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RIASSUNTO 

L’inquinamento ambientale fin dalla rivoluzione industriale del XIX sec 
è un fenomeno in continuo aumento. Può essere definita “inquinante” 
qualunque sostanza, di origine naturale o antropica, che non rientri 
nella composizione della matrice ambientale di interesse, o che sia in 
essa presente a concentrazioni nettamente superiori ai valori naturali, 
provocando un effetto dannoso per l’ambiente e di conseguenza per la 
salute umana. Combattere l’inquinamento ambientale, e quindi 
proteggere l’ambiente, è una delle maggiori sfide del mondo 
contemporaneo, poiché ne coinvolge direttamente il futuro stesso.  
I metalli pesanti sono tra le sostanze più tossiche e persistenti presenti 
nell’ambiente; sebbene non ci sia tutt’ora una definizione 
universalmente accettata di “metallo pesante”, generalmente vengono 
definiti tali tutti i metalli e metalloidi di alta densità e numero atomico, 
che possono essere nocivi per la salute dell’uomo e dell’ecosistema, 
tra cui ferro, cadmio, cobalto, mercurio, piombo e arsenico. 
Quest’ultimo è stato oggetto di particolare studio in questo progetto di 
tesi. L’arsenico è uno dei metalloidi più abbondanti della crosta terrestre 
e delle acque, sia marine che dolci, dove è presente in diversi stadi di 
ossidazione, sia sotto forme organiche che inorganiche, queste ultime 
più tossiche e prevalenti, ovvero arseniato As(V) e arsenito As(III). 
Arsenico ed altri metalli pesanti sono molto abbondanti in alcune aree 
del nostro pianeta, come le sorgenti geotermali (marine e terrestri), 
habitat considerati estremi poiché, oltre ad elevate concentrazioni di 
metalli, presentano condizioni estreme, quali temperature e/o livelli di 
pH molto alti o bassi, nonché alte concentrazioni saline.  
Anche in queste condizioni è presente la vita, infatti vi si sono evoluti 
diversi microrganismi estremofili (termofili se vivono a temperature 
superiori ai 50 °C) appartenenti ai domini dei Bacteria e degli Archaea, 
che possiedono meccanismi dinamici e versatili per contrastare stress 
chimici e fisici, e sopravvivere in condizioni ambientali considerate ostili 
per altre forme di vita. Questi microrganismi hanno dunque sviluppato 
sistemi metabolici capaci di contrastare la tossicità dei metalli pesanti e 
pertanto partecipare attivamente alla loro mobilizzazione e conversione 
chimica. Tali caratteristiche hanno attratto gli scienziati anche da un 
punto di vista applicativo per lo sviluppo di bioprocessi volti al 
risanamento ambientale. 
Nell’ottica di contrastare l’inquinamento ambientale, un’attività 
fondamentale è quella del monitoraggio delle sostanze inquinanti. Nel 
caso dei metalli pesanti, tale obiettivo è ad oggi perseguito 
prevalentemente attraverso approcci tradizionali che prevedono 
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l’utilizzo di strumentazioni ad alto costo e specializzazione, come 
spettrometri di massa e sistemi di cromatografia. Questi strumenti 
consentono determinazioni estremamente precise e accurate della 
quantità di metallo presente nei campioni, ma da diversi anni ormai, 
l’attenzione della comunità scientifica si è concentrato sullo sviluppo e 
ricerca di strategie più semplici che permettano di fare misure in loco e 
in tempo reale; tra queste, di particolare interesse sono i biosensori. 
I biosensori sono dispositivi che utilizzano un elemento di 
riconoscimento biologico, detto anche biomediatore, collegato ad un 
trasduttore di segnale, per la determinazione selettiva di un analita. In 
particolare, il biomediatore, che può essere costituito da microrganismi, 
tessuti, organelli, recettori cellulari, enzimi, anticorpi o acidi nucleici, è 
in grado di interagire con l’analita e viene immobilizzato sulla superficie 
del sensore; in seguito all’interazione con l’analita si verifica una 
variazione di un parametro chimico o fisico, che viene rivelata dal 
trasduttore, in grado di convertirla in un segnale misurabile. 
Nello sviluppo di un biosensore, una delle criticità è la resistenza e la 
stabilità del materiale biologico. Le proteine derivanti da microrganismi 
termofili sono state ampiamente caratterizzate per resistenza e 
stabilità, tanto da essere da anni impiegate in diversi settori industriali.  
Il presente lavoro di tesi, intitolato “Biosensori e Bioprocessi per 
combattere l’inquinamento ambientale” verte sullo sfruttamento di 
microrganismi termofili per applicazioni ambientali, in particolare offre 
una panoramica su quelli metallo-resistenti, sui loro sistemi di 
resistenza e sulle loro applicazioni biotecnologiche (Capitolo [2]); lo 
sviluppo di nuovi biosensori per l’arsenico basati su enzimi termofili 
(Capitolo [3]); l’isolamento e la caratterizzazione di nuovi 
microrganismi termofili metallo-resistenti da ambienti estremi (Capitolo 
[4]) e infine un aggiornamento sulle nuove tecniche di 
ingegnerizzazione di tali termofili, e sulla loro applicazione in campo 
ambientale oltre che su metalli pesanti, anche su inquinanti organici e 
nello smaltimento di biomasse lignocellulosiche (Capitolo [5]). 
Punto di partenza di questo lavoro di tesi è stata la conoscenza del 
sistema di resistenza all’arsenico del batterio Thermus thermophilus 
HB27. Si tratta di un batterio termofilo Gram- negativo, che cresce a 70 
°C; in particolare possiede un repressore trascrizionale TtSmtB che 
rispondendo alla presenza di arsenico, regola l’espressione di 
un’arseniato reduttasi (TtArsC) capace di convertire As(V) in As(III), di 
un’ATPasi di membrana (TtArsX) responsabile dell'efflusso di As(III) 
dalla cellula, e interagisce con un’arsenito metiltransferasi (TtArsM) che 
metila As(III) libero rendendolo meno tossico.  
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L’arseniato reduttasi TtArsC è protagonista del Capitolo [3], in cui viene 
utilizzata per lo sviluppo di potenziali biosensori di tipo elettrochimico e 
ottico. Nel primo caso, TtArsC è stata fusa geneticamente con 
un’idrofobina (Vmh2) del fungo edibile Pleurotus ostreatus, una 
proteina dalle capacità adesive e auto-assemblanti, al fine di ottenere 
una proteina chimerica che combinasse le caratteristiche enzimatiche 
di TtArsC, nonché di resistenza vista la sua natura termofila, e quelle 
adesive di Vmh2 per una corretta e semplice immobilizzazione del 
biomediatore. In particolare, sono state prodotte due versioni della 
chimera: ArsC-Vmh2 e Vmh2-ArsC; la prima presenta all’estremità N-
terminale della proteina l’arseniato reduttasi, viceversa la seconda 
presenta l’idrofobina. Entrambe le proteine chimeriche sono state 
espresse in maniera eterologa in Escherichia coli, e purificate da corpi 
di inclusione, nello specifico Vmh2-ArsC è sia più espressa, che meglio 
purificata in termini di resa della sua controparte ArsC-Vmh2. Entrambe 
le chimere sono state testate sia per la loro attività enzimatica, che per 
la loro resa di immobilizzazione su superfici di polistirene e d’oro; infine 
sono state impiegate come biosensori per As(III), in particolare sono 
state immobilizzate su elettrodi d’oro per la cattura di As(III) in soluzioni 
acquose, con conseguente rivelazione elettrochimica dovuta alla 
riduzione di As(III) in As(0) sulla superficie dell’elettrodo. I risultati 
hanno dimostrato che sia ArsC-Vmh2 che Vmh2-ArsC, possono essere 
utilizzate nello sviluppo di biosensori elettrochimici per As(III). 
Nella seconda parte del capitolo, è stato invece approfondito lo studio 
di un’attività secondaria di TtArsC; l’arseniato reduttasi di T. 
thermophilus infatti possiede anche un’attività fosfatasica dovuta alla 
presenza nella sua struttura tridimensionale di un P-loop, omologo a 
quello di proteine tirosin-fosfatasi a basso peso molecolare (LMW 
PTPasi). Si ipotizza che la stessa attività ossido-reduttasica si sia 
evoluta a partire da quella fosfatasica come conseguenza di una 
pressione evolutiva dovuta alla comparsa dell’arseniato nell’ambiente 
e al divenire dell’atmosfera ossidante. Nello specifico di questo lavoro, 
è stata valutata l’interferenza dell’arsenico come inibitore dell’attività 
fosfatasica di TtArsC; come substrato è stato utilizzato il para-
nitrofenilfosfato, sostanza che una volta idrolizzata rilascia fosfato 
inorganico e para-nitrofenolo (pNP), un prodotto giallo con 
assorbimento massimo a 405 nm. Lo studio delle cinetiche ha rivelato 
che sia As(V) che As(III) danno luogo a un’inibizione non competitiva 
dell’attività fosfatasica, ma la quantità di arsenico richiesta per inibire 
totalmente la reazione è di circa due ordini di grandezza inferiore nel 
caso di As(V) rispetto ad As(III). Questa specificità per l’As(V), dovuta 
presumibilmente al fatto che si tratta del substrato naturale di TtArsC, 
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è stata valutata anche in presenza e rispetto ad altri metalli pesanti e 
pesticidi appartenenti alla classe degli organofosfati, nonché in 
soluzioni saline, al fine di valutare la potenziale applicazione di questo 
sistema per lo sviluppo di un biosensore. I risultati hanno evidenziato 
che l’attività fosfatasica di TtArsC può essere utilizzata per lo sviluppo 
di biosensori a inibizione per l’As(V), con limiti di rilevabilità in linea con 
altri enzimi caratterizzati in letteratura allo stesso scopo, e specificità 
anche superiore. 
L’isolamento e la caratterizzazione di nuovi microrganismi termofili 
metallo-resistenti da ambienti estremi, rappresenta l’altra macroarea 
sperimentale di questa tesi, e viene affrontata nel Capitolo [4]. In 
particolare, in due momenti diversi, sono stati isolati due nuovi ceppi di 
Geobacillus stearothermophilus e Alicyclobacillus mali dalla stessa 
sorgente geotermale nell’area solfatarica dei Campi Flegrei (Napoli). Si 
tratta in entrambi i casi di batteri termofili, il cui optimum di temperatura 
di crescita è stato determinato rispettivamente a 60 °C (a pH 7) e 55 °C 
(a pH 4). Mentre per G. stearothemophilus sono state effettuate 
caratterizzazioni fenotipiche e morfologiche, per A. mali è stata anche 
condotta un’analisi genomica, che ha rivelato la presenza di numerosi 
geni putativi caratteristici dei sistemi di resistenza per l’arsenico. 
Entrambi i microrganismi hanno mostrato tolleranza verso diversi 
metalli pesanti, e in particolare verso l’arsenico, con una propensione 
per l’As(V) da parte del primo, e per l’As(III) da parte del secondo. 
Degno di nota, A. mali si è rivelato resistente anche a numerosi 
antibiotici; si tratta di un fenomeno raro e ancora poco studiato nei 
microrganismi termofili isolati da ambienti estremi naturali, che per loro 
natura hanno subito poca contaminazione da parte dell’uomo. Più in 
generale, lo studio dei meccanismi di resistenza di questi microrganismi 
rappresenta il punto di partenza per lo sviluppo di nuovi sistemi biologici 
e/o bioprocessi per il monitoraggio ambientale e il biorisanamento.  
Le peculiarità dei microrganismi termofili e delle loro componenti, 
rappresentano una risorsa in vari campi applicativi, ma specialmente 
nel settore industriale e ambientale, dove la versatilità di adattamento 
per la crescita su scarti e/o inquinanti si configura come uno strumento 
attraverso il quale, non solo contribuire alla tutela dell’ambiente, ma 
anche generare prodotti biotecnologici ad alto valore aggiunto. In 
questo contesto si fa sempre più strada l’esigenza di ingegnerizzare tali 
microrganismi per ottimizzarne le prestazioni, e in effetti, a tale scopo 
nuovi strumenti e avanzamenti tecnologici sono stati resi disponibili 
negli ultimi anni.  
I risultati sperimentali ottenuti durante questo percorso di dottorato 
hanno permesso di ampliare la conoscenza dei microrganismi termofili, 
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maturata da uno studio bibliografico nell’ambito industriale e 
ambientale. Nello specifico, la tesi si è sviluppata lungo due macroaree: 
lo sviluppo di biosensori, in cui sono state messe a punto nuove 
piattaforme e potenziali strategie per il monitoraggio dell’arsenico, 
sfruttando l’arseniato reduttasi di T. thermophilus; e l’isolamento e la 
caratterizzazione di nuovi microrganismi termofili potenzialmente utili 
allo sviluppo di bioprocessi per il risanamento ambientale. I termofili si 
confermano come microrganismi dalle straordinarie proprietà, 
estremamente versatili, e potenziali risorse biotecnologiche. 
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SUMMARY 

