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RIASSUNTO

Introduzione
| metalli pesanti sono elementi con un elevato peso atomico, una

densit”™ almeno cinque volte maggiore

a basse concentrazioni. Le loro molteplici applicazioni industriali,
agricole, mediche e tecnologiche hanno portato ad ampié
distribuzione nell'ambiente, causando inquinamento ambientale e
problemi per la salute umana.

| metalli pesanti sono naturalmente presenti in alcuni ambienti del
nostro pianeta, come le sorgenti geotermali (marine e terrestri),
habitat considerati estremi poiché, oltre ad elevate concentrazioni di
metalli, sono presenti una varieta di condizioni estreme, quali
temperatura e/o pH, alta concentrazione di metallo e/o sale. In tal
habitat si sono evoluti diversi microrganismi estremofili appartenenti
ai domini dei Bacteria e Archaea che possiedono una straordinaria
varieta di meccanismi dinamici e versatili per contrastare stress
chimici e fisici e sopravvivere in condizioni ambientali considerate
ostili per altre forme di vita. Essi dunque possiedono sistemi
metabolici anche per contrastare la tossicita dei metalli pesanti e
pertanto partecipano attivamente alla loro mobilizzazione e
conversione chimica. Tali caratteristiche hanno attratto gli scienziati
anche da un punto di vista applicativo. In questo lavoro di tesi ci
siamo occupati di analizzare i meccanismi molecolari responsabili
della sopravvivenza e dell'adattamento dei batteri termofili ai metalli
pesanti, con particolare enfasi su arseniato As (V), arsenito As (I11),
cadmio Cd (ll) e alla messa a punto di sistemi biotecnologici per il
loro rilevamento.

| sistemi di resistenza ai metalli pesanti

| microrganismi si evolvono rapidamente e sono in grado di adattarsi
alle variazioni delle condizioni ambientali grazie alla loro
propensione al trasferimento genico orizzontale e ai loro alti tassi di
crescita. | microrganismi hanno dunque acquisito nel corso
del | 6 e v onh vazta gamrea di meccanismi di difesa contro i
metalli presenti nell'ambiente naturale, tra cui fattori trascrizionali
metallo-sensibili che regolano la trascrizione dei geni che codificano
per le proteine responsabili della detossificazione, sequestro,
efflusso e assorbimento dei metalli.



Generalmente in un microrganismo un sistema di detossificazione é
costituito da una proteina sensore, che € un regolatore trascrizionale
dei geni per la resistenza ai metalli, enzimi, come reduttasi o
metiltransferasi che modificano lo stato di ossidazione dello ione o
aggiungono gruppi metilici, e proteine di membrana (trasportatori

attivi e/o passivi)perld6ef f l usso per ri muovere di
dalla cellula. Nei batteri, i | si stema di resi stenza

dei meglio caratterizzati, ed € generalmente mediato dai prodotti
geni ci dedrsl 6 8pbbene | 6organi zz
considerevolmente tra le diverse specie, alcuni geni chiave sono
sempre presenti . Léorganizzazion
del | 6 oawwrsRB@ nhe e presente nel genoma di E. coli e nel
plasmide di Staphylococcus aureus pl2589 e che conferisce
moderata resistenza a As(V), As(l11) e Sb(lll). E stato anche descritto
in E. coli un operone organizzato in una serie di cinque geni, detto
operone arsRDABC, che fornisce resistenza a concentrazioni di
arsenico piu elevate. Presenta infatti il gene arsC che codifica per
un@rseniato r edutt asi citopl asmatica
arsenito, che viene estruso dalla cellula dall'azione di un
trasportatore transmembrana codificato dal gene arsB. Negli
organismi che hanno il gene arsA, il prodotto genico, un ATPasi, é
accoppiato al trasportatore transmembrana ArsB e aumenta
significativamente i livelli di resistenza. Il gene arsR codifica per un
repressore appartenente alla famiglia ArsR/SmtB, coinvolto nel
rilevamento dei metalli e nella regolazione trascrizionale dei geni
della resistenza; il prodotto del gene arsD funge invece da
metallochaperone aiutando il trasferimento di arsenito alla subunita
ArsA del complesso ArsAB attivandolo. In alcuni batteri & presente
un gene accessorio che codifica per una arsenito metiltransferasi,
ArsM, questo enzima € in grado di produrre delle forme metilate
del | 6 a che @assomodiffondere dalla cellula oppure essere
estruse tramite trasportatori di membrana.

