractions eluted from the pulldown process were an-
alyzed by 15% SDS-PAGE and in situ hydrolyzed for mass spectrometry analysis. Specifically, monodi-
mensional SDS-PAGE gel was colored with Coomassie brilliant blue; the revealed bands were cut and
destained with 100 ul of 0.1 M ammonium bicarbonate (AMBIC) and 130 p! of acetonitrile (ACN). Each
band was hydrolyzed in situ with 0.1 pg/pl trypsin in 10 mM AMBIC and incubated at first for 1.5 h at
4°C and then for an additional 16 h at 37°C. The hydrolysis reactions were stopped by adding acetonitrile
and 0.1% formic acid; then, the samples were filtered and dried in a Savant vacuum centrifuge before
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being analyzed by LC-MS/MS mass spectrometry. In detail, before analysis, the samples were dissolved
in 10 ul of 0.1% formic acid, and 5 pl were directly loaded into the instrument. Reverse-phase capillary
liquid chromatography (HPLC 1200 system experiments), followed by MS analysis, was performed using
a binary pump system connected to a nanospray source of the mass spectrometer (28, 53). The latter is
represented by a hybrid quadrupole time of flight (Q-TOF) spectrometer (MS Chip 6520 QTOF) equipped
with a chip (Agilent Technologies).

In silico analysis. Analysis of the LC-MS/MS data, using Mascot software (httpz/www.matrixscience
com/search_form_selecthtml), allowed the identification of putative TtSmtB-interacting proteins.
Among these proteins, TTC0109 (UniProt code Q72LF0), here named TtArsM, was further analyzed using
the UniProt database (http://www.uniprot.org); homologous proteins and conserved domains were
identified by performing a BLAST analysis (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

A phylogenetic tree of archaeal and bacterial arsenite SAM
ferases, and methyitransferase domain-containing proteins, including TtArsM from T. thermophilus HB27,
was conducted in MEGA X (54). The amino acidic sequences used for the construction of the phylogenetic
tree are TtArsM from T. thermophilus HB27; arsenite from Rh palustris
(13), h ina acetivorans, Clostridium sp. strain BMX (55), Halobacterium salinarum (56), Pseudomonas
alcaligenes (38), and Cyanidioschyzon merolae (48); a SAM-dep from 5 bers of
the Thermus genus (T. islandicus, T. caldilimi, T. antranikianii, T. oshimai, and T. brockianus); a SAM-dependent

from izobit hae and i bacterium; and a methyltransferase do-
main-containing protein from Sanguinobacter sp. Phylogenetic reconstruction was accomplished using the
maximum-likelihood statistical method.

The ali of TtArsM to its was based on a multiple-sequence alig with the
program Clustal Omega (57); the amino adidic sequences used for the construction of the alignment of function-
ally characterized archaeal and bacterial arsenite methyltransferases are TtArsM from T. thermophilus HB27, 5
members of the Thermus genus (T. iskandicus, T. caldilimi, T. antranikianii, T. oshimai, and T. brockianus), Clostridium
sp. BMX, R. palustris, M. acetivorans, H. salinarum, P. alcaligenes, and Cyanidioschyzon merolae (48).

Models of TtArsM were generated through I-TASSER (58) (http: mb.med.umich.edu/I-TASSER/)
using as input the complete sequence of TtArsM (C score, —2.5). The dimeric structure was predicted using the

y tool dexhtml) (59). The molecular dockings of TtArsM with arsenite and
SAM were generated using the Hex protein docking server (60). One hundred rigid-body docking solutions were
generated per case, and the best 10 were refined by energy minimization. The proposed model for the metal ion
docked into TtArsM is the structure with the smallest distance between arsenite-histidine and cysteine-SAM
(433 A from H40 and 577 A from H179 in TtArsM model and 440 A from C77).

Cloning, expi and of TtArsM and TtArsM mutants. The pET30b
(+)/TtarsM vector was constructed for the expression and subsequent purification of the C-terminal His-
tagged version of TtArsM. For the construction of the pET30b(+)/TtarsM, TtarsM gene was PCR amplified
from T. thermophilus HB27 genome, using Tag DNA polymerase (Thermo Fisher Scientific) and primers con-
taining the Ndel (arsMfw; Table S3 in the supplemental material) and Hindlll (arsMrv; Table S3) restriction
sites at their 5" ends. The PCR product was purified, digested with the Ndel and Hindlll restriction enzymes
(NEB), and ligated (T4 ligase; NEB) into Ndel/Hindlll-digested pET30b(+) vector (Novagen). The ligase mix-
ture was transformed into E. coli TOP10F’ cells, which were plated on LB agar plates supplemented with
50 pg/ml kanamycin (Sigma-Aldrich). Single colonies were selected and inoculated in LB liquid medium
supplemented with 50 ug/ml kanamycin. Plasmid isolation and sequencing were subsequently performed
before transforming E. coli BL21-CodonPlus (DE3)-RIL cells with pET30b(+)/TtarsM vector.

To obtain mutation of TtarsM gene sequence at specific sites, the QuikChange II-E site-directed mu-
tagenesis kit (Agilent Technologies) was employed; pET30b(+)/TtarsM was used as a template and
amplified with three different mutagenic primer pairs (Table $3) to get pET30b(+)/TtarsM C77S, pET30b
(+)/TtarsM H40A, and pET30b(+)/TtarsM H179A vectors. The reaction mixtures were transformed into E. coli
TOP10F' cells were plated on LB agar plates supplemented with kanamycin (50 z.g/ml). Single colonies were ran-
domly selected and inoculated in LB liquid medium supplemented with kanamycin (50 z.g/ml). Plasmid isolation
was subsequently performed, and E. coli BL21-CodonPlus (DE3)-RIL cells were transformed with sequence-verified
PET30b(+ \/TtarsM C77S, pET30b(+ )/TtarsM H40A, and pET30b(+ )/TtarsM H179A vectors.

For protein expression of the His-tagged versions of TtArsM C775, TtArsM H40A, and TtArsM H179A
catalytic mutants, the recombinant E. coli BL21-CodonPlus (DE3)-RIL strains were cultured in LB medium
supplemented with kanamycin (50 ug/ml) and chloramphenicol (33 pg/ml). Protein expression was
induced via the addition of 1 mM isopropyl-1-thio- 8-p-galac ide (IPTG) when the cultures
reached OD,,, of 0.7. The cultures were further incubated with vigorous shaking at 37°C for 16 h, then
centrifuged, resuspended in lysis buffer (20 mM NaP, pH 7.4, 50 mM NaCl, and 20 mM imidazole) supple-
mented with protease inhibitor cocktail (Thermo Scientific), and lysed by sonication (10 cycles of 30 s
on/30 s off, 40% power; Misonix Sonicator Ultrasonic Processor XL). The lysates were centrifuged and
the supernatants used for the purification on HisTrap HP columns (1 ml; GE Healthcare) connected to an
AKTA Explorer system (GE Healthcare). The fractions containing His-tagged TtArsM proteins were eluted
from the columns using a linear gradient of the elution buffer (20 mM NaP, pH 7.4, 50 mM NaCl, and
500 mM imidazole). The eluted protein fractions were subjected to SDS-PAGE analysis, and the fractions
containing purified TtArsM were pooled and dialyzed for 16 h at 4°C in 20 mM NaP, pH 7.4, buffer sup-
plemented with protease inhibitor cocktail (Thermo Scientific). The identity of the purified His-tagged
TtArsM protein was confirmed by mass spectrometry, and protein aliquots were stored at —20°C.

TtArsM y The native molecular mass of TtArsM was determined by
loading 500 1. of the purified protein onto an analytical Superdex PC75 column (3.2 by 30 am) connected to an
AKTA Pure system in 50-mM Tris-HCl, pH 7.5, and 0.2-M KCl buffer. The column was calibrated using a set of gel
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filtration markers (low range; GE Healthcare), including ovalbumin (43.0 kDa), carbonic anhydrase (290 kDa),
RNase A (13.7 kDa), and aprotinin (6.5 kDa) as previously described (24).
Methyltransferase activity assay. According to the manufacturer's protocol, the TtArsM arsenite

activity was using the SAM510 SAM methyltransferase assay kit (G-
Biosciences) with ificati garding the SAM concentration, and reaction time (33—~
35). The assay relies on the ion of S ine (SAH) into urate and hydrogen per-
oxide by a mixture of enzymes teine nucleosi adenine i and xanthine

oxidase). Then, the reaction of hydrogen peroxide with 4-aminoantipyrine produces 5-dichloro-2-
hydroxybenzene sulfonic acid (DHBS) with &, of 15.0 at 510 nm. A typical reaction mixture containing
200 M As(lll), 800 M SAM, 3.1 uM the enzyme, SAM enzyme mixture, and SAM colorimetric mix in a
final reaction volume of 115 ul was incubated for 1 h at 50°C in a Synergy HTX multimode microplate
reader (BioTek). The same reaction mixture was tested with 10 g of TtArsC or 10 ug of TtSmtB as nega-
tive controls. One unit of arsenite methyltransferase produces 1.0 umol of DHBS per minute at 50"C
under the conditions described above. Preliminary assays were perfc d to define sub

concentrations, varying the As(lll) and SAM concentrations from 50 uM to 300 M and from 200 uM to
1.2 mM, respectively.

In vitro arsenite methylation. As(lll) methylation by TtArsM was determined in an assay solution
containing 10 uM TtArsM, 250 «M As(lll), 6 mM glutathione (GSH), and 1 mM SAM, in Na-phosphate
50 mM, pH 7.4, at 65°C for 24 h; the same reaction without TtArsM was used as the negative control
(control sample). The reactions were terminated by the addition of 10% (vol/vol) H,0,. Samples were
then filtered through 0.22-um mixed cellulose ester (MCE) syringe filters and used for GC-MS analysis
performed in an Agilent GC 6890, coupled with a 5973 MS detector. A modification of the Huang protocol (36)
was employed for the detection of the methylated products, and me arsenic compounds were analyzed by using
hyphenated mass spectrometry techniques without derivat bi ion of arsenic com-
pounds was accomplished using authentic standards, including dlsodlum methyl arsonate hexahydrate (MMAs)
(ChemService) and dimethylarsinic acids (DMAs) (Merck Life Science Srl.).

In more detail, 200 ul of each sample was treated with 800 ul of methanol (Sigma-Aldrich). The
supernatants were recovered, vaci dried, and ilized in 10 | of methanol. We analyzed 1 ul of
each sample by GC-MS, using the HP5 capillary column (30 m x 0.25 mm, 0.25 um; Agilent). Helium was
employed as carrier gas at a rate of 1.0 ml min~". The temperature of the GC injector was maintained at
230°C; while the oven temperature was initially set at 40°C for 5 min, it was subsequently increased to
280°C for 5 min with an increment of 20°C/min, resulting in a total separation time of 20 min. The temperature of
the analyzer was kept at 250°C. The collision energy was set to 70 eV, and the generated fragment ions were ana-
lyzed in a mass range of 20 to 450 m/z. The presence of arsenic compounds in the analyzed samples was con-
firmed by comparing the fragmentation spectra of the samples and the coresponding retention times with
those of MMA and DMA standard solutions. Finally, the presence of MMAs and DMAs in the samples was con-
firmed by matching the experimental fragmentation spectra with those published in the NIST 05 mass spectral
library. According to the NIST guidelines, the identification was reliable when the matching values were higher
than 700 (37). The analyses of the samples were performed in technical triplicates.

Co-IP assay The protein-protein interaction between TtSmtB and TtArsM was in vitro verified via

assays that i TtSmtB, i His-tagged-TtArsM, anti-TtSmtB
antibodies (GeneCust), and His tag antibodies (Sigma-Aldrich). His tag removal from recombinant TtSmtB was
performed as previously described (22).

A typical co-IP mixture contained 1 ml of co-IP buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10%
glycerol, and 0.1% Triton X-100), 5 g of TtSmtB, and 5 ug of Histagged TtArsM and was incubated at 4°C for
2 h in continuous rotation. In some cases, arsenite, arsenate, cadmium, and antimony at 1:0, 1:25, 1:50, 1:100
molar ratios, respectively, preincubated with TtSmtB for 10 min at 60°C, were added. As controls, TtArsM (5 1.g),
TSm1tB (5 u2g), and TtGalA (40) were also separately incubated under the same conditions. All the samples
were subjected to immunoprecipitation using 2 ul of purified anti-TtSmtB antibodies (2 p2g/ul) (GeneCust)
for 3 h at 4°C in continuous rotation before adding 15 I of protein A-Sepharose beads (Sigma-Aldrich) and
allowing the incubation to continue for a further 16 h at 4°C. The formed immunocomplexes were washed
with co-IP buf(er and analyzed by Wes(em blo( on 15% SDS—PAGE using polyvinylidene difluoride (PVDF)

and anti-poly P ies (Sigma-Aldrich) diluted 1:10,000, as
previously described (61).

Image) software (https:/imagej.net/) was used for densitometric analysis of the formed bands, set-
ting as maximum value the intensity of the band of the sample containing TtArsM and TtSmtB in the ab-
sence of any metal. Each experiment was performed in three technical and two biological replicates; sta-
tistical analysis was performed using one-way analysis of variance (ANOVA), and significant differences
areindicated as *, P < 0.05; **, P < 0.01;and ***, P < 0.001.

EMSAs. Electrophoretic mobility shift assays (EMSAs) were performed to determine the in vitro binding of
TtSmtB to the promoter region upstream of TtarsM. The 108-bp chromosomal region that encompasses the start
codon of the TtarsM gene and the 105-bp-long region upstream, denoted as p,,.,, was PCR amplified with Tag
DNA polymerase (Thermo Fisher Scentific) using the p,.,, Fw and p,.,, Rv primers (Table S3). EMSA reactions
were set up as previously described (23, 62) in the presence of 1 ug of poly(dl-dC), 20 ng p,,.,, and increasing
concentrations of TtSmtB (1, 2, 3,5, and 10 M, considering TtSmtB as a dimer) using SYBR Gold nucleic acid gel
stain for band detection. The EMSA reactions that simultaneously employed TtSmtB and TtArsM were set up in
identical conditions using 3 ..M of each protein alone or in combination.

Arsenic tolerance of E. coli expressing TtArsM. The following strains were inoculated in 10 ml of
LB precultures, supplemented with kanamycin (50 p2g/ml) and chloramphenicol (33 pg/ml): (i) E. coli
BL21-CodonPlus (DE3)-RIL, pET30/TtarsM; (ii) E. coli BL21-CodonPlus (DE3)-RIL, pET30/TtarsM C775; (iii) E.
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coli BL21-CodonPlus (DE3)-RIL, pET30/TtarsM H40A; (iv) E. coli BL21-CodonPlus (DE3)-RIL, pET30/TtarsM
H179A; and (v) E. coli BL21-CodonPlus (DE3)-RIL, pET30 (control). The precultures were incubated at 37°C
for 16 h at 180 rpm. Subsequently, 50-ml LB cultures, supplemented with antibiotics, were inoculated
with the precultures to initial OD,,, of 0.08 and incubated at 37°C and 180 rpm until an OD,,, of 0.6 was
reached (exponential growth). At that point, protein expression was induced with 1 mM IPTG, and the
cultures were incubated at 37°C and 180 rpm for 3 additional hours. From these growing cells, fresh LB
cultures were inoculated to ODy, of 0.05 and distributed to 24-well plates (1 ml per well) containing LB
medium supplemented with 1 mM IPTG, kanamycin (50 pg/ml), chloramphenicol (33 pg/ml), and
increasing concentrations of arsenate and arsenite (from 2.5 mM to 7.0 mM). The MICs endpoint for
each strain were determined as the lowest concentration of arsenite at which there was the difference
between grown and start culture lower than 0.01 OD,, after 16 h of incubation at 37°C (22). All the cells
up to the MIC value were able to grow if reinoculated in an arsenic-free medium. The reported values
are the average of three biological replicates.

ThermoCas9 editing and targeting constructs. The plasmids used for the ThermoCas9-based tar-
geting and editing experiments are listed in Table S4. The vector pMK18 was used as the template for
the construction of the ThermoCas9-based targeting and editing plasmids and the employed primers,
the DNA templates, and the DNA fragments, which are listed in Table S4. The thermoCas9 gene was
codon harmonized according to T. thermophilus HB27 codon usage using the Galaxy/Codon Harmonizer
online tool (63), and it was synthesized (Twist Bioscience) (Table S5). The DNA fragments were designed
with appropri hangs for i HiFi DNA ly (NEB), and they were obtained through
PCR with Q5 polymerase (NEB). The PCR products were subjected to 1% agarose gel electrophoresis,
and they were purified using a Zymogen gel DNA recovery kit (Zymo Research). The assembly reactions
were to chemically ¢ E. coli DH5a cells (NEB), and the cells were plated on LB agar
plates supplemented with kanamycin (50 ng/ml). Single colonies were inoculated in LB medium supple-
mented with kanamycin (50 pg/ml) for overnight incubation at 37°C. Plasmid material was isolated
using the Genelet plasmid miniprep kit (Thermo Fisher Scientific) and sequence verified (GATC Biotech),
and 300 ng of each plasmid (pMK-ThermoCas9-NT/sp1/sp2 and pMK-ThermoCas9-HR-NT/sp1/sp2) was

sf d to either T. thy hilus HB27 cells (22), as indicated per experimental process.

The obtained plasmid, pMK-ThermoCas9-NT, was used as the backbone to construct a new plasmid
to obtain the deletion of the TtarsX gene (Table $4) and the insertion of the gene coding sYFP (27). The
obtained plasmid (pMK-ThermoCas9-HR-syfp) was used to transform T. thermophilus HB27 ATtarsM cells
as already described to obtain the strain denoted ATtarsM-ATtarsX (syfp).

Arsenic tolerance of T. thermophilus HB27 wild-type and mutant strains. Exponentially growing
precultures of T. thermophilus HB27 (control), T. thermophilus HB27 ATtarsM, and T. thermophilus HB27
ATtarsM-ATtarsX (syfp) were diluted to an OD,,, of 0.08 in 10-ml TM cultures containing increasing con-
centrations of arsenite and arsenate (from 0.1 mM to 50 mM). The cultures were incubated aerobically at
70°C for 18 h, and the MIC values were ined as the lowest conc ions of arsenite and arsenate
that completely inhibited the growth of a strain (22). The reported values are the average of three bio-
logical replicates.

iorep activity Overmnight cultures of T. thermophilus HB27 ATtarsM-ATtarsX
(syfp) strain were diluted to an OD,, of 0.08 in TM medium and then grown aerobically at 70°C until an
0D, of 0.5 was reached. The cultures were divided into samples of 5 ml each and subsequently supple-
mented with increasing concentrations of arsenite and arsenate (0.5 «M to 4 uM). After 1 h of incuba-
tion at 70°C, 200 ! of each cell sample were removed and centrifuged for 5 min at 6,000 rpm. The pel-
lets were washed twice with equal volumes of phosphate-buffered saline (PBS) 1x and resuspended
with equal volumes of PBS 1x before being distributed into a 96-well plate. sYFP fluorescence intensity
of each sample was measured employing a Synergy HTX multimode microplate reader (BioTek), using
excitation and emission wavelengths of 458 nm and 540 nm, respectively. The measured fluorescence
intensities were normalized for the optical density of each sample at 600 nm. The measured fluores-
cence was reported as fluorescence relative expression, assuming that the fluorescence value of not-
treated cells (control) was 1.

Each experiment was performed in three technical and biological replicates. Statistical analysis was
performed using one-way ANOVA; significant differences are indicated as *, P < 0.05; **, P < 0.01; and
*** P <0001,
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CHAPTER 4

Chapter 4 — Extremophiles as source of enzymatic systems for
lignocellulose valorization

This chapter reports the genomic analysis of two bacteria recently
isolated from Pisciarelli, a volcanic hot spring located in the Area of
Campi Flegrei (Pozzuoli, Italy), already characterised in terms of
metals and antibiotics resistance. These analyses revealed the
presence in both microbes of genes potentially encoding enzymes
critical for the degradation of various components of lignocellulosic
biomass. Therefore, this chapter is divided into two sections:

e Paper 2-I: this study investigates the potential of
Alicyclobacillus mali FL18 in biomass valorization. Genomic
analysis revealed a significant presence of genes coding for
carbohydrate-active enzyme, with GHs playing an important role.
Exploring the GH9 family, the focus was on AmCel9, a protein that
was purified from recombinant E. coli cells and showed impressive
functional properties. AmCel9 exhibited broad pH tolerance,
remarkable stability, and high activity under various conditions. Its
efficient hydrolysis of cellulose-related substrates, including
insoluble ones, positioned AmCel9 as a promising biocatalyst for
industrial applications.

e Manuscript 2-l1l (in preparation): this work focuses on the
genomic annotation and evaluation of the potential of Geobacillus
stearothermophilus GF16 in biomass valorization. The genome of
this novel strain was analysed, highlighting 69 potential
carbohydrate-active enzymes, in particular glycosyl transferases
and glycoside hydrolases involved in xylan degradation. Indeed, the
secretome of G. stearothermophilus GF16 grown on xylan as
carbon source, was shown to be highly efficient in hydrolyzing
synthetic and natural substrates, and various carbohydrate-rich
biomasses, competing with the commercial enzyme Viscozyme® L.
This ability to saccharify agri-food residues was also evaluated by
HPAEC-PAD analyses, positioning G. stearothermophilus GF16 as
a promising candidate for sustainable industrial applications in
biomass hydrolysis with simultaneous production of xylose as
valuable major product.
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Abstract: In the bio-based era, cellulolytic and hemicellulolytic enzymes are biocatalysts used in
many industrial processes, playing a key role in the conversion of recalcitrant lignocellulosic waste
biomasses. In this context, many thermophilic microorganisms are considered as convenient sources
of carbohydrate-active enzymes (CAZymes). In this work, a functional genomic annotation of
Alicyclobacillus mali FL18, a recently discovered thermo-acidophilic microorganism, showed a wide
reservoir of putative CAZymes. Among them, a novel enzyme belonging to the family 9 of glycosyl
hydrolases (GHs), named AmCel9, was identified; in-depth in silico analyses highlighted that AmCel9
shares general features with other GH9 members. The synthetic gene was expressed in Escherichia
coli and the recombinant protein was purified and characterized. The monomeric enzyme has an
optimal catalytic activity at pH 6.0 and has comparable activity at temperatures ranging from 40 °C
to 70 “C. It also has a broad substrate specificity, a typical behavior of multifunctional cellulases;
the best activity is displayed on 3-1,4 linked glucans. Very interestingly, AmCel9 also hydrolyses
filter paper and microcrystalline cellulose. This work gives new insights into the properties of a new
thermophilic multifunctional GH9 enzyme, that looks a promising biocatalyst for the deconstruction
of lignocellulose.

Keywords: lignocellulose waste; renewable sources; cellulose; Alicyclobacillus; thermozymes;
CAZymes; multifunctional glycosyl hydrolases

1. Introduction

The realization of an eco-sustainable economy is one of the most urgent current
issues of the last few decades, which directs global efforts to reduce CO, emissions and
use renewable sources to produce biofuels and bio-products to supplant fossil fuels and
petroleum-based products. In this context, lignocellulosic waste is a promising renewable
resource owing to its abundance and affordability, and it can be used as a raw material to
recover high-value-added products from degradation of its complex structure [1].

The composition of lignocellulose waste is extremely heterogeneous and depends on
the waste source (i.e., forestry, agricultural, municipal, industrial) as well as conditions
of the plant species such as age, stage of growth and others. The main components
of plant biomass are cellulose, hemicellulose and lignin, but mineral residues, proteins,
pectins and nitrogenous compounds are also present [2]. Native cellulose is the most
abundant homopolymer present in the secondary cell wall of plants; the fundamental
repeated unit of the cellulose linear chain is cellobiose, a disaccharide of two D-glucose
units 180° rotated to each other and linked through $-1,4-glycosidic bonds. Cellulose chains
interact via hydrogen bonds and van der Waals forces and are arranged in microfibrillar
superstructures where highly ordered regions (i.e., crystalline) alternate to disordered ones
(i.e., amorphous) [3]. As a result of such a structure, cellulose has areas characterized by
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high fiber strength and low accessibility, making its total decomposition another crucial
step in the deconstruction of recalcitrant lignocellulose. The use of biocatalysts for cellulose
degradation in biorefineries or other industrial applications has many advantages over
chemical hydrolysis, but the costs related to enzyme production constitute one of the main
drawbacks; for this reason, the identification of highly active and multifunctional catalysts,
that can work skillfully in harsh conditions, is a goal to reduce costs [4,5].

The complete degradation of cellulose requires the synergistic action of several en-
zymes that display activities on different regions of cellulose fibers. They are all named
cellulases and are grouped in endoglucanases, exoglucanases and 3-glucosidases. En-
doglucanases act on internal -1,4-glycosidic bonds; exoglucanases or cellobiohydrolases
hydrolyze the reducing or non-reducing ends of cellulose chains releasing cellobiose which
is further cleaved into two glucose units by -glucosidases. Moreover, lytic polysaccharide
monooxygenases catalyze the oxidative cleavage of a glycosidic bond in the presence of
hydrogen peroxide or dioxygen [6].

In particular, endoglucanases are glycosyl hydrolases (GHs) with representatives in
archaea, bacteria, fungi and eukaryotic organisms and belong to 13 different families of
GHs, although the majority are included in families 5, 6, 7, 9, 12 and 45 [7,8].

In the last few decades, thermophilic bacteria have received noticeable attention as
reservoirs of thermotolerant, acid and alkali-stable GH enzymes suitable for application in
harsh industrial conditions [9-13]. For example, the Alicyclobacillus genus embraces strictly
aerobic, endospore-forming, thermo-acidophilic gram-positive bacilli, usually thriving in
the soil, spoiled fruit-based beverages and hot springs; they possess w-alicyclic fatty acids
as the major component of membrane lipids [14]. Recent studies reported that species such
as A. acidocaldarius, Alicyclobacillus sp. A4, A. vulcanalis, A. cellulosilyticus, etc., are intriguing
sources of thermoacidophilic cellulases [15,16]. In this regard, a new strain of A. mali, FL18,
was recently isolated from a hot mud pool at Pisciarelli, a solfataric field located in the
volcanic area of Campi Flegrei near Naples in Italy [17].

In this work, we analyzed the lignocellulose degrading potential of A. mali FL18
by performing genomic functional annotation to identify the putative catalysts involved
in biomass deconstruction. Among the identified coding DNA sequences (CDSs) that
were found to be distributed across different CAZymes, we chose to perform more in-
depth studies on a GH9 member, AmCel9. The gene was synthetically produced and
overexpressed in Escherichia coli. The recombinant enzyme was purified and biochemically
characterized, revealing activity on a broad range of substrates, pH values and temperatures
as well as long-lasting stability at different conditions.

2. Results and Discussion
2.1. Analysis of CAZymes in A. mali FL18

Extremozymes represent the cornerstone for the development of green, efficient and
sustainable technologies [18-23]. These biocatalysts, naturally produced by extremophiles
and able to work under harsh conditions, are ideal for various industrial processes [2,24-28].
One of the notable applications of these enzymes is their use in the deconstruction of
recalcitrant lignocellulosic biomasses [29,30]. Due to the intrinsic features of these enzymes,
their industrial market has constantly increased over the years [31]; in the present work,
we gain an insight into the CAZymes repertoire of the recently isolated A. mali FL18.
The prediction obtained through dbCAN 2 metaserver unveiled the presence of 73 CDSs
belonging to CAZymes (Table S1) and they correspond to about 2.5% of protein coding
genes that are 2832 in the NCBI annotation [32]; this percentage is within the range of the
CAZymes encoding genes estimated in the majority of microbial genomes, considering that
the CAZomes of microorganisms typically correspond to 1-5% of the predicted CDS [33].
The analysis also showed that the most abundant family predicted in this genome is GH
with 32 enzymes, followed by 28 glycosyltransferases (GTs), 11 carbohydrate esterases (CEs)
and 2 auxiliary activities (AAs). All the putative genes encoding CAZymes are reported in
Table 1 and sketched in Figure 1.
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Table 1. A. mali FL18 predicted proteins containing CAZymes modules acting on lignocellulose
components identified through dbCAN. Protein accession numbers, potential EC number(s), NCBI
annotation and the CAZy family are shown.

Accession Number E.C. Number NCBI Annotation CAZy Family
Cellulose
. 321.21132.1.- .
MBF8378818.1 132138132123 132.1.74 B-glucosidase GHI1
MBF8377998.1 32.1413.21.6132.1.151 glycoside hydrolase family 9 protein GH9
MBF8377873.1 321413218 «-L-arabinofuranosidase GH51
MBF8378553.1 24.1.333124.1-1- carbohydrate-binding protein GHY94 + GT84
Hemicellulose
MBF8378422.1 32137132155132.121 giycoside hydrolase famitly:3 C terminal GH3
domain-containing protein
MBF8376310.1 32122 a-glucosidase/ a-galactosidase GH4
MBF8379065.1 3218 endo-1,4-B-xylanase GH10
MBF8377308.1 3.21.2013.2.1.10 «-glucosidase GH31
MBF8377285.1 3.21.177 a-xylosidase GH31
MBF8378558.1 32122 «-galactosidase GH36
MBF8377281.1 32123 B-galactosidase GH42
MBF8377873.1 32.1.4132.18 «-L-arabinofuranosidase GH51
MBF8377278.1 32155 «-N-arabinofuranosidase GH51
MBF8377854.1 32.1.13913.2.1.131 a-glucuronidase GH67
MBF8378555.1 3.21.78132.1.25 1,4-B-xylanase GH113
MBF8376699.1 3.21.185 glycoside hydrolase family 127 protein GH127
MBF8377082.1 2.4.1.339 glycoside hydrolase family 130 protein GH130
MBE8376362.1 R polysaccharide dcacct-ylasc family sporulation CE4
protein PdaB
MBF8376532.1 = polysaccharide deacetylase family protein CE4
MBF8377192.1 - polysaccharide deacetylase family protein CE4
MBF8377262.1 - polysaccharide deacetylase family protein CE4
MBF8377649.1 = polysaccharide deacetylase family protein CE4
MBF8378334.1 - polysaccharide deacetylase family protein CE4
MBF8377707.1 2 N-acetylglucosamine-6-phosphate deacetylase CE9
MBF8376962.1 - PIG-L family deacetylase CE14
MBF8377409.1 35.1- PIG-L family deacetylase CE14
MBF8377724.1 - bacillithiol biosynthesis deacetylase BshB2 CE14
Pectin
MBF8377980.1 - glycoside hydrolase family 28 protein GH28
MBF8377281.1 32123 B-galactosidase GH42
MBF8377278.1 32155 a-N-arabinofuranosidase GH51
MBF8376699.1 3.2.1.185 glycoside hydrolase family 127 protein GH127
Lignin

MBF8377978.1 1.10.3.2 multicopper oxidase domain-containing protein AA1
MBF8377540.1 = NAD(P)H:quinone oxidoreductase type IV AA6

Mining of Enzymes for Cellulose Degradation

The in-depth functional analysis of A. mali FL18 genome was performed to identify
new cellulose-degrading enzymes for biotechnological purposes (Table 1 and Figure 1).
Four members of GHs (GH1, GH9, GH51, GH94) were found; among these, GH1 and
GH94 are expected to hydrolyze short oligosaccharides, while GH9 and GH51 are putative
endoglucanases. In detail, GH1 (MBF8378818.1) encodes a 3-glucosidase [34] and GH94
a putative 3-D-glycoside phosphorylases (MBF8378553.1), potentially acting on B-linked
substrates such as cellobiose, cellodextrin, laminaribiose, N,N’-diacetylchitobiose and cel-
lobionic acid. This latter enzyme could provide an alternative to cellobiose degradation
through the intracellular phosphorolysis [35]. A. mali FL-18 genome also encodes two
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putative arabinofuranosidases (MBF8377873.1 and MBF8377278.1) belonging to the family
GH51. In particular, the gene MBF8377873.1, recognized by the dbCAN tool as either
putative E.C. 3.2.1.4 (cellulase) or 3.2.1.8 (xylanase), could have a dual role in both cellulose
and xylan deconstruction. Indeed, the close relative A. acidocaldarius possesses two endoglu-
canases, CelA (GH9) and CelB (GH51) [36,37], the latter found to be active on both CMC
and xylan. Moreover, a recent study has shown that a rumen bacterial strain, Fibrobacter
succinogenes S85, actively expresses a GH51 endoglucanase 2 (Eg2, CelF, and EgF) and a
GHOY endoglucanase 1 (Cel2 and End1) in the presence of cellulosic material [38].

Secondary cell wall

Figure 1. Overview of A. mmali FL18 GHs on different lignocellulose components. All the GHs revealed
by functional annotation are indicated as acting on their preferential lignocellulose substrate.

Interestingly, one putative endoglucanase member of the GH9 family, MBF8377998.1,
was also found. The GH9 family comprises some of the most processive and multicat-
alytic 3-1,4 endoglucanases, mixed-linkage endoglucanases, cellobiohydrolases and endo-
xyloglucanases, primarily from bacteria [39]; they all function by hydrolyzing the glyco-
sidic bond with an inverting mechanism (http://www.cazy.org/GH9.html, accessed on
10 November 2022). GH9 members generally possess a catalytic GH domain (with an
o/« 6 barrel-fold containing the active site cleft) and at least one accessory module, such
as carbohydrate-binding modules (CBM, that allow binding to insoluble polysaccharides
and seem to be related to enzymatic processivity) or Ig-like domains [40,41]. Despite the
conservation of aminoacidic sequence, it has not been possible to define a classification
of modular structures for this family [39,40]. In fact, a recent analysis of GH9 sequences
derived from bacterial metagenomes showed the presence of 19 different modules. Interest-
ingly, only 9% of GH9 members shared five modules, revealing that this family has a more
heterogeneous architecture of domains. Tt has been proposed that such a heterogeneous
structure might reflect their ability to work as multifunctional enzymes that can either
accommodate various polysaccharides in their active site cleft or exhibit improved activity
on the native substrate through increased processivity [4]. The discovery of multifunctional
cellulases with different hydrolytic capabilities has an important outcome in the biotechno-
logical application, for the improvement of the enzyme-assisted steps in the lignocellulose
biorefinery process. For these reasons, the GH9 protein MBF8377998.1 of 537 aa identified
was chosen for in-depth studies; it was named AmCel9.

2.2. Sequence Analysis of AmCel9
Using the AmCel9 amino acid sequence as query, BLASTp was used to find sequences
with a percentage of identity ranging from 20% to 90%. A multiple alignment was then
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obtained with prokaryotic enzymes already characterized, i.e., those from A. acidocal-
darius (89.3%; CelA; Accession No. WP_012811722.1), Alicyclobacillus sp. A4 (48.4%;
Alg9; Accession No. ADH59533.1), Butyrivibrio fibrisolvens (34.3%; CED1; Accession
No. WP_026661505.1), Paenibacillus curdlanolyticus (22.5%; PcMulGH9; Accession No.
WP_127568011.1), Thermononospora fusca (24.4%; E4; Accession No. WP_011292599.1) and
Clostridium thermocellum (23.7%; Cel9T; Accession No ABN54011.1) (Figure 2).
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Figure 2. Multiple sequence alignment of AmCel9 aminoacidic sequence (from aa 103 to 521)
with other GH9 family members realized with CLC Main Workbench 22.0.2. Red and black boxes
highlight conserved catalytic residues; the yellow and green boxes indicate the regions involved in
the interaction with Ig-like domain and substrate; the black and red asterisks mark the aa that interact
with zinc and calcium ions, respectively. The highly conserved amino acid residues are indicated
by arrows.

In the multiple alignment, the red box shows a consensus motif Y/HDAGD typical
of GH9 members encompassing the two catalytic aspartic residues (143-146 in AmCel9).
Additionally, catalytic glutamate E515 in AmCel9, with a key role as proton donor, is
included within a highly conserved motif Y-NEVA-Y/DW/Y (highlighted in the black
box, region from aa 511 to 520). The conserved residues Y511, W520 and Y300, as in Cel9A,
could be essential to guarantee the right orientation of glutamate to correctly bind the
substrate [37]. In the AmCel9 sequence, the residues that in Cel9A are also involved in zinc
and calcium binding are conserved; in fact, these ions form coordination bonds with the
residues in the catalytic domain labeled with red and black asterisks (Figure 2), contributing
to improved thermostability or enzyme substrate affinity [42]. AmCel9 contains a N-
terminal Ig-like domain of 85 aa followed by a C-terminus catalytic domain and lacks
CBM modules, that are present at the C-terminus of the GH9s of P. curdlanolyticus and
T. fusca [37,43].

To date, the function of the Ig-like domain is not completely clear, but previous
studies highlighted its importance in promoting the right folding of the catalytic center
or the substrate binding site [44], as for example in CelA of A. acidocaldarius where it
contributes to enzyme stability during cellulose binding at high temperatures [42]. A recent
phylogenetic study has been performed to try to better clarify the role of this module;
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since the Ig-like domain is found only in some members of bacterial GHYs, it has been
proposed that a common ancestor probably existed, which was lost early during evolution.
On the other hand, the presence or absence of other accessory domains (CBM2, CBM3,
CBM4/9, dockerin) seems to be independent on the phylogenetic clustering and only the
upstream Ig-like module has probably co-evolved with the catalytic domain in the enzymes
that maintained it [40]. The alignment shown in Figure 2 supports this hypothesis; in
fact, the first four proteins bringing the Ig-like domain at the N-terminus also display the
highest similarity in the aminoacidic sequence of the catalytic regions. Moreover, in the
characterized Cel9A of A. acidocaldarius a dynamic interaction has been evidenced between
residues of the Ig-like module and the regions of the catalytic domain corresponding to
the “green box” PL—PEDD, and “yellow box”, HHRPSVX—and amino acids Y437 and
N442 (Figure 2) [42]. It is noteworthy that all the proteins in the alignment contain the
yellow box, whereas only the proteins with a N-terminus Ig-like domain (the first four)
share the “green box”; for this reason, we also hypothesize that AmCel9 the “green box”
of the catalytic domain could interact with the Ig-like domain whereas the “yellow box”,
could be somewhat implied in substrate binding [37].

Multiple alignment was also used to construct an evolutionary tree to depict the
phylogenetic relationship among the proteins investigated (Figure 3).

0.168 I e pio7a fusia ‘
s =||Clash'idium thermocellum ’
=4 0.201 s lButyﬂ'vibrio fibrisolvens |
— o097 | o [Alicyclobacullis acidocaldarius |

0297

e8| Alicyclobacillus mali FL-18 |

‘—————a| Paenibacillus curdlanolyticus
0.201

Figure 3. Phylogenetic tree by CLC Main Workbench 22.0.2. The numbers on the nodes correspond
to the percentage of bootstrap values for 200 replicates.

The topology of the tree classifies the sequences according to their differences, reflect-
ing their evolutionary distances; in fact, considering the sequence of A. mali FL18 as input,
the one of T. fusca is the farthest from an evolutionary point of view. As expected, the
closest is that of A. acidocaldarius which shares the highest number of identical aa.

To investigate the structural features of AmCel9, a 3D model of the enzyme was
obtained using ColabFold and the obtained structure (Figure 4A) was compared to the
crystal structure of Cel9A of A. acidocaldarius (Figure 4B) [45].

The two structures resulted in being very similar to each other, both characterized by
the Ig-like domain at the N-terminus and the catalytic domain with an (/) barrel motif
at C-terminus. In AmCel9, the Ig-like domain and catalytic domain are linked by a longer
loop region near the substrate binding cleft in the three-dimensional structure, probably
connected with the endo-activity efficiency [40]. Indeed, Figure 4 shows that the A. mali
structure lacks two -sheets connected to the catalytic region that are replaced by a longer
loop region; accordingly, E515 is also placed in this region and not in a a-helix [40].
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Figure 4. Structural comparison between the predicted 3D structure of AmCel9 (A) and the crystal
structure of Cel9A of A. acidocaldarius (B) [45]. For both, the N-terminus Ig-like domain (yellow) is
made up of seven -sheets; the catalytic triad (light blue) is placed in the cleft of the catalytic (x/x)q
barrel domain (purple).

2.3. Recombinant AmCel9: Expression, Purification, and Molecular Weight Analyses

The recombinant N-terminal His-tagged enzyme AmCel9 was expressed in E. coli
BL21-CodonPlus(DE3) cells transformed with the plasmid pET28b(+)/AmCel9. The over-
expression was induced in the recombinant cells with 1 mM of isopropyl-1-thio-f-d-
galactopyranoside (IPTG), at 37 °C for 16 h, conditions of concentration, temperature
and time that resulted in being optimal for the high-level expression of the recombinant
protein. Enzyme purification to homogeneity was achieved by a two-step purification pro-
cedure (i.e., thermal precipitation at 60 °C and affinity chromatography through a His-trap
column), and purified protein was visualized on a SDS-PAGE gel as a band migrating at
the expected molecular weight of ~59 kDa (Figure S1 (Supplementary Materials)). The final
protein yield was 16 mg/L.

To investigate the quaternary structure of AmCel9, gel-filtration chromatography
coupled with a triple-angle light scattering QELS was performed. The results showed that
the enzyme in solution has a molecular weight of 58.81 kDa =+ 1% (Rh = 7.2 nm = 3%)
indicating that AmCel9 is a monomer resembling the enzyme CelA of the close relative A.
acidocaldarius (Figure S1) [45].

2.4. pH and Temperature Profile and Stability Properties of AmCel9

To assess the enzymatic activity at different pH values and temperatures, AmCel9
activity was assayed using CMC as the substrate. Although the pH optimum for A. mali
FL18 growth is pH 4, the purified AmCel9 showed its pH optimum at pH 6.0 and displayed
more than 50% activity within the pH range from 5.0 to 7.0 (Figure 5A).

The tolerance within this range of pH is a feature already observed in other char-
acterized processive GH9s and the instability at low pH values could be related to the
localization of AmCel9 in the pH-neutral cytoplasm, as also suggested by the lack of a
signal sequence for secretion [46,47]. AmCel9 also displayed a significant long-lasting
stability at different pH values; indeed, at pH values from 5.0 to 8.0 (Figure 5B) no loss of
activity was observed after 4 h of incubation at 4 °C, whereas a residual activity up to 60%
was preserved at pH 4.0. Interestingly, after 16 h of incubation at 4 °C, even though the
activity drastically decreased at pH 4.0, it was still about 70% at pH values from 5.0 to 8.0.
This stability is a peculiar feature since other GH9 members, i.e., Agl9A of Alicyclobacillus
sp. Ad or CenC of C. thermocellum, lost their activity after a few minutes of preincubation at
different pH values [48,49].
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Figure 5. Effect of pH on activity (A) and stability (B) of AmCel9. (A) Black dots indicate the
percentage of activity in citrate buffer (pH from 3.5 to 5.5); red squares in Na-P buffer (pH from
6 t0 7.5) and green triangles in glycine-NaOH buffer (pH from 8 to 10). (B) Relative activities at the
optimal pH 6 without incubation (control, black), and after 4 and 16 h of incubation at different pH
values (red and green, respectively).
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Itis of note that the temperature activity profile (Figure 6A) revealed that at pH 6.0
AmCel9 has almost 100% activity at temperatures ranging from 40 °C to 70 °C, and retains
more than 50% of activity at 75 °C, a feature also found in Agl9A of Alicyclobacillus sp. A4
and in two GH9s of C. thermocellum (Cel9T and Cel9D) [46].

A B
-~ 50°C
120 120
- o, - 60°C
® 10 5100- - 65°C
g " Zaw - 70°C
% B oo
S @ 2 204
2 0 4 s 6 1 8 90 4 8 12 16
Temperature (°C) Hours

Figure 6. AmCel9 catalytic activity at different temperatures (A) and thermo-resistance in the range
0f 50 °C to 70 °C (B).

Regarding the thermo-resistance, the enzyme retained more than 60% and 40% of
activity after being incubated at 50 °C and 60 “C for 16 h, respectively, therefore showing
good stability (Figure 6B). The comparison of this behavior with the data from the literature
is noticeable; for example, the endoglucanases CelA of A. acidocaldarius and CenC of
B. licheniformis despite having their temperature optimum at 70 °C, lost more than 40%
of their activity after 2 h of incubation at 60 “C. Moreover, BICel9 of B. licheniformis also
showed long-lasting thermostability at 50 °C, retaining more than 80% of its activity after
24 h; however, at 60 °C, its enzymatic activity dropped significantly to about 40% after
only 3 h, whereas AmCel9 was still over 60% active after 10 h [50]. These data suggest that
AmCel9 may be considered as an appealing potential biocatalyst in several bioprocesses
such as pretreatment of lignocellulosic wastes, requiring high temperatures that are known
to favor degradation and substrate solubility; other industrial processes in which pH values
and temperature vary, as for example in brewing industry where the use of -glucanases
and B-xylanases (at pH 5.0-6.0 and at 45-65 °C) resulted in an efficient decrease in the
viscosity and filtration time [30,51].

75



Paper 2-I CHAPTER 4

Int. |. Mol. Sci. 2023, 24,243 90f15

2.5. Substrate Specificity and Catalytic Properties

GHY enzymes generally exhibit heterogeneous hydrolytic capabilities on cellulose;
most of them are mainly endoglucanases such as the endo -1,4-glucanase Cel9A of A. aci-
docaldarius or the endo-3-1,3(4)-glucanase of Alicyclobacillus sp. A4 [37,48], but others show
exoglucanase activity such as the cellobiohydrolases CbhA and CelK isolated from C. ther-
mocellum [52,53]. This family of GHs also includes enzymes that possess multiple catalytic
activities, for example, the E4 of T. fusca with endo and exo-activities; or bifunctional Cel9X
of C. cellulolyticum with cellulase/xylanase activities; or the cellulase/mannanase/xylanase
activities of P. curdlanolyticus B-6 that hydrolyze different polysaccharides [43,54,55].

To assess whether AmCel9 also had a heterogeneous activity towards various sub-
strates, different soluble polysaccharides were tested; the high viscosity of the soluble
substrate precluded their preparation at concentrations higher than those utilized (see
Section 3). Under these conditions, the best activity displayed by the enzyme was on $-1,4-
linked glucans i.e., CMC (512.7 = 2.0 U/mg) and lichenan (1115 = 0.01 U/mg); therefore,
these substrates were used to evaluate the kinetic parameters of AmCel9. Complete sub-
strate saturation could not be obtained because of the high viscosity of the substrates; hence,
the Ky and Vmax values (Table 2) were estimated fitting the data to Michaelis-Menten
curve by GraphPad Prism and calculating them from the extrapolated graph (Figure S2).

Table 2. Kinetic parameters of AmCel9 on two substrates. Activity was measured under optimal
conditions (pH 6 and temperature of 50 °C) for 1 min.

Substrate Km (mg mL—1) Keat 571) keat/Kv (mL mg=1s-1)
CMC 109 8472 77.7
Lichenan 75 1626.5 216.9

The AmCel9 kinetic parameters indicate a very efficient enzyme on both substrates
(Table 2); in fact, results show a high affinity of AmCel9 for CMC and lichenan with
a Michaelis constant (Kyj) comparable with those determined for other GH9s [8]. The
turnover number (kcat) calculated for lichenan was about two-fold higher than that on
CMC. Therefore, the keat/ Ky of AmCel9 on this soluble substrate is about three times
lower than that on lichenan; the lower enzyme activity could be due to the presence of
methyl groups on CMC side chains. Overall, since most other GH9 members have not been
characterized to date, the determination of the kinetic parameters of AmCel9 gives new
insight into the biochemical features of GH9 family [8].

Unfortunately, an all-embracing comparison of activity values within characterized
GH9 members is not feasible because of their heterogeneity as each protein has different
specific activity and substrate specificity on several polysaccharides [44]. However, we
observed that specific activity of AmCel9 is much higher than that reported for A. acido-
caldarius (73 U/mg and 109 U/mg on CMC and lichenan, respectively) [37]. In addition,
the endoglucanase of C. thermocellum (30 U/mg on CMC) [49], GH9b and GH9d enzymes
(3.94 U/mg and 1.46 U/mg on CMC, respectively) [40], Alg9 of Alicyclobacillus sp. A4
(33.2 U/mg on lichenan) [48] and PcMulGH9 (0.652 U/mg on CMC) have much lower
specific activities than AmCel9 [43]. Interestingly, AmCel9 exhibited high activity towards
KGM (1330 +0.012 U/mg), an unusual characteristic for the GH9 members which hy-
drolyze different types of mannans but with lower specific activity [40,43], and it also
showed low hydrolytic activity towards larch arabinogalactan (2.3 = 0.2 U/mg) and wheat
arabinoxylan (1.7 & 0.6 U/mg). On the other hand, under the same experimental condi-
tions, no activity was detectable on locust-bean gum mannan, guar galactomannan, carob
galactomannan, birchwood xylan, beechwood xylan, laminarin, salicin or cellobiose. Over-
all, the results suggest that AmCel9 is mainly able to hydrolyze 3-1,4-glycosidic bonds, and
it does not possess significant 3-glucosidase activity. Moreover, since AmCel9 possesses
B-1,4-endoglucanase activity with three polysaccharide types it can be considered to be a
multifunctional cellulase according to a recent definition proposed by Glasgow et al. [4].
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Family GHY also embraces catalysts that are able to degrade insoluble cellulose; to
date, the presence of CBM modules is known to be correlated to the enzyme processivity
on microcrystalline cellulose [4,40]; for example, PeMulGH9 of P. curdlanolyticus and BICel9
of B. licheniformis, both harboring CBM modules, have specific activities towards Avicel
of 28.57 U/g and 40 U/g, respectively [43,50]. On the other hand, enzymes that share
the same modular structure of AmCel9 (Ig-like and GH domains) have much lower or
a lack of activity on microcrystalline cellulose as in the case of CelA of A. acidocaldarius,
Agl9A of Alicyclobacillus sp. A4 or BP_Cel9 [37,44,48]. Very interestingly, the hydrolytic
activity of AmCel9 evaluated on circle paper units of 0.5 mm x 0.5 mm (Whatman® filter
paper) and microcrystalline cellulose (Avicel PH101), showed a good enzyme capability
to release glucose with values of specific activity of 68.7 & 0.02 and 62.98 = 0.05 U/g,
respectively, comparable to those reported for PcMulGH9 or BICel9 [43,50]. It can be
hypothesized that the high activity observed towards heterogeneous solid Avicel could be
due to endoglucanase activity on the amorphous cellulose areas of the substrate [56].

The unexpected activity towards insoluble cellulose along with the broad substrate
specificity and high catalytic efficiency make AmCel9 a promising multifunctional catalyst,
that might more efficiently break down lignocellulosic material without requiring non-eco-
friendly pre-treatments.

3. Materials and Methods
3.1. Functional Annotation of A. mali FL18 CAZymes

The genome of A. mali FL.18 was previously annotated by the Rapid Annotation Subsys-
tem Technology (RAST) and deposited in NCBI (JADPKZ000000000) and IMG-IM (https:/ /
img jgi.doe.gov/cgi-bin/mer/main.cgi?section=TaxonDetail&page=taxonDetail&taxon_oid=
2931470914 accessed on 10 November 2022). CAZyme searches were performed using db-
CAN metaserver (https://bcb.unl.edu/dbCAN2/ accessed on 10 November 2022) with
integrated: (i) HMMER database; (ii) DIAMOND for fast blast hits in the CAZy database and
(iii) HMMER for dbC AN-sub [32].

3.2. Reagents and Substrates

Carboxymethyl cellulose sodium salt (CMC), Avicel (PH-101), glucose, cellobiose,
salicin, locust bean gum mannan and laminarin were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Konjac glucomannan (KGM), birchwood xylan, beechwood xylan,
lichenan, guar galactomannan, carob galactomannan, larch arabinogalactan and wheat
arabinoxylan were purchased from Megazyme (Bray, Co. Wicklow, Ireland). Whatman®
filter paper (75 mm x 100 mm) was cut into circle paper units of 0.5 mm x 0.5 mm.
Kanamycin and chloramphenicol were purchased from PanReac AppliChem (Ottoweg,
Darmstadt, Germany).

3.3. AmCel9 In Silico Analyses

The aminoacidic sequence of the putative GH9 of A. mali FL18, with the Accession No.
MBF8377998.1, was compared to sequences of GH9s already characterized available in the
GeneBank database by utilizing BLASTp server (https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi
accessed on 14 September 2022).

To identify homologous proteins and conserved domains in AmCel9, a multiple
alignment and a phylogenetic tree were performed with CLC Main Workbench 22.0.2
software (QIAGEN, Hilden, Germany) by using the amino acid sequences of: Cel9A from
A. acidocaldarius; Alg9 from Alicyclobacillus sp. A4; CED1 from B. fibrisolvens; PcMulGH9
from P. curdlanolyticus; E4 from T. fusca and of Cel9T from C. thermocellum [37,43,46,48,54].
A 3D model of AmCel9 was generated using the Colab server (https://colab.research.
google.com/github/sokrypton/ColabFold /blob/main/AlphaFold2.ipynb accessed on
14 September 2022); this server predicts protein structures from their sequences using a
simplified version of AlphaFold v2.0 [57].
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3.4. Expression and Purification of Recombinant AmCel9

The plasmid pET28b(+)/AmCel9, which contains the gene encoding AmCel9 with a
six-His tag at its N-terminus, was purchased from GenScript Biotech (Piscataway, NJ, USA)
and used to transform E. coli BL21-CodonPlus(DE3) cells (Stratagene, San Diego, CA, USA).
These cells were cultured in LB medium supplemented with kanamycin (50 pg/mL) and
chloramphenicol (33 ug/mL). Protein expression was induced for 16 h by adding 1 mM of
IPTG (PanReac AppliChem, Ottoweg, Darmstadt, Germany) when the cultures reached
0.7 ODg/mL. Cells were harvested by centrifugation at 6750 x ¢ and resuspended in
20 mL of buffer A (50 mM Tris-HCI pH 8, 300 mM NaCl, 20 mM imidazole, DTT 1 mM)
supplemented with lysozyme 0.2 mg/mL (PanReac AppliChem, Ottoweg, Darmstadt,
Germany) and with protease inhibitor cocktail 1X (Roche, Basilea, Switzerland). The
resuspended cells were lysed with one cycle of freeze-thaw with the following procedure:
(i) incubation for 90 min on an orbital shaker at 37 “C; (ii) freezing with ethanol and dry ice
for 15 min and (iii) re-incubation for 15 min at 37 °C. After a centrifugation step at 35,000 x g
for 45 min at 4 °C, the purification of AmCel9 was set up through a two-step procedure. A
first thermal precipitation at 60 °C for 10 min was followed by centrifugation at 35,000 x g
for 45 min at 4 °C then followed by affinity chromatography on a His-Trap™ column (1 mL,
GE Healthcare, Chicago, IL, USA) connected to an AKTA Explorer system. The elution was
performed with buffer A supplemented with a linear gradient of imidazole (0-500 mM),
and all the peak fractions were pooled and then dialyzed against a storage buffer (50 mM of
Tris-HCl pH 8, 300 mM of NaCl and 1 mM of DTT) using an Ultracel® 10 kDa ultrafiltration
disc (Sigma-Aldrich, St. Louis, MO, USA) connected to an Amicon® stirred cell. Bradford
assay was used to estimate protein concentration using bovine serum albumin as standard.
The purity degree of AmCel9 were appraised by SDS-PAGE analyses (12%) after staining
the gel with Coomassie brilliant blue R-250 (Biorad, Hercules, CA, USA).

3.5. Determination of AmCel9 Native Molecular Weight

The purified AmCel9 was further analyzed by using a size-exclusion chromatography
system connected to Mini DAWN Treos light-scattering system (Wyatt Technology, Santa
Barbara, CA, USA) equipped with a QELS module (quasi-elastic light scattering module)
and with mass value and hydrodynamic radius (Rh) measurements. One milliliter of
protein (0.6 mg/mL) was loaded on a Superdex 5200 column (10/300; GE Healthcare,
Chicago, IL, USA) equilibrated in buffer 50 mM Tris-HCl pH 8, 200 mM NaCl, ImM DTT,
with a flowrate of 0.5 mL/min. Data were analyzed using Astra 5.3.4.14 software (Wyatt
Technology, Santa Barbara, CA, USA) [58].

3.6. Enzyme Assay, Temperature and pH Profile

AmCel9 standard assay was set up at 50 °C and using CMC as substrate; the assay
mixture (total volume of 40 uL) contained 1.6% (w/v) CMC in assay buffer (50 mM Na-P
pH 6, 200 mM NaCl and 3 mM DTT). A total of 1 ug of enzyme was added to the substrate
mix, pre-incubated for 10 min at 50 °C and the reaction stopped after 1 min at 50 °C in ice
for 5 min. Then, 160 uL of 3,5-dinitrosalicylic acid (DNS) was added to the reaction mix,
which was transferred in a 96-well microplate and placed in a thermomixer (Eppendorf,
Hamburg, Germany) at 100 “C for 20 min [59,60]. After a cooling step at 4 °C of 20 min,
the concentration of reducing sugars in solution was determined by measuring Asyonm, in
a 96-well microplate reader (Synergy H4, Biotek, Agilent, Santa Clara, CA, USA) and by
interpolating absorbance data with a standard curve that was prepared according to Kim
et al. [59]. One unit of enzyme activity (U) was defined as the amount of enzyme required
to release 1 umol of glucose-reducing equivalent in one minute, under the described
assay conditions.

The optimal pH was determined by measuring enzyme activity in different buffers
from pH 3.0 to 10.0 (each 50 mM), with increments of 0.5 pH units at 50 °C for one minute,
using the DNS assay described above. Citrate buffer (pH 3.0-5.5), Na-P buffer (pH 6.0-7.5)
and glycine-NaOH buffer (pH 8.0-10) were used. Temperature optimum was measured
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by assaying enzyme activity at pH 6.0 from 40 °C to 90 °C with an increase of 10 °C; each
experiment was performed in triplicate and results were reported as relative activity (%).

To test the pH stability of recombinant AmCel9, it was preincubated in various buffers
from pH 4.0 to 8.0 at4 °C for 4 and 16 h; residual activity of the enzyme was measured under
standard assay conditions. Thermo-resistance was determined by measuring residual
activity up to 16 h (at 1-h intervals), pre-incubating the purified enzyme without the
substrate at temperatures of 50 °C, 55 °C, 60 “C, 65 “C and 70 °C. All the experiments
were performed in triplicate and the 100% was the enzyme activity in the absence of
pre-incubation.

3.7. Substrate Specificity and Kinetic Studies

The substrate specificity of AmCel9 was tested by using the standard assay (1 ug of
enzyme, at 50 “°C and pH 6 for 1 min) on several polymers: cellobiose (1.5%), lichenan
(1.4%), laminarin (1.5%), locust bean gum mannan (0.5%), KGM (0.7%), birchwood xylan
(0.9%), beechwood xylan (0.9%), guar galactomannan (0.7%), carob galactomannan (0.7%),
larch arabinogalactan (0.7%) and wheat arabinoxylan, prepared in assay buffer (50 mM
Na-P pH 6, 200 mM NaCl and 3 mM DTT) or in water, according to the specific data-
sheet of each substrate. The released reducing monosaccharides were quantified using the
DNS method described above, except for cellobiose, for which the amount of free glucose
was estimated by using the D-Glucose Assay Kit (GOPOD Format, Megazyme, Bray, Co.
Wicklow, Ireland) according to the manufacturer’s protocol. The assay on CMC (1.6%) was
used as the control; one unit (U) was defined as the amount of enzyme necessary to release
1 umol of reducing sugars per minute at 50 °C and pH 6; each experiment was performed
in triplicate.

The kinetic parameters were determined using CMC and lichenan as substrates: 0.4 ug
of AmCel9 was tested with CMC (0.4%, 0.6%, 0.8%, 1%, 1.2%, 1.4%, 1.6%) and 0.2 ug with
lichenan (0.2%, 0.4%, 0.6%, 0.8%, 1%, 1.2%, 1.4%). The Michaelis-Menten constant Ky; was
calculated by non-linear regression analysis using GraphPad 7.0 (Prism software) and each
experiment was performed in triplicate.

The hydrolytic activity of the enzyme was also investigated on insoluble celluloses; the
assays were performed in a total volume of 500 uL, by incubating 2.5 mg of Avicel (PH-101)
or 1 circle paper unit of 0.5 mm x 0.5 mm (Whatman® filter paper) with 35 ug of purified
enzyme in the assay buffer (50 mM Na-P pH 6,200 mM NaCl and 3 mM DTT) at 55 °C for
1 h on an orbital shaker at 200 rpm. To measure the amount of glucose released, 500 uL of
DNS solution were added to each sample and the mixture boiled for 10 min. After a cooling
step at4 “C for 30 min, the Asjonm Was measured and data were interpolated with a glucose
standard curve to measure the concentration of the reducing sugar in solution [49,61].
For each reaction, a non-enzyme control was set up and each experiment was performed
in quadruplicate.

4. Conclusions

In this study, the potential of the thermoacidophilic bacterium A. mali FL18 as a
reservoir of CAZymes was investigated. Genome-wide analysis and functional annotation
were performed to identify the key contributors in the lignocellulose decomposition and
to provide insight into the genes correlated with lignocellulolytic activity. In particular,
the analysis of CAZome revealed the presence of 32 putative GHs, indicating that A. mali
FL18 possesses a palette of interesting activities for the biodegradation of the holocellulosic
component of the cell wall. In silico analyses suggest that at least four of these GHs might
be involved in cellulose degradation; among them, a novel thermophilic GH9, AmCel9,
was biochemically characterized. AmCel9 exhibits a peculiar activity in a broad range
of temperatures, as well as thermo-resistance and stability in a wide range of pH values.
Moreover, AmCel9 hydrolyses 3-glycosidic linkages of synthetic and natural celluloses
with relevant specific activities, and, to the best of our knowledge, is the first GH9 member
without a CBM module that is also able to hydrolyze insoluble celluloses. Overall, the data
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presented in this work prove that AmCel9 is a catalyst deserving further exploitation; in
fact, it can be employed either as multifunctional enzyme to ameliorate the degradation
of lignocellulosic biomass for the conversion of recalcitrant residues into value-added
products or to specifically hydrolyze crystalline cellulose.
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Chapter 5 - Insights into the CE15 enzymes from Dyadobacter
fermentans suggest distinct functional roles (submitted)

In this chapter the study focuses on enzymes active towards lignin-
carbohydrate complexes (LCCs) tightly associated through covalent
bonds formed during lignification. The breakage of these bonds poses
a challenge to the complete degradation of lignocellulose into valuable
compounds. Cleavage of these bonds is a costly and important step in
converting lignocellulosic materials into useful monosaccharides and
oligosaccharides. Glucuronoyl esterases (GEs), enzymes of the
carbohydrate esterase family 15 (CE15), are known to catalyze the
breakdown of ester bonds between lignin and glucuronoxylan LCCs.

Here, three CE15 enzymes from the bacterium Dyadobacter
fermentans NS114T, which grows endophytically in maize, were
studied. These enzymes, namely DfCE15A, -B, -C, exhibit different
genomic associations and were investigated for their role in
lignocellulose degradation. The study involved heterologous
expression, purification, and testing of the enzymes on synthetic
substrates. The enzymes showed a preference for ester substrates
containing glucuronic acid. Structural and amino acid differences
between the enzymes were investigated to understand their catalytic
mechanisms. Mutagenesis studies revealed unique functionalities,
especially in DfCE15A.

The overall goal of this research is to contribute to the understanding
of a relatively under-characterized enzyme family (CE15), which is
critical for the development of technologies aimed at -efficient
utilization of lignocellulosic wastes. The study has implications for the
advancement of lignocellulosic waste valorization technologies.

111



Paper 3 (submitted) CHAPTER 5

Obscured due to 12-month embargo request.

112



Paper 3 (submitted) CHAPTER 5

Obscured due to 12-month embargo request.

113



Paper 3 (submitted) CHAPTER 5

Obscured due to 12-month embargo request.

114



Paper 3 (submitted) CHAPTER 5

Obscured due to 12-month embargo request.

115



Paper 3 (submitted) CHAPTER 5

Obscured due to 12-month embargo request.

116



Paper 3 (submitted) CHAPTER 5

Obscured due to 12-month embargo request.

117



Paper 3 (submitted) CHAPTER 5

Obscured due to 12-month embargo request.

118



Paper 3 (submitted) CHAPTER 5

Obscured due to 12-month embargo request.

119



Paper 3 (submitted) CHAPTER 5

Obscured due to 12-month embargo request.

120



Paper 3 (submitted) CHAPTER 5

Obscured due to 12-month embargo request.

121



Paper 3 (submitted) CHAPTER 5

Obscured due to 12-month embargo request.

122



Paper 3 (submitted) CHAPTER 5

Obscured due to 12-month embargo request.

123



Paper 3 (submitted) CHAPTER 5

Obscured due to 12-month embargo request.

124



Paper 3 (submitted) CHAPTER 5

Obscured due to 12-month embargo request.

125



Paper 3 (submitted) CHAPTER 5

Obscured due to 12-month embargo request.

126



Paper 3 (submitted) CHAPTER 5

Obscured due to 12-month embargo request.

127



Paper 3 (submitted) CHAPTER 5

Obscured due to 12-month embargo request.

128



CONCLUSION & ACKNOWLEDGMENTS

Concluding remarks

This thesis explores the potential of extremophilic microorganisms,
particularly thermophiles, in various industrial and environmental
applications. By exploiting their unique enzymatic capabilities, these
microorganisms offer promising approaches for biocatalysis,
biotransformation and bioremediation. Key areas of focus include
understanding resistance mechanisms to pollutants, such as arsenic,
and investigating enzymes involved in lignocellulose degradation.

This study investigates TtArsM, a methyltransferase involved in
arsenic detoxification of T. thermophilus HB27 and elucidates its
biochemical properties and regulatory mechanisms. Using CRISPR-
Cas9 technology, mutants of this bacterium confirm the TtArsM
importance and allow the development of a whole-cell bioreporter for
arsenic detection. In addition, functional annotations of the genomes
of two bacteria, A. mali FL18 and G. stearothermophilus GF16,
from extreme environments show potential for lignocellulose
hydrolysis, offering sustainable solutions for biomass valorization.
Finally, glucuronoyl esterases (GEs) from Dyadobacter fermentans
NS114T are investigated for their role in the degradation of lignin-
carbohydrate complexes. Through biochemical and structural
analyses, insights into substrate preferences and catalytic
mechanisms are gained to advance lignocellulosic waste valorization
efforts.

In summary, this research sheds light on the diverse applications of
extremophilic microorganisms and demonstrates their versatility in
addressing environmental challenges and contributing to sustainable
industrial processes.
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