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RIASSUNTO

Gli enzimi sono biocatalizzatori che accelerano le reazioni biochimiche
alla base del metabolismo di tutti gli esseri viventi, catalizzando reazioni
con alta specificita e processivita. Nel corso degli anni, queste
macromolecole hanno avuto un grande impatto nello sviluppo di
bioprocessi industriali, consentendo di aumentare le rese e la qualita
dei prodotti e riducendo I'utilizzo di energia e l'impatto ambientale.

Il crescente sviluppo di processi ecosostenibili e la necessita di un
passaggio verso una bioeconomia circolare ha aumentato la domanda
di nuovi biocatalizzatori. Il mercato globale degli enzimi, infatti, & in
continuo aumento, con un indice di crescita annuale previsto del 7.2 %
tra il 2020 ed 2027. Tale mercato € dominato dalle idrolasi, quali
proteasi, idrolasi dei carboidrati ed enzimi lipolitici. Molte industrie
operanti in diversi settori (i.e., alimentare, tessile, farmaceutico,
produzione di biocarburanti, carta e detergenti) beneficiano dell’'uso di
questi biocatalizzatori. Tuttavia, la limitata disponibilita commerciale di
alcune particolari classi enzimatiche e le scarse prestazioni di molti
enzimi nelle tipiche condizioni dei processi industriali (i.e., alte o basse
temperature, pH acidi o alcalini, alte concentrazioni di substrato,
presenza di solventi organici), rallentano l'introduzione di nuovi
biocatalizzatori su larga scala. In questo scenario, l'identificazione di
nuovi enzimi con un’elevata attivita, stabilita e una maggiore specificita,
rispetto i biocatalizzatori gia utilizzati, diventa indispensabile; ponendo
le basi per migliorare i bioprocessi preesistenti e lo sviluppo di nuove
biotecnologie. La ricerca di nuovi enzimi per applicazioni industriali &
principalmente indirizzata verso fonti microbiche. Infatti, grazie alla loro
abbondanza naturale, la grande biodiversita e la facilita di coltura in
condizioni di laboratorio, i microrganismi sono la fonte principale degli
enzimi commerciali attualmente utilizzati. Inoltre, rispetto gli enzimi da
animali e vegetali, i biocatalizzatori microbici hanno diversi vantaggi:
sono piu attivi e stabili, vengo prodotti con alte rese e la ricerca di nuovi
enzimi dai microrganismi & facilitata dalle moderne tecniche di
metagenomica. Quest’approccio, grazie all’evolversi delle tecnologie di
NGS, permette l'identificazione di un consistente numero di nuove
sequenze codificanti per enzimi direttamente da campioni ambientali,
senza la necessita dell’isolamento dei microrganismi. Inoltre, con il suo
avvento, € stato facilitato lo studio di consorzi microbici poco esplorati,
come i microrganismi estremofili che, da un punto di vista
biotecnologico, rappresentano una fonte di enzimi molto stabili e
naturalmente adatti alle rigide condizioni dei processi industriali.
Tuttavia, I'identificazione massiva di nuove sequenze ha generato una
sostanziale discrepanza tra le sequenze enzimatiche depositate e gl



enzimi caratterizzati. La caratterizzazione enzimatica, infatti,
rappresenta I'unico metodo per validare le potenzialita di un enzima
come biocatalizzatore e I'enorme gap generato limita la scoperta di
nuove attivita interessanti e potenzialmente sfruttabili. In questo
contesto, approcci di tipo genome mining, interamente dipendenti da
strategie computazionali, permettono la deduzione della possibile
funzione enzimatica sulla base dalle informazioni ottenute dalla
sequenza. Di conseguenza, queste strategie possono aiutare a filtrare
e razionalizzare le informazioni contenute nei genomi microbici annotati
e nei dataset metagenomici, semplificando la selezione di sequenze
enzimatiche interessanti ed utili per scopi biotecnologici ed industriali.
Tra i biocatalizzatori piu ricercati per questi scopi, vi sono le glicoside
idrolasi (GH), che degradano il legame glicosidico tra due o piu
carboidrati, e gli enzimi lipolitici (esterasi e lipasi), che degradano esteri
a catena alifatica, che hanno aumentato il loro impatto a livello
industriale e in diverse applicazioni biotecnologiche.

In questo scenario, I'elaborato di tesi descrive nei capitoli 2 e 3
I'identificazione e la caratterizzazione di enzimi idrolitici mediante
approcci metagenomici e di genome mining. Mentre, studi piu avanzati
su potenziali applicazioni biotecnologiche di GH, sono descritti nei
capitoli 4 e 5. Nel capitolo 2 & stato utilizzato un approccio di tipo
metagenomico per esplorare la componente microbica che popola
I'ambiente estremo della solfatara Pisciarelli, con lo scopo di identificare
nuove sequenze geniche codificanti per putativi enzimi attivi sui
carboidrati (CAZymes). Questi enzimi sono classificati all'interno della
banca dati CAZy disponibile on line in cinque gruppi principali: glicosil
transferasi (GT), GH, esterasi dei carboidrati (CE), polisaccaridi liasi
(PL) ed attivita ausiliari (AA) ed ogni gruppo €& diviso in famiglie e
sottofamiglie sulla base di omologia di sequenza, meccanismo
catalitico e similarita di struttura tridimensionale. L’ambiente solfatarico
analizzato era caratterizzato da due pozze fangaie ad alta temperatura
e pH acido, denominate Pool1 (86 °C, pH 5.5) e Pool2 (95 °C, pH 1.5),
da cui sono stati ottenuti due dataset metagenomici. Dallo studio &
emerso che I'ambiente era interamente popolato da microrganismi
ipertermofili appartenenti al dominio degli Archaea e sono state
identificate 278 sequenze codificanti per putativi CAZymes da Pool 1 e
308 da Pool2. Dai dati metagenomici di Pool2 sono state selezionate
due sequenze codificanti per putative GH, che sono state espresse
eterologamente e gli enzimi sono stati caratterizzati biochimicamente
in dettaglio: una (-mannanasi/B-1,3-glucanasi di famiglia GHS5
(sottofamiglia 19) ed una B-N-acetylglucosaminidasi/f-glucosidasi
appartenente alla famiglia GH109. Piu in dettaglio, in questo lavoro mi



sono occupato della produzione e la caratterizzazione dell’enzima
appartenente alla famiglia GH109 (GH109_Pool2). Questa famiglia
enzimatica era poco caratterizzata, infatti contava solo 6 membri
caratterizzati. Gli enzimi appartenenti a questa famiglia presentano un
meccanismo NAD*-dipendente ed hanno attivita sia sugli anomeri beta
che alfa del legame glicosidico, caratteristica non canonica per le GH.
Inoltre, tutti gli enzimi caratterizzati presentano un’attivita N-
acetilgalactosaminidasica. GH109_Pool2 rappresenta il primo enzima
della famiglia caratterizzato da Archaea, con un’attivita ottimale a 85°C,
ed il primo che ha una specificita di substrato diversa rispetto a quelle
riportate in precedenza, espandendo, quindi, il repertorio di attivita della
famiglia. | risultati ottenuti hanno evidenziato la potenza dell’approccio
metagenomico nell’esplorazione di consorzi microbici che popolano
ambienti estremi e nellidentificazione di nuove sequenze geniche
codificanti per potenziali biocatalizzatori. Inoltre, lo studio ha
sottolineato l'importanza della caratterizzazione enzimatica, unico
strumento in grado di darci informazioni dettagliate e non prevedibili
dalla sola analisi delle sequenze geniche.

Nel capitolo 3 & stata riportata la caratterizzazione di una nuova
esterasi, identificata attraverso un approccio di tipo genome mining
allinterno  del genoma del batterio termofilo Geobacillus
thermodenitrificans. Le analisi in silico hanno rilevato che I'enzima
apparteneva al gruppo delle enterochelin/enterobactin esterasi, un
gruppo enzimatico poco caratterizzato e conosciuto principalmente nei
microrganismi siderofori patogeni. Infatti, questi enzimi fanno parte di
una via metabolica utilizzata dai microrganismi siderofori per catturare
il ferro ambientale. Nei microrganismi patogeni, questo meccanismo,
concorre nella patogenicita, permettendogli di competere con l'ospite
per I'acquisizione del ferro. La caratterizzazione della nuova esterasi
(EstGtA3) ha evidenziato che I'enzima mostrava caratteristiche simili
alle canoniche esterasi, con un’attivita ottimale in un ampio intervallo di
pH (7 — 8.5) ed alla temperatura di 60°C. Inoltre I'attivita di EstGtA3
aumentava in presenza del solvente n-esano ed altri agenti denaturanti
(DTT, Triton-X100, B-mercaptoetanolo), rendendola particolarmente
interessante per la risoluzione di miscele racemiche e la sintesi di
composti puri otticamente attivi. Questo studio ha dimostrato che anche
enzimi che fanno parte di peculiari vie metaboliche, mai considerati per
applicazioni di tipo biotecnologico, possono avere caratteristiche
interessanti e potenzialmente sfruttabili per questi scopi. Inoltre,
considerando I'enorme numero di sequenze enzimatiche depositate e
non esplorate, la strategia di genome mining pud essere considerata
una valida alternativa per la ricerca di nuovi biocatalizzatori.



Nel contesto della biotrosformazione delle biomasse lignocellulosiche
per la produzione di bioetanolo e prodotti ad alto valore aggiunto, nel
capitolo 4 é riportata la caratterizzazione del meccanismo di reazione
di tre GH nell'idrolisi di oligosaccaridi dell’emicellulosa xyloglucano
(XGO) da due diverse fonti, tamarindo e vinaccia di mela. | tre enzimi,
dallarchaeon ipertermoacidofilo Saccharolobus solfataricus ed
appartenenti alle famiglie GH1 (B-glucosidasi/ 3-galactosidasi), GH29
(a-fucosidasi) e GH31 (a-xilosidasi), erano stati caratterizati
biochimicamente in precedenza. Tuttavia, la loro azione enzimatica e,
soprattutto la loro azione combinata, non erano mai state valutate in
dettaglio su substrati naturali. Nel lavoro i tre enzimi hanno mostrato la
capacita di idrolizzare i substrati selezionati con alta stabilita operativa
a 65 °CepH>5.5ed, inoltre, & stato possibile definire il loro meccanismo
di reazione sugli XGO. In particolare la GH29 ha idrolizzato tutti i residui
di fucosio, mentre la GH1 e la GH31 hanno mostrato una forte sinergia
nell'idrolisi dei substrati. Lo studio ha evidenziato I'importanza del
testare I'attivita degli enzimi su substrati naturali, o su substrati di
interesse industriale, in modo da valutare con attenzione il loro
potenziale come biocatalizzatori.

Infine, nell’ultimo capitolo della tesi, in collaborazione con I'azienda
danese Novozyme A/S, sono state caratterizzate tre nuove GH della
famiglia GH109 e la loro attivita & stata testata per valutarne le
potenzialita nell’applicazione biotecnologica della trasformazione dei
globuli rossi del gruppo sanguigno A in gruppo 0, donatore universale.
| determinanti antigenici dei globuli rossi che caratterizzano il gruppo
sanguigno nel sistema ABO sono rappresentati da oligosaccaridi sulla
superfice degli eritrociti, con diversa composizione per i diversi gruppi.
Il gruppo sanguigno A presenta come determinante antigenico lo
zucchero N-acetylgalatosammina, legato in alpha ad una struttura
oligosaccaridica piu complessa presente su glicoproteine e glicolipidi di
membrana. Se questo zucchero viene rimosso dalla superficie di tutti i
globuli rossi di un campione ematico di gruppo A, il campione di sangue
viene trasformato in gruppo sanguigno 0. Gli enzimi caratterizzati
(NAg68, NAg69 e NAg71) hanno mostrato una spiccata attivita a-N-
acetylgalatosaminidasica e la capacita di trasformare campioni di
emazie del gruppo A in gruppo 0. In particolare, la trasformazione delle
emazie operata utilizzando NAg71 €& avvenuta utilizzando
concentrazioni enzimatiche piu basse rispetto quelle utilizzate dai
migliori enzimi attualmente disponibili per questa biotecnologia. Gli
studi eseguiti potrebbero rappresentare un importante punto di inizio
per migliorare e permettere lo sviluppo su larga scala di questa



bioconversione, per una maggiore disponibilita di sangue universale nei
centri trasfusionali e nelle banche del sangue.



SUMMARY

The development of sustainable processes and the society needs to
shift towards a circular bioeconomy have increased the demand for
biocatalysts in biotechnology to support industrial processes. The
discovery of novel enzymes with higher activity and stability than those
of catalysts already available paves the way for improving current
industrial bioprocesses and developing novel applications. Microbial
enzymes represent the bulk of the enzymes market, being more active
and stable, producing high yield, and microorganisms represent an
easily exploitable source by modern metagenomics technique. Among
the more sought-after enzymes for industrial and biotechnological
purposes, glycoside hydrolases (GHs) and lipolytic enzymes have
increased their impact in this field. The present thesis describes
different strategies to identify novel enzymes and the evaluation of
several GH activities for their potential exploitation in biotechnological
applications. Chapter 2 reports the exploration of microbial consortia
populating two mud pools in Pisciarelli solfatara using shot-gun
metagenomic approach, that led to the identification of 586 putative
CAZymes. In this work | focused on the characterization of a GH109
with a previously unreported B-N-acetylglucosaminide/B-glucoside
specificity. By using a genome mining approach, chapter 3 describes
the identification of a novel thermophilic esterase (EstGtA3) from the
thermophilic bacterium G. thermodenitrificans. The characterization
revealed that the enzyme is active at 60°C and in a wide range of pH.
Moreover, EstGtA3 showed an activating effect in n-hexane and other
denaturing agents, making this enzyme suitable for biotechnological
applications. More advanced studies on possible industrial applications
of some GHs are reported in chapters 4 and 5. In chapter 4 the
characterization of the mechanism of action of three thermostable GHs
(LacS, XylS and SsaFuc) from the hyperthermophilic archaeon S.
Solfataricus on xyloglucan oligosaccharides shows the excellent
operational stability at 65°C and pH 5.5 of the three enzymes. SsaFuc
was able to remove all fucose residues, while LacS and XylS showed a
strong synergy for the hydrolysis of these substrates. The last chapter,
in collaboration with Novozymes A/S company, describes the
characterization of three novel GH109 (NAg68, NAg69 and NAg71).
Interestingly, these enzymes showed the ability to remove the
immunogenic determinant N-acetylgalactosamine from the erythrocyte
surface of group A blood, converting it into the universal donor group 0.
In particular, NAg71 requires less enzyme concentration for conversion
than the already available enzymes used for this biotechnological
application.



ABBREVATION
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CHAPTER 1

INTRODUCTION



1. General Introduction

Enzymes are biocatalysts that accelerate the biochemical reactions
underlying the metabolism of all living beings. The word enzyme
derived from the Greek en (meaning "within") and zume (meaning
"yeast") and was first used by the German physiologist Wilhelm Kuhne
in 1878, during his studies on the ability of yeasts to produce ethanol
from sugars. In the following years until to come, significant advances
were made in the identification, characterization, and commercial
exploitation of many enzymes [1]. Enzymes catalyze chemical
reactions with excellent specificity and processivity, and over the years,
their use in the industrial field has overgrown, allowing to increase the
yields and quality of products, lowering the energy usage and the
environmental impact. The growing development of sustainable
processes has increased the demand for new biocatalysts [2].
According to Grand View Research (www.grandviewresearch.com), the
global enzymatic market for biocatalysis is continuously growing. In
2019 it was estimated at 10 billion USD and was expected to grow at a
compound annual growth rate (CAGR) of 7.1% from 2020 to 2027
[Enzymes Market Size & Share Industry Report, 2020-2027]. Most
industrial enzymes are hydrolases, such as carbohydrate hydrolases,
proteases, and lipolytic enzymes, catalyzing natural polymeric
substrates' breakdown. Pharmaceutical, food, beverage, animal feed,
biofuel, detergent, textile, and laundry industries benefit from the use of
enzymes, and several other sectors such as natural gas conversion and
fine chemicals production are recently considering their usage.
Proteases dominate the global enzymes market, along with glycoside
hydrolases (GH), which is the fastest-growing segment of this market
in terms of CAGR. Various industrial processes use lipolytic enzymes,
and their importance at the industrial level multiplies, particularly in
pharmaceutical production and food industries, fields that dominate the
enzymes global market [2-4].

Despite their growing importance in bioconversions, the introduction of
enzymes into the industrial field is proceeding slowly. The main reasons
are the limited commercial availability of some enzyme classes and the
poor performance of many enzymes in the typical harsh conditions of
industrial processes. In these processes, the concentrations of
substrates and products are much higher than those found in nature,
and the enzymes often operate on very different molecules than their
natural substrates. Furthermore, the substrates and products are often
hydrophobic, and organic solvents improve their solubility [4,5].
Therefore, discovering new enzymes with higher activity or better regio-
and enantioselectivity than those of the already available catalysts
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become indispensable. Some applications may require completely
novel activities. Moreover, properties such as resistance to organic
solvents, thermostability, and process robustness are needed [6]. The
discovery of industrial enzymes is mainly addressed to microbial
sources. Indeed, the bulk of commercial enzymes come from
microorganisms due to their accessible laboratory culturing, natural
abundance, and rich diversity. Compared to animal and plant enzymes,
microbial enzymes have several advantages: they are more active and
stable, produced high yield, and microorganisms represent an easily
exploitable source by modern metagenomics technique. Metagenomics
approaches allow access to whole microbiomes of virtually any
environment, including extreme ecological niches, offering the access
to a vast reservoir of unexploited enzymes possibly with unique
structure-function properties exploitable for industrial purposes [6,7].
Among the most sought-after hydrolases the lipolytic enzymes
(esterase and lipase) and glycoside hydrolases (GH), which catalyse,
respectively, the hydrolysis of acyl chain ester and glycosidic bond,
have increased their importance at the industrial level in several sectors
[8]. The discovery, characterization and commercial exploitation of
novel enzymes could be a key to the improvement and development of
new biotechnology.