Pollution caused by heavy metals is a serious threat for the environment 
and human health, because of their toxicity and persistency. Among 
heavy metals, arsenic represents a harsh pollutant able to contaminate 
air, water and soil; it is a component of the Earth crust and is present in 
many geothermal environments, but it is also released into the 
environment by the consumption of arsenic-containing products such 
as insecticides, pesticides, and chemotherapeutic drugs.  
Most of the current systems for monitoring and restoring the 
environment from heavy metals require several expensive and hard 
instrumentation; modern biotechnologies can be addressed to exploit 
metal bio-transformations for the set-up of easier and possibly cheaper 
devices and eco-sustainable processes.  
In this context thermophiles stand out, they are microorganisms 
adapted to live in harsh conditions, which often include high 
concentrations of heavy metals. Therefore, knowledges of their 
resistance mechanisms can lead to the development of new strategies 
to face the heavy metals pollution. Moreover, thermophilic 
microorganisms have been associated to sources of thermostable 
proteins and enzymes useful for several applications; in fact, since the 
last 30 years they have been deeply studied for their high potential in 
industrial biotechnologies.  
This PhD thesis is aimed at the exploitation of thermophilic 
microorganisms for environmental applications. In particular we here 
report the state of the art on the most common thermophilic resistance 
mechanisms to heavy metals (Chapter [2]); we also describe the set-
up of electrochemical and optical biosensors for the monitoring of 
arsenic based on thermophilic enzymes (Chapter [3]), as well as the 
isolation and physiological, molecular and genetic characterization of 
new metal-tolerant thermophiles from extreme environments (Chapter 
[4]) as source of novel biomolecules and/or bioprocesses. Furthermore, 
we report the emerging technologies for genetic engineering of 
thermophilic microorganisms, and their employment against, not only 
heavy metals, but also organic pollutants and in the lignocellulose 
degradation (Chapter [5]).



 CHAPTER [1] 
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Chapter [1] - Introduction 

Environmental Pollution by Heavy Metals 

Addressing the environmental pollution is one of the most serious global 
challenges of this century. Since the onset of the industrial revolution 
during the 19th century, this phenomenon has grown up to reach global 
proportions; in fact environmental pollution is a problem not only in the 
developed countries but also in developing ones, where legislation on 
environmental safety is less strict [1]. The nature of pollutants is very 
heterogeneous: any chemical substance can be defined a pollutant, if 
it is unexpectedly found in the environment at a concentration higher 
than the permissible limits [2]. Therefore, monitoring the pollution, but 
also finding strategies to recover and re-use pollutants are points of 
interest for biotechnological applications. 
Heavy metals are among the most persistent and toxic pollutants. Even 
in small concentrations, they can threat human health as well as the 
environment because they are not biodegradable [3]. Exposure to 
heavy metals can cause several human diseases, such as respiratory 
problems, kidney pathology, neurological disorders, and cancer: for 
example, lead provokes kidney problems and rises blood pressure, 
while arsenic is carcinogenic and causes skin damages and problems 
to circulatory system [4]. The term “heavy metals” is widely referred to 
a group of metals and metalloids associated with potential toxicity or 
ecotoxicity. Generally, these metals possess relatively high densities, 
atomic weights, or atomic numbers, but the criteria used for this 
classification can vary depending on the author and the contest [5]; the 
International Union of Pure and Applied Chemistry (IUPAC), gave some 
guidelines considering as “heavy” every metal presenting the following 
characteristics: density exceeding 5.0 g/cm3; general behavior as 
cation; low solubility of their hydrates; aptitude to form complexes and 
affinity towards the sulfides [6]. 
Heavy metals can contaminate air, water, and soil, and subsequently 
cause health issues in plants, animals, and people. Common sources 
of them include mining and industrial wastes, vehicle emissions, lead-
acid batteries, fertilizers, paints, and treated timber, aging water supply 
infrastructure, and microplastics floating in the world's oceans [7,8]. 
Despite their relevant toxicity, their use is intended to extend over time, 
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 [9,10]. In fact, according to the sustainable 
low-carbon economic policy of EU, such metals could become a 
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bottleneck to the supply-chain of various low-carbon energy 
technologies [11].  

Arsenic 

Arsenic is one of the most abundant metalloids of the Earth’s crust. As 
other natural inorganic elements, arsenic is released by natural 
processes such as weathering of rocks, volcanic eruptions, and 
geothermal waters.  However, anthropogenic activities from industrial 
and agricultural fields contribute to contaminate the environment by 
arsenic: examples are the burning of fossil fuels, the mining activities, 
or the use of arsenic-based herbicides, fungicides and pesticides [12]. 
At high concentrations arsenic is very toxic and dangerous for human 
health. More than 100 million people in the world are at risk from 
consuming water contaminated by arsenic, since it can contaminate 
both groundwater sources and soils [13]. Therefore, strategies to detect 
and prevent this global problem are urgently required. 
Inorganic arsenic can be found in four different oxidation states: 
arsenite As(III) and arsenate As(V) are the most common (Figure [1.1]), 
while the elemental arsenic As(0) and arsenide As(-3) are more rare 
[14]. Moreover, it is accumulated in sediments, water and soil either in 
inorganic forms, with the prevailing of the pentavalent or trivalent 
arsenic respectively under oxidizing or reducing conditions, or in 
organic form as the mono-methylarsonic acid (MMA) and di-
methylarsinic acid (DMA) [15]. Organic arsenic forms are less toxic than 
the inorganic ones, because they can permeate through the cell 
membrane. As(V) thanks to its structural similarity with the phosphate 
ion, inhibits the oxidative phosphorylation; while As(III) binds the thiol 
groups of proteins, causing an irreversible inhibition [14,16]. In fact, the 
arsenic methylation was previously regarded as a detoxification 
pathway, but recent studies have suggested that the main intermediate 
metabolites MMA and DMA are reactive and toxic in themselves [17]. 
Nevertheless, since arsenic has different valence states, its treatment 
and removal from the contaminated sites is not an easy issue. 
  

 
Figure [1.1] Structures of the most common forms of inorganic arsenic: As(III) and As(V). 
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Biosensors & Bioprocesses 

Traditional approaches for monitoring environmental pollutants are 
based on chemical or physical analysis and allows highly accurate and 
sensitive determination of the exact composition of any sample. 
However, these analyses require specialized and expensive 
instrumentations, such as chromatographic systems and/or mass 
spectrometers. The need for accurate, less expensive and on-site 
measurements has led to the development of sensors based on 
biomolecules: biosensors [18,19].  
 

A biosensor is an analytical device which integrates a biological 
recognition element with a physical transducer to generate a 
measurable signal proportional to the concentration of an analyte [20–
22] (Figure [1.2]). 
The major advantage of using biological molecules is their high 
specificity: biosensors can be based on the specific interactions 
between enzymes and their substrates, the recognition between 
antibodies and antigens, accessibility of specific target molecules to 
their receptors, or the high affinity of nucleic acid strands to their 
complementary sequences [20]. On the other hand, obstacles to a 
larger employment of biosensors are fundamentally related to the 
“weakness” of biomaterials, and to their immobilization on biosensor 
surfaces. To solve this last issue, particular attention is payed to self-
assembling proteins; an example is represented by hydrophobins 

Figure [1.2] Schematic representation of a biosensor. 
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(amphipathic, highly surface-active, and self-assembling fungal 
proteins) which form amyloid fibrils and are promising candidates for 
the fabrication of functional materials and biosensors [23,24]. 
The even more significant attention to the environment has 
concentrated some technologies on the transformation of hazardous 
wastes to produce desired products without waste byproduct, as well 
as on the remediation of contaminated sites. Many of these 
technologies are microbial based, therefore they can be defined as 
bioprocesses. A bioprocess, in its broadest sense, is a specific process 
that uses complete living cells or their components (e.g., bacteria, 
enzymes, chloroplast) to obtain desired products [25]. Regarding heavy 
metals, microbe–metal interactions are studied in different branches of 
metal biotechnology, that have led to the development of 
biotechnological processes for the extraction of metals from ores 
(biomining), bioremediation of contaminated sites, treatment of metal-
containing wastes and recovery of metals [26]. 

Metal tolerant thermophiles 

Thermophiles are microorganisms adapted to live at high temperatures, 
from 40 to 70 °C they can be classified as moderate thermophiles, while 
from 70 to 80 °C as extreme thermophiles; microorganisms living over 
80 °C up to 125 °C (the current upper limit of life) are considered 
hyperthermophiles (Figure [1.3]). Many of thermophilic 
microorganisms belong to both the kingdoms of Archaea and Bacteria. 
They are found in several natural habitats, that are geothermally active 
regions, as hot springs, and deep-sea hydrothermal vents. 
Ever since their discovery, thermophiles have been object of 
considerable interest in biotechnologies; industrial processes involving 
them have numerous advantages, including reduced risk of 
contamination, improved solubility of substrates, continuous recovery 
of volatile chemical products directly from fermentation broth, and 
reduced cooling costs [27,28]. Moreover thermophilic enzymes, which 
have their optimal activity at high temperatures, are more stable than 
the correspondent mesophiles to other harsh conditions, therefore they 
have been massively employed, starting from the development of the 
polymerase chain reaction (PCR) [29] to become powerful tools for 
industrial catalysis [30–33]. 
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Figure [1.3] Classification of thermophiles. 

Microorganisms able to tolerate high levels of heavy metal ions have 
evolved in ore deposits, hydrothermal vents, geothermal sites, as well 
as in different polluted sites [27]. In particular, metal-tolerant 
thermophiles exhibit metabolic and physiological features that 
distinguish them from other major life groups due to their adaptation to 
survive at high metal concentrations [34]. Metal tolerance of 
thermophilic Bacteria/Archaea is due to several mechanisms, many 
also found in their mesophilic counterparts, such as: extracellular 
barrier, metal ion transport into and outside the cell, utilization of toxic 
metal ion in metabolism or presence of metal resistance genes with 
different genomic localization (chromosome, plasmid or transposon) 
[35]. Understanding the molecular mechanisms responsible for 
resistance to heavy metals in metal-tolerant thermophiles is crucial to 
exploit them in environmental monitoring or to set up bioremediation 
processes, intended to contrast the heavy metals pollution. 

Arsenic resistance in Thermus thermophilus 

T. thermophilus is an aerobic Gram-negative thermophilic bacterium, 
that grows at temperatures ranging from 50 to 82 °C. It has been 
extensively studied as model organism of thermophiles thanks to its 
high growth rates, cell yields of the cultures, the availability of genetic 
tools, and the constitutive expression of an impressively efficient natural 
competence apparatus [36]. The HB27 strain was originally isolated 
from a natural thermal environment in Japan by Oshima and coworkers 
and it grows optimally at 70 °C and at pH 7.0 [37]. Investigations on the 
molecular mechanisms responsible for T. thermophilus HB27 arsenic 
tolerance, showed resistance towards arsenate and arsenite up to 
concentrations of 44 mM and 40 mM, respectively. Unlike the majority 
of microorganisms which encode ars operons, the main components of 
the arsenic detoxification system have been found interspersed in the 
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chromosome; in particular they code for an arsenate reductase 
(TtArsC)[38], a cation-transporting membrane ATPase (TtArsX)[39] 
and a transcriptional regulator belonging to the ArsR/SmtB family 
(TtSmtB) [40,41]. In particular, TtSmtB is an auto repressor and also 
represses TtArsC and TtArsX expression: in absence of arsenic, 
TtSmtB is expressed at low levels and is bound to its target promoters 
(TtsmtB, TtarsC, and TtarsX). When As(V) enters into the cell, it 
interacts with TtSmtB that changes its conformation, becomes less 
affine to DNA and derepresses TtsmtB, TtarsC and TtarsX transcription 
(TtarsX is more tightly repressed and needs that TtSmtB binds As(III) 
to be completely derepressed); the increased levels of the arsenate 
reductase, determine the catalytic conversion of As(V) into As(III). The 
intracellular accumulation of As(III) causes the complete release of the 
TtarsX promoter, transcriptional activation of the gene and active 
extrusion of As(III) outside the cells (Figure [1.4]) [40]. Moreover, a 
functional characterization of this system revealed a 
common/promiscuous mechanism of defense from both arsenic and 
cadmium [39]. Furthermore, recently our group discovered that TtSmtB 
interacts and regulates the expression of another component of the 
arsenic resistance system, an arsenite-methyltransferase (TtArsM). We 
showed that the enzyme has methyltransferase activity, and the 
detailed characterization of the enzyme products and catalytic 
mechanism is underway [42]. 
 

 
Figure [1.4] Schematic representation of the arsenic resistance system in T. 
thermophilus. As(V) enters the cell and binds TtSmtB lowering its affinity towards DNA 
and inducing the de-repression of TtsmtB and TtarsC promoters; the expressed TtArsC 
reduces As(V) into As(III). Once As(III) is accumulated, it binds TtSmtB determining the 
complete release of the TtasrX promoter, and therefore the transcriptional activation of 
the pump which extrudes As(III) outside the cell.  
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The elucidation of the molecular mechanisms responsible of arsenic 
resistance system has already allowed the exploitation of T. 
thermophilus HB27 and its components in the set-up of different 
biomonitoring systems: in particular, the microbe has been engineered 
(at plasmidic and genomic levels) to realize a whole-cell biosensor for 
As(III), As(V) and Cd(II) [39]; and its arsenate reductase, TtArsC, has 
been adsorbed to polyethylene glycol-stabilized gold nanospheres to 
obtain an optical nanobiosystem for arsenic sensing [43,44]. T. 
thermophilus and its molecular determinants have demonstrated to be 
good candidate for heavy metals biosensing applications; however 
scientific research never stops and pushes to find solutions that are 
really applicable on the market, outside a lab scale [45]. Therefore, it is 
always important to find new strategies, and improve the results 
obtained.  

Aim of the thesis 

The work described in this thesis has been focused on a) the 
development of biotechnological systems for the monitoring of arsenic, 
and b) on the isolation and characterization of new thermophilic 
microorganisms tolerant to heavy metals. 
The first objective has been achieved thanks to the previous knowledge 
of the molecular determinants of the arsenic resistance system in T. 
thermophilus, while the second one was pursued with the aim of 
expanding the set of systems usable for environmental biomonitoring 
and/or bioprocesses. 
 
The Chapter [2] contains an overview of the main heavy metal 
microbial resistance systems in thermophilic microorganisms, and their 
biotechnological applications. 
The Chapter [3] is focused on the exploitation of TtArsC, the arsenate 
reductase of Thermus thermophilus for the development of new 
enzyme-based arsenic biosensors. In Paper I it was genetically linked 
to the hydrophobin Vmh2, and As(III) measured with a novel 
electrochemical detection. In Paper II, it is described the realization of 
an As(V) detection system based on the inhibition of TtArsC 
phosphatase activity by As(V). 
The Chapter [4] describes the characterization of new thermophilic 
metal tolerant microorganisms isolated from a hot spring located in a 
solfataric area of Pozzuoli (Naples, IT). Paper I reports the 
characterization of Geobacillus stearothermophilus, and Paper II that of 
Alicyclobacillus mali.  
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The Chapter [5], finally, is a review article describing the current 
knowledge on the biotechnological applications that exploit 
extremophiles for environmental purposes, including available tools for 
manipulative genetics of thermophiles. 
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Chapter [2]: Metal-Tolerant Thermophiles 

From the Analysis of Resistance Mechanisms to their Biotechnological 
Exploitation 

Extremophilic microorganisms are adapted to survive in extreme 
environments such as high or low temperatures, high pressure, high 
salt concentrations and extreme pHs. These microorganisms are a 
biotechnological treasure for many bioprocesses because they produce 
unique biocatalysts that work under conditions comparable to those 
prevailing in various industrial processes. 
Moreover, studies on extremophilic organisms significantly contribute 
to the comprehension of the molecular mechanisms responsible for 
either adaptation to extreme conditions and response to different 
chemical and physical stresses. 
In the context of this PhD thesis, knowledge on heavy metal resistance 
systems in thermophilic microorganisms represents the starting point 
for the development of biotechnological applications in the 
environmental field. Starting from knowledge on T. thermophilus HB27 
which has a promiscuous resistance system for cadmium and arsenic, 
this review focuses on the molecular mechanisms responsible for 
survival and adaptation of thermophiles to toxic metals, with particular 
emphasis on arsenate As(V), arsenite As(III) and cadmium Cd(II). 
Moreover, it reports an overview on the current biotechnological 
applications of thermophiles for heavy metals detection, extraction and 
removal. 
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Chapter [3]: Development of TtArsC based biosensors 

The arsenate reductase from T. thermophilus (TtArsC) is able to reduce 
As(V) into As(III) using reducing equivalents passing through the 
Thioredoxin reductase-Thioredoxin (TR–Trx) system. The catalytic 
mechanism involves the thiol groups of three Cys residues (Cys7, 
Cys83, Cys90): Cys7 performs a nucleophilic attack on the As(V), while 
the formation of a disulphide bond between Cys83 and Cys90 provides 
electrons for As(V) reduction, followed by As(III) release. The recycling 
of the enzyme is guaranteed by the intracellular TR-Trx reducing 
system. 
 

 
Figure [3.1] Catalytic mechanism of TtArsC coupled with the TR-Trx system. It is 
highlighted the redox cascade involving the TR–Trx system and the TtArsC residues 
Cys83 and Cys90, forming a disulphide bond. Cys7 residue which performs the 
nucleophilic attack on the As(V) is not shown. 

TtArsC also displays a phosphatase activity, thanks to the presence of 
an anion binding site known as P-loop (or the CX5R motif) and an Asp-
Pro sequence (Asp acts as catalytical acid–base), both typically 
conserved in low molecular weight protein tyrosine phosphatases 
(LMW PTPases). 
This enzyme is very resistant to chemical-physical denaturation, such 
as high temperatures and elevated concentrations of guanidine. 
Nonetheless, it is the most thermostable arsenate reductase 
characterized to date: it is fully active after 90 min at 80 °C, and still 
maintains 50% activity after 30 min at 87 °C. These characteristics 
make it a good candidate for several application, including the 
development of biosensors. In particular, the literature is full of proof of 
concept examples for the development of arsenic biosensors, which 
often remain on a lab scale. Major bottlenecks regard the stability of the 
biomaterials, the techniques required for immobilization on supports, 
the detection methods of analytes (optical, electrochemical, 
gravimetric, etc.), the sensitivity and the specificity of the system; not 
least, also the costs for an industrial scale production. 
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Figure [3.2] 3D model of TtArsC. The P-loop including the Cys7 residue is reported in 

blue; the other two Cys residues (Cys83 and Cys90) are coloured in red. 

This chapter regards the exploitation of TtArsC as the biorecognition 
component of an arsenic biosensor: 

• In Paper I we describe the setup of an innovative biosystem 
realized through the genetic fusion of TtArsC to a protein with 
adhesive properties (the fungal hydrophobin Vmh2). The genetic 
fusion with Vmh2 allows a one-step immobilization of the 
chimeric protein on hydrophobic supports, just by deposition. 
Therefore, one aim was to overcome the problem related to the 
weakness of the biomaterial and immobilization technique. In 
particular, two chimeric proteins have been produced ArsC-
Vmh2 and Vmh2-ArsC, that have been biochemically 
characterized and immobilized on either polystyrene and gold 
electrodes to detect As(III) via electrochemical procedures. The 
main methodologies applied in this paper are: heterologous 
expression and purification of recombinant chimeras from 
Escherichia coli; renaturation from inclusion bodies; Western 
Blot; reductase activity assay (using As(V) as substrate) and 
phosphatase activity assay (using  p-nitrophenyl phosphate 
(pNPP) as substrate); immobilization on polystyrene and gold 
supports; Quartz Cristal Microbalance (QCM) analyses and 
electrochemical analyses, i.e, Cyclic Voltammetry (CV) and 
Square Wave Voltammetry (SWV). 

• In Paper II we report the realization of an As(V) detection system 
based on the inhibition of TtArsC phosphatase activity by As(V). 
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Object of this study is the evaluation of inhibition of phosphatase 
activity by arsenic. We found that arsenic behaves as non-
competitive inhibitor. Therefore, the phosphatase activity of 
TtArsC has been deeply investigated in relation to its inhibition 
by arsenic, especially by As(V). In particular, we also evaluated 
if the inhibitory response to As(V) was preserved in the presence 
of other compounds (heavy metals, salts, pesticides), with the 
aim to assess the specificity of the system. The specific inhibition 
by As(V) sets the condition for the development of an easy to 
use optical As(V) inhibition-based biosensor. The main 
methodologies applied in this paper are based on the 
phosphatase activity assay, using the pNPP as substrate; in 
particular we developed: Michaelis-Menten kinetics and 
Lineweaver–Burk double-reciprocal plots,  an As(V) dose-
response curve, graphs of retained activity in presence and co-
presence of other compounds.
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Abstract 

Arsenic (As) pollution is a widespread problem worldwide. The World 
Health Organization (WHO) classifies arsenic among the 10 chemicals 
of major public health concern. In last years, many biosensors for 
arsenic detection have been developed, most of them based on 
enzymatic inhibitions: inhibition-based biosensors. The principle of this 
type of biosensors is the quantification of the inhibitor (i.e. the arsenic), 
by the measure of the enzymatic activity in its absence and presence. 
Therefore, the study of the enzymatic inhibition is a key point for the 
development of an inhibition-based biosensor. The arsenate reductase 
TtArsC from Thermus thermophilus HB27 converts As(V) into As(III), 
but it is also provided with a secondary phosphatase activity. In this 
work we investigate the interference of As(V) and As(III) on this 
phosphatase activity through a colorimetric assay, using p-
nitrophenylphosphate (pNPP) as substrate. In particular, Michaelis-
Menten kinetics and Lineweaver–Burk double-reciprocal plots show 
that both As(V) and As(III) are non-competitive inhibitors, affecting the 
Vmax (19.29 ± 1.14 nmol/min/mg), but not the KM (9.57 ± 1.95 mM) of 
the reaction. However, their Ki values are very different 15.2 ± 1.6 µM 
for As(V) and 394.4 ± 40.3 µM with As(III), indicating the major affinity 
of the enzyme to the first. The potential application of TtArsC as 
inhibition-based biosensor is investigated by the construction of an 
As(V) dose-response curve: the system exhibits a sensitivity of 0.53 ± 
0.03 mU/mg/μM and a LOD of 0.28 ± 0.02 μM, and it is also possible 
observing the complete inhibition of the reaction with naked eye at 50 
µM of As(V). Moreover, testing this system on other ions, toxic 
compounds, and in saline solutions, the TtArsC phosphatase activity is 
mainly not affected, highlighting the specificity to As(V) and the real 
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possibility of exploiting TtArsC phosphatase activity for the 
development of an As(V) inhibition-based biosensor. 
 

Introduction 

Arsenic is a toxic metalloid, commonly occurring as a groundwater 
pollutant. It largely derives from mines, industrial wastes or 
geochemical processes and both its organic and inorganic forms can 
be found in the environment [1]. Among polluting inorganic arsenic 
species, arsenate As(V) and arsenite As(III) are the most common and 
toxic forms; in particular As(III) is almost 60 times more toxic than As(V), 
but this last is the predominant form in environment, therefore, the 
monitoring of both of them is necessary [2]. Arsenic is one of WHO’s 10 
chemicals of major public health concern: millions of people all over the 
world are exposed to arsenic concentrations much higher than the 
guideline value (10 µg/L in drinking water) and the effects of long-term 
exposures at toxic concentrations are the cause of many diseases that 
in extreme cases lead to death. For these reasons, in the 2030 Agenda 
for Sustainable Development, the indicator of "safely managed drinking 
water services" is aimed to guarantee to all people the access to 
drinking water, free of microbial and chemical contaminants, including 
arsenic [3–5].  
The traditional approaches for monitoring the arsenic pollution are 
based on chemical or physical analysis and allow highly accurate and 
sensitive determination of the exact composition of any sample. These 
analyses require specialized operators and expensive 
instrumentations, as the ICP-MS (Inductively Coupled Plasma - Mass 
Spectrometry) which is the most adopted technique for detecting heavy 
metals, to date [6]. Furthermore, also ICP-MS methodologies need to 
be implemented with other techniques, as high-performance liquid 
chromatography (HPLC), if information about the arsenic speciation in 
the samples is desired [7]. The need for accurate, but less expensive 
measurements has led to the development of sensors based on 
biomolecules: biosensors. These analytical devices integrate a 
biological recognition element with a physical transducer to generate a 
measurable signal proportional to the concentration of the analyte [8]. 
Thanks to the biological component, biosensors can also provide an 
alternative to toxicity measurements, with respect to the classical 
approaches [9].  
In recent years, many biosensors for arsenic detection have been 
developed, but despite all the promising advancements and 
demonstrations of proof of principles, there are very few studies that 
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have critically evaluated arsenic bioassays under real life field 
conditions [10]. These biosensors present as biological component 
either whole-cell or biomolecules like aptamer, DNA, and enzymes [11]. 
Whole-cell biosensors have the advantages of specificity, low cost, 
ease of use, portability and continuous real-time signals emissions. 
However, their use is limited by long incubation periods and too high 
detection limits [12,13].  
Cell-free biosensors overcome these issues; in particular enzyme 
biosensors have a fast response time, but may undergo interferences 
with other ions, i.e. they lack of specificity [10,14]. In recent years many 
arsenic biosensors have been developed that measure arsenic through 
enzymatic inhibition. Such inhibition biosensors quantify the analyte 
measuring its concentration-dependent effect on the selected 
enzymatic activity. Inhibition biosensors are of interest in clinical field to 
quantify drugs that inhibit enzymes of specific biological pathways; 
moreover, biosensors based on enzyme inhibition have been used to 
detect toxic compounds in food and environmental samples [17,18]. For 
example, Sanllorente and co-workers developed electrochemical 
biosensors both for As(III) and As(V), the first based on the 
acetylcholine inhibition, the latter on that of an acid phosphatase 
[15,16]; these biosensors, tested under laboratory conditions, have 
detection limits in the range of permissible exposure limit for arsenic, 
but their application is often compromised by the presence of other ions 
in the water sample or in the field [10–13]. In fact, to date, the 
commercialization of biosensors based on enzyme inhibition is still 
untimely [18]. 
Another bottleneck in the development of enzyme-based biosensors is 
represented by enzyme stability [19]. To overcome this drawback, 
engineered enzymes [20,21], novel surface nanostructured biosystems 
[22], or enzymes immobilized on nanomaterials [23,24] have been 
investigated. Increasing attention has been also put on the employment 
of enzymes from extremophiles, commonly considered as sources of 
stable biomolecules [25,26]. For example, thermozymes belonging to 
thermophilic microorganisms are able not only to thrive at high 
temperatures, but to several harsh conditions as for example high 
concentrations of heavy metals, salts and low pH [27–30]. In this 
context, TtArsC, an arsenate reductase from the thermophilic bacterium 
Thermus thermophilus HB27 [31], has been exploited to set up arsenic 
biosensors, thanks to its ability to react with As(V) [20,32,33]. TtArsC 
was discovered as a component of the arsenic resistance system of T. 
thermophilus HB27; in the resistance system TtArsC is the very 
thermostable enzyme able to reduce As(V) to As(III); As(III) that is more 
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toxic for the cells is actively extruded by a membrane P1B type ATPase, 
named TtArsX [31,34]; either TtArsC and TtArsX are regulated at 
transcriptional level by the metal responsive transcriptional repressor 
TtSmtB [35,36]. 
TtArsC belongs to the family of thioredoxin-coupled arsenate 
reductases, whose paramount enzyme is ArsC from Staphylococcus 
aureus plasmid pI258 [37]. Members of this family are characterised by 
the presence of three redox active cysteines, one (Cys7 in TtArsC) 
performing the nucleophilic attack to the substrate and the other two 
(Cys 83 and Cys 90 in TtArsC) forming a disulphide bond following the 
reduction of As(V) into As(III) [37]. To regenerate the enzyme reducing 
equivalents flow through NADPH- thioredoxin reductase (Tr)- 
thioredoxin (Trx) system, reducing the disulphide bond [37]. Within the 
family, the first cysteine residue is encompassed in a conserved CX5R 
motif, known as P-loop; this motif and the conserved Asp-Pro sequence 
(Asp105 - Pro106) are also found in low molecular weight protein 
tyrosine phosphatases (LMW PTPase) and confer phosphatase activity 
to many thioredoxin-coupled arsenate reductases [38]. In fact, it has 
been proposed that arsenate reductase activity evolved from LMW 
PTPase by a change of mechanism, that maintained the oxyanion 
substrate binding and performed phosphatase activity using amino 
acids of the P-loop [37,38]. TtArsC was endowed with phosphatase 
activity but it was much weaker than that of ArsC from S. aureus pI258, 
probably because of differences in the amino acid composition of the 
active-site loop [31]. 
Considering that biosensors, and in particular those based on 
enzymatic inhibitions, are useful as general toxicity indicators for the 
fast identification of contaminated samples [39], in this work we analyze 
the effect of arsenic on TtArsC phosphatase activity, with the aim to 
evaluate its exploitation as an arsenic enzymatic inhibition-based 
biosensor. Moreover, in reason of what discussed above about the 
specificity in arsenic biosensors, we also investigate the interference of 
other ions and toxic compounds on TtArsC phosphatase activity. 

Materials and Methods 

-Chemicals 

The metal salts used in this work were purchased by Sigma-Aldrich and 
they are: Sodium (meta) arsenite (NaAsO2); Sodium arsenate dibasic 
heptahydrate (Na2HAsO4 · 7H2O); Cadmium chloride (CdCl2); Cobalt 
chloride (CoCl3); Copper chloride (CuCl2); Mercury chloride, (HgCl2); 
Nickel chloride (NiCl2). Also the substrate (pNPP) 4-Nitrophenyl 
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phosphate disodium salt hexahydrate (CAS Number 333338-18-4) and 
all the pesticides were purchased from Sigma-Aldrich: malathion (CAS 
number: 121-75-5), parathion (CAS Number: 56-38-2), fenitrothion 
(CAS Number: 122-14-5) and paraoxon-ethyl (CAS Number: 311-45-
5). 

-Phosphatase activity assay 

The phosphatase activity of TtArsC was measured at 60 °C using pNPP 
as substrate (Sigma-Aldrich) and following the increase in absorption at 
405 nm for 1h, due to the formation of p-nitrophenol (ε405 = 18,000 M-1 
cm-1). Each reaction was performed in triplicate in a plate reader 
spectrophotometer (Sinergy H4, software version 2.07.17) in a total 
volume of 160 μL containing 4 μM of enzyme in 20 mM Tris-HCl pH 
7.00. Substrate concentrations used ranged from 0.25 to 200 mM (see 
below). As negative control, the same reactions were performed in the 
absence of enzyme (blank control). The variation of Abs405nm per minute 
(∆OD/min) obtained in the absence of enzyme was subtracted to that 
obtained from the experiments with enzymes. One unit of enzyme 
activity (U) was defined as the amount of enzyme required to release 1 
μmol p-nitrophenol per minute, under the above assay condition, 
therefore 1 nmol/min/mg corresponds to 1 mU/mg. 

-Inhibition assays  

The effect of As(V) and As(III) on phosphatase activity was determined 
measuring the phosphatase activity in the presence of fixed 
concentrations of metal ions at varying pNPP substrate concentration. 
Michaelis and Menten curves were obtained measuring the enzyme 
activity in the presence of: 0 – 1 – 5 – 10 – 20 µM or 0 – 50 – 100 – 150 
– 500 µM, As(V) and As(III), respectively. For each curve the pNPP 
substrate concentrations were: 0.25 – 0.5 – 1 – 2 – 4 – 8 – 10 – 15 – 
20 – 30 – 40 – 100 – 200 mM. All the experimental sets were performed 
in triplicate. 

As(V) dose-response curve 
The As(V) dose-response curve was obtained measuring the enzyme 
activity using pNPP 40 mM and As(V) at final concentrations of 0 – 1 – 
5 – 10 – 20 – 30 – 40 – 50 – 60 – 70 – 80 – 90 – 100 µM. As negative 
control, the same reaction was performed in the absence of enzyme 
and inhibitor (blank control). The experiments were performed in 
triplicate. 
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Pesticides inhibition 
Pesticides were tested as inhibitors at two different pNPP 
concentration: 2 and 40 mM. For each assay malathion, parathion, 
fenitrothion or paraoxon-ethyl were added to reaction to final 
concentrations of 50, 100, 200, 300 or 500 µM and the enzyme assay 
performed as described above. The experiments were performed in 
triplicate. 

Metals inhibition 
The phosphatase activity of TtArsC in presence of other heavy metals 
was also investigated. Cd(II), Hg(II), Ni(II), Co(II) and Cu(II) 10, 50, or 
100 µM were added to reactions performed at saturating concentration 
of pNPP (40 mM); the residual activity was evaluated in comparison to 
the activity without metals, considered as 100%. The experiments were 
performed in triplicate. 
Moreover, to evaluate whether the presence of these metals affected 
the determination of the As(V) concentration, As(III), Cd(II), Hg(II), 
Ni(II), Co(II) and Cu(II) were added to reactions at final concentrations 
of 10 – 50 and 100 µM in presence of a fixed As(V) concentration (10 
µM). Experiments were performed using saturating pNPP concentration 
(40 mM). The percentage of retained activity in the presence of metals 
was evaluated in comparison to the activity without metals, considered 
as 100%. The experiments were performed in triplicate. 

Complex saline solutions inhibition 
TtArsC phosphatase activity assay was also tested in complex saline 
solutions, substituting the volume of ddH2O in the reaction (~130 µL) 
with commercial drinking waters or a culture medium (BAT-HIMEDIA). 
Experiments were performed with saturating concentrations of pNPP 
(40 mM). Moreover, to evaluate the interference of these waters on the 
As(V) detection, As(V) was added in solutions at final concentrations of 
5 and 10 µM. 
The composition of commercial drinkable waters is reported in Table 1 
(the salts composition reported on the labels of the tested drinking 
waters) and the composition of the culture medium (BAT-HIMEDIA) is 
available at the web-site https://himedialabs.com/TD/M1561.pdf . 
Table 1. Salts composition reported in drinkable waters (DW). All the values are considered as 

mg per liter of water. N.R. = Not Reported. 

Salts DW1 (mg/L) DW2 (mg/L) DW3 (mg/L) 

Bicarbonate  HCO3
- 321 215.0 498 

Calcium  Ca2+ 87.0 71.0 124 

Magnesium  Mg2+ 17.6 5.5 29.8 

Silica  SiO2 8.0 16.6 N.R. 

https://himedialabs.com/TD/M1561.pdf
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Nitrate  NO3 3 9.4 2 

Sodium  Na+ 4.9 11.7 4.0 

Sulphates  SO4
2- 25.6 10.7 17.6 

Chlorides  Cl- 7.7 17.9 6.6 

Potassium  K+ 1.2 1.2 1.2 

Fluorides  F- <0.2 <0.10 N.R. 

Ammonium  NH4
+ N.R. <0.05 N.R. 

Nitrites  NO2
- N.R. <0.002 <0.002 

 

-Data Analysis 

All the experiments were performed in triplicates. Data were analysed 
using GraphPad Prism 7.00 [40] and statistical analyses were 
performed through the ordinary one-way ANOVA; significant 
differences in TtArsC phosphatase activities are indicated as: * p < 0.05, 
** p < 0.01, *** p < 0.001, **** p < 0.0001. 

Results and Discussions 

-Arsenic Inhibition profile 

Phosphatase activity of TtArsC was detected through a colorimetric 
assay, using p-nitrophenylphosphate (pNPP) as substrate. Michaelis-
Menten kinetics and Lineweaver–Burk double-reciprocal plots showed 
for this enzyme a Kcat of 0.005 s- and a KM of 9.57 ± 1.95 mM, with a R2 
value of 0.9571. Then, the inhibitory effect of different concentrations of 
As(V) and As(III) was determined. (Figure 1). The R2 values for 
individual Michaelis–Menten fittings are reported in Table 2 and Table 
3, respectively for As(V) and As(III). 

As(V) inhibition  
The increase in concentrations of As(V), from 0 to 20 µM, resulted in a 
Vmax decreasing from approximately 19.29 ± 1.14 to 6.14 ± 0.33 
nmol/min/mg (Figure 1a, Table 2). On the other hand the KM constant 
resulted almost unvaried, indicative of a noncompetitive inhibition 
mechanism [41,42]. Lineweaver–Burk double-reciprocal plots also 
indicated a noncompetitive inhibition, since the convergence of related 
data sets on the X-axis was observed. This result was also confirmed 
through the kinetics fitting by nonlinear regression: the noncompetitive 
inhibition model fit by nonlinear regression yielded overall a R2 value of 
0.9499.  
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As(III) inhibition  
Also at increasing concentrations of As(III) we observed a Vmax 
decreasing that changed from approximately 19.29 ± 1.14 to 7.79 ± 
0.43 nmol/min/mg and an almost unvaried KM. However, the inhibitory 

effect was obtained at much higher As(III) concentration (Figure 1c and 
Table 3). Also in this case the Lineweaver–Burk double-reciprocal plot 
was evaluated indicating a noncompetitive inhibition, confirmed by the 
fitting by nonlinear regression, which exhibited a R2 value 0.9633 to the 
noncompetitive inhibition model. 
 
Table 2. Kinetics parameters, Vmax and KM, of the TtArsC phosphatase activity and 
respective R2 values for nonlinear regression fitting at different concentration of As(V). 

As(V) (µM) Vmax (nmol/min/mg) KM (mM) R2 

0 19.29 ± 1.14 9.57 ± 1.95 0.9571 

1 18.77 ± 1.36 11.00 ± 2.65 0.9429 

5 16.70 ± 0.64 11.75 ± 1.46 0.9827 

10 14.22 ± 0.58 11.18 ± 1.52 0.9807 

20   6.14 ± 0.33 10.27 ± 1.86 0.9660 

 
 

Figure 5. Graphical representation of Michaelis-Menten kinetics at different concentrations of 
a) As(V) and c) A(III) and their relatives Lineweaver-Burk double reciprocal plots in presence 
of b) As(V) and d) As(III). 
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Table 3. Kinetics parameters, Vmax and KM, of the TtArsC phosphatase activity and 
respective R2 values for nonlinear regression fitting at different concentration of As(III). 

As(III) (µM) Vmax (nmol/min/mg) KM (mM) R2 

0 19.29 ± 1.14   9.57 ± 1.95 0.9571 

50 18.91 ± 0.74 10.13 ± 1.34 0.9810 

100 18.79 ± 0.77 12.24 ± 1.61 0.9811 

150 14.95 ± 0.65   9.11 ± 1.39 0.9753 

500   7.79 ± 0.43 10.20 ± 1.89 0.9552 

 
Since TtArsC exhibited a noncompetitive inhibition profile with both 
As(V) and As(III), the Ki values were determined through a nonlinear 
regression fit according to noncompetitive inhibition models, resulting 
in values of 15.2 ± 1.6 µM for As(V) and 394.4 ± 40.3 µM for As(III). 
Therefore, the affinity of TtArsC towards As(V) is almost 20 times 
greater than that of As(III). Despite the models suggest a 
noncompetivite inhibition both for As(III) and As(V), the higher affinity of 
this latter could be due to the fact that As(V) is the natural substrate of 
TtArsC. In TtArsC the catalytic nucleophile Cys7 is also the first 
aminoacidic residue of the P-loop, therefore it could be involved in both 
phosphate and arsenate binding, while the other two conserved Cys 
residues (Cys82 and Cys89), essential for the reduction of the As(V) 
into As(III), are spatially separated from the P-loop [31]. As fact, 
Messens and coworkers demonstrated through NMR analysis that both 
arsenate and phosphate ions bind the first Cys residue of the P-loop of 
ArsC from S. aureus pI258 [38]. 

-As(V) dose-response inhibition 

Considering that TtArsC inhibition is deterined in a lower concentration 
range of As(V) with respect to As(III), we decided to investigate the 
response of TtArsC to As(V) by constructing an As(V) dose-response 
curve. The assays were performed using 40 mM of pNPP 
(concentration at Michalis-Menten plateau) and varying As(V) 
concentration. The values of TtArsC specific activity in function of As(V) 
were fitted to the classical model: [Inhibitor] vs. response - Variable 
slope [40] (Figure 2a). This model allows to determine the IC50 of the 
inhibitor, i.e. the concentration that provokes a response half-way 
between the maximal (Top) response and the maximally inhibited 
(Bottom) response. Figure 2a shows that increasing concentration of 
As(V) determines an inhibition profile with good confidence (R2 = 
0.9959) described by the equation (1): 
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(1)         𝒚 = 𝑩 +
(𝑻−𝑩)

𝟏+
𝒙𝑯𝒊𝒍𝒍𝑺𝒍𝒐𝒑𝒆

𝑰𝑪𝟓𝟎𝑯𝒊𝒍𝒍𝑺𝒍𝒐𝒑𝒆

    

 
Where T (Top response) and B (Bottom response), are respectively 
16.20 ± 0.32 and 0.59 ± 0.24 nmol/min/mg; IC50 is 13.16 ± 0.63 µM 
and the HillSlope, which describes the steepness of the family of 
curves, is 2.60 ± 0.26. The equation allows to calculate the incognito 
concentration of As(V) in solution.  
 

 
Figure 6. a) Dose-response curve of the inhibition of TtArsC phosphatase activity at increasing 
concentration of As(V), reported in panel b). b) TtArsC phosphatase activity assay in multiwell 
plate at increasing concentrations of As(V). 

As shown in Figure 2b, at As(V) concentrations higher than 50 µM the 
reaction is completely inhibited since the solution appears colourless. 
Therefore, if As(V) crosses this concentration it is possible a naked eye 
evaluation of the inhibition. Moreover, we calculated the limit of 
detection (LOD) according to the 3sd/m criterion, where m is the 
sensitivity, i.e. the slope of the curve in its linear range and sd is the 
standard deviation of the blank [43,44]. The inhibition system exhibited 
a sensitivity of 0.53 ± 0.03 mU/mg/μM and a LOD of 0.28 ± 0.02 μM. 
These results due to the inhibition of TtArsC phosphatase activity by 
As(V) are in agreement with other characterized As(V) inhibition based 
biosensors [45,46], among which the best performances were achieved 
by an amperometric AcP biosensor, presenting a LOD of 0.11 μM in a 
linear range of 0.1 to 1.3 μM of As(V), that was also tested on ground 
water samples [16]. Other examples of biosensors employing an 
enzymatic inhibition provoked by As(V), include a laccase self-powered 
biosensor showing LOD of 132 μM and sensitivity 0.98 ± 0.02 mV/mM 
[47] and an acid phosphatase-polyphenol oxidase biosensor presenting 
a LOD of 2 nM in a As(V) linear range of 8.9 to 79 nM [48]; both these 
were also tested against As(III): the first exhibit LOD of 13 uM and 
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sensitivity of 0.91 ± 0.07 mV/mM [47], while the latter is more specific 
since does not suffer interferences by As(III) [48]. 
In our case, we already knew that the affinity of TtArsC towards As(V) 
is 20 times higher with respect to As(III) (see above), but the following 
experiments were aimed to evaluate the interference of As(III) and the 
applicative potential of TtArsC inhibition system for the As(V) detection 
on more complex solutions. 

-Other metals 

The interference of As(III) and other heavy metals on the phosphatase 
activity was also investigated. In particular, we evaluated the residual 
phosphatase activity after addition to the enzymatic mix of As(III), 
Cd(II), Hg(II), Ni(II), Co(II) or Cu(II) at three different concentrations (10, 
50 or 100 µM), considering as 100% the activity in the absence of 
metals. The effect was compared with that of As(V). As shown in Figure 
3a significative inhibition of phosphatase activity was observed in the 
presence of Co(II) and Cu(II); on the other hand, the activity measured 
with As(III), Cd(II), Hg(II) and Ni(II) was similar to the control without 
metals, suggesting that these metals were not inhibitory.  
Since no effect on activity was observed with the majority of metal ions 
tested, we asked whether the specific inhibitory effect of As(V) was 
affected by the co-presence of heavy metals. Therefore, the 
phosphatase activity was tested at a fixed concentration of As(V) (10 
µM) close to the IC50 (see above), adding separately the other metal 
ions (Figure 3b). As can be seen form the figure, with the exception of 
Co(II) and Cu(II), the presence of As(III), Cd(II), Hg(II) and Ni(II) does 
not alter to a significant extent the inhibitory effect of 10 µM of As(V); 
indeed it provokes a residual phosphatase activity of ~74%, which by 
the addition of Co(II) and Cu(II) decreases to ~30% and ~21%. 
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Pesticides 

It is well known that organophosphate pesticides inhibit many 
enzymatic activities; among these, alkaline phosphatases, that have 
been investigated as possible pesticides biosensors, thanks to the 
structural similarity of these molecules to phosphate-substrates [19,49–
51].  
With the aim to evaluate if the phosphatase activity of TtArsC was 
affected by these molecules, we performed experiments in the 

Figure 3. a) Retained activity of TtArsC in presence of 10, 50 and 100 µM of heavy metals; b) 
Retained activity of TtArsC in presence of a fixed concentration of As(V) (10 µM) and 
increasing concentrations of other heavy metals (10, 50 and 100 µM). Heavy metals are 
reported as following: As(V) in dark blue, As(III) in red, Cd(II) in green, Hg(II) in purple, Ni(II) in 
orange, Co(II) in black, Cu(II) in brown. Statistical analysis was performed through the ordinary 
one-way ANOVA on GraphPad Prism 7.00; significant differences with respect to a) TtArsC 
activity without metals and b) to TtArsC activity in presence of As(V) (10 µM) are indicated as: 
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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presence of increasing concentrations of malathion, parathion, 
fenitrothion and paraoxon-ethyl. These are among the most toxic and 
used pesticides in the agricultural field, and their monitoring in 
environment is an urgent need [52,53]. When the assays were 
performed using saturating pNPP concentration, no variation in the 
phosphatase activity of TtArsC was observed by adding the pesticides 
(data not shown), probably because as substrate analogs they could 
provoke a competitive inhibition [54,55]. Therefore, we decided to 
analyse TtArsC activity using 2 mM of pNPP, a value well below its KM 
(9.57 ± 1.95 mM) and closer to the concentrations of pesticides we 
tested. In this way, we analyzed the behavior of the enzyme in 
conditions of full availability of substrate binding sites. Interestingly, we 
found a linear decrease of TtArsC specific activity with increasing 
concentrations of malathion, parathion and paraoxon-ethyl and no 
effect by fenitrothion (Figure 4). These results indicate that though 
some organophosphate pesticides are able to inhibit the phosphatase 
activity of TtArsC, the required conditions are not those we investigated 
for the set-up of the As(V) biosensing strategy, which actually provide 
for saturating concentrations of pNPP.  

-Aqueous saline solutions 

Since data obtained with other potential pollutants have shown that the 
majority of those tested does not interfere with the inhibition by As(V) 

Figure 4. Specific activity of TtArsC with 2 mM of pNPP, in presence of 50, 100, 200, 300 and 
500 µM of pesticides. Pesticides are reported as following: malathion in blue, parathion in red, 
fenitrothion in green, paraoxon-ethyl in purple. 
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of TtArsc phosphatase activity, we wondered if more complex solutions 
in which more metals are present at the same time could have effects. 
Therefore, we decided to evaluate the phosphatase activity using 
drinking waters and a bacterial culture medium. Drinking waters contain 
magnesium, calcium, sodium, and potassium salts, as well as 
bicarbonates, sulfates, nitrates and nitrites in different concentrations 
and the chosen culture media at pH 4, contains several salts and other 
metals in micro-traces (BAT medium [56]). 
The results show that also in presence of these more complex 
solutions, TtArsC retains its specific phosphatase activity. In order to 
assess whether under these conditions TtArsC was still inhibited by 
As(V) in the same way, we repeated the test in the presence of 5 and 
10  µM of As(V) and the results are shown in Figure 5. Since no 
significative differences were highlighted by the comparison with 
reactions performed in ddH2O we concluded that the inhibitory effect 
dose-response of As(V) on TtArsC is specific also in more complex 
solutions. Therefore, these results let us to speculate on a potential 
exploitation of this system on real water samples. 

Conclusions 

The phosphatase activity of the thermophilic arsenate reductase 
TtArsC is a secondary activity of this enzyme that does not need the 
intervention of the redox cascade system Trx-TrxR, required for the 

Figure 5. TtArsC phosphatase activity performed in ddH2O, three drinkable waters (DW) and in 
a culture medium (BATm). As control, As(V) was added at final concentrations of 5 and 10 µM. 
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conversion of As(V) into As(III). This activity can be easily measured 
following the release of p-nitrophenol at 60 °C. In this paper, we 
investigated the effect of arsenic and other different toxic contaminants, 
on the phosphatase activity in order to verify a potential employment of 
TtArsC as an arsenic optical biosensor.  
We found that both As(V) and As(III) behave as non-competitive 
inhibitors affecting Vmax which decreases from 19.29 ± 1.14 to 6.14 ± 
0.33 and 7.79 ± 0.43 nmol/min/mg respectively, but not KM (9.57 ± 1.95 
mM). However, the Ki value determined with the substrate of the 
reductase activity, i.e. As(V) (15.2 ± 1.6 µM) is almost 25 times lower 
than that determined with As(III) (394.4 ± 40.3 µM).  
Therefore, we further investigated the system for the development of 
an As(V) biosensor, by the construction of dose-response curve. 
Our results show that under the value of As(V) 50 µM the system 
exhibits a sensitivity of 0.53 ± 0.03 mU/mg/μM and a LOD of 0.28 ± 0.02 
μM revealed by the use of a spectrophotometer. Moreover, it is possible 
to see the complete inhibition of the reaction with naked eye from 50 
µM of As(V) onwards. This result indicates that within a micromolar 
range of As(V) concentration, a complete inhibition of the phosphatase 
activity is achieved, laying the basis for potential naked eye evaluations 
of large amounts of As(V) in solution. Interestingly, almost all the other 
heavy metals that we tested (except for Co(II) and Cu(II)), as well as 
organophosphate pesticides caused enzyme inhibition at higher 
concentration that are in a millimolar range. This result suggests that a 
biosensor based on the inhibition of TtArsC phosphatase activity is not 
affected by the presence of such ions and/or molecules in that range. 
In addition, the data obtained by testing phosphatase activity in more 
complex solutions shows that the system is effective in detecting As(V) 
even under such conditions. All together our results let us to speculate 
that the specificity of this system is remarkable, and improvements in 
sensitivity and limit of detection could drive to a major competitivity of 
its employment in the arsenic biosensors field. 
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Chapter [4]: Identification of new heavy metal tolerant thermophiles 

Extreme environments on our planet are excellent and inexhaustible 
places to look for microorganisms capable of tolerating stress 
conditions of temperature, pH, salinity, pressure, and high 
concentrations of heavy metals.  
In the context of this PhD project, the isolation and characterization of 
new heavy metal tolerant thermophiles is a key point to understand their 
unique adaptative capabilities and convert them into an attractive 
source of catalysts for bioremediation and industrial processes.  
In this chapter we report the isolation and identification of two new 
thermophilic microorganisms from the hydrothermally active hot spring 
of Pisciarelli, near Naples in Italy: 

• In Paper I, ribotyping, 16S rRNA sequencing and mass 
spectrometry analyses lead to the identification of a new strain 
of Geobacillus stearothermophilus, which is tolerant to several 
heavy metals, and in particular to As(V), as revealed by 
functional and morphological analyses. 

• In Paper II, it is reported the characterization of a new strain of 
Alicyclobacillus mali; the genome analysis highlights the 
presence of molecular determinants of heavy metal and 
antibiotic resistance, confirmed by phenotypical analyses 
consisting on the determination of minimum inhibitory 
concentrations (MIC) towards these compounds. 
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Chapter [5]: Extremophiles, a nifty tool to face environmental 
pollution: from exploitation of metabolism to genome 
engineering 

Extremophilic microorganisms are a rich source of naturally tailored 
biomolecules for various fields of application. 
Especially thermophiles are of high potential for versatile industrial and 
environmental processes. In fact, their ability to process waste 
biomasses and/or chemical pollutants is considered a new opportunity 
for bio-catalysis and bio-transformations, which will not only contribute 
to the protection of the environment, but also to generate 
biotechnological products with high added value. In this context, there 
is an increasing need to engineer these microorganisms in order to 
optimise their performance, and in fact, for this purpose, new genetic 
tools based on more recent technological advances have been made 
available in recent years. Regarding in particular T. thermophilus, the 
thermophilic model organism used in our laboratory, the new thermo-
adapted CRISPR-Cas9 editing system (Ref [183-185] in the review) 
opens the way to whatever manipulation of its genome, including the 
possibility to realize a stable, plasmid-free whole-cell biosensor for 
arsenic. 
This chapter represents the closing of a circle regarding the exploitation 
of thermophiles: Chapter [2] presented their biotechnological 
applications in relation to heavy metals, this chapter recalls these 
concepts, and also explores the resistance mechanisms of 
thermophiles to other polluting compounds, as well as their employment 
in bioremediation processes. 
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Chapter [6]: General Conclusions 

Environmental pollution is one of the most serious problem of the 
modern age; among heavy metals, arsenic represents a harsh pollutant 
able to contaminate air, water and soil, and also very harmful for human 
health. Most of the current systems for monitoring and restoring the 
environment require several expensive and hard instrumentations; 
green biotechnologies drives to the employment of easier and possibly 
cheaper processes and devices [1,2]. 
In this context, the exploitation of thermophiles and their components 
to face the environmental pollution caused by heavy metals is an 
increasing strategy for different applications. The choice of 
thermophiles is very advantageous, in comparison to their mesophilic 
counterpart, because many of them are highly resistant to toxic metals 
and other stress conditions; this is due to their adaptation to survive at 
high concentrations of heavy metals present in some extreme 
environments, as particular hydrothermal vent, or polluted sites. 
Therefore, starting from the study of the heavy metal resistance 
mechanisms in thermophiles, it is possible to apply such knowledge to 
address many biotechnological issues: metal bioremediation, biomining 
and development of metal biosensors [3]. 
This PhD project has been structured along two thematic areas, both 
based on this topic: the development of biosensors for the monitoring 
of toxic metals using a thermostable arsenate reductase and the 
characterization of new extremophilic microorganisms in order to 
identify novel resistance mechanisms as basis to set up bioremediation 
processes. Heavy metals, and in particular arsenic, have been the main 
target of this research.  
In particular, the arsenate reductase from Thermus thermophilus, 
TtArsC [4], has been considered as the biorecognition component of 
biosensors for the arsenic detection, since it had been already exploited 
for this application [5,6] and we knew its potentialities. In particular, the 
biosensor previously developed consisted in the conjugation of TtArsC 
on gold nanoparticles through polyethylene glycol immobilization, and 
optical detection. In this thesis, we developed an electrochemical 
biosensor based on chimeric proteins (ArsC-Vmh2 and Vmh2-ArsC) 
endowed with both the arsenic sensing ability of TtArsC and the 
adhesive properties of Vmh2 [7], a self-assembling amyloid protein, in 
order to have a one-step easy immobilization of the biomaterial on the 
support. From the design point of view, Vmh2 had been previously 
exploited as scaffold for the construction of chimeric proteins, but this 
was the first time that Vmh2 was expressed at the N-terminal of a 
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chimera. This location has positive effect on folding, yield of production 
and renaturation of Vmh2-ArsC, in comparison to ArsC-Vmh2. 
Furthermore, also the catalytic activity of Vmh2-ArsC is slightly higher 
than that of ArsC-Vmh2 when the proteins are immobilized on 
hydrophobic supports, suggesting that the expression of Vmh2 at the 
N-terminal of a chimeric protein also favours the adhesion on surfaces, 
improving the catalytic activity in terms of substrate accessibility. The 
chimeras were immobilized on the surface of gold electrodes, and 
thanks to the interaction of TtArsC with As(III), this latter was 
successfully sequestered from solutions and electro-reduced at acidic 
pHs, through Square Wave Voltammetry (SWV). Despite the binding 
constants (650 ± 100 L mol−1 for ArsC-Vmh2 and 1200 ± 300 L mol−1 

for Vmh2-ArsC) need to be increased in order to possibly use these 
bioelectrodes for As(III) biosensing, to the best of our knowledge, this 
is the first example of the use of a thermostable arsenate reductase in 
an enzyme-based electrochemical arsenic biosensor and opens the 
way for improvements to be achieved either by further enzyme 
engineering strategies or by the use of advanced nanostructured 
electrodes [8]. 
Using another approach, we investigated the phosphatase activity of 
TtArsC. This secondary activity does not require the involvement of the 
complex system Trx-TR and can be easily followed with a colorimetric 
substrate (pNPP). Therefore, investigations on the effect of As(V) as 
inhibitor of the phosphatase activity revealed the possibility to employ 
TtArsC as an As(V) optical biosensor. In particular, despite both As(V) 
and As(III) behave as non-competitive inhibitors, the affinity towards the 
first is about 25 times higher, probably because As(V) is the natural 
substrate of the arsenate reductase. As fact, it is possible to see the 
complete inhibition of the reaction with naked eye from 50 µM of As(V) 
onwards (with the gold nanoparticles biosensor the reaction was visible 
with naked eye at 85 µM [5,6]), and using a spectrophotometer the 
system exhibit a sensitivity of 0.53 ± 0.03 mU/mg/μM and a LOD of 0.28 
± 0.02 μM.  Moreover, while this complete inhibition is achieved within 
a micromolar range of As(V) concentration, interestingly, higher 
concentrations (in millimolar ranges) are required with As(III) and 
almost all the other heavy metals to obtain comparable inhibition levels. 
Therefore, since the specificity of this system is remarkable, and its use 
is very simple, it is possible to foresee future applications in the arsenic 
biosensors field. 
Concerning the second thematic area of this PhD thesis, focused on 
the characterization of new thermophilic heavy-metal resistant 
microorganisms to exploit in potential bioprocesses, we performed 
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sampling in a hot mud pool in the hydrothermal volcanic area of 
Pisciarelli, near Naples in Italy. This acidic sulfate area located close to 
the famous Solfatara crater is an arsenic-rich area, characterized by 
intense endogenous diffuse and fumarolic water-dominant outgassing 
activity. We succeeded in isolating a microorganism growing optimally 
at a temperature of 60 °C and pH 7 identified as a G. 
stearothermophilus by ribotyping, 16S rRNA sequencing and mass 
spectrometry analyses, that we named G. stearothermophilus GF16 [9]. 
In a subsequent sampling, we isolated a new microorganism with an 
optimal growth temperature of 55 °C at pH 4, identified as a new strain 
of Alicyclobacillus mali by genomic analyses, that we called A. mali 
FL18 [10]. Our experiments demonstrated that both microorganisms 
can be considered arsenic resistant in agreement with the natural 
environmental setting composition as well. Moreover, genomic insights 
of A. mali FL18 revealed the putative molecular determinants of its 
arsenic resistance system, as well as to putative genes responsible for 
resistance to other heavy metals and antibiotics. 
Microbes flourishing in primordial niches rich of such toxic metalloids 
have been subjected to natural selection for a long time. Both these 
studies highlight the striking adaptation capabilities of these 
thermophiles and their tolerance to extreme conditions, making them 
promising candidates for further investigations either to address 
bioremediation of heavy-metal pollution and also to identify new 
thermostable proteins/enzymes for industrial applications. In particular, 
with the set-up of genome editing tools based on thermophilic CRISPR-
Cas systems, a revolution in the biotechnological application of 
thermophiles in industrial fields is expected [11].  
In conclusion, the results obtained during this PhD project consolidate 
the principles at the basis of the employment of thermophilic 
microorganisms and enzymes in the development of biosensors and 
bioprocesses for environmental biotechnologies. 
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