Thermus thermophilus come organismo modello

Thermus thermophilus viene utilizzato da molti gruppi di ricerca
come organismo modello a causa dei suoi alti tassi di crescita, delle
alte rese cellulari delle colture, della disponibilitd di strumenti
genetici e dell'espressione costitutiva di un apparato di competenza
naturale straordinariamente efficiente. 1l ceppo HB27 di Thermus
thermophilus (isolato dal prof. Oshima in una pozza termale in
Giappone) e un Gram-negativo aerobico che cresce a temperature
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comprese tra 50° e 82° C. Le cellule di T. thermophilus HB27
appaiono morfologicamente come sottili bacilli, che tendono a
formare filamenti in grado di dividersi per divisione binaria. Il
genoma di T. thermophilus HB27 & composto da un cromosoma
(TTC) di 1.894.877 bp e un megaplasmide (TTP) di 232.605 bp,
chiamato pTT27. Il contenuto di GC & medialmente del 69,4%.

Caratterizzazione dei si stemiT.
thermophilus HB27

Nel laboratorio dove ho svolto la mia tesi di dottorato era gia stata
iniziata | a caratterizzazione
basandosi sul | d.e thermophilesa HB2Z hée un

di

del

r

S

mi crorgani smo toll erante all 6ar seni

evidenziato tre geni codificanti i putativi elementi di resistenza:
un@rseniato reduttasi TtArsC (codificata da TTC1502), un
regolatore trascrizionale TtSmtB (codificato da TTCO0353) e
u MdPasi di membrana (di tipo P1B) TtArsX (codificata da
TTCO0354) responsabile dell'efflusso. Il presente lavoro di tesi € stato
rivolto alla comprensione delle basi molecolari del sistema di
resistenza all darsenico attrayv
funzionale delle sue componenti, anche allo scopo di utilizzarle per
la messa a punto di biosensori per il rilevamento di metalli pesanti.
Tr a i risultat:i ottenuti dur
caratterizzazione di TtSmtB, un componente della famiglia
ArsR/SmtB. | membri di questa famiglia sono molto diversi tra loro,
ma condividono alcune caratteristiche, tra cui la struttura dimerica,
la presenza di un dominio di legame al DNA (basato su un motivo
strutturale helix-turn-helix) e un dominio di legame al metallo
caratterizzato dalla presenza di cisteine (almeno due).
Dal | 6appr of oTImtB del ssotruola dorae rejolatore e
delle sue caratteristiche chimico-fisiche, € emerso che questa
proteina fa parte di un sistema di resistenza promiscuo che e
utilizzato dalla cellula per detossificaresia | 6 ar seni co
Sia TtSmtB che TtArsX sono direttamente coinvolte nel processo di
resistenza e infatti i ceppi mutanti che presentano delezioni di questi
due geni risultano essere piu sensibilisi a al cadmi o
(nelle forme ossidata e ridotta). Utilizzando tecniche di pull down
associate ad analisipr ot eomi ca abbi amo i

metiltransferasi (TtAr s M) . L 6 i d een tarafterizzaziane
strutturale e funzionale di questa proteina ci ha permesso di capire
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ulteriormente come funziona e come e regolato il pathway della
resi stenza TéSMIB@ anrrepessoret@mscrizionale, che

in assenza di arsenico/ cadmi o, i mpedi sce

coinvolti nella resistenza. Abbiamo dimostrato che é infatti in grado
di interagire con il suo stesso promotore e con i promotori di TtArsC,

TtArsX, TtAr sM e che | 6i nterazi onetacon

in presenza di cadmio o arseniato o arsenito. Inoltre, abbiamo
individuato un nuovo livello di regolazione post traduzionale nel

meccani S mo di tol |l eévamzar aadil dma s & m i

TtSmtB e TtArsM, dimostrata attraverso esperimenti in vitro di ColP,
a basse concentrazioni di arseniato o arsenito mantiene bloccato
TtArsM, invece, ad elevate concentrazioni di As(lll) o As(V) il
complesso si dissocia rendendo TtArsM attiva enzimaticamente. In
presenza di cadmio, metallo che non viene riconosciuto da TtArsM,
il complesso TtSmtB /TtArsM viene ulteriormente stabilizzato,

mant enendo l a totale i TIAssM.t Questbz | o n e

bY

ulteriore sistema di regolazione e dovuto, probabilmente, ad
un@sigenza cellulare di salvaguardare il suo potenziale redox in
condizioni di stress ossidativo (causato dalla presenza di cadmio).
La caratterizzazione di questo complesso sistema, in tutte le sue
parti, &€ stata fondamentale per la realizzazione di nuovi sistemi di
biosensing per il monitoraggio ambientale.

Sviluppo di biosensori per il monitoraggio di arsenico e cadmio
| biosensori sono dei dispositivi costituiti da una componente
biologica (cellula, proteina, DNA) in grado di interagire con un dato

analtaedaun trasduttore che trasfor

misurabile. Questi dispositivi consentono una determinazione
rapida, diretta e selettiva di una particolare specie chimica anche in
presenza di molecole chimicamente simili. La specificita della
risposta di questi dispositivi, inoltre, in genere minimizza o elimina
la necessita di manipolazioni preliminari del campione e rappresenta
un'alternativa all'uso di sistemi analitici costosi e sofisticati, quali, per
esempio, la spettrometria di massa.

In questa tesi di dottorato, basandosi sulle conoscenze ottenute sul

sistema di resi s tTe thaernaophidu$ HB23 som@ ni c o

stati sviluppati due whole-cells biosensors per il monitoraggio di
arsenico e cadmio. In particolare, il primo bioreporter e stato
ottenuto a partire dal plasmide pMHpnqo, clonando: a) una cassetta
contenente il promotore riconosciuto da TtSmtB, a valle del gene

reporter codificante una versione ter mo s t a b i {gaattasidabki,| a
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e b) una cassetta di espressione per il fattore TtSmtB sotto |l

controllo del promotore costitutivo pngo. Questo sistema reporter &

stato utilizzato per trasformare il ceppo wilde type di T. thermophilus

HB27 e un ceppo mutante (T. thermophilus TTC0354::pK18) e, data

la capacita di TtSmtB di interagire sia con il cadmio che con

| 6arsenico (questoultimo negld:. stadi
in grado di rilevare 20 uM arsenico e 10 uM di cadmio. Il secondo

bi os e nwhole-cello i T ithermophilus HB27 & stato messo a

punt o ut i | i zzandgenome edisngos t b ema a tdoi sfAu
CRISPR-Cas9, in collaborazione con il Prof. John van der Oost della
Wageningen University & Research. La cellula modificata
geneticamente attraverso il sistema di editing genomico esprime il

gene reporter sYFP, codificante la proteina fluorescente YFP, a

valle del promotore di TtArsX, utilizzando il sistema endogeno di
resistenza all 6arsenico e al cadmi o
cadmio a concentrazioni di circa 0.5 pM. Questo sistema é risultato

essere piu stabile e riproducibile nel segnale di fluorescenza. Quindi

puo rappresentare un ottimo candidato per ulteriori caratterizzazioni

ai fini di un impiego applicativo.

Infine, & stato identificato e caratterizzato un nuovo ceppo di
Geobacillus stearothermophilus, che mostra unobel evalt
all arseni at o, attimecamdagtioper & svdupdodi u n

nuovi sistemi di risanamento ambientale.

In conclusione, i risultati ottenuti con questo progetto di dottorato ci

hanno permesso di comprendere in maniera piu dettagliata il
funzionamento dei sistemi cellulari di resiste nza al | édir seni c
sviluppare contestualmente dei bioreporter che possano fungere da

punto di partenza per ulteriori manipolazioni volte alla realizzazione

di biosensori da utlizzare nei processi industriali o per |l
monitoraggio ambientale.



SUMMARY

The high concentrations of heavy metals are the cause of one of the
most serious pollution problems of our time. Different chemical or
physical methods have been developed to treat polluted sites, but
the problem persists given the necessity to dispose the treated
waste and any, probably even more toxic, chemical by-product; so,
considering advances in biotechnology, there is interest in the
development of biosensors for monitoring polluted areas as well as
bioremediation techniques.

The aim of this PhD thesis was the development of whole-cell
biosensors for monitoring of environmental pollutants starting from
the characterization of the molecular mechanisms of heavy metal
resistance in thermophilic microorganisms.

The first part of this PhD-thesis focuses on the characterization of
the TtSmtB, a trans-acting repressor belonging to the ArsR/SmtB
family, involved in the metal sensing and in transcriptional
regulation.

The characterization of TtSmtB was carried out in order to
investigate the molecular determinants of metal binding, DNA
binding and to identify target promoter regions.

The second part of this PhD thesis was focused on the development
of whole-cell biosensors using two different approaches: plasmid-
based or genome-based detection systems.

The first whole-cell biosensor was obtained starting from the
knowledge acquired on the biological function of TtSmtB, where on
a single plasmid we can found the promoter recognized by TtSmtB
and the reporter gene.

The second whole-cell biosensor was obtained by engineering
Thermus thermophilus HB27 through a CRISPR-Cas9 system that
allowed us to insert the reporter gene into the genome, under the
control of a responsive promoter, allowing us to improve the
sensitivity of our reporter system.

The last part of this project was focused on the characterization of a
new strain of Geobacillus stearothermophilus was isolated from a
hot spring located in a solfataric area of Pozzuoli (Napoli).
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Chapter I: General Introduction

1. Environmental pollution
Heavy metals are generally defined as metals with relatively high
densities, atomic weights, or atomic numbers. Here we refer to
heavy metals when they present the following characteristics:

density exceeding 5.0 g/cm?
general behaviour as cations
low solubility of their hydrates
aptitude to form complexes
affinity towards the sulphides

= =4 =4 -8 4

Trace of some heavy metals are required for certain biological
processes such as: iron (Fe) and copper (Cu) required for the
oxygen and electron transport; or vanadium (V) and manganese
(Mn) required for the enzyme regulation?.

In high concentrations heavy metals are the cause of one of the most
serious pollution problems of our time. Therefore, it is important to
be informed about the heavy metals and to adopt protective
measures against overexposure.

Heavy metal toxicity can result in damaged or reduced mental and
central nervous function, lower energy levels, and damage to blood
composition, lungs, kidneys, liver, and other vital organs. Long-term
exposure may result in slowly progressing physical, muscular, and
neurological degenerative processes. Repeated long-term contact
with some metals or their compounds may even cause cancer
(International Occupational Safety and Health Information Centre,
1999)2.

Different chemical or physical methods have been developed to
treat polluted sites, but the problem persists given the necessity to
dispose the treated waste and any, probably even more toxic,
chemical byproducts; so, taking into account advances in
biotechnol ogy, i tos interestingfortrying
monitoring heavy metal pollution or to follow the efficacy of
bioremediation procedures.

2. Chemistry of Arsenic
Arsenic is an ubiquitous toxic metalloid that contaminates both
groundwater sources and soils. More than 100 million people in the
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world are at risk from consuming water contaminated by arsenic,
and strategies to detect and prevent this global problem are urgently
required.

From a chemical point of view, arsenic is a metalloid of the VA group
of the periodic table, toxic to the environment and humans3. In
nature it is present in four different oxidation states: arsenite As(lll)
and arsenate As(V) are the most common, while the elemental
arsenic (0) and arsenide As(-3) are rare*°. The main chemical-
physical factors that control the speciation of arsenic are the pH and
the redox potential®. The metalloid is found in sediments, water and
soil both in inorganic form, where in oxidizing conditions prevail the
pentavalent arsenic and under reducing conditions the trivalent one’
and in organic form as the mono-methylarsonic acid (MMA) and di-
methylarsinic acid (DMA). Disclosure of organic arsenic is lower
than inorganic forms. Since arsenic has different valence states, its
treatment and removal from the contaminated sites is not an easy
issue.

3. Microbial resistance system to heavy metals
Microorganisms quickly evolve and quickly adapt to environmentally
changing conditions, due to their propensity for horizontal gene
transfer and their high growth rates. The great genetic diversity of
microorganisms accounts for their great metabolic versatility and
ability to adapt even to extreme environments that do not allow
proliferation of other living organisms®. Microorganisms have a wide
variety of defence mechanisms against metals present in the natural
environment, in fact they have developed metal-responsive
transcriptional regulatory proteins that regulate the transcription of
genes encoding proteins responsible for metal detoxification,
sequestration, efflux and uptake (Fig. 1). Generally, a microbial
detoxification system consists of a sensor protein, which is a
transcriptional regulator of the genes for resistance to metals, a
detoxifying enzyme, such as a reductase, and an efflux pump to
remove the metals from the cell directly.

Recent structural studies have revealed five distinct families of metal
sensors proteins: MerR, ArsR/SmtB, DtxR, Fur and NikR. The
families MerR and ArsR/SmtB regulate the expression of genes
needed for metal ion detoxification, efflux and sequestration; here,
metal binding results in the activation (MerR) or derepression
(ArsR/SmtB) of the resistance operon. In contrast, the families DtxR,
Fur and NikR regulate genes coding for proteins involved in metal

8
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ion uptake; in these cases, the metal ions function as co-repressors
to switch off uptake genes in defined concentrations of metals®.

Fig. 1 Generalized illustration of the mechanism of resistance to toxic metals
by microorganisms: 1) Extracellular barrier, a selectively permeable system; 2)
Efflux of metal ions; 3) Enzymatic reduction of metal ions. 4) Intracellular
sequestration by small molecule complexing agents or metal-chelating proteins.

Arsenic tolerance in bacteria is usually mediated by the gene
products of ars operon®1%11 Although the right operon organization
varies considerably among different species, there are some key
genes which are always present: the gene set which confers a basal
resistance consists in the arsRBC operon, present in the E. coli
genome!! and in the Staphylococcus aureus plasmid pl258*2. There
is also a set of five genes, arsRDABC found in the E. coli plasmid
R773%3, that provides resistance to higher arsenic concentrations.
The gene arsC encodes a small cytoplasmic arsenate reductase
which converts arsenate into arsenite'4, that is extruded from the cell
by the action of a transmembrane transporter encoded by the arsB
gene. In organisms that have the arsA gene, its gene product, an

9
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ATPase, is coupled to transmembrane transporter ArsB and
significantly increases the levels of resistance®. The arsR gene
encodes a trans-acting repressor belonging to the ArsR/SmtB
family, involved in the metal sensing and in transcriptional
regulation; the arsD product acts as metallochaperon assisting the
transfer of arsenite to the ArsA subunit of the ArsAB complex
activating it.

Some bacteria possess another gene in the ars operon, coding an
arsenite methyltransferase. Arsenic methyltransferase is an enzyme
that catalyzes the conversion of inorganic arsenic into mono-, di-,
and tri-methylated products. Conversion of inorganic arsenic into
methylated metabolites affects the environmental transport and the
fate of arsenic as well as its metabolism and disposition at cellular
and systemic levels ® in higher organisms.

4. Environmental biomonitoring

There are currently two widely used methods of arsenic detection in
drinking water: laboratory-based analytical methods and field-based
testing methods. The laboratory-based analytical methods require
highly trained personnel and expensive analytical machinery, such
as inductively coupled plasma mass spectroscopy (ICP-MS) and
atomic absorption spectroscopy. Further, the delay in turnaround
time between specimen collection and result availability limits their
day-to-day use. So different chemical methods have been
developed to treat polluted sites, but the problem persists given the
necessity to dispose the treated waste and any, probably even more
toxic, chemical bioproducts. Biosensors and bioreporters are safe,
alternative methods to detect environmental pollutants such as
arsenic?.

A biosensor is an analytical device, used for the detection of an
analyte, that combines a biological component with a
physicochemical detector'é. In a biosensor, the bioreceptor is
designed to interact with the specific analyte of interest to produce
an effect measurable by the transducer. High selectivity for the
analyte among a matrix of other chemical or biological components
is a key requirement of the bioreceptor. While the type of
biomolecule used can vary widely, biosensors can be classified
according to the most common types of bioreceptor interactions
involving: antibody/antigen'’, enzymes/ligands, nucleic acids/DNA,
cellular structures/cells, or biomimetic materials'®. A whole-cell
biosensor can be utilized as a rapid and sensitive method to detect
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and guantify such toxic species; these types of biosensors rely on
the analysis of the expression of a reporter gene that is controlled
by a promoter responsive to a particular toxic compound?®.

5. Thermophiles and biotechnology
Microorganisms can be roughly classified, according to the range of
temperature at which they can grow, in: i) psychrophiles (below
20°C), ii) mesophiles (from 20° up to 45°C), iii) thermophiles (from
50° up 70°C) and iv) extreme thermophiles (above 70°C). From
biological point of view, the study of these microbes, has an
important implication in regard to ecology as well as evolution, for
the peculiarity of some microbial metabolisms?°. The impact of
biotechnology on our lives is inescapable and the comparison
between the natural habitats of thermophiles and the typical
industrial cultivations reveals both the advantages and the limits of
the applicability of these microorganisms?t.Today the use of
microorganisms has become so prevalent in biotechnology
applications, to render their discovery and genetic modification a
goal of our economy. Among industrial microorganism, thermophiles
are highly promising to achieve this purpose. The lower cooling
costs, lower contamination risk, and easier downstream processing
of the final product, converted this microorganisms into ideal
platforms for the new generation of sustainable bioprocesses??.
In this thesis, we focused on thermophilic and extremophilic
microorganisms with the aim to use them in environmental
monitoring or bioremediation.
For this purpose, we followed two strategies:

1 A model organism, T. thermophilus HB27, was employed to
deeply characterize the molecular mechanism of resistance
to toxic metals in order to develop tools for environmental
biomonitoring;

1 New microorganisms were isolated from hot springs in order
to exploit their genetic and physiological contents for future
bioremediation purposes.

6. Thermus thermophilus as a model organism

Many research groups use Thermus thermophilus as model
organism, because of its high growth rates, cell yields of the cultures,
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the availability of genetic tools, and the constitutive expression of an
impressively efficient natural competence apparatus?3.

T. thermophilus HB8 and HB27 are aerobic Gram-negative
microbes, that grows at temperatures ranging from 50° to 82°C.
HB27 strain was originally isolated from a natural thermal
environment in Japan by Professor Tairo Oshima?*; its optimal
growth is at 74°C and at pH 7.0. Many thermophilic organisms are
strictly anaerobic, as a result of an adaptation to the low solubility of
oxygen at these temperatures. However, the Thermus gender is an
exception: T. thermophilus HB8, for example, can grow in anaerobic
conditions by complete or partial denitrification, or using heavy
metals as final acceptors of the anaerobic respiration. HB27 strain,
nevertheless, cannot grow in anaerobic conditions. T. thermophilus
cells morphologically appear as thin bacilli, which tend to form
filaments able to divide by binary division. As all Gram-negative
bacteria, it is surrounded by an outer membrane composed primarily
of phospholipids and lipopolysaccharides, and a thin layer of
peptidoglycan, responsible for the structural rigidity of the cell; this
last is itself surrounded by amorphous material, covalently linked to
the peptidoglycan?3. T. thermophilus HB27 genome is composed by
a chromosome (TTC) of 1.894.877 bp and a megaplasmid (TTP) of
232.605 bp, named pTT27. GC content is medially 69.4%. Regions

that show a low GC content represent ribosomal RNA clusters (Fig.
2)%,

‘\\\ - ‘ 2
y f /’“
5 T. thermophilus \1‘
:’i A _ chromosome
§ . 1,894,877 bp

Fig. 2 Maps of T. thermophilus HB27 chromosome and plasmid .

Some thermophilic bacteria belonging to the genus Thermus,
isolated from different geothermal vents, could use arsenate for
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respiration (Thermus sp. HR13) and to rapidly oxidize arsenite (T.
aguaticus and T. thermophilus). T. thermophilus HB27 showed high
tolerance to concentrations of arsenate and arsenite; investigation
on the molecular mechanism underlying this resistance, started from
the identification, characterization and regulation of the arsenate
reductase (TtArsC)?. Showing that TtArsC is an important
component in the arsenic resistance in T. thermophilus and giving
the first structural-functional characterization of a thermophilic
arsenate reductase?.

In the past years, our research group has developed an efficient
enzyme-based biosensor, immobilizing TtArsC on gold-
nanoparticles, representing a first attempt to develop a biosensor
using the components of the arsenic resistance system of Thermus
thermophilus HB27. This device provides a rapid method to evaluate
the presence of arsenic and gives a proof of principle that
thermophilic/thermostable metal sensing proteins are effective tools
for biomonitoring?”:28.

7. CRISPR-Cas9 technology

CRISPR (Clustered Regularly Interspaced Short Palindromic
Repeats) and CRISPR-associated (cas) genes constitute a system
of innate immunity of some bacteria and archaea that allow to
defend themselves from the intrusion of exogenous genetic
materials. A CRISPR locus is composed of two components: a
CRISPR array, and an operon where the cas-genes are located. The
CRISPR array includes 30 to 40 nt partially palindromic repetitive
segments, also known as repeats, interspaced by short variable
DNA sequences known as spacers, obtained from previous
exposures to exogenous DNA/RNA?°30, The expression of these
components is regulated by a leader sequence that contains
regulatory elements including a promoter3°3, The cas-gene operon
encodes several and highly diverse genes that are essential not only
for targeting the invading DNA, but also for the crRNA processing,
and for the addition of new spacers to the CRISPR array®?. In recent
years, genome editing was exploited for industrial applications,
especially for improvement and development of strains with the
ability of converting an unsustainable bioprocess into sustainable
one such as those involving bioethanol and bioplastic33:34,

ThermoCas9 consists in a class 2 type-1IC, RNA-guided DNA-
endonuclease, which was discovered in  Geobacillus
thermodenitrificans T12 by Daas et al.%®. It is shown to be active, in
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vitro, between 20 and 7 0 A C, and imuyvo, becomimda
powerful tool for genome editing both in mesophilic and thermophilic
organisms¢. Its PAM (Protospacer Adjacent Motif) sequence is
composed by 8 nt, where the last 4 positions are crucial for
protospacer r e ¢ o g ANNNNCEAA-3 ff)o Alsoj
protospacers ranging 19 to 23 nt, cleave targets with the highest
efficiency®. The DBS takes place 3 nucleotides upstream the PAM
sequence®®. ThermoCas9 shows several advantageous
characteristics when comparing to the most widely employed Cas9
for genome editing, SpCas9. Firstly, ThermoCas9 is active in vitro

bet ween 20 and 70 ArCvivet®hwhile SpOas9 ts o

not active, in vivo, at or above 42 °C, meaning that can only be
applied in mesophilic or facultative thermophilic organisms®’.
Secondly, the size of ThermoCas9 (1082 amino acids) is smaller
than its orthologue SpCas9 (1368 amino acids)®’. ThermoCas9 has
stringent PAM-preference at its lower temperature range, providing
potentially less off-targets. Also, in vitro, showed to tolerate fewer
spacer-protospacer mismatches than SpCas9, contributing to a
higher specificity®®. In this thesis, we investigated what are the limits
of ThermoCas9 activity in vivo, adapting the system to use it in T.
thermophilus HB27, hence developing a new powerful tool for
genome editing.

8. Aim of the work

The aim of this thesis has been focused on the identification of the
molecular mechanisms that drive bacterial resistance to heavy
metals for the construction of devices for environmental monitoring
of arsenic or other heavy metals.

The chapter 1l is an overview of main heavy metal microbial
resistance systems, focused on thermophilic microorganisms in
view of potential biotechnological applications.

Chapter 1l describes a thorough characterization of TtSmtB, an
ArsR/SmtB family member that is the playmaker of the
arsenic/cadmium resistance system in T. thermophilus HB27. In this
chapter, Paper-l reports the first structural-functional
characterization of the protein, identifies the specific sequences
recognized by the protein on target DNAs and the realization of
mutant strains of T thermophilus ( s mt b: : kat and
that allowed us to study the function of these two proteins in vivo.
The Paper-1l focuses on the chemical-physical characterization of
the protein to shed light on the molecular mechanisms of the
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interaction with the effectors, arsenic and cadmium. Knowledge at
molecular level of protein-metal interaction is important to design
metal binding domains as scaffolds in metal biorecovery or
biosensing in the environment.

Chapter IV describes the characterization of TtArsX, a Pis-type
membrane ATPase responsible for the efflux of heavy metals.
Through this characterization, it was possible to obtain a whole-cell
biosensor, based on a plasmid containing a thermo-adapted version
o f -gatactosidase as a reporter gene, under the transcriptional
control of TtArsX responsive promoter. Measurements of b-
galactosidase activities are linked to the detection of low quantities
of arsenate, arsenite and cadmium.

The identification of a new component of the arsenic resistance in
T. thermophilus HB27 is the main objective of the chapter V, which
reports the application of pull-down and proteomic techniques for the
identification of new molecular partners involved in heavy metal
resistance. in this chapter it is also described the development of a
genome-editing technique based on CRISPR-Cas9 technology to
knock out the gene coding for the arsenite methyltransferase and to
realize a plasmide-free whole-cell biosensor.

In the chapter VI we describe the identification and characterization
of a new arsenic resistant strain of Geobacillus stearothermophilus,
isolated from a hot spring located in a solfataric area of Pozzuoli
(Napoli).
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Metal-Tolerant Thermophiles: From the Analysis of
Resistance Mechanisms to their Biotechnological
Exploitation.

The extreme environments on our planet are excellent places to find
microorganisms capable of tolerating conditions of temperature, pH,
salinity, pressure and high elevated concentrations of heavy metals.
The study of the genetic and physiology of these microorganisms
has highlighted the presence of multiple mechanisms for facing
different chemical and physical stresses.

In the last decades, the study of extremophilic microorganisms has
had a massive increase, also due to the boost of these
microorganisms in biotechnology.

In the context of this PhD thesis, the study of heavy metal resistance
systems in thermophilic microorganisms represents the starting
point for the development of new systems for environmental
monitoring.

This review is focuses on the molecular mechanisms responsible for
survival and adaptation of thermophiles to toxic metals, with
particular emphasis on arsenate As(V), arsenite As(lll), cadmium
Cd(ll), and on current biotechnologies for their detection, extraction
and removal.
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Abstract:

Extreme terrestrial and marine hot environments are excellent niches for specialized microorganisms belonging to the domains of
Bacteria and Archaea: these microorganisms are considered extreme from an anthropocentric point of view because they are able to
populate harsh habitats tolerating a varicty of conditions. such as extreme temperature and/or pH. high metal concentration and/or
salt: moreover, like all the microorganisms. they are also able to respond to sudden changes in the environmental conditions.
Therefore, it is not surprising that they possess an extraordinary variety of dynamic and versatile mechanisms for facing different
chemical and physical stresses. Such features have attracted scientists also considering an applicative point of view. In this review we
will focus on the molecular mechanisms responsible for survival and adaptation of thermophiles to toxic metals, with particular
emphasis on As(V). As(I1I). Cd(ll), and on current biotechnologies for their detection, extraction and removal.

Keywords: Toxic melals, Resistance systems, Metal bioremediation, Thermostable biosensors, Environmental conditions, Physical
stresses.

1. HEAVY METALS: TOXICITY AND TRANSFORMATION

Heavy metals are among the most persistent and toxic pollutants in the environment |1]. Even in small
concentrations, they can threat human health as well as the environment because they are non-biodegradable. There is
no widcly agreed criterion for definition of a hcavy metal. Depending on the context, this term can acquire different
meanings: for example. in metallurgy a heavy metal may be defined by its density. in physics by its atomic number, and
in chemistry by its chemical behavior |2). The International Union of Pure and Applied Chemistry (IUPAC) docs not
consider these definitions correct; in this review, according to IUPAC, every “heavy”™ metal has the following
characteristics: density exceeding 5.0 g/cm’; general behavior as cations: low solubility of their hydrates; aptitude to
form complexcs and affinity towards the sulfidcs.

In 2010, the World Health Organization (WHO) estimated that more than 25% of total discases were linked to
cnvironmental factors including exposure to toxic chemicals [3]. For example, lead, [Pb(II)]. onc of the most common
heavy metals, is thought to be responsible for 3% of cercbrovascular discasc worldwide [4]: while cadmium, |Cd(ID)],
has been classified as carcinogen by the /nternational Agency for Research on Cancer (IARC) on the basis of several
cvidence in both humans and experimental animals |5, 6]. Furthcrmore, hazards associated with exposure to other metal
ions like chromium |Cr(I1)], mercury [Hg(l)|. and arsenic |As(III) and As(V)], have been well established in the
literature [7 - 12]. The risk related to heavy metal exposure depends on the concentration and time [13].

Tablc 1 reports the concentration limits of the most common heavy metals in drinkable water, suggested by the
World Health Organization (WHO) and the Environmental Protection Agency (EPA). It also shows the possible sources
of these contaminants in drinking water and the potential health cffects from long-term cxposure [12, 14].

* Address correspondence to this author at the Department of Biology. University of Naples Federico II, Edificio 7, via Cinthia n. 6, 80126 Naples,
Italy: Tel: +39081679167: E-mail: fiogabrii@unina.it
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Table 1. Limit concentrations of common heavy metals in drinkable water, suggested by the World Health Organization
(WHO) and the Environmental Protection Agency (EPA).

WHO | EPA | Potential Health Effects from Long- e il RIS -
C (mg/L)|(mg/L) Term Exposure Sources of Contaminant in Drinking Water
.Skm damage ot problems “.“h, Erosion of natural deposits: runoff from orchards. runoff from glass and
As 0.010 | 0.010 circulatory systems, and may have : 2
] o T i s clectronics production wastes
increased risk of getting cancer
Ba 7 ) Ticieise i blood pressure Discharge of drilling wastes: discharge frgm metal refineries: erosion of
natural deposits
cd 0.003 | 0.005 Kidney damage Corrosion of galvamygd Plpes: erosion ovf natural dleposus: d|§cl1;1rge from
metal refineries; runoff from waste batteries and paints
(loCl;l) 0.050 | 0.100 Allergic dermatitis Discharge from steel and pulp mills: erosion of natural deposits
Cu 2 1.300 Liver or kidney damage Corrosion of household plumbing systems; erosion of natural deposits
) Hg ) 0.006 | 0.002 Kidici i Erosion of natural deposits: dlsclmc from refineries and factories: runoff
(inorganic) 5 i from landfills and croplands
Pb 0.010 | 0.015 | Kidney problems: high blood pressure Corrosion of household plumbing systems
Increase in blood cholesterol: decrease in| Discharge from petroleum refineries; fire retardants; ceramics: electronics:
Sb 0.020 | 0.006
blood sugar solder

On the other hand, heavy metals naturally occur in the Earth’s crust. They arc present in soils, rocks, sediments, air
and waters and can be used and modified by local microbial communities, which are actively involved in metal
geochemical cycles, allecting their speciation and mobility. Many metals are essential for life because they are actively
involved in almost all aspects of metabolism: as examples. iron and copper are involved in the electron transport.
manganese and zinc influence enzymatic regulations. However. their excess can disrupt natural biochemical processes
and cause toxicity. For these reasons, all the microorganisms have evolved resistance systems to get rid of the cell of
toxic metals as well as molecular mechanisms to maintain metal homeostasis. These systems frequently rely on a
balance between uptake and efflux processes [15]. Because of microbial adaptation, microorganisms can also contribule
to increase toxicity levels [16, 17]. For example, several studies in Bangladesh have demonstrated that microbial
processes enhance the arsenic contamination in near- and sub-surface aquilers, because arsenate-respiring bacteria can
liberate As(TIT) from sediments, adsorptive sites of aluminum oxides or ferrihydrite, or from minerals. such as scorodite
[18].

Metal biotransformation impacts human health through the food chain: examples include the oxidation of Hg(0) to
Hg(II). and the subsequent methylation to methylmercury compounds, which can be accumulated by fish and marine
mammals in the aquatic environment [19].

Despite their relevant toxicity, in a report of the European Commission (named “Critical-Metals in the Path towards
the Decarbonisation of the EU Energy Sector”), several heavy metals such as cadmium, chromium and lead are
included into the classification of critical raw materials. According to the sustainable low-carbon economic policy of
EU, these metals are expected to become a bottleneck in a near future to the supply- chain of various low- carbon
energy technologies [20]. Therefore, it is very important to detect and recover these heavy metals to achicve both
environmental safeguard and sustainable economic strategies. Common sources of heavy metals in this context include
mining and industrial wastes, vchicle emissions, Icad-acid batterics, fertilizers, paints, trcated timber, aging water
supply infrastructures, and microplastics floating in the world's oceans [21. 22].

2. METAL RESISTANCE MECHANISMS

Microorganisms ablc to tolcrate high levels of heavy metal ions have evolved in ore deposits, hydrothcrmal vents,
geothermal sites, as well as in dilferent polluted sites [23]. Melal tolerance of thermophilic Bacleria/Archaea is due to
scveral mechanisms, many also found in mesophilic counterparts, such as: extraccllular barricr, metal ion transport into
and outside the cell. the utilization of toxic metal ions in metabolism or the presence of metal resistance genes with
different genomic localization (chromosome, plasmid or transposon) [24].

To date, at least four main mechanisms of heavy metal resistance. schematized in Fig. (1). are described which can
be even found in the same microorganism [24 - 31]:
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