1.1. Discovery of novel enzymes

Identify and produce novel enzymes is the most viable alternative to
access biocatalysts with new properties. It is possible to design de-novo
enzymes and engineer already characterized enzymes to obtain
biocatalysts not existing in nature, having new properties and
exploitable for biotechnological applications. However, their
introduction into the industrial sectors is minimal due to the slowness
and high costs of the processes involved.

Nature can be considered the pioneer of protein engineering, as life in
ecosystems is constantly changing, magnifying biodiversity. Nowadays,
microbial diversity, for the most part unexplored, represents the
prominent source to discover novel potential biocatalysts for developing
new biotechnologies [9-12]. The emergence of next-generation
sequencing (NGS) has allowed identifying an extraordinary amount of
sequences from genomic and metagenomic datasets, exponentially
expanding the availability of new biocatalysts-coding sequences. The
NGS revolution began with the introduction in 2005 of pyrosequencing
technology by 454-Life Science (Branford, CT, USA) that generates
millions of short sequencings, called reads, in a single machine run [13].
Nowadays, different NGS technologies are developed, and mainly
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classified on the basis of the length of reads generated, that can be
short (50-400 bp) or long (1-100 kb) according to the second and third
NGS generation, respectively [14] (Table 1).

Table 1: Example of NGS technology of second and third generation

Technology Generation Strength Weakness Reads Output
lllumina 2nd Accuracy High costs 50-300 bp

lon torrent 2nd Speed Error rate up to 400

PacBioRSII 3 Read length High error rate Up to 60 Kb
Minlon 3rd Read length High error rate Up to 100 Kb

Despite the clear advantage of third generation NGS generating long
reads, they still have a higher error rate. Indeed, the Illumina
technology, despite the high costs, dominates the market of NGS
thanks to its accuracy [15,16]. NGS, and the following development of
metagenomics technologies, have made possible the study of
environmental DNA (eDNA) from microbial consortia populating
different places such as soil, seawater, organisms’ gut, and extreme
environments [17]. Over the past decade, enzymes identified from
sequenced eDNA (metagenomic DNA) have been multiplied. Table 2
shows some of the identified and characterized GHs and lipolytic
enzymes that have interesting features in different industrial sectors
[22-33]

Table 2: Some GHs and lipolytic enzymes identified in the last decades exploitable for industrial
application.

Enzymes Source Application Ref
. . [18]

Endoglucanase Soil Detergent, Biofuels, Paper and Pulp
, . [19]

Endoglucanase Hot Spring Detergent, Biofuels, Paper and Pulp
. : . [20]

Endoglucanase Ovine rumen soil Detergent, Biofuels, Paper and Pulp
. [21]

Endoglucanase Algae Detergent, Biofuels, Paper and Pulp
. [22]

Endoglucanase Insect gut Detergent, Biofuels, Paper and Pulp
[23]

B-Glucosidase Hydrothermal hot spring  Detergent, Biofuels, Paper and Pulp

B-Glucosidase Bovine rumen Detergent, Biofuels, Paper and Pulp [24]
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[29]

B-Xylanase Compost Detergent, Biofuels, Paper and Pulp
: . . . [26]
a-Xylosidase Soil Biofuels, Food and Feed processing
. . . . [27]
a-Fucosidase Soil Bioethanol production
Bioethanol production and food [28]

B-Galactosidase

Hot spring water

processing

Pharmaceutical, food, detergents,  [29]

Esterase Marine mud laundry, agro-industrial, biofuels

Esterase Hot spring mud Pharmaceutlcgl, foodz detgrgents, [30]
laundry, agro-industrial, biofuels,

Esterase Permafrost Pharmaceuticgl, food., detgrggnts, [31]
laundry, agro-industrial, biodiesel

. . . Pharmaceutical, food, detergents, [32]

Lipase Human oral microbiome L
laundry, biodiesel
Lipase Fed batch reactor Pharmaceutical, food, detergents, [33]

laundry, biodiesel

The source of the metagenomic DNA increases the possibility of finding
new biocatalysts able to operate in the harsh industrial conditions. In
this regard, extremophiles are source of the enzymes particularly
suitable for this purpose thanks to their natural resistance to the
extreme conditions. Indeed, extremophiles find their niches in
environments and ecosystems that from anthropocentric perspective
might not be classified as normal habitable but as “extreme”, in which
there are present conditions mostly lethal for the non-extreme
organisms [34]. However, the massive identification of sequences has
generated a substantial discrepancy between functionally/structurally
characterized enzymes and annotated sequences encoding for
enzymes. The number of characterized enzymes is much lower than
the total number of enzyme sequences annotated, limiting the
exploitation of exciting new activities. Efforts to characterize novel
enzymes are needed [35]. In order to make more accessible the efforts
in enzymes characterization, the enormous amount of sequences can
be analysed by the computational methods to predict the function of the
encoded proteins [36]. In the following paragraphs some of these
aspects will be described more into detail.

1.1.1. Metagenomics

Metagenomic is a culture-independent technique that potentially allows
exploring any kind of environmental sample. The analysis of ribosomal
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16S sequences from metagenomic DNA (mDNA) allows a taxonomic
analysis of the entire microbial community. The 16S sequences are
generally clustered into Operational Taxonomic Units (OTUs) and
compared with reference databases for taxonomic analysis. By
targeting the short reads to the variable regions of 16S genes or
sequencing the entire 16S gene (~ 1500 bp) it is possible to achieve a
taxonomic classification at the resolution of genus, species, and strains
level. [44,45]. Having a picture of the microbial consortia populating the
environment of interest can facilitate the selection of appropriate
heterologous expression systems to use for recombinant expression of
genes of interest [46,47]. Metagenomics is used for enzyme discovery
by following two different strategies: sequence-based and function-
based screenings. The selection of sampling location is crucial for the
aim of the study, as environmental conditions (i.e., temperature, pH) will
determine the characteristic of the enzymes sought [37,38].

Environment
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potential composition ¢
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Figure 1: Framework of metagenomics approaches

In the sequence-based metagenomic approach, or shotgun
metagenomic, consists of the directly sequencing in-depth of eDNA and
bioinformatic plays a crucial role in analyzing the data [39]. The
assembling process, in Fig 1, uses bioinformatics tools (i.e., MEGAHIT
[40]) to join the short metagenomics reads, deriving from NGS, in longer
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sequences called contigs. The assembling is followed by the binning
process. The contigs are compared against database of genomic
sequences and clustered into individual groups taxonomically assigned
to specific species, subspecies, or genera, by using software such as
MyCC, MaxBin and Autometa [41-43].

The annotation consists of the predictions of the coding DNA
sequences followed by the functional annotation through homology-
based screening (Fig. 1). Thus, the sequence-based metagenomic
approach mainly identifies variants of already known enzyme classes,
whose activities are just inferred. Only after the complete
characterization of the recombinant enzymes is it possible to
unequivocally assign the function. However, this approach led to the
identification of novel enzymes with higher specific activity than those
already available. For instance, the metagenomic analysis of Sargasso
Sea and of the cow rumen allowed the identification of 70000 and
27000 novel genes for putative enzymes, respectively [48-50].

The function-based metagenomics, on the other hand, is the approach
of choice to have higher chances of discovering potentially novel
classes of enzymes with no homologies to known sequences. In this
approach, libraries are produced by cloning the mDNA into expression
vectors and that are propagated in appropriate hosts. The following step
consists of activity screenings of the transformants on selected
substrates (Fig. 1) [51]. The success to find novel activities is
dependent on a faithful heterologous expression system. Several
factors can hamper foreign DNA expression, namely different codon
usage, transcriptional and translational regulatory sequences, and
protein folding. More, functional-based metagenomic could be limited
by the availability of high-throughput screening methods for particular
enzyme classes and activities [44,52]. The maijority of metagenome-
sought biocatalysts were identified by this approach [54]. Ferrer et al.
reported that on ~ 6100 total targets identified by metagenomic
approach in the last two decades, 5800 were identified by functional
screening. More, Berini et al. reported that, between 2014 and 2017, on
332 novel enzymes characterized by metagenomic studies, 273 were
identified by functional metagenomics [53,54]. Moreover, to overcome
some limits of this procedure, like the low hits of positive clone, novel
highthroughput screenings are being developed. For example, the
microfluidic-driven approach could screen over 107 variant per day.
However, good expression systems to optimize results [55].

The functional- and sequence-based metagenomic approaches should
not be considered two distinct approaches, but they can work in parallel,
to analyse microbial biodiversity of the environments, the genes
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encoding for interesting enzymes and their function. Metagenomics
revealed several novel enzymes that are beneficial for industries. Table
3 summarizes GHs and lipolytic enzymes discovered by metagenomic
approaches and patented in the last 10 years [37].

Table 3: Examples of patented GHs and lipolytic enzymes in the last decade

Enzyme Source Patent N° Suggested application Year
B-Galactosidase Termite gut EP2530148 A1 Food processing (lactose 2011
depletion)
Cellobiohydrolase Hot spring EP2980212 A1 _Blofuel product_lon from 2013
lignocellulosic biomasses
industrial mass-production,
Esterase Brine pool US20160053239 A1 biopharmaceuticals, and 2013
biodiesel
industrial mass-production,
Lipase Soil CN103834626 A biopharmaceuticals, and 2013
biodiesel
Xylanase Hot spring EP2990482 A1 Biofuel production from 2014

lignocellulosic biomasses

Hot spring JP6552098B2 Biofuel production from 2016

Endoglucanase X . S
soil lignocellulosic biomasses

food and feed industry,

Cellulase Soil CN108463551A detergent, weaving, and 2016

biofuel industry

food, medicine, agriculture,

Chitinase Wetland CN107475273B L : 2017
and cosmetics industries
pharmaceuticals, food
B-Glucosidase Soil CN107828806A industries, bioethanol 2017
production, and medicine.
industrial mass-production,
Lipase Soil KR102026836B1 biopharmaceuticals, and 2018

biodiesel

1.1.2. Genome mining approach

Despite the significant number of sequences available, enzyme
characterization remains the essential step for validating new
biocatalysts for biotechnology applications and industrial processes
[56,57]. Unfortunately, current methods for enzyme characterization are
by far less mechanized, and more time-consuming and cost-effective if
compared to NGS and bioinformatics, thereby, lagging behind the
continuous increment of genes obtained from “Big data” [57]. Novel
techniques based on (ultra)high-throughput methods for protein
production and purification, and enzyme activity screenings have been
developed [58-62]. Nevertheless, even these methods cannot bridge
the gap between annotated sequences and characterized enzymes.
The enormous amount of enzyme sequences with unknown functions
can be filtered and rationalized through in silico analysis for protein
function prediction and to preselect attractive targets to support
experimental testing by genome mining. For enzyme discovery, this
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method is entirely dependent on computer technology and consists of
a series of bioinformatic strategies to find coding sequences for enzyme
not yet explored in genome and metagenome datasets, available in
public databases [63,64]. Avoiding the sampling, extraction, and
sequencing of eDNA, the genome mining shares with the shot-gun
metagenomic the same in silico strategies for coding sequences
prediction and the functional annotation, using already available data.
Recently, Reichard et al., by genome mining, searched in 71 public
metagenomes from 58 different geothermal hot springs for novel
biomass-degrading enzymes [65]. For the functional annotation, a first-
line strategy is the sequence-based method. Enzymes’ function can be
inferred by sequence similarity against databases of known proteins
and domain databases. Sequence homology prediction by public
sequence databases such as UniProt (www.uniprot.org) and NCBI
(www.ncbi.nlm.nih.gov) is the broad approach used for protein function
annotation. However, the prediction made by this strategy is often
wrong and needs to be integrated with other criteria [66]. Matching with
conserved domain databases, such as PFAM (pfam.xfam.org) and
CDD (www.ncbi.nlm.nih.gov/cdd), allows to investigate the presence of
highly conserved motifs or domains in the sequences of interest. This
strategy considers only the conserved regions and allows to classify
sequences into specific protein family and subfamily, obtaining an
indication of the potential activity of enzymes [67,68]. Another approach
to predict protein function is the structure-based method. The fold of
enzymes is strictly correlated to its function, and proteins with similar
fold often have a similar function [69]. Bioinformatic tools such as
Swiss-model (swissmodel.expasy.org), CATH (www.cathdb.info),
Gene3D (gene3d.biochem.ucl.ac.uk), allow to predict the structure of a
protein by homology-modelling with known 3D-structures annotated in
protein data bank (PDB, www.rcsb.org). In particular, the local-fold
similarity, especially around the active site, could help to deduce more
accurately the protein function [66,70]. Many annotated sequences
have no match by homology with the on-line databases. In this regard,
valuable tools have been developed for a de novo functional annotation
by using different and complementary approaches. Sequences with no
significant homology against known proteins could have motifs or
domain, particular fold, or other signatures, such as the genomic
context, that can be correlated to protein function. For example,
sequences for Carbohydrate Active enZymes (CAZymes) use to be
organized in clusters in the microbial genomes. On-line databases like
KEGG (www.genome.jp/kegg/pathway.html) and the Cluster of
Orthologous Group (COG, www.ncbi.nIm.nih.gov/COG) use algorithms
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and statistical models to integrate all these pieces of information to
functionally annotate sequences with no correlated function [66,71,72].
Attractive potential activities can also be preselected using a specific
database, including sequences and biochemical features of certain
groups of enzymes. Carbohydrate Active enZymes databases (CAZy
database, www.cazy.org) is a data bank dedicated to annotating the
enzymes modifying carbohydrates. This database accurately classifies
CAZymes in families, subfamilies, and clans based on sequence
homology, activity, and structure-related similarities [73]. This database
allows interesting preselecting activities in genomic and metagenomic
datasets, based on the similarity with classified enzymes, functionally
and structurally characterized.

Bioinformatic offers a great variety of strategies to infer enzymes’
function based on their sequences, structure, evolutionary history, and
association with other proteins. Genome and metagenome mining
constitute a powerful and complementary approach to access new
biocatalysts. Moreover, the continuous characterization and
classification of novel enzymes will make these methods more robust
and reliable [58,66].

1.1.3. Extremophiles’ biodiversity exploitation

All three domains of life include extremophilic organisms and most of
them are microorganisms. The most frequent microorganisms
encountered in extremophilic environments belong to the Archaea
domain [74]. Extremophiles can be classified according to the required
extreme condition, such as extreme of temperature, pH, high
concentration of salts, radiations (Table 4).

Table 4: Extremophiles’ classifications. Adapted from Fongaro et al. 2020 [74]

Extreme Condition Growth parameteres Extremophiles
Extreme temperature 60 -85 °C Thermophiles
>85°C Hyperthermophiles
<15°C Psychrophiles
Extreme pH Low pH (< 2.0) Acidophiles
High pH (> 10.0) Alkaliphiles
High salt concentration 2-5M Halophiles
High pressure 40 - 130 MPa Piezophiles
Low water activity aw <0.8 Xerophiles
lonizing radiation > 25 kGy Radiophiles
Heavy metals Cu, Cd, As, Zn Metallophiles

The study of extremophiles plays a key role in different research areas,
allowing to acquire knowledge on adaptation to extreme conditions, the
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biogeochemical cycle of elements, and the limits of life with the
implication in the developing field of astrobiology, for the study of the
origins of life and the search for life in extra-terrestrial environments
[75,76]. The extremophiles are considered an excellent reservoir of
biodiversity, that might have dominated our planet's evolutional history
[76]. The impact of extremophiles in biotechnology is widely recognized,
mainly thanks to the unique features of their enzymes (extremozymes),
exploitable for industrial processes. Extremozymes, catalyzing
reactions under conditions where the mesophilic counterparts are
completely inhibited or even denatured, find application in different field
of biotechnology [77]. In the Table below examples of GHs and lipolytic
enzymes from extremophiles and their applications are reported.

Table 5: Example of extremophilic enzymes and their application

Halophiles

Enzyme Application Ref
a-amylase Detergent and food industries [78]
Xylanase Paper and pulp industries [79]
Cellulase Food, laundry, textile, pulp and paper industries [80]

Lipase and esterase Food and nutraceutical industries, chemicals, and biodiesel [81]

production
Psychrophiles
Enzyme Application Ref
Pectinase Cheese ripening, fruit juice and wine industries [82]
Xylanase Dough fermentation, fruit juice and wine industries [83]
a-amylase Detergent, dough fermentation, desizing denim jeans, pulp [84]
bleach
B-galactosidase Dairy industries [85]
Acidophiles
Enzyme Application Ref
a-amylase Detergent, bread, and textile industries [86]
Glucoamylase Dextrose and fructose syrup, brewing of low calories beer, [86]

baking and alcohol industries

(Hyper)Thermophiles

Enzyme Application Ref
Amylase Starch hydrolysis, brewing, baking detergents, production [87]
of maltose

19



Cellulase Cellulose hydrolysis for biofuels production, polymer [88]
degradation in detergents

Chitinase Food, cosmetics, pharmaceuticals, agrochemical industries  [89]

Xylanase Xylan degradation in pulp and paper industries and in [90]
biorefineries for biofuel production

Lipase and Esterase Dairy, oleo chemical, detergent, pulp, pharmaceutical, [91]
cosmetic, agrochemical and leather industries

Enzymes from halophiles are active and stable in high concentration of
salts, in presence of organic solvent, and at low water activity. GHs from
halophiles are employed in the hydrolysis of starch and cellulose. While
halophilic lipases and esterases have a wide range of applications,
such as in food industries, fine chemicals, and biodiesel production [78-
81]. Enzymes from psychrophiles show excellent properties in the
production of fine chemicals in the detergent and food industries. A
striking example is the B-galactosidase from the psychrophilic yeast
Guehomyce spullulans that is used to produce lactose-free milk at low
temperature, avoiding contamination issues [92]. Among the
extremophiles, thermophiles and hyperthermophiles, the majority of
which belonging to the Archaea domain, are an essential source of
interesting biocatalysis (namely thermozymes) with increased stability
at high temperatures, extreme pH, in the presence of organic solvents,
heavy metals, and against proteolytic attack. Moreover, their
exploitation in industrial processes limits the contamination risks,
increases the solubility of substrates, and accelerates the rate of
reactions [93]. These microorganisms thrive in several high
temperature environments such as deep-sea hydrothermal vents,
shallow terrestrial hot springs, and volcanic areas, in which poly-
extreme conditions often coexist. As a consequence, many
thermozymes are poly-extremophilic being naturally resistant to
different harsh industrial conditions, such as high temperature and acid
pH [94]. By starting from the classic and the most successful example
of the hyperstable "Taq polymerase", nowadays, other
(hyper)thermostable enzymes are produced at world-wide large-scale,
such as lipolytic enzymes and GHs. Thermostable GHs has a wide
range of industrial applications. Several industrial sectors perform some
processes at elevated temperature and benefit from the use of
thermostable GHs [95]. Commercial enzymatic cocktails for the
bioethanol production, such as Cellulaclast 1.5 (Novozyme A/S), Cellic®
CTec2 (Novozymes A/S) and ACCELLERASE® 1500 (DuPont) are
composed mainly by cellulases and hemicellulases with optimum
temperature between 50-60 °C and pH 4-6. Indeed, the
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biotransformation of lignocellulose biomasses to bioethanol finds in
thermostable GHs a valuable opportunity for making the bioconversion
cost-competitive [96-98]. Thermostable lipolytic enzymes find
application in paper, milk, leather industries, in pharmaceutical, and in
biodiesel production (table 5). In food industries, thermostable
esterases are used to produce fruit juices, beer, alcohol, wine, and
fragrance. Moreover, these enzymes are also employed in the
production of pesticides, insecticides, and nematicides in agriculture
industries and in the resolution of racemic mixture [98,99]. Recently a
novel esterase from a hot spring metagenomic library has been
discovered showing remarkable stability and performance on the
enantiomeric hydrolysis of racemic ibuprofen and naproxen [91].
Despite the clear advantages obtained by using thermostable enzymes,
few of them, compared to all those identified from (hyper)thermophiles,
reach industrialization. The exiting gap between producing
extremozymes in lab conditions and the production at industrial level is
still a drawback for their exploitation. This issue is due to difficulty in
culturing hyperthermophiles on large scale. Only few of them are
culturable and the laboratory equipment often are not suitable. These
microorganisms usually have a low growth rate compared to the
mesophilic counterpart. Thus, the overexpression of the thermozymes
is performed in mesophilic hosts that guaranty fast growth rate and
enough biomass for a large scale production. Nevertheless,
extremophilic genes often cannot be expressed efficiently in these
hosts [100,101]. For all the reasons shown above, biodiversity of
(hyper)thermophilic  microorganisms, and more generally of
extremophiles, is for the most part yet unexplored, and their study is still
in active development to improve existing bioprocesses and pave the
way for novel biotechnological applications [95,96].

1.2. Carbohydrate Active enZymes (CAZymes)

With the term “CAZymes”, we refer to several classes of enzymes
capable of modifying complex carbohydrates and glycoconjugates.
Almost all living beings use carbohydrates for energy supplies,
structural components, to mediate biological function and/or inter- intra-
cellular recognition, and even for host-pathogen interaction. The
complex polysaccharides represent the most abundant carbon supply
on the planet. If we consider the variety of monosaccharides, the myriad
of a possible linkage between them, and the modification of
carbohydrates (i.e., acetylation, sulfation), glycans are the
biomolecules with the broadest diversity. This diversity is reflected in
the wide variety of enzymes that modify carbohydrates, and due to the

21



various role of carbohydrates in nature, these enzymes find applications
in human health, nutrition, and biotechnology [102].

CAZymes are currently classified in classes in CAZy databases
(www.cazy.org), namely GHs, glycosyltransferases (GT), carbohydrate
esterases (CE), polysaccharide lyases (PL) and auxiliary activities (AA).
Each class is formed by families, which are created on the basis of
sequence similarities, grouping enzymes with common fold, catalytic
machinery, stereospecificity, and reaction mechanism. Families may
include enzymes with different substrate specificities experimentally
determined. Members of the same family with high correlation between
sequence and substrate specificity are grouped in subfamilies.
Moreover, families with the same three-dimensional structure are
grouped into clans, indicating a common origin from an ancestral gene
[73]. To date (April 2021) CAZy databases ranks 170 GH, 114 GT, 41
PL, 18 CE, and 16 AA families. The growth rate of new sequences
identified boost exponentially and novel families continue to be added.
This classification makes easiest the identification of novel CAZymes
and experimental effort in novel enzymes characterization [103].

1.2.1. Glicoside Hydrolases

Glycoside hydrolases are the most abundant enzymes in all living
systems and play essential roles in treating carbohydrates [104]. The
GHs grouped in the different CAZy families, can be distinguished in
different way. GHs can be classified based on their action mode on the
long sugar chain, in exo- or endo-glycosidases. Exo-glycosidases
catalyze the hydrolysis of glycosidic bond from the reducing or non-
reducing ends of oligo- or polysaccharides. In contrast, the endo-
glycosidases hydrolyze the glycosidic bonds in the middle of oligo- or
polysaccharides chains.

OH OH OH OH OH
HO 9 Ho O Ho O Ho O Ho 0,
HO o o o o]
OH OH OH OH OH
I OR

Exo-acting Endo-acting Reducing end-acting

Figure 2: Example of exo-glycosidase and endo-glycosidase

Based on the stereo-specificity of the anomeric carbon involved in the
glycosidic bond, they can be classified as a- or 3-glycosidases (Fig. 3)
or as inverting or retaining, on the basis of the reaction mechanism that
may lead to different stereochemistry of the product if compared to the
substrate [105].
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Figure 3: Example of beta and alpha glycosidic bond

Inverting GHs catalyze the hydrolysis reaction in a single-displacement
mechanism, generating an inversion of the anomeric carbon in the
product respect to the substrate (Fig 2). The mechanism involves two
carboxylic acids, usually glutamic or aspartic acids residues: one acts
as a general acid while the other acts as a general base. The general
base assists the nucleophilic attack driven by water molecule, while the
general acid catalyze the protonation of the aglycon, resolving the
reaction with the formation of products.
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Figure 4: Inverting mechanism. A: alpha inverting B: beta inverting

By contrast, the reaction mechanism of retaining GHs proceeds via a
double displacement mechanism involving a covalent glycoside-
enzyme intermediate, with the retention of anomeric carbon in the
products. In the first step (named glycosylation step), one carboxylic
residue, acting as general acid, catalyzes the protonation of the aglycon
(named leaving group), while the carboxylate nucleophile attacks the
anomeric C1 atom forming the glycosidic bond. As a result, a covalent
bond between the carboxylate and the anomeric carbon of the substrate
is formed, leading to the glycosyl-enzyme intermediate and explaining
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why this step of the reaction is named the glycosylation step. In the
second step (the de-glycosylation step), the carboxylic group that in the
previous step was acting as a general acid, now acts as general base
and deprotonate a water molecule which attacks the anomeric centre
of the glycosyl-enzyme, allowing the release of the product with the
same anomeric configuration of the substrate (Fig. 5) [106].

enzyme enzyme anzyme
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Figure 5: Retaining mechanism

Some families of GHs do not follow the classic mechanism described
by Koshland. An example are the enzymes from GH4 and GH109
families, that have a particular reaction mechanism involved NAD*
molecules as a molecular cofactor. The enzymes of both families can
recognize as substrate both a- and p-anomer of the glycosidic bond;
however, the enzymes of the two families differ firstly for overall protein
fold, substrate specificity and unlike the GH4, GH109 enzymes do not
require metal ions in their reaction mechanisms [107].

1.1.2.1. GH109 family

The GH109 family has been very poorly characterized so far. To date
all GH109 enzymes identified, come from microbial sources and only 7
characterized members are reported in CAZy database. As mentioned
above, these enzymes do not follow the classical Koshland double
displacement mechanism, but, like the enzymes of family GH4, they
have an unusual NAD* dependent reaction mechanism of hydrolysis
and are unique in their ability to cleave both a- and - linked glycosides.
By multi-sequence homology alignment and molecular dynamic
simulation, a histidine in a conserved and flexible G-G-H-G-G motif has
been identified as the catalytic acid-base conferring to the enzymes the
ability to have both a-retaining and B-inverting activities, with two
proposed mechanisms [107,108] (Figure 6, mechanism of GH109A
from Akkermansia muciniphila [108], Scheme A and B).
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Figure 6: Proposed a-retaining (A) and B-inverting (B) mechanisms of GH109, from Teze et
al. [108]

In both mechanisms, NAD* molecule oxidizes the C-3 of the glycon
moiety of the substrate assisted by H259 base at C3-OH, oxidizing the
C3-0OH to a carbonyl. Deprotonation of C-2 by the catalytic base H404
with the parallel elimination of the glycosidic oxygen, generates a 1,2-
unsaturated intermediate. The addition of water to the Michael-like
acceptor across the C1-C2 double bond mediated by catalytic H404
(that now acts as an acid, assisted by Y226 and H228), and reduction
of the resulting ketone by the NADH molecule (which returns to the
initial NAD* state) complete the reaction (Fig. 6) [107, 108].
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The NAD* cofactor is tightly bound, and the characterized enzymes
keep it once purified in recombinant form [107,108]. The N-
acetylgalactosaminidase activity is the only activity reported in this
family in the CAZy database. From a biotechnological point of view, a-
N-acetylgalactosaminidase activity could have potential application in
the enzymatic removal of blood group ABO antigens to develop
universal red blood cells (RBCs). Indeed, the first characterized
enzymes of this family (NagA) was already successful tested on A-type
RBC, with the removal of the corresponding antigen from RBC.
However, high amounts of enzyme and very specific reaction conditions
were still needed for conversion, such as pH and low ionic strength
[107]. This argument will be extensively discussed in the last chapter.

1.3. Enzymes and Circular Bio-Economy

(Poly)saccharides-degrading enzymes are employed in several
sustainable bioprocesses like the production of biofuels and value-
added products (i.e., chemicals building blocks) from renewable
feedstock. The exploitation of natural biomasses is one of the most
promising strategies to overcome the dependence from fossil
resources, which have increased the pollution and distorted the natural
balance of the so named greenhouse gasses. Photosynthesis converts
atmospheric carbon dioxide (COz2) into plant biomass, which, over a
million year process, becomes oil, coal, and natural gas into geological
reservoirs. The energy dependence on these fossil fuels returns CO2 to
the atmosphere, but in five orders of magnitude shorter time if
compared to fossilization process. Therefore, the petrochemical carbon
cycle results in the depletion of natural resources and an unbalanced
process. The growing concern for climate change, the dwindling of
natural resources, and massive environmental pollution motivate the
increasing need for a shift towards a Circular Economy (CEc) [5]. CEc
aims to the sustainable use of the natural resources and the recycling
and reuse of waste products. Moreover, bio-based economy (bio-
economy) aims to use renewable biomasses to drastically reduce fossil
resource dependence towards a balanced carbon cycle safer for the
environment [109]. Circular economy and bio-economy can be
considered two sides of the same coin. The circular economy attempts
to reshape the linear model of "take-make-use-dispose" into a circular
model in which resources can be reused or biodegraded. This
minimizes harmful waste and encourages reuse and restoration. On the
other hand, the bio-economy takes care of the production and the use
of biological processes for the supply of goods and services in a
sustainable way, allowing the restoration of fossil resources. Merging
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these two concepts has led to the term "circular bio-economy" for a
more sustainable economy that needs to be circular [110]. Our planet
needs to adopt this strategy and to achieve the “Carbon Neutrality” by
balancing the CO2 emission with its removal. The climate neutrality
represents the point at which the emission of greenhouse gases does
not exceed the capacity of the Earth to absorb such emission [111].
Many countries around the world have stipulated deals to achieve this
goal. Europe, with the “European Green Deal”, has established that will
be done the zero emission by 2050 [112].

These premises led to facilities, named biorefineries, integrating
processes for the conversion of natural biomass to fuels, power, heat,
and value-added chemicals, which identified in lignocellulosic
biomasses one of the low-cost and uniquely sustainable resources
offering the production of numerous bio-products alternative to those of
the oil industry. The conversion of plant biomasses in biofuel and value-
added products could be the basis of a carbon-neutral bio-based
economy [5]. In this context, GHs play a key role in the field of
renewable energy as they are employed in first- and second-generation
biorefineries in the saccharification step of pretreated lignocellulosic
biomasses to produce monosaccharides to be fermented in biofuel and
plastic precursors [113].

1.3.1. GHs and Biorefineries

First- generation biorefineries use corn or sugar cane as feedstock to
produce biofuels. However, concerns exist about the impact on
biodiversity, land use, and competition with food crops. Therefore, first
generation biofuels appear unsustainable because of the potential
stress that their production places on food commodities. Otherwise,
second-generation biorefineries use lignocellulosic biomasses. These
feedstocks, especially those growing on marginal lands, are low-cost
(i.e., primary component of agriculture wastes), not in competition with
crops for food, and represent the most abundant renewable resource of
energy on Earth. Nevertheless, their complex composite structure,
consisting in lignin, cellulose, and hemicellulose, makes them
recalcitrant to hydrolysis [114]. Cellulose is the most abundant polymer
in lignocellulose formed by B-D-glucopyranose units linked via 3 -(1,4)
glycosidic bonds, that are arranged together to form microfibrils.
Hemicelluloses are a heterogeneous group of polymers, strictly linked
to cellulose microfibrils, and are composed of various 5- and 6-carbon
sugars, such as arabinose, galactose, glucose, mannose, and xylose.
Lignin is a complex heteropolymer of phenylpropanoid building units (p-
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coumaryl, coniferyl, and sinapyl alcohol), linked to cellulose microfibrils
through the hemicellulose (Fig. 7) [115].
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Figure 7: Representation of lignocellulose microfibril

Thus, the complete bioconversion of these feedstocks requires a
complex process whose basic steps are: (1) mechanical or chemical
pretreatment; (2) saccharification step by acid or enzymatic hydrolysis
to break down polysaccharides into simple sugars (hexoses and
pentoses); (3) microbial fermentation of the monosaccharides to
ethanol or chemical building blocks; (4) separation and concentration of
the final bioproducts [116].
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Figure 8: Schematic illustration of second-generation biorefinery process

Thereby, after the pretreatment of the row material, cellulose and
hemicellulose are released from lignin, and they must be saccharified
in monosaccharides (Fig 8). In an efficient lignocellulosic second-
generation biorefinery the enzymatic saccharification is an essential
step. Enzymatic hydrolysis has numerous advantages than acid
such as specificity, low by-products formation and
environmental sustainability. The main obstacles for large-scale

treatment,

28



enzymatic saccharification include high enzyme costs, and low catalytic
efficiency and operational stability of conventional (hemi)cellulolytic
enzymes. These hampers can be overcome by using enzymes from
(hyper)thermophiles. Thermozymes well meet the conditions that
improve the bioprocess: they operate at high temperature, allowing a
more solubilization of the substrates and avoiding the expensive cooling
steps; moreover, they could operate in the presence of solvents and
avoid the risks of contaminations [117,118].

1.4. Lipolytic Enzymes

Along with CAZymes, the lipolytic enzymes (LEs) have acquired much
importance in several industrial sectors as described in the previous
paragraphs. LEs, including esterases and lipases, catalyze the
hydrolysis of ester bonds between alcohols and carboxylic acids in
aqueous media. In addition, in organic solvents, they catalyze the
synthesis of ester bonds by esterification or transesterification. LEs are
ubiquitous enzymes present in all three domains of life; in particular,
LEs from microbes can catalyze different reactions without the need for
cofactors and are active and stable in organic solvents. These enzymes
attract much attention in the industrial field, thanks to their robustness,
activity in a wide range of pH, and they are also chemo- regio- and
stereo-selective, finding application in the synthesis of optically pure
compounds [119,120]. Lipase and esterase show a low primary
sequence homology, but their tertiary structure is highly conserved.
They present an o/f hydrolase fold consisting of eight B-sheet
connected by six a-helix (Fig. 9). In the active site it is present the
catalytic triad Ser-Asp/Glu-His, with the Ser generally embedded in the
consensus motif G-X-S-X-G [121].

Figure 9: a/B hydrolase fold representation

Based on amino acid sequences and biological proprieties, LEs was
first classified by Arpigny and Jaeger in eight families [122]. During the
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years, several families were added and, recently, Hitch and Clavel
described and classified LEs in 35 families and 11 subfamilies, based
on novel criteria of sequence similarities and biochemical features
[123].

Lipases and esterases differ in substrate specificity. Esterases acton a
water-soluble ester with an acyl chain shorter than twelve carbon atoms
(12 C). By contrast, Lipases are active on water-insoluble esters longer
than 12C. Moreover, esterases follow classical Michaelis-Menten
kinetic behaviour, while lipases generally show a sigmoidal kinetic
profile due to the phenomenon of interfacial activation. At low substrate
concentrations, the enzyme activity is low due to a hydrophobic lid near

the active site that keeps the enzymes in a “closed” form. The increase
of the substrate concentration led to the formation of emulsion in
solution, which allows the opening of the lid and to the enzymes to reach
their maximum activity [120,124].

1.4.1. Esterases

All microbes, such as bacteria, fungi, and archaea, produce esterases
that are involved in several metabolisms of endogenous or exogenous
compounds. Thermostable esterases, due to their resistance, are most
required, also thanks to the ability to operate even at low temperature
[125]. According to the classification of LEs, microbial esterases are
classified into 13 different families and show a broad range of substrate
specificity. The classification also includes esterases active on
carbohydrates, namely acetyl xylan esterase (E.C 3.1.1.72) and feruloyl
esterase (E.C 3.1.1.73), that are also classified in CE classes of the
CAZy database [123]. The mechanism for hydrolysis or ester formation
is composed of four phases (Fig. 10).
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Figure 10: Esterase reaction mechanism.
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The substrate is bound to the active serine, giving a tetrahedral
intermediate stabilized by His and Asp catalytic residues.
Subsequently, alcohol is released, and an acyl-enzymatic complex is
formed. The attack of the nucleophile (water in hydrolysis, alcohol, or
ester in transesterification) creates a tetrahedral intermediate and, after
the resolution, produces the product (acid or ester) and free enzyme
(Fig 10) [120].

1.5. Aim of work

The identification and the characterization of novel biocatalysts could
represent a key to improve the exiting bioprocesses and develop novel
applications. The aim of this thesis was to identify novel enzymes by
two different strategies, metagenomic and genome mining approaches
and to address them toward biotechnological applications. Chapter 2
reports the analysis of microbial consortia populating the extreme
environment of Pisciarelli solfatara by a sequence-based metagenomic
approach. The environment was characterized by two mud pools with
high temperature and acid pHs. This work aimed to explore the
biodiversity of the hyperthermophilic microorganism populating the
pools to identify sequences for novel CAZymes exploitable for industrial
purposes. In this chapter | focus my efforts on the characterization of a
novel GHs of family GH109. Chapter 3 reports on the identification of a
novel esterase by genome mining approach of the thermophilic
bacterium G. thermodenitrificans in order to biochemically characterize
the enzyme and explore its applicability for industrial purposes. In the
frame of lignocellulose biomasses conversion, in Chapter 4 the ability
of three GHs from the hyperthermophilic archaeon S. solfataricus to
hydrolyse xyloglucan hemicellulose oligosaccharides was analysed.
Finally, in Chapter 5 | analysed the ability of three GH109 enzymes to
remove the immunodominant antigen N-acetylgalactosamine from the
group A red blood cells surface in order to obtain the universal donor
group 0.

31



CHAPTER 2

2. Cazymes identification through metagenomic
of Pisciarelli solfatara
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2.1. Overview

This chapter describes the production and characterization of a new
archaeal GH109, identified in metagenomic datasets of Pisciarelli
solfatara. This research activity, performed during my PhD thesis, is
part of the wider work aimed to analyse the hyperthermophilic microbial
communities populating the two pools of solfatara Pisciarelli (Pool1 and
2) and to identify the entire set of CAZymes (CAZome) in these extreme
environments by a sequence-based metagenomic approach, published
in Strazzulli et al. (2019) (Appendix 7.4.1). The analysis of the microbial
community of the two main mud pools revealed that this solfatara is
inhabited by hyperthermophilic Archaea, most of which have never
been classified so far. This study had allowed the discovery of many
sequences encoding for putative hyperthermophilic Cazymes. The
characterization of a novel B-mannanase/B-1,3-glucanase of subfamily
GH5_19, and of the first GH109 from hyperthermophiles are reported.
In this framework, in the next paragraphs of this chapter, | will briefly
report on the main results published in the co-authored paper, then |
will describe into detail the recombinant expression and biochemical
characterization of the new GH109 identified.

2.1.1. Pisciarelli Solfatara

Pisciarelli Solfatara is a hot spring in the center of the Campi Flegrei
volcanic complex in the south of Italy. This volcano is a collapse caldera
about 12 km in diameter, located in the north of Naples metropolitan
city, and represents one of the most active volcanos in Europe and one
of those located in the most populated area in the world [126]. Pisciarelli
Solfatara extends over an area of 800 m? showing a high secondary
volcanic activity (fumarole, geyser, and high-temperature geothermal
water), in which two main mud pools, named Pool 1 and Pool 2 are
present. Although the two pools are very close to each other’s, they
present different chemical-physics characteristics: Pool 1 has a
temperature of 86°C and pH 5.5, while Pool 2 shows a temperature of
95°C and a pH value of 1.5 [127].

In the last 15 years the geothermal activity is continuously raising up,
with an increased fumarolic discharge, formation of boiling pool and
new geyser-type vents. This location represents a unique ecological
niche for study the evolutionary change and adaptation of microbes at
extreme conditions and a great opportunity to exploit this complex
microbial population to find interesting biocatalysts [128].
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2.1.2. Archaea

Archaea are microorganisms, for the most part living in extreme
conditions, representing one of the three domains of life. Their
discovery is due to the German biologist Carl Woese and his
collaborators, who in 1977 have performed one of the most interesting
microbiology discoveries in the past century, providing the first evidence
that cellular life was composed of three distinct types of organisms:
Archaea, Bacteria, and Eukaryota, by phylogenetic taxonomy of 16S
ribosomal RNA (Fig 11) [129].
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Figure 11: Graphic representation of phylogenetic three of life

Archaea share traits with both Bacteria and Eukaryota: some metabolic
pathways are common to Bacteria, whereas DNA replication,
transcription, and translation mechanisms share several aspects to
those of Eukaryota. Moreover, they have some peculiar traits, such as
the ether linkage of membrane lipids (ester linkage in Bacteria ad
Eukaryota), and they are the only life forms known able to produce
methane. Although some archaea live in non-extreme conditions,
including the human intestine, their majority thrive in extreme
environments. [130,131].

Hyperstable enzymes from Archaea have gained much attention in
biotechnological applications [132]. However, Archaea are markedly
less studied than Bacteria and Eukaryotes, representing an
underexploited source of novel (hyper)thermozymes particularly useful
for biorefineries. Indeed, few enzymes are already used at the industrial
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level also due to the low yield production in heterologous systems on a
large-scale [133,134].

2.1.3. Discovery of hyperstable carbohydrate-active enzymes
through metagenomics of extreme environments (Results
summary from Strazzulli et al. 2019. Appendix 7.4.1.)

In this study the metagenomic DNA of the microbial communities
populating the two pools of solfatara Pisciarelli (Pool1 and 2) was
analysed and the CAZome has been determined. Samples from Pool1,
which consisted mainly of hot muddy sediments, gravel, and water,
were taken from the pool's surface. Pool2 was sampled by scraping the
side of the pool submerged by a clear mixture of mud/water with a
spoon and consisted mainly of gravel. The eDNA was extracted from
the two samples and deep sequenced with HISeq200 (lllumina)
performed at Beijing Genomics Institute (BGI-Shenzhen). The
community diversity was analysed by assigning reads to
known microorganisms of the NCBI nucleotide database and protein
databases (NT and NR, respectively) (Fig 12).
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Figure 12: Read composition of the metagenome of solfatara Pisciarelli. The percentage of the
reads found in Pool1 and Pool2 classified at the genus level are reported. NR, NCBI ‘not-
redundant’ database; NT, NCBI nucleotide database.

The 32% and 45% of the reads obtained from Pool1 had no match
with NT and NR databases. All the other reads belonged to Archaea
and only a tiny percentage to viruses (0.17 %) and bacteria (0.11%)
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(Fig. 12). From Pool2, instead, the majority of the reads obtained had
no match in both NT (62%) and NR (68%). The remaining reads
belonged mostly to Archaea (37%) and only a tiny part to Archaeal
viruses (0.36%) (Fig. 12). These data demonstrated that the two pool
samples displayed a different microbial composition, probably due to
their different temperature and pH conditions. Thus, a functional
analysis of the metagenomic data was performed in order to explore
the metabolic biodiversity of the microbial population. From the
assembling process, using MEGAHIT, 84% and 87% of the reads, from
Pool 1 and 2 respectively, were successfully aligned to obtain contigs
[40]. These latter were clustered with MyCC software identifying 17 and
11 clusters in Pool1 and Pool2, respectively. The open reading frames
(ORFs) prediction was made by Prodigal software [135]. The number
of complete ORFs identified in the whole assembly was 14934 and
17652 in Pool1 and Pool2, respectively, which were then analysed
against KEGG and COG databases for the functional annotation
[71,72]. The functional analyses revealed that the highest number of
annotated sequences belonged to carbohydrate metabolism,
representing almost 2% of the total ORFs. It has been reported that
CAZymes range between 1% and 5% of all the ORFs in all taxa
genomes [73]. However, no survey of CAZymes from the microbial
communities populating hydrothermal environments was currently
available. Nevertheless, if compared to the much more complex human
gut metagenome, in which the putative ORFs that encode CAZymes
corresponded to 2.6% of total ORFs, this value is remarkably high [136].
This suggested that the solfatara Pisciarelli represents a unique
ecological niche for the discovery of new thermophilic CAZymes. In
order to investigate the different classes of CAZymes present, the
amino acid sequences identified in Pool1 and Pool2 samples were
compared to the sequences annotated in CAZy database [73]. From
the analyses, a total number of 278 and 308 putative CAZymes were
identified in Pool1 and 2, respectively. Among them, after GTs (60 % in
Pool1 and 56 % in Pool2), the second most abundant CAZymes
identified were the GHs (36 % and 38%, respectively in Pool 1 and 2)
(Table 6).

Table 6: CAZymes in solfatara Pisciarelli. Families with no previously characterized members
are highlighted in bold

Family Pool1 Pool2
GT2 62 65
GT4 89 81
GT5 9 11

GT20 2 0
GT21 3 5
GT35 3 5
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GT66
GHA1
GH2
GH3
GH4
GH5
GH12
GH13
GH15
GH29
GH31
GH36
GH38
GH57
GH65
GH77
GH78
GH99
GH109
GH116
GH122
GH130

Several GH families in Pool1 and 2 have no Archaeal characterized
members (GH2, GH65, GH78, GH99, GH109 and GH130) (Table 6).
Among the sequences encoding for putative GHs, to shed light on the
CAZome of Pool2, two sequences were selected belonging to two
different contigs of cluster 9, which from in silico analysis may originate
from a novel microorganism not yet identified. In particular two putative
enzymes from GH5 and GH109 families, were produced and
characterized.

GH5 enzyme from Pool2 (GH5 Pool2) is a member of subfamily
GH5_19 in which only the bacterial B-mannosidase from Thermotoga
thermarum was characterized [137]. The coding sequence of
GH5_Pool2 was amplified by PCR from Pool2 metagenomic DNA and
cloned and expressed in Escherichia coli. The GH5_ Pool2 gene
encodes for a protein of 620 amino acids with a hypothetical molecular
mass of about 71.3 kDa. The recombinant protein was purified through
two simple steps with a final yield of 65.3% (2.2 mg L' of culture) and
a purity of 95%. The molecular mass of the native GH5 Pool2 was 271
+ 13.5 kDa, as determined by size-exclusion chromatography,
indicating that the enzyme is a tetramer in solution. GH5_Pool2 was
optimally active on 4NP-BMan at pH 5.5 while maximum activity (0.4 U
mg™') was maintained at temperatures from 65 to 85°C, indicating a
broader temperature optimum. The enzyme was 100% active on 4NP-
BMan for more than 22 h at 65 and 85 °C and, at 95 °C, it maintained
50% of activity for 4 h. The enzymes showed a -mannanase and (3-
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1,3-glucosidase activity. In order to determine the substrate specificity,
GH5_Pool2 was assayed on different aryl-glycosides, oligo-, and
polysaccharides (Table 7).

Table 7: Steady-state kinetic constants of GH_Pool2 on different substrates

Substrate Km (mM) kcat (s-1) Kcat/Km (MM s°1)
Mannopentaose 3.13+1.20 32.90 +6.03 10.5

4NP-BGlc 9.90 £ 2.40 0.76 £ 0.06 0.076
4NP-BMan 0.42 £ 0.07 570+ 0.45 13.75

According to these results, GH5 Pool2 should be classified as a [3-
mannanase and is the first thermophilic members from the subfamily
GH5_19, possibly belonging to the Archaea domain.

2.2. Characterization of GH109 enzymes from Pool2

As of May 2019, the CAZy database listed 713 entries in GH109 family,
exclusively among bacteria with a-N-acetylgalactosaminidase as the
only activity reported. The sequences of GH109 enzyme from Pool2
(GH109_Pool2) was not annotated in the CAZy database [107, 73].
Considering the low number of characterized enzymes belonging to the
GH109 family (6 members, May 2019), we decided to clone, express in
a heterologous host, and characterize the putative GH109. The gene of
GH109 _Pool2 encodes for a protein of 364 amino acids with a
calculated molecular mass of 41.26 kDa. GH109 Pool2 showed the
conserved domain of the GH109 family at the N-terminal region (from
lle2 to Arg115). The deduced protein sequence was analyzed through
Clustal Omega multialignment (www.ebi.ac.uk/Tools/msa/clustalo/)
with other members of the family revealing that it was distantly clustered
from the characterized a-N-acetylgalactosaminidase (data not
showed). The protein was produced in E. coli with an N-terminal 6x(His)
tag, but the resulting recombinant protein was insoluble. In order to
obtain a soluble recombinant protein, GH109_Pool2 has been cloned
with different fusion tags (Table 8) that could help the folding of fused
proteins during heterologous expression (Gupta et al. 2016).

Table 8: pHTP' vectors with different fusion tags

Vector Fusion Tag (N-terminal) Result

pHTP1 Hiss-SSGPQQGLR Insoluble
pHTP2  Thioredoxin (Trx)-MGSS- Hise-SSGPQQGLR Insoluble
pHTP8  Maltose binding protein (MBP)-MGSS-Hise-SSGPQQGLR Insoluble

pHTP10 N-utilization substrate A (NusA)-MGSS- Hise-SSGPQQGLR
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pHTP16 R. flavefanciens cellulosomal protein (Rf1)-MGSS-Hiss-SSGPQQGLR Insoluble

pHTP17 R. flavefanciens cellulosomal protein (Rf17)-MGSS-Hise-SSGPQQGLR  Insoluble

The recombinant protein resulted soluble by using the N-terminal tag of
NusA followed by 6x(His) (Table 8). The expression was performed by
using E. coli BL21 (DE3) Star, induced at 0.5 ODeo0o with 0.5 mM IPTG
for 16 hours at 20°C. The purification of the recombinant GH109_Pool2
was carried out by affinity chromatography and a subsequent size-
exclusion chromatography with a final yield of 0.3 mg L' of 95% pure
enzyme. The single band observed by SDS/PAGE showed a molecular
mass of about 98.43 KDa corresponding to the monomer of
GH109_Pool2 linked to NusA. Size exclusion chromatography analysis
in the native condition revealed a molecular mass of 776.24 KDa,
indicating that the enzyme is an octamer in solution (Fig. 12).
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Figure 12. A: SDS-page GH109_Pool2, line 1: HisTrap elution, line 2: size exclusion chromatography. B:
Size exclusion chromatogram, molecular weight markers, 1. Thyroglobulin 669 KDa, 2. Apoferritin 443
KDa, 3. B-Amylase, 4. Alcohol Dehydrogenase, 5. Albumin bovine serum, 6: Carbonic Anhydrase.

The preliminary characterization of GH109_Pool2 at different pHs and
temperatures revealed that the enzyme has optimum activity at 85 °C
and in sodium phosphate buffer at pH 8.0 (1.44 + 0.04 U mg-") (Fig.
13A and B). The enzyme activity on different aryl-glycosides (5 mM
concentration) at 75 °C and in 50 mM sodium phosphate pH 8.0 showed
that it was active only in the presence of 1.5 mM NAD?*. In these
conditions, the recombinant enzyme was able to hydrolyse different aryl
substrate (Table 9)

Table 9: Specific activity of GH109_Pool2 on different aryl substrates

Substrate Specific Activity
4NP-aGlc 0.33 £0.01 U mg"'
4NP-BGlc 0.59 + 0.02 U mg™*
4NP-aGIcNAc 0.52 £0.01 U mg™"
4NP-B-GIcNAc 0.75 £0.02 U mg™"
4NP-BMan 0.0019 £ 0.001 U mg""
4NP-BGal 0.0018 £ 0.001 U mg""
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On the other hand, no activity was detected on 4NP-N-acetyl-3-
galactosaminide (4NP-BGalNAc), 4NP-aGal, 4NP-aMan and in
particular on 4NP-aGalNAc, which is the only known substrate of
GH109 enzymes.
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Figure 13. A: Temperature dependence; the assays were performed in the presence of 1.5 mM NAD*,
5 mM 4NP-Bglc, pH 8.0. B: pH dependence; the assays were performed in the presence of 1.5 mM NAD*,
5 mM 4NP-Bglc, at 75°. C: Thermal stability in standard conditions. D: Metal ions, metal chelating agents
and DTT influences on GH109_Pool2 activity, assays were performed in standard conditions at 85 °C.

The enzyme activity at 85 °C in optimal conditions is not influenced by
the presence of divalent metal ions, metal chelating agents and DTT
(Fig. 13D). By contrast, CuClz inhibited the enzyme activity, similarly to
what observed for the GH109 from Elizabecthkingia
meningosepticum [107]. To investigate the dependence from NAD", the
enzyme was assayed on 4NP-BGlc (5 mM) at different NAD*
concentrations, showing activation from 0.05 mM with a maximum of
activity at 0.5 mM and a Kd of 32 £ 5 pM.

To investigate the substrate specificity of GH109_Pool2, the steady-
state kinetic constants on 4NP-a and [-glucosides and N-acetyl-
glucosides were determined at 75 °C. The kcat values were similar
among all tested substrates, but the lower Km values measured on 4NP-
B-anomers (0.12 mM) made 4NP-BGIcNAc and 4NP-BGilc the preferred
substrates (Table 9).
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Table 10: Kinetic constants of GH109_Pool2

Substrate Km (mM) Kcat (s-1) kcat/Km (MM-1 s°1)
4NP-B-Glc 0.12+0.01 4.75 £ 0.004 39.58
4NP-B-GicNAc 0.12+0.01 6.11 +0.01 50.91

4NP-a-Glc 148 +0.18 3.28 £ 0.02 2.22
4NP-a-GIcNAc 0.87 £ 0.06 4.98 £ 0.01 5.72

The kinetic characterization showed that this first archaeal GH109
enzymes differed significantly from the other known members of this
family. Indeed, GH109 Pool2 is the first characterized [-N-
acetylglucosaminidase/B-glucosidase of family GH109, expanding the
activities repertoire of this CAZy family. Moreover, the GH109_Pool2
activity needed the addition of exogenous NAD* and the enzyme
cleaved both a- and B-linked substrates, two characteristics only known
so far in GH4 enzymes, suggesting structural and functional analogies
never observed before between the GH4 and GH109 families.

2.3. Conclusion

The metagenomic study of Pisciarelli solfatara has allowed the
discovery of several novel genes encoding for putative CAZymes;
namely, 278 and 308 from Pool 1 and 2, respectively. After GTs, GHs
represent the most abundant class of CAZymes identified (36 % and
38% for Pool1l and Pool2, respectively). Two novel GHs were
biochemically characterized in detail: a novel GHS5, subfamily 19
(GH5_19), B-mannanase/p-1,3-glucanase showed substrate specificity
well correlating with the hemicelluloses present in the vegetation
surrounding the sampling site. In addition, as part of my PhD thesis, the
first NAD*-dependent GH109 from Archaea (GH109_Pool2) was
identified and characterized. The kinetic characterization of this enzyme
showed features that differ significantly from the other known members
of this family. Indeed, GH109 Pool2 is the first [-N-
acetylglucosaminidase/B-glucosidase, expanding the activities
repertoire of this CAZy family. In fact, although the total number of
entries in GH109 increased to 1,265 (May 2021) still only 7 have been
characterized. In addition, GH109 Pool2 was activated by exogenous
NAD* addition, differently to the other characterized members of the
family, in which the NAD* molecule was tightly bound to the enzymes
in their recombinant form. This study demonstrated the power of the
metagenomic approach to discover new enzyme sequences and to
explore microbial biodiversity from extreme environments, which are
still unexplored.
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CHAPTER 3

3. Novel esterase from G. thermodenitrificans
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3.1. Overview

Many known microbial genomes contain sequences encoding for
enzymes that have never been characterized. In the framework of the
discovery of novel enzymes from extremophiles, we found in the
genome of the thermophilic  microorganism  Geobacillus
thermodenitrificans a sequence encoding for a novel esterase. In silico
analysis revealed that the enzyme belongs to the
enterochelin/enterobactin esterase group of enzymes that are present
only in siderophore microorganisms. These microorganisms synthetize
and use siderophore molecules (i.e., enterochelin) to capture iron in the
outer environment. Once the iron was caught, the complexes Fe-
siderophore are imported inside the cell to be disassembled and free
the metal. The hydrolysis of the complex is operated by a specific group
of esterases, little characterized so far and known mainly for pathogenic
bacteria. This sophisticated mechanism is suggested to play an
essential role in the virulence of pathogens, indeed, the depletion of this
iron-pathway cancels or drastically reduces the virulence of these
microorganisms [138]. The characterization of the novel
enterochelin/enterobactin esterase has revealed interesting potential
applications. Moreover, the work shed light on this esterase group
classification, which has never been recognized as a family in the
lipase/esterase classification. In this chapter | will report the entire work
in which my contribution has been predominant.

3.1.1. Geobacillus thermodenitrificans NG80-2

Geobacillus was recognized as a separated genus from Bacillus in
2001 by Nazina et al. [139]. Indeed, the species G.
thermodenitrificans was classified for the first time in 2000 by Manachini
et al. as Bacillus thermodenitrificans [140]. These microorganisms are
thermophiles, facultative anaerobes, spore-forming, and using a wide
range of carbon sources: aromatic compounds, alcohols, organic acids,
and carbohydrates. They are ubiquitous microorganisms isolated from
several marine and terrestrial thermal habitats. The genus is an exciting
source for biocatalysis involved in biotechnological processes
exhibiting a broad repertoire of hydrolytic enzymes, able to degrade
complex polysaccharides and a broad range of alkanes [141]. G.
thermodenitrificans NG80-2 was isolated in deep-subsurface oll
reservoir in Dagang oilfield, Northern China. The microorganism has a
temperature growth range between 45 °C and 73 °C and a pH range
between 6.0 and 8.0. Moreover, it can grow in a minimal medium
supplemented by crude oil and paraffin, showing the capability to
degrade and oxidize long-chain alkane to ethanol [142].
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Extremophiles

Introduction

Geobacillus thermodenitrificans, formerly Bacillus ther-
modenitrificans (DSM 465" and DSM 466 strains), is
an aerobic or facultative anaerobic Gram-positive ther-
mophilic bacterium belonging to the order of bacillales,
which forms endospores (Manachini et al. 2000). Mem-
bers of this genus, which are ubiquitous and have been
isolated from thermal springs and waters of oil fields,
include moderate thermophiles and neutrophiles using as
source of energy a wide range of hydrocarbons such as
aromatic compounds, alcohols, organic acids and carbo-
hydrates (Nazina et al. 2001). The G. thermodenitrificans
strain DSM 4657 grows in temperature and pH ranges of
40-70 °C and 6.0-8.0, respectively, and, though inhibited
by sodium chloride > 5% (w/v), it tolerates phenol concen-
trations between 10 and 20 mM (Manachini et al. 2000).
This strain is able, even under anaerobiosis, to reduce
nitrates and nitrites in gaseous form and can use different
carbohydrates as carbon sources, namely glucose, fructose,
maltose, mannose, lactose, cellobiose, galactose, xylose,
ribose and arabinose.

Another strain, identified as G. thermodenitrificans
NG80-2, was isolated at a depth of about 2,000 meters
and at 73 °C from the water of formation of a deep oil
reserve, in Degang, in northern China (Wang et al. 2006).
The optimal growth temperature and pH of NG80-2
strain are similar to the DSM 465 T strain and, recently, a
B-xylosidase and a xylanase involved in the concerted deg-
radation of xylan have been also identified in this organism
(Jain et al. 2014; Marcolongo et al. 2015). However, this
strain differs by the ability of oxidizing long-chain alkanes
to alcohols. Indeed NG80-2 grows normally, though after
a long latency phase, in a minimal medium supplemented
with crude oil or paraffin, demonstrating the ability to use
these compounds as the only carbon source. Wang and col-
laborators (Wang et al. 2006) suggested that the NG80-2
strain, like most of degrading n-alkanes bacteria, is able
to produce emulsifying agents, not yet characterized, and
that the latency period observed was no more than the time
required to emulsify the long chains of alkanes.

All these characteristics make G. thermodenitrificans
NG80-2 a promising source of new enzymes of biotech-
nological interest. Lipases and esterases from this organ-
ism can be used for the hydrolysis and modifications of
fatty acids longer or shorter than 12 carbon atoms in food
and paper industries, in bioremediation processes, for the
production of biodiesel and for the synthesis of optically
pure compounds of agrochemical, pharmaceutical, and
cosmetic interest. In addition, glycosidases and carbohy-
drate esterases have useful applications in the degradation
of lignocellulose for the production of second-generation

@ Springer

45

bioethanol (Bornscheuer 2002; Cobucci-Ponzano et al.
2015; Jaeger and Eggert 2002; Kumagai et al. 2018).

Lipases and esterases, in aqueous solutions, catalyze the
cleavage of an ester bond between a carboxylic acid and
an alcohol, while, in organic solvents or in non-aqueous
media, reverse hydrolysis or transesterification reactions
become possible (Levisson et al. 2007). These enzymes,
though showing limited sequence homology, have highly
conserved tertiary structure with a typical o/p hydrolase
fold composed of eight parallel f-sheets connected by six
a-helices. The active site is located within an a-helix and
is composed of a catalytic triad of Ser, Asp/Glu, and His,
with the serine widely conserved in the pentapeptide Gly-
X-Ser-X-Gly (Lopez-Lopez et al. 2014). The microbial
lipases/esterases classification is based on the amino acid
sequence producing eight families (I-VIII) (Arpigny and
Jaeger 1999), which were subsequently integrated over
time with new families (up to XVIII), some of them dis-
covered only recently by metagenomic approaches (Lopez-
Lépez et al. 2014; Samoylova et al. 2018). In addition,
although the presence of the conserved Gly-X-Ser-X-Gly
motif was a classical trademark of lipases/esterases in
protein databases, it is worth noting that several of them
lacked this pentapeptide making the sequence-based
classification ineffective without a detailed biochemical
characterization.

So far, two esterases from two strains of G. thermod-
enitrificans have been already identified and character-
ized; EstGtA2 from strain CMB-A2 and EstL5 from strain
T2, belonging to families XV and VIII, respectively, of
the lipases/esterases classification (Charbonneau et al. 2010;
Yang et al. 2013).

In the framework of our study of new thermophilic
enzymes of potential biotechnological interest (Cobucci-
Ponzano et al. 2010a, b, 2011, 2012; Iacono et al. 2019;
Sirec et al. 2012; Strazzulli et al. 2017a), we embarked in
the search in the genome of G. thermodenitrificans strain
NGB80-2 of genes encoding hypothetical lipases/esterases.
Here, we report the cloning, expression, and characteriza-
tion of a new thermophilic esterase that allowed to define in
the lipases/esterases classification a new family not assigned
to date.

Materials and methods
Materials

One Shot® TOP10 Competent Cells (Invitrogen), BL21
Star™ (DE3) E. coli (Invitrogen) and Plasmid pET/101/
D-TOPO (Invitrogen) were used for sub-cloning and
expression.
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Cloning of GTNG_0744

The open reading frame GTNG_0744 encoding for a hypo-
thetical esterase was amplified from genomic DNA of G.
thermodenitrificans NG80-2 using 0.2 uM of the forward
(5'-TAATACGACTCACTATAGGG-3') and reverse (5'-
TATGCTAGTTATTGCTCAG-3') primers in a 50-pL
reaction mix containing 0.2 pM dNTP, 900 ng of the tem-
plate and 2.5 U of Pfu Ultra HF Polymerase (Agilent).
The PCR program was conducted as follows: 95 °C for
5 min; 5 cycles (95 °C for 1 min, 50 °C for 1 min, 72 °C
for 1.5 min); 30 cycles (95 °C for 1 min, 60 °C for 1 min,
72 °C for 1.5 min); 72 °C for 10 min. The PCR product
was purified by Quantum Prep® PCR kleen Spin Columns
kit (Bio-Rad) and cloned in pET/101/D-TOPO plasmid by
Champion™ pET101 Directional TOPO™ Expression kit
(Invitrogen by Thermo Fischer Scientific). The resulting
plasmid, pET101TOPO-EstGTA3, was used to transform
E. coli One Shot® TOP10 and the positive clones were
selected by colony PCR.

Phylogenetic analysis and homology modeling

The deduced amino acid sequence of GTNG_0744 was
multialigned with the sequences of the esterase families as
reported in (Samoylova et al. 2018) using Clustal Omega
(Sievers et al. 2011).

A phylogenetic tree was made using MEGA 7.0 (Kumar
et al. 2016) with the maximum likelihood method using set-
tings of Poisson Model, homogenous patterning between
lineages and a bootstrap consensus from 1000 replicates.

Homology modeling of EstGtA3 structure was performed
by SWISS-MODEL server (Arnold et al. 2006) using the
ferric enterobactin esterase PfeE mutant S157A from Pseu-
domonas aeruginosa (PDB entry 6gil) as a template. Ste-
reochemical quality of the model was analyzed by the PRO-
CHECK program (Laskowski et al. 1993) and PyMol 1.0
was used to analyze and visualize the structure.

Expression and purification

Escherichia coli BL21 Star™ (DE3) One Shot™ com-
petent cells were transformed with the plasmid pET-
101TOPO-EstGTA3. An overnight culture was inoculated
into 4 L of LB and grown at 37 °C until ODg, of 0.6-0.8.
The expression of the estgta3 gene was induced by addi-
tion of 1 mM IPTG at 37 °C for 16 h. The cellular pellet
was harvested by centrifugation at 5,000 X g and resus-
pended 1:5 (g:mL) in Tris—HCI 50 mM, NaCl 150 mM pH
7.5 in the presence of 25 mg of lysozyme, 5 mg of DNase
I and 1% Triton X-100. After incubation of 1 h at room
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temperature, 5 cycles of freeze—thawing were performed
and the resulting lysate was centrifuged at 16,000xg for
30 min.

The supernatant was diluted 1:2 (vol:vol) with Tris—HCl
50 mM, NaCl 150 mM pH 7.5 (buffer A) and loaded on an
AKTA Explorer FPLC system (GE Healthcare) equipped
with a His Trap HP crude column (1 mL) previously equil-
ibrated with the same buffer. The elution was performed
with buffer B (Buffer A supplemented with imidazole
500 mM) as follows: 20 mL 100%A, 20 mL at 5%B, 20 mL
at 50%B and 20 mL 100%B. The relevant fractions were
pooled and dialyzed against buffer A.

The dialyzed sample was incubated at 55 °C for 30 min
and centrifuged at 16,000xg for 30 min. The supernatant
was loaded on ion metal affinity bench column of kit Pro-
tino® Ni-TED 1000 Packed Columns (Machery-Nagel),
equilibrated with Tris—HCI 50 mM NaCl 150 mM pH 7.0.
The protein was eluted with 2 mL buffer B and dialyzed
against buffer A.

The resulting sample was concentrated by ultrafiltration
on Amicon® Ultra-4 centrifugal filter (cut-off 10,000 Da)
(Merk Millipore) and loaded on to Superdex™ 75 10/300
GL (GE Healthcare) in buffer A at 0.7 mL/min for 36 mL.

Protein concentration was determined by Bradford
method with bovine serum albumin (BSA) as standard
(Bradford 1976). Native molecular mass was examined by
gel filtration calibrated with B-amylase (200,103 Da), BSA
(66,103 Da), carbonic anhydrase (29,000 Da), cytochrome
¢ (12,400 Da) and aprotinin (6500 Da).

The identity of the protein was confirmed using a mass
spectrometry-based approach; briefly, purified protein was
analyzed by SDS-PAGE and the resulting bands under-
went in-gel trypsin digestion. The obtained peptides were
analyzed by LC-MS/MS using an Orbitrap XL instrument
(Thermo Fisher, Waltham, MA, USA) equipped with a
nano-ESI source coupled with a nano-Acquity capillary
UPLC (Waters, Milford, MA, USA). Peptides were sepa-
rated with a capillary BEH C18 column (0.075 X 100 mm,
1.7 pM, Waters) using aqueous 0.1% formic acid (A) and
CH;CN containing 0.1% formic acid (B) as mobile phases.
Peptides were eluted by means of a linear gradient from
5 to 50% of B in 90 min, at a 300 nL/min flow rate. Mass
spectra were acquired over an m/z range from 400 to 1800.
To achieve protein identification, MS and MS/MS data
underwent Mascot Search Engine software analysis to
interrogate the National Center for Biotechnology Infor-
mation nonredundant (NCBInr) protein database. Param-
eters sets were: trypsin cleavage; carbamidomethylation
of cysteines as a fixed modification and methionine oxida-
tion as a variable modification; a maximum of two missed
cleavages; false discovery rate, calculated by searching the
decoy database, 0.05.
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Enzyme activity assay

The esterase activity on 4-nitrophenyl (4-NP) esters was
determined by measuring the amount of 4-nitrophenol
released after the addition of the enzyme. The 4-NP
esters were dissolved in acetonitrile and the molar extinc-
tion coefficient of 4-NP at 405 nm in Tris—HCI pH 7.5
(13.1 M~' cm™!) was used for the determination of 4-NP
concentration in solution.

The standard assay was performed at 55 °C in a final
volume of 500 pL of a reaction mixture containing 50 mM
Tris—HCI pH 7.5, 4% propan-2-ol, 2 mM 4-NP acetate
and 2 pg of purified enzyme. The production of 4-NP was
monitored continuously at 405 nm using a double-beam
spectrophotometer with a thermal control unit. The back-
ground hydrolysis of the substrate was subtracted using
a reference sample identical to the reaction mixture, but
without enzyme. One unit (U) of esterase activity was
defined as the amount of enzyme that released 1 pmol of
4-nitrophenol per min at the conditions described.

Substrate specificity

The substrate specificity of the enzyme was determined on
4-NP esters with different length of acyl chain in standard
conditions, namely: 4-NP acetate (4-NPC2), 4-NP butyrate
(4-NPC4), 4-NP caprylate (4-NPCS8), and 4-NP laurate
(4-NPC12). Steady-state kinetic constants were measured
in standard conditions using concentrations in the range
0.25-4.0 mM for 4-NPC2 and 4-NPC4, and 1.9-124 uyM
for 4-NPCS8. The data were analyzed by nonlinear regres-
sion using the Michaelis—Menten equation using Prism 5.

Effect of pH and temperature on the enzyme activity

The optimal pH of esterase activity was determined
at 55 °C with 4-NPC2 as substrate, over the range pH
6.0-9.0 in the following buffers (50 mM final concentra-
tion): NaOH-MES (pH 6.0-pH 7.0), NaOH-HEPES (pH
7.0-7.5), and Tris—HCI (pH 7.5-9.0).

The temperature dependence of the activity of the
enzyme was determined in the range 30-75 °C in 50 mM
Tris—HCI (pH 7.5) buffer with 4-NPC2 as substrate.

The thermostability was evaluated by incubating the
enzyme in 50 mM Tris—HCI buffer (pH 7.5) at 55 °C and
65 °C, up to 16 h. Aliquots (2 pg) were withdrawn at the
indicated times and assayed on 4-NPC2 as substrate at
standard conditions. The specific activity of the enzyme
before incubation (s =0 min) was considered 100%.
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Effect of metal salt, inhibitors and detergents
on the enzyme stability

The effect of metal salts (NaCl, KCI, CaCl,, FeSO,, MgSO,,
CuCl,, ZnSO,, MnSO,), inhibitors and detergents (EDTA,
DTT, SDS, Triton X-100, PMSF, B-mercaptoethanol) on
the enzyme stability was determined by adding these rea-
gents at the final concentration of 1 or 10 mM to the enzyme
solution.

The enzyme solution was pre-incubated for 1 h at 55 °C
in the presence of the indicated metal salts, inhibitors or
detergents. After incubation, aliquots of the enzyme solu-
tion, containing 2 ug of EstGtA3, were used to measure the
esterase activity on 4-NPC2 at standard conditions. The spe-
cific activity without reagent was measured after the same
pre-incubation and was defined as 100%.

Effect of organic solvents on the enzyme stability

The effect of organic solvents on the esterase activity was
examined by adding methanol, ethanol, n-hexane, acetone,
n-butanol, DMSO, chloroform, propan-2-ol, acetonitrile, and
DMEF at the final concentration of 10 or 30% to the enzyme
solution. The enzyme solution was pre-incubated with
each indicated solvent for 1 h at 55 °C. After incubation,
aliquots of the enzyme solution, containing 2 pg of EstGtA3,
were used to measure the esterase activity on 4-NPC2 at
standard conditions. The specific activity measured using an
enzyme solution incubated for 1 h at 55 °C without solvents
was defined as 100%.

Results
In silico analysis of the esterase EstGtA3

Sequence analysis of the genome of the thermophilic bacte-
rium Geobacillus thermodenitrificans, strain NG80-2 (Wang
et al. 2006) revealed the presence of the open reading frame
GTNG_0744 that encodes for a protein of 254 amino acids
with an estimated molecular weight of 26,000 Da (accession:
WP_008878924). A preliminary analysis of GTNG_0744 by
BlastP against NR database, excluding Geobacillus (taxon
1D:129,337), revealed identities between 90 and 57% with
several hypothetical esterases belonging to Anoxybacillus
spp and Bacillus spp, including an uncharacterized protein
from Flavobacterium thermophilum annotated as enterobac-
tin esterase (89% identity) (Table S1).

To determine to which family of esterases GTNG_0744
belongs, the sequence was aligned by ClustalO against the
representative sequences of the families previously identi-
fied (Ranjan et al. 2018; Samoylova et al. 2018) (Fig. 1).
The phylogenetic analysis clearly indicates that GTNG_0744
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Fig.1 Phylogenetic tree of
GTNG_0744 (EstGtA3).
Analysis was performed with
the maximum likelihood and a
bootstrap consensus from 1000
replicates. Bootstrap values

are indicated at respective
nodes. The arrow indicates
GTNG_0744 (EstGtA3) from
G. thermodenitrificans NG80-2
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belongs to a group of enterochelin/enterobactin esterases
branching close to families VIII and XVII, both grouping
enzymes with similarity to the class of p-lactamases (Cas-
tilla et al. 2017; Lopez-Lopez et al. 2014; Ramnath et al.
2017).

The inspection of GTNG_0744 amino acidic sequence
showed that this novel esterase contains the conserved
GDSLG motif, which is different from any other lipase/
esterase family currently classified, but it is present in all the
sequences encoding for enterobactin esterases (Ranjan et al.
2018). This particular group of esterases is involved in the
acquisition of environmental Fe** by hexadentate catecho-
late siderophores, high-affinity ferric ion specific chelators
excreted under iron starvation by various microorganisms
like bacteria, fungi and some plants. In conditions of iron
limitation, bacteria produce hexadentate catecholate sidero-
phores by non-ribosomal peptide synthesis, which differs
between Gram-positive and Gram-negative bacteria (Khan
et al. 2018). Once the siderophores bind environmental Fe*t,
they get internalized through an active transport machinery
(Fig. 2) and the intracellular iron release is promoted by the
enterobactin esterase hydrolysis of the hexadentate catecho-
late scaffold (Abergel et al. 2009; Lin et al. 2005).

The search for the amino acid sequences homologous to
those encoding for enzymes involved in the iron uptake of
siderophores in G. thermodenitrificans revealed sequences
homologous to those encoding for the proteins involved in
the uptake machinery, with identity between 28 and 75%
and similarity between 22 and 86% (Table 1). The genomic
organization of these ORFs is similar to the gene clusters
FepBCD and FeuABC in E. coli and B. subtilis, respec-
tively (Fig. S1) (Chenault and Earhart 1991; Ollinger et al.
2006). These evidences, along with the identification of
GTNG_0744, strongly suggest that G. thermodenitrificans
could be a siderophore microorganism and that product of
GTNG_0744 could be possibly involved in siderophore
hydrolysis.

The homology model of GTNG_0744 structure (QMEAN
-3.83, overlay RMS 0.581 A) was obtained using SWISS-
MODEL server (https://swissmodel.expasy.org) and the
ferric enterobactin esterase PfeE mutant S157A from Pseu-
domonas aeruginosa as a template (PDB 6gil: 19% iden-
tity, 27.8% similarity) (Perraud et al. 2018). The analysis
revealed that GTNG_0744 shows a classical o/p hydrolase
fold with 8 P -sheet and 9 a-helices (Fig. 3 a and b). The
validation by PROCHECK (Laskowski et al. 1993) indi-
cates that the model obtained has 96.2% residues in the
most favored regions of Ramachandran plot, 1.9% residues
in the generously allowed regions and 1.9% residues dis-
aligned. Moreover, the superimposition (RMS 0.656 A) of
the GTNG_0744 model with PfeE wild type (PDB 6gi5) in
complex with the competitive inhibitor tris-catechol vector
(TCV) (Perraud et al. 2018) revealed also a conserved spatial
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disposition of the pentapeptide GXSXG and, in particular,
the orientation of the putative catalytic Ser129 (Fig. 3c, d).
Consistent with these results, we named this gene eszgta3
and the codified protein EstGtA3. Both sequence analysis
and the in silico homology model suggest that this enzyme
may seed a new lipases/esterase family, thus we embarked
in the biochemical characterization.

Expression and purification of EstGtA3

The coding sequence of EstGtA3 esterase was cloned into
pET/101/D-TOPO vector and expressed in E. coli BL21
(DE3). The recombinant protein was purified by a Ni-NTA
affinity chromatography, a heat-fractionation step at 55 °C,
a second Ni—-NTA affinity and a gel filtration chromatogra-
phy. The purification procedure led to a 90% pure protein by
SDS-PAGE with a final yield of 7%.

The molecular mass of the purified enzyme on
SDS-PAGE is about 30 kDa as predicted for the fusion pro-
tein EstGtA3 with the C-terminal 6-His tag (Fig. S2). The
molecular mass of EstGtA3 in native conditions, determined
by gel filtration chromatography, is 26,000 Da, which is in
good agreement with that calculated from the amino acid
sequence (25,940 Da) (Fig. S3), indicating that EstGtA3 is
a monomer in solution. The identity of the protein was fur-
ther confirmed using a mass spectrometry-based approach
(Table S2).

Substrate specificity of EstGtA3

The substrate specificity of EstGtA3 was determined by
assaying the enzyme on 4-nitrophenyl esters, namely,
4-nitrophenyl acetate (4-NPC2), 4-nitrophenyl butyrate
(4-NPC4), 4-nitrophenyl caprylate (4-NPC8), and 4-nitro-
phenyl laurate (4-NPC12). The assays were conducted
in 50 mM Tris-HCI pH 7.5, 4% propan-2-ol, at 55 °C as
detailed in Materials and Methods.

The assays of EstGtA3 on 4-NP esters revealed that the
enzyme exhibits highest activity on short-chain fatty acids
(4-NPC2 > 4-NPC4 > 4-NPC8) and no activity was observed
on 4-NPC12. The esterase followed a typical Michae-
lis—Menten behavior for the hydrolysis of the substrates and
the steady-state kinetic constants were determined (Table 2).
The highest specificity constant on 4-NPC8 is explained
by the micromolar Ky, on this substrate; indeed, the &,
was 5.5-fold lower than on 4-NPC2.

The bioinformatic analysis of EstGtA3 showed that
this novel esterase groups with enterochelin/enterobac-
tin esterases (Fig. 1), possibly forming a new family
(Ranjan et al. 2018). To test if EstGtA3 could hydro-
lyze siderophores, the recombinant enzyme was assayed
on commercial bacillibactin (2,3-dihydroxybenzoate-
glycine-threonine trimeric ester) and enterobactin


https://swissmodel.expasy.org
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E. coli

B. subtilis

& cw

‘ Enterobactin & Bacillibactin

o Fe(l) ©  Fe(ll)
[0 2,3-dihydroxybenzoyl O 2,3-dihydroxybenzoyl
serine glycine-threonine

Fig. 2 Iron acquisition machinery used by E.coli and B. subtilis. (OM) outer membrane (P) periplasm (CM) cytosolic membrane (CW) cell wall
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Table 1 Orfs of G. thermodenitrificans homologous to the proteins involved in the iron acquisition systems used by Gram-positive and negative
bacteria

Gram Protein name G. thermodenitrifi- Description % Identity % Similarity
cans orf
+ FeuA GTNG_1317 ABC transporter periplasmic binding domain 28 46.7
+ FeuB GTNG_0173 ABC transporter, permease protein, BtuC-like 36 59.2
+ FeuC GTNG_0172 ABC transporter, permease protein, BtuC-like 35 55.5
+ YusV GTNG_1320 ATP-binding domain of ABC transporters 75 86.5
- FepB GTNG_1317 ABC transporter periplasmic binding domain 24 223
- FepC GTNG_1320 ABC transporter-like with AAA + ATPase domain 52 69.3
- FepD GTNG_1318 ABC transporter, permease protein, BtuC-like 44 51.8
- FepG GTNG_1319 ABC transporter, permease protein, BtuC-like 39 56.2

Fig.3 3D model structure of
EstGtA3. a, b Superimposition
of EstGtA3 model (red) with
the 3D structure of PfeE entero-
bactin esterase mutant S157A
from P. aeruginosa (cyano,
PDB 6gil). The EstGtA3 cata-
lytic pentapeptide is colored in
yellow. ¢ Superimposition of
EstGtA3 model (red) with
PfeE wild type (magenta, PDB
6gi5) in complex with the tris-
catechol vector (TCV, green).
d Close-up of the pentapeptide
of EstGtA (yellow) and PfeE
wild type (pink) in complex

with TCV
Table 2 Steady-state kinetic constants of EstGtA3 (2,3-dihydroxybenzoate-L-serine trimeric ester) which are
Substrate Ky (mM) P kol K, the siderophores from Gram-positive and Gram-negative
S M at \° a M . . . . ..
o (rcrdlM “Tg-hy bacteria, respectively (Fig. 2). No hydrolytic activity could
be observed (Fig S4); possibly, this is due to the high
4-NPC2 0.97+0.18 6.80+0.50 7.01 specificity of this class of enzymes toward their substrates
4-NPC4 0.64+0.18 3.03+025 473 (Abergel et al. 2009). Therefore, the identification of a
4-NPC8 0-005+0.001 124£0.04 248 different siderophore in Geobacillus needs further studies.
@ Springer
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Effect of pH and temperature on the esterase
activity of EstGtA3

The activity of EstGtA3 was measured at different tem-
peratures and displayed the highest hydrolytic rates at
60 °C; EstGtA3 was 100% stable when incubated for 16 h
at 55 °C and assayed at standard conditions, while only
about 20% residual activity was observed after 5 min at
65 °C (Fig. 4a, b). The enzyme showed the highest activ-
ity in the pH range 7.0-8.5 (Fig. 4c).

Fig.4 Effect of pH and temper-
ature on the EstGtA3 activity.

a The effect of temperature on
the activity of the enzyme was
measured at standard conditions 6.0+
by using 4-NPC2 substrate at

the indicated temperatures. b -
The effect of temperature on the £
stability of EstGtA3 was meas- S
ured by incubating the enzyme

in 50 mM Tris—HCl (pH 7.5)

buffer at 55 °C and 65 °C up 2.0
to 16 h; residual activity was
measured at standard conditions

a g.0-

Effect of metals, inhibitors and detergents
on EstGtA3

The effect of metal ions, inhibitors and detergents on Est-
GtA3 activity was analyzed after incubation of the enzyme
with 1 mM or 10 mM of each metal, inhibitor or detergent,
for 1 h at 55 °C (Fig. 5a, b). The specific activity of the
enzyme was reduced to 50% by 10 mM concentrations of
FeSO,, CuCl,, ZnSO,, and KCI (Fig. 5a); however, EDTA
had no inhibiting effect (Fig. 5b). SDS and PMSF inhibited
EstGtA3 at both concentrations; instead, remarkably, DTT,
2-mercaptoethanol, and Triton X100 showed an activating
effect (Fig. 5b).

on 4-NPC2; 100% was the spe- 0.0+ ——
cific activity before incubation. 30 40 50 60 70 80
¢ The effect of pH on the activ- Temperature (°C)
ity of the enzyme was measured
using 4-NPC2 as a substrate at b
55 °C in the indicated buffers 100+
S ° _ .
£ go- +——%
£ .
.E 60- -o- 55°C
< - 65°C
'_g 404
2
v
& 20
0 - —= - - u
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Time (min)
€ 12.0-
—— MES
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Fig.5 Effect of metal ions, inhibitors, detergents, and organic sol-
vents on the EstGtA3 stability. Standard esterase assays were per-
formed in the presence of 1 mM and 10 mM concentrations of metal
ions (a), inhibitors and detergents (b). The effect of organic solvents
on the enzyme stability (¢) was measured by incubating the enzyme
in the presence of 10% and 30% (v/v) concentrations. In all cases,
EstGtA3 was assayed at 55 °C, in standard conditions, by using
4-NPC2 substrate

Effect of organic solvents on EstGtA3

The effect of organic solvents on EstGtA3 was evaluated
after incubation of the enzyme in the presence of solvents
(10 and 30% v/v) for 1 h at 55 °C (Fig. 5c¢). Miscible organic
solvents, namely, methanol, ethanol, acetone, DMSO,
propan-2-ol, acetonitrile, and DMF had detrimental effect
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on the esterase activity, especially at 30% concentration.
Among immiscible solvents, chloroform and n-butanol had
detrimental effect on the esterase activity at both concentra-
tions; while, interestingly, 30% n-hexane activated EstGtA3
up to 150% (Fig. 5¢).

Discussion

(Hyper)thermophiles have long been a source of novel
biocatalysts which can be used in several biotechnological
applications (Iacono et al. 2016; Strazzulli et al. 2017b, c).
In particular, thermally stable esterases can be applied in dif-
ferent food and pharmaceutical industrial processes as well
as in the fine chemical industry and in biorefinery (Elleuche
et al. 2015; Levisson et al. 2009). In this study, we focused
on the identification, classification, and biochemical charac-
terization of a recombinant novel esterase from the thermo-
philic bacterium G. thermodenitrificans.

The bioinformatic analysis of EstGtA3 revealed that this
enzyme groups with enterochelin/ enterobactin enzymes
which have not been yet classified into a family of lipase/
esterase classification. These enzymes are involved in the
acquisition of environmental iron Fe>* by hydrolysing intra-
cellularly the hexadentate catecholate siderophores imported
by specific machineries which differ in Gram-positive and
Gram-negative bacteria (Fig. 2) (Khan et al. 2018). We
showed for the first time that hypothetical proteins possibly
involved in the iron uptake are present in G. thermodeni-
trificans and that their genes have an organization similar
to those of E. coli and B. subtilis (Fig. S1) (Chenault and
Earhart 1991; Ollinger et al. 2006). These data strongly
suggest that G. thermodenitrificans could be a siderophore
microorganism. However, EstGtA3 assayed on commercial
bacillibactin and enterobactin, as example of siderophores
from Gram-positive and Gram-negative bacteria, respec-
tively, did not show hydrolytic activity (data not shown).
This result is not unexpected as this class of enzymes shows
high specificity toward their substrates (Abergel et al. 2009)
and suggest the presence of a different siderophore in Geo-
bacillus which is still unknown.

To date, ferric enterobactin esterases are still poorly
characterized. Recently, sequences assigned to hypotheti-
cal enterobactin esterases have been identified also in a
hot spring metagenomic sample collected in Khir Ganga
(Himachal Pradesh, India) (Ranjan et al. 2018), but no
thermophilic enterobactin esterases have been character-
ized into detail, leaving their biotechnological potential still
unexploited.

The enzymatic characterization of EstGtA3 revealed a
canonical esterase behavior. The enzyme is active in the
pH range of 7.0-8.5. (Fig. 4c, Table 3), stable in solvents
and surfactant and does not require cofactors for its activity.
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Table 3 Comparison of characterized esterases identified in thermophilic microorganisms and from hot springs metagenomic.

Esterase Source Substrate: %k.,/Ky; pHRange T optimum (°C)  References

EstGtA3 Geobacillus thermodenitrificans NG80-2 ~ 4-NPC2: 2.8 7.0-8.5 60 This work
4-NPC4: 1.9

4-NPCS8:
EstLS Geobacillus thermodenitrificans T2 4-NPC2:
4-NPC4:
4-NPCS8:
estUT1 Ureibacillus thermosphaericus 4-NPC2:
4-NPC4:
4-NPCS8:
EstEP16 Metagenomic analysis 4-NPC2:
4-NPC4:
4-NPC8:
MLC3 Metagenomic analysis 4-NPC2:
4-NPC4:
4-NPCS8:
SLCS Metagenomic analysis 4-NPC2:
4-NPC4:
4-NPCS8:
EstSp Metagenomic analysis 4-NPC2:
4-NPC4:
4-NPCS8:
G.spJMé6est  Geobacillus sp. JIM6 4-NPC2:
4-NPC4:
4-NPCS8:
Est8 Metagenomic analysis 4-NPC2:
4-NPC4:
4-NPC8:
LacH Brevundimonas sp. LY-2 4-NPC2:
4-NPC4:
4-NPCS8:

100

24.7 7.0-9.0 60 Yang et al. (2013)
100

8.4

100 6.0-9.0 70-80 Samoylova et al. (2018)
28.7

10.7

100 7.5-9.5 60 Zhu et al. (2013)
98

2

25 7.5-8.5 50 Ranjan et al. (2018)
100

2

70 8.0-9.0 35 Ranjan et al. (2018)
100

100 8.0-9.0 40 Jayanath et al. (2018)
16

3.7

88.5 6.0-12.0 60 Zhu et al. (2015)

100

100 8.0-9.0 30 Pereira et al. (2017)
100 6.0-7.0 40 Zhang et al. (2017)

80
4.5

EstGtA3 shows the highest activity on short-chain fats,
revealing, however, a higher substrate specificity on 4-NPCS.
This last feature is uncommon in esterases with high activity
on 4-NPC2 and 4-NPC4, which show very low specificity, or
no activity, on 4-NPCS (Table 3). Moreover, esterases active
on 4-NPCS8 are generally active also on 4-NPC12 (Li et al.
2018; Yu et al. 2018); while, surprisingly, no activity was
detected for EstGtA3 on this latter substrate.

EstGtA3 has optimal activity in the pH range of 7.0-8.5
and at 60 °C, showing 100% of stability at 55° C for 16 h,
features comparable to other thermostable esterases, for
example, EstL5 and EstEP16, from G. thermodenitrificans
T2 and an unknown species from a metagenomic sample,
respectively (Table 3).

The activity of EstGtA3 was not affected by detergents,
inhibitors and metals at 1 mM concentration, while at
10 mM of FeSO,, CuCl,, ZnSO,, and KClI, the specific activ-
ity is reduced up to 50%. In addition, EDTA did not affect

the activity indicating that the enzyme does not have a struc-
tural metal ion. Instead, Triton X100 and molecules with
thiol groups, such as DTT and 2-mercaptoethanol, showed
an activating effect at both concentrations. By contrast, SDS
and PMSF strongly reduced the activity of the enzyme at
both concentrations tested. The effect of PMSF suggests that
a serine residue might be involved in the catalytic site of the
EstGtA3 like for other esterases (Samoylova et al. 2018).
Organic solvents showed a general negative effect on the sta-
bility of EstGtA3, especially for immiscible solvents with a
loss of activity up to 70%. By contrast, n-hexane has a clear
activating effect on EstGtA3, as observed for other esterases
(Kim et al. 2015; Li and Yu 2014; De Santi et al. 2014). This
latter feature makes EstGtA3 interesting for the resolution of
racemic mixtures and synthesis of optically pure compounds
(Huang et al. 2016; Kanamori et al. 2005). The stability of
the novel thermostable EstGtA3 to various chemical com-
pounds and the lack of requirement for cofactors make this
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enzyme very interesting for its exploitation in industrial pro-
cesses, such as in laundry and washing sector, where the use
of lipolytic enzymes has long been consolidated (Elleuche
et al. 2015; Yang et al. 2018).
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3.3. Conclusion

Characterized enterochelin/enterobactin esterases are still poorly
biochemically characterized, leaving their biotechnological potential
unexploited. In the study reported, the enterochelin/enterobactin group
has been classified as a lipolytic enzyme family for the first time. The
enzymatic characterization of EstGtA3 showed a behaviour like the
canonical esterases with interesting features suitable for resolving
racemic mixtures and synthesizing optically pure compounds. This
study demonstrates that even enzymes that work in a peculiar
metabolic pathway, which was never considered for biotechnological
applications, could have suitable features for these purposes. In
addition, considering the vast number of sequences annotated in the
online databases, the research of exciting enzymes for industrial
processes by genome mining turns out to be a valid alternative for
discovering new biocatalysts.
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CHAPTER 4

4. Xyloglucan-active enzymes from S. solfataricus
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41. Overview

Carbohydrates active enzymes play an important role in the shift
towards a bio-sustainable circular economy or as described in the
thesis Introduction, a circular bio-economy. GHs are involved in the
conversion of lignocellulosic biomass to produce sugars that can be
fermented in bioethanol and high value-added products. The process,
as previously described, involves the saccharification of cellulose and
hemicellulose. The major hemicelluloses including xylan, mannan and
xyloglucan, and, after cellulose, they are the second most abundant
polymer in plants, one-quarter of the global dry plant biomass, and
represent one of the most heterogeneous polymers on Earth [143].
Indeed, their classification is based on the predominant
monosaccharides of the backbone formed by an equatorial chain of
monosaccharidic units, that are highly branched by sugars linked to
each other with both equatorial and axial bonds. Their complex
structure makes them recalcitrant to spontaneous hydrolysis and
several glycosidase activities are necessary for their degradation. To
achieve the complete saccharification of both cellulose and
hemicellulose it is necessary to develop an efficient process of
lignocellulose feedstock biotransformation [144]. In this frame, this
chapter describes the characterization of the mechanism of action on
xyloglucan oligosaccharides of three GHs from the hyperthermophilic
archaeon Saccharolobus solfataricus. In this chapter | will report the
entire work in which my contribution has been predominant.

4.1.1. Saccharolobus solfataricus

S. solfataricus is an aerobic thermoacidophilic archaeon, representing
a recognized model system for biochemistry and molecular biology
studies in the Crenaerchota phylum. Previously belonging to the genus
Sulfolobus, after the description of Saccharolobus caldissimus, in 2018
it was reclassified to the genus of Saccharolobus [145]. The
hyperthermophilic archaeon optimally thrives at 80 °C (temperature
range of 60-92 °C) and pH range 2.0-4.0. It was first isolated from the
Pisciarelli Solfatara by the German microbiologists Karl Setter and
Wolfram Zillig in the 1980 [146]. However, the microorganism populates
all hot acid environment around the world. S. solfataricus can use as
carbon and energy sources for many organic compounds, such as
carbohydrates, amino acids, or peptides it is able to metabolize sulphur
and can be cultured in laboratory relatively easily [147]. The genome of
S. solfataricus contains many sequences encoding for GHs. Indeed, it
was a source of a variety of (hemi)cellulose-degrading enzymes such
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as xylanase, glucoamylases, cellulases, a-amylase, B-glucosidase, a-
xylosidase and a-fucosidase [148-154].

4.1.2. Xyloglucan

Xyloglucan (XG) hemicellulose is widely distributed in plants. It is the
principal hemicellulose component in the dicot primary cell wall (20%—
30% of the total cell wall) and one of the most abundant storage
polysaccharides in seeds (>40% in weight in some species). This
polymer is composed of a (3-(1,4)-glucan backbone, with a-(1,6)-D-
xylose groups linked to about 75% of the glucosyl residues. A degree
of complexity is added in some plant species by the presence of other
differently linked monosaccharides such as a-L-Fuc and B-D-Gal,
among the others. This hemicellulose displays a great heterogeneity, in
fact its composition depends on the species and the degree of plant
ripeness [155,156]. XG is an interesting source of monosaccharides in
biorefineries, but it has also interesting chemico-physical properties.
XG is a hydrocolloid in solution showing low viscosity and low molecular
weight compared to many other polysaccharides, forming a gel at high
sugar concentration and low water activity condition. For its properties,
XG and its chemically/enzymatically modified oligosaccharidic
derivatives have a wide range of applications [157]. Among the
lignocellulose bioconversion it has been demonstrated that the
presence of endo-xyloglucanases improve the yield of saccharification
[158]. Nevertheless, the development of enzymatic cocktails degrading
XG is still in its infancy [159].
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Abstract: In the field of biocatalysis and the development of a bio-based economy, hemicellulases
have attracted great interest for various applications in industrial processes. However, the study of
the catalytic activity of the lignocellulose-degrading enzymes needs to be improved to achieve the
efficient hydrolysis of plant biomasses. In this framework, hemicellulases from hyperthermophilic
archaea show interesting features as biocatalysts and provide many advantages in industrial
applications thanks to their stability in the harsh conditions encountered during the pretreatment
process. However, the hemicellulases from archaea are less studied compared to their bacterial
counterpart, and the activity of most of them has been barely tested on natural substrates. Here, we
investigated the hydrolysis of xyloglucan oligosaccharides from two different plants by using, both
synergistically and individually, three glycoside hydrolases from Saccharolobus solfataricus: a GH1
[-gluco-/p-galactosidase, a a-fucosidase belonging to GH29, and a a-xylosidase from GH31. The
results showed that the three enzymes were able to release monosaccharides from xyloglucan
oligosaccharides after incubation at 65 °C. The concerted actions of 3-gluco-/B-galactosidase and the
a-xylosidase on both xyloglucan oligosaccharides have been observed, while the a-fucosidase was
capable of releasing all a-linked fucose units from xyloglucan from apple pomace, representing the
first GH29 enzyme belonging to subfamily A that is active on xyloglucan.

Keywords: glycoside hydrolases; Saccharolobus solfataricus; xyloglucan; polysaccharide degradation;
archaea

1. Introduction

Hemicelluloses include heterogeneous polymers characterized by a linear backbone
with an equatorial configuration highly substituted by short oligosaccharides,
monosaccharides, and organic acids. Hemicellulose is the second most abundant
polysaccharide in the plant cell wall, representing about 20-35% of lignocellulose
biomasses. Its complete degradation requires the simultaneous action of various
enzymatic activities due to the heterogeneous composition in monosaccharides, leading
to high variability in its structure [1].

Hemicellulose-degrading enzymes belong to the classes of glycosyl hydrolases (GH)
and carbohydrate esterase (CE) which are classified in the carbohydrate active enzymes
(CAZy, www.cazy.org (accessed on 2 March 2021)) database in functional families based
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on amino acidic sequences and structure-related similarities [2]. These enzymes have
applications in many biotechnological processes, such as biorefineries for the conversion
of lignocellulose biomasses in biofuels and bioplastic precursors [3]. Many industrial
biomass-degrading processes are performed at high temperatures and extreme pH, to
improve the solubility and the availability of organic compounds. In this regard,
hemicellulases from (hyper)thermophiles, compared to their mesophilic counterparts,
provide many advantages in industrial processes thanks to their high thermal operational
stability and tolerance to solvents [4]. In particular, hyperstable carbohydrate active
enzymes (cazymes) from (hyper)thermophilic archaea show maximum activity at higher
temperature ranges compared to mesophilic cazymes. However, archaeal GHs are poorly
represented in CAZy and less studied compared to their bacterial counterparts [5].
Moreover, although most of the GHs annotated in the CAZy database have been
characterized by using synthetic substrates, in the framework of biomass saccharification,
it is important to test their activity on natural substrates and, more importantly, to
investigate their synergistic action on this type of substrate. Cocktails of cazymes need to
be improved to achieve a more efficient biotransformation of lignocellulose biomasses
[6,7]. Polysaccharides from lignocellulose biomasses can be very heterogeneous in
structure and chemical composition, because they can originate from different parts of
plants with different degrees of maturation and from a variable number of species.

Xyloglucan (XG) hemicellulose is present in all land plants. It is among the major
polysaccharides of the Type I primary cell wall of all dicots and a great number of
monocots [8]. It is composed of a 1,4-B-glucan backbone frequently substituted at O-6 by
a-D-xylose residue. Xylose is typically the first residue of XG sidechains, which are
substituted by up to four glycoside residues, including B-D-galactose, which is itself
substituted by a-L-fucose in some plant species. The sidechains of XG are described by a
single letter code, in which G represents the unsubstituted glucose in the backbone,
whereas X, L and F represent the glucose residues substituted with a-D-xylosyl, 3-D-
galactosyl-(1,2)-a-D-xyloside, and «a-L-fucosyl-(1,2)-B-D-galactosyl-(1,2)-a-D-xyloside
sidechains, respectively (Figure 1) [9,10].

a-D-Fuc a-D-Fuc
Foow pD-Gsl  p-D-Gol B-0-Gal
a-D-Xyl a-D-Xyl o-D-Xyl a-D-Xyl a-D-Xyl a-D-Nyl -D-Xyl a-D-Xyl a-D-Xyl
B-D-Glc B-D-Gle B-D-Glc B-D-Gle B-D-Glc p-D-Gle p-D-Glc B-D-Gle B-D-Gle B-D-Gle B-D-Gle.

G X L F X X F
a-D-Fue
a-D-Kyl a-D-Xyl a-D-Kyl XLF: 46% B-0-Gal B-0-Gal B-D-Gal

XXF: 14%
B-D-Glc B-D-Glc B-D-Glc B-D-Glc LLF: 10% @DXy  aDXyl  aDXyl
X X X G

B-D-Glc B-D-Glc B-D-Glc

L L F

(a) (b)

Figure 1. (a) Schematic structure of xyloglucan (XG) oligosaccharides (XGOs) from tamarind seeds consisting of a mix of
XGOs (XLLG, XXLG, XXXG). (b) Schematic structure of XGOs from apple pomace consisting of a mix of XGOs with
structure XLF, XXF, LLF (see text for the nomenclature).

To date, nineteen types of XG sidechain are described, and a large number of
enzymes involved in the degradation of XG have been identified and characterized in
fungi [8,11] and in Gram-negative and -positive bacteria, such as human intestinal
Bacteroides, saprophytic Cellvibrio japonicus and anaerobic Ruminoclostridium cellulolyticum
[12-14]. In striking contrast, the degradation of XG by archaeal enzymes has been poorly
studied. The complete saccharification of XG to component monosaccharides requires the
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concomitant action of a backbone-cleaving endo-xyloglucanase and exo-glycosidases on
the non-reducing ends of XG oligosaccharides (XGOs) [15].

The chemoheterotroph thermoacidophile archaeon Saccharolobus solfataricus
(previously Sulfolobus solfataricus) has also been reclassified for its ability to grow on a
variety of carbon sources including sugars, such as polysaccharides (cellulose, starch,
dextrin), disaccharides (maltose, sucrose, lactose), hexoses (e.g., D-galactose, D-glucose, D-
mannose and L-fucose), and pentoses (e.g., D-xylose and L-arabinose) monosaccharides
[16-18]. This (hyper)thermophilic microorganism, one of the best-studied in the
Crenarchaeota phylum, thrives in terrestrial volcanic hot springs and has optimal growth
at 80 °C and pH 2—4. In these extreme habitats, lignocellulosic biomass from the nearby
vegetation can experience chemical transformation in the hot and acid conditions,
providing carbon sources to the microbial community of extremophiles. Consistently,
several sequences encoding for GH and mono-, di- and oligo-transporters for sugars
uptake are present in the genome of S. solfataricus [19,20]. Many of the characterized GHs
from S. solfataricus showed potential hemicellulolytic activities (GH1, GH2, GH3, GH5,
GHI12, GH29, GH31, GH36, GH38, GH116), and even some genetic clusters could suggest
the ability to hydrolyze hemicelluloses (e.g., S. solfataricus P2 Open reading frames (SSO),
5501353 and SSO1354 encoding for enzymes with B-glucosidase/B-xylosidase and f3-
glucanase/f3-xylanase activity, respectively) [21-32]. However, to date, patterns involved
in hemicellulose hydrolysis have never been described.

In this work, we tested the activity of three exo-acting GHs from S. solfataricus on
XGOs from tamarind seeds and apple pomace that we named XGO1 and XGO2,
respectively (Figure 1). These enzymes were already biochemically characterized and
showed potential activity for the degradation of XGOs: GH1 (LacS) displayed f3-
glucosidase and f3-galactosidase activities, while GH31 (XylS) and GH29 (SsaFuc) showed
a-xylosidase and a-fucosidase activity, respectively. LacS and XylS already showed the
capability to hydrolyze in a concerted manner short and low-branched XGOs from
tamarind seed, while SsaFuc was able to hydrolyze short fucosylated oligosaccharides
[21,23,25]. We show here the mechanism of action of the three enzymes on XGOs that
allowed us to propose their possible function in vivo.

2. Results
2.1. Protein Analysis of Recombinant GHs

Recombinant LacS, XylS and SsaFuc were purified with a final yield of 60 mg L, 1
mg L and 1.5 mg L, respectively. The specific activity of the enzymes was evaluated by
using aryl-glycosides as substrates at 65 °C in sodium acetate pH 5.5. LacS had a specific
activity of 102 U mg and 29 U mg™ on 5 mM p-nitrophenyl-$Glc (pNP-Glc) and 5 mM
o-nitrophenyl-BGal (o0NP-3Gal), respectively (in the following text we will refer to the
LacS units on the pNP-BGlc). XylS had a specific activity of 2 U mg™ on 32 mM pNP-
aXyloside, and SsaFuc had a specific activity of 22 U mg~ on 2 mM pNP-aFucoside.

2.2. Hydrolysis of XGO from Tamarind Seeds

For testing, we have used XGOs from tamarind seeds (XGO1) that were composed of
XXLG, XXXG, and XLLG according to XG nomenclature (Figure 1). The simultaneous and
singular activity of LacS, at two concentrations, and XylS on XGO1 have been investigated
after 20 h of incubation at 65 °C in sodium acetate buffer, pH 5.5 (Table 1). Moreover, the
synergistic activity of the two enzymes was also evaluated after incubations of 10 and 30
min and 4, 8 and 20 h, in the same conditions (Figure 2). Firstly, the activity on XGO1 was
evaluated by using 2.2 U for LacS and 0.1 U for XylS. Their simultaneous activity showed
the release of galactose, glucose and xylose (12.3 ug, 158.3 ug and 149.7 ug, respectively)
(Table 1; Figure S1). XylS alone catalyzed the release of 89.1 ug of xylose, while, in
combination with LacS, the amount of xylose increased up to 149.7 ug. LacS action did
not lead to any product when acting alone on XGO1, and only the use in synergy with
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XylS allowed the release of the glucose and galactose. Xylose and glucose were detectable
after 10 min, while galactose became detectable only after 8 h of incubation (Figure 2a,
Figure S2 and Table S1). Thereafter, in order to understand if increased amounts of LacS
could improve the efficiency of hydrolysis of XGO1, we used about eightfold more LacS
(18 U), keeping constant the XylS units. Even in this case, LacS alone did not produce
detectable amounts of galactose and glucose. However, the amounts of all the
monosaccharides released (Table 1, Figure S3) were significantly increased, by 3.4, 2.2, and
2 times, for galactose, glucose and xylose, respectively. The time course of the synergistic
action of the two GHs (Figure 2b, Figure S4 and Table S2) showed that at all the incubation
times, the amounts of monosaccharides detected were higher if compared to those
obtained with 2.2 units of LacS (Figure 2a), and that galactose could be detected after 4 h
of incubation. Moreover, release of the monosaccharides increased over time until 20 h.
Although this process was not complete compared to the acid hydrolysis, probably due
to product inhibition of one or both enzymes, it led to a conversion of 10%, 41% and 37%
for galactose, glucose and xylose, respectively (Table 1). This is a remarkable
bioconversion efficiency, and demonstrates the good processivity and the extreme
thermal operation stability of LacS and XylS on this substrate.

Table 1. Enzymatic hydrolysis of XGO1 after 20 h by using LacS and XyIS.

Enzymes Galactose (ug) Glucose (ug) Xylose (ug)
TFA hydrolysis ! 365+16 835+ 26 803+9
LacS 2 + XylS 123+1.1 1583+1.3 149.7 £1
LacS 3 + XylS 41.3+29 3489+9.3 299.9+£9.6
LacS! ND ND ND
LacS? ND ND ND
XylS ND ND 89.1+9

Trifluoracetic acid (TFA) hydrolysis : 2 h at 100 °C in 2 M of TFA; LacS % 2.2 units; LacS 3: 18 units.

400 == Glucose 400 == Glucose

300- —_— Xylose 300 / —— Xylose
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200 =& Galactose 200

100 b f"—’— 100 /

o
=

60 60

40 40
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Figure 2. Time course of the enzymatic hydrolysis of XGO1. (a) LacS 2.2 U and XylS 0.1 U. (b) LacS 18 U and XylS 0.1 U.
Error bars reported represent standard deviations.

2.3. Hydrolysis of XGO from Apple Pomace

The XGOs purified from apple pomace (XGO2) were composed of XLF, XXF, and
LLF according to the XG nomenclature (Figure 1b) and showed a 70% degree of purity;
the major contaminants were represented by arabinan and chitin as reported in the
manufacturing notes. The enzymatic degradation of XGO2 was analyzed after 20 h of
incubation at 65 °C in sodium acetate buffer (pH 5.5) by combining 0.3 U, 0.1 U and 2.2 U
of SsaFuc, XylS and LacS, respectively, together, in pairs, and singly. Table 2 reports the
quantitative analysis of the reaction products of the enzymatic and chemical conversion.
The quantifications of the single monosaccharides by amperometric detector (HPAEC-
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PAD) showed that the three enzymes could release fucose, galactose, glucose, and xylose
from this substrate (Figure S5). When the three enzymes acted simultaneously, xylose and
fucose were the predominant monosaccharides released, while galactose and glucose
were produced in lower quantities. When SsaFuc acted alone or in combination with the
other enzymes the amount of fucose released did not vary significantly, suggesting that
the enzyme was able to remove the fucosidic residues from XGO2 with no need of
previous or concomitant action by the other two enzymes. Interestingly, the amount of
fucose released enzymatically was 90% of that obtained by complete chemical hydrolysis
of XGO2, indicating that SsaFuc hydrolyzed the substrate with high efficiency. Instead,
xylose, glucose, and galactose were released by the three enzymes as 37%, 10% and 3%,
respectively, of the monosaccharides identified after chemical treatment. The
simultaneous action of XylS and LacS resulted in higher amounts of glucose and xylose
compared to those obtained when the two enzymes acted singly or when each of them
were separately combined with SsaFuc, and similar to when the three enzymes acted
together.

Table 2. Enzymatic hydrolysis of XGO2 after 20 h by using LacS, XylS and SsaFuc.

Enzymes Fucose (ug) Galactose (ug) Glucose (ug) Xylose (ug)
TFA hydrolysis ! 832 220 +£18 346 + 25 306 + 11
LacS + XylS + SsaFuc 755+5 6.6+1 34.7+58 115+13
LacS + XylS ND 3.15+0.1 35+0.5 118 +3.9
XylS +SsaFuc 80.1+14 ND ND 72.8+9
LacS + SsaFuc 79.5+9 47+03 242+4 ND
SsaFuc 73311 ND ND ND
LacS ND 15 13.6 ND
XylS ND ND ND 73.5+11

TFA hydrolysis ': 2 h at 100 °C in 2 M of TFA.

The time course of the synergistic action of the three GHs was evaluated after
incubations of 10 and 30 min and 4, 8 and 20 h. As shown in Figure 3, the amount of
galactose, glucose, and xylose released by enzymatic hydrolysis increased until the 20 h
mark, while the fucose release reached a plateau after 4 h (Table S3 and Figure S6). A small
amount of galactose (0.5 pg) was detectable only after 30 min of incubation. These results
confirmed the high efficiency of SsaFuc and the thermal operational stability of the three
enzymes at 65 °C on the substrate tested.

150 =&= Fucose
120 j —a— Galactose
90: == Glucose
60 f == Xylose
30 —

15 L

HE

Op—p——r= T T T 1
0 10 20 30 40 300 600 900 1200

Time (min)

Figure 3. Time course of the enzymatic hydrolysis of XGO2. Error bars reported represent
standard deviations.
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3. Discussion

In this study, we monitored the release of monosaccharides from XGOs, using
different combinations of three GHs from S. solfataricus in order to investigate the mode
of action of these enzymes on xyloglucan oligosaccharides. The substrates used differed
in composition and degree of purity. XGO1, from tamarind seeds which lack a-fucosyl
residues, was used to better understand the mechanism of action of XylS and LacS on the
X and L components. Instead, XGO2 purified from apple pomace, in which 70% of
sidechains showed a-linked fucose residues, was used to investigate the action of SsaFuc
on F components and the simultaneous hydrolysis of the a-fucosidase with LacS and XylS.

The analysis of the enzymatic hydrolysis of XGO1 confirmed the concerted action of
the LacS and XylS exo-glycosidases, catalyzing the processive hydrolysis of al,6-linked
xylose, 31,4-linked glucose and (31,2-linked galactose from the non-reducing end of XGOs.
In particular, XylS removed only the first xyloside at the non-reducing end of XGOs, as
previously shown on other xylosylated oligosaccharides [21,33] and as reported for other
GH31 a-xylosidases on xyloglucan [34]. Therefore, XylS requires the removal of glucose
and galactose residues at the non-reducing end to access to the following xyloside
residues (Figure 1). LacS, like other GH1 enzymes [34], has broad substrate specificity,
promoting the hydrolysis of 1,4- and 1,2-3-D-glycosides [23,35,36]. Moreover, an in silico
docking study by Kumar and co-workers suggested that a LacS active site could well
accommodate short-branched XGOs (GLG) with p-galactose at non-reducing termini in
the subsite -1, and the interaction with XGOs could be stronger and selective compared to
that of the XG-active p-galactosidase of C. japonicus [35]. Indeed, the simultaneous activity
of XylS and LacS on both XGO1 and XGO2 produced more xylose compared to the activity
of the a-xylosidase alone. In principal, LacS could act on both the p-D-linked galactose
and glucose residues of XGOs substrates. The substrates used in this work showed
galactose at the non-reducing end of XGO branches. Glucose, on the other hand, being
decorated by xylose residues, was not accessible to the enzyme (Figure 1). Thus, LacS
could operate on galactose residues, while access to bound glucosides would occur only
after the previous hydrolysis of 1,6-a-D-xylosides promoted by XylS. As expected, LacS
alone on XGOI1 could not catalyze the release of glucose. However, galactose was not
observed either, even by using increasing LacS enzymatic units. This suggests that in
order to access to the 31,2-linked galactose, LacS needed partial hydrolysis of the substrate
operated by the synergistic and processive action of XylS and LacS itself (Figure 4).

The time courses in Figure 2 show that galactose is released only after 4 h and 8 h of
enzymatic incubation, by using 2.2 or 18 units of LacS, respectively. In particular, by
increasing the enzymatic units of LacS, even keeping the enzymatic units of XylS constant,
the released amounts of glucose and galactose, as well as that of xylose, increased
significantly, with an earlier release of galactose resulting in more efficient hydrolysis of
XGOL1. Higher amounts of LacS offered a greater availability of hydrolyzable substrate to
XylS, confirming also, in this case, the synergistic action of the two enzymes.

The GH29 a-fucosidase from S. solfataricus released 96% of all al,2-linked fucose
available in XGO2 according to the complete chemical hydrolysis used as control. This
indicates that the enzyme was able to access and remove with high efficiency the fucosides
decorating XGO2 with no need of prior substrate debranching, indicating the ability of
SsaFuc to recognize complex fucosylated oligosaccharides. Most of the a-fucosidases are
currently classified in the CAZy database in two major families: GH29 and GH95 [2]. The
characterized enzymes of family 95, which also include a-galactosidases, have no activity
on pNPa-Fuc but are active on a-1,2-linked fucose of XG [37,38]. Instead, according to the
classification of Sakurama et al. (2012), the a-fucosidases of the GH29 family were
grouped in two subfamilies: GH29A, which are active on pNPa-Fuc and several
fucosylated oligosaccharides, and GH29B, which are specific for a-1,3- and a-1,4-linked
fucosides, but not pNPa-Fuc [39]. The GH29B enzyme from Fusarium graminearum is
active on fucosylated XGOs [40].
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SsaFuc belongs to the subfamily GH29A, in which the enzymes display activity
toward any a-linked fucose (a-1,2; a-1,3; a-1,4; a-1,6) [41,42]. However, activity on
fucosylated XGOs has not been so far observed for GH29A enzymes. We have previously
shown that SsaFuc hydrolyzed a short synthetic fucosylated aryl disaccharide a-L-
Fucosyl(1-3)-a-L-Fucosyl-O-pNP [25]. Here, we demonstrated for the first time the
specificity of SsaFuc for al,2-linked fucosides on a natural substrate. SsaFuc is the only
known characterized GH29A active on fucosylated XGOs. The hydrolytic activity of
SsaFuc on XGO1 produced XGOs free of a-fucosyl residues that are a suitable substrate
for LacS and XyIS.

The data obtained allow us to propose a possible function in vivo of the three GHs
from S. solfataricus. It is still unclear whether this archaeon could hydrolyze and use XG
as a carbon source, as neither xyloglucanase nor XGOs transporters have ever been
identified in S. solfataricus. To date, the characterized a-xylosidases of the GH31 family
are always implicated in XG metabolism and, in the well-characterized XG utilization
pathway of Bacteroidetes and C. japonicus, a-fucosidase activity is involved in XG
degradation and utilization [12,14,15,34,37,43—47]. Moreover, XylS and LacS genes
mapped in the same locus, in a 50 kb genome region also including the SsaFuc gene [21].
In light of the strict synergism between LacS and XylS, and the high efficiency of SsaFuc
to release Fuc from XGOs, the results obtained suggest that the three enzymes could play
a role in vivo in the degradation of xyloglucan as an energy source in S. solfataricus.
Furthermore, from a biotechnological point of view, this study sheds light on the mode of
action of the three enzymes on XGOs, laying the foundations for the possible development
of a thermostable enzymatic cocktail to hydrolyze XG.

Eoglfaliqll g8y
a-Fucose _/‘
& i G’, 1] <~ a4 2 G, | 2, 2 P @i

Figure 4. Proposed model of the reaction mechanism on XGOs by XylS, SsaFuc and LacS.

4. Materials and Methods
4.1. Substrates

Xyloglucan oligosaccharide from tamarind seeds (XGO1) with 98% of purity was
purchased from Megazyme (Bray, Ireland). Xyloglucan oligosaccharide from apple
pomace (XGO2) with 70% of purity was purchased from Elicityl OligoTech (Crolles,
France). The major contaminants are represented by arabinan and chitin.

4.2. Enzyme Expression and Purification

The genes encoding for XylS, LacS and SsaFuc were expressed and the proteins
purified as previously reported [21,23,25] with the following modifications. The gene
encoding for XylS was carried by the plasmid pT7SCII-XylS under the control of an
isopropyl -3-D-1-thio galactopyranoside (IPTG)-inducible T7 RNA polymerase promoter
and was expressed in E. coli BL21 (DE3). The transformed cells were grown in 2 L of Super
Broth (SB) supplemented with ampicillin 50 ug mL-. The gene expression was induced
with 1 mM of IPTG (Merck, Darmstadt, Germany) at 0.5 ODeoo. XylS was purified by three
subsequent cell extract heating steps of 30 min at 55 °C, 65 °C, and 75 °C, followed by
anion exchange chromatography. The gene encoding for LacS was carried by the plasmid
PET29-LacS under the control of an IPTG-inducible T7 RNA polymerase promoter and
was expressed in E. coli BL21(DE3). The transformed cells were grown in 2 L of SB
supplemented with kanamycin 50 pg mL-' (Merck, Darmstadt, Germany). The gene
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expression was induced with 1 mM of IPTG at 0.5 ODsw. LacS was purified by three
subsequent cell extract heating steps at 55 °C, 65 °C, 75 °C for 30 min and 85 °C for 10 min,
followed by hydrophobic exchange chromatography. The gene encoding for SsaFuc was
carried by pGex-SsaFuc plasmid under the control of an IPTG-inducible TAC promoter,
and was expressed in E. coli RB791 as a fusion protein with Glutathione-S-transferases-tag
(GST-tag). The transformed cells were grown in 2 L of SB supplemented with ampicillin
50 pg mL-" (Merck, Darmstadt, Germany). The gene expression was induced with 1 mM
of IPTG at 0.5 ODeo. The recombinant enzyme was purified by affinity chromatography
on Glutathione Sepharose 4B resin (GE Healthcare, Chicago, IL, USA) and the removal of
GST-tag was obtained by thrombin cleavage.

4.3. Protein Analysis of the Recombinant Enzymes

The protein concentration of purified enzymes was measured by the Bradford
method using bovine serum albumin (BSA) as standard [48]. Specific activities of the
enzymes were measured by using aryl substrates pNPa-Xyl, pNPB-Glc, oNP-3Gal and
pNPa-Fuc (Carbosynth, St. Gallen, Switzerland) for XylS, LacS and SsaFuc, respectively,
in sodium acetate pH 5.5, at 65 °C. The releasing of pNP or oNP was monitored
continuously at 405 nm using a double beam spectrophotometer with a thermal control
unit (Varian Cary 100, Agilent Technologies, Santa Clara, CA, USA). The background
hydrolysis of the substrates was subtracted by using reference samples identical to the
reaction mixtures without enzymes. One unit (U) of activity was defined as the amount
of enzyme that released 1 umol of pNP or oNP (molar extinction coefficient of 2.08 and 1.2
mM-! cm-}, respectively) per minute at the standard conditions.

4.4. XGO1 and XGO2 Enzymatic Hydrolysis

A solution of XGO2 (1.1 mg mL-") was incubated with LacS (2.2 U), XylS (0.1 U) and
SsaFuc (0.3 U), individually or simultaneously, in 100 mM of sodium acetate buffer, pH
5.5. A solution of XGO1 1.1 mg/mL-! was incubated with LacS 2.2 U or 18 U and XylS 0.1
U, individually or simultaneously, in 100 mM sodium acetate buffer pH 5.5 at 65 °C.
“Simultaneous reaction” refers to the assays performed with two or three enzymes used
simultaneously. The blank mixtures had identical compositions to the reaction mixtures,
using the enzyme storage buffers instead of the enzymes. The assays were performed at
65 °C, and after 10 and 30 min and 4, 8 and 20 h of incubation were stopped through
instantaneous freezing in dry ice. All reaction products were analyzed and quantified by
high-performance anion-exchange chromatography with pulsed amperometric detector
(HPAEC-PAD) analysis (Dionex ICS 3000, Waltham, MA, USA).

4.5. Chemical Hydrolysis

XGO1 and XGO2 were dissolved in 2 M of trifluoracetic acid (TFA) at the
concentration of 1.1 mg/mL and incubated for 2 h at 100 °C [49]. The reaction solutions
were all dried by rotary evaporation to remove TFA. Then, dry pellets were resuspended
in distilled water at 1.1 mg mL-! and the drying process was repeated until TFA was
completely removed. The monosaccharides composition was determined by HPAEC-
PAD.

4.6. HPAEC-PAD Analysis

The monosaccharide composition of oligosaccharides XGO1 and XGO2 hydrolyzed
via enzymatic and TFA hydrolysis was analyzed by an HPAEC-PAD system equipped
with Carbopac PA-100 (Dionex, Sunnyvale, CA, USA). For the assays on XGO1 as
substrate, glucose, fucose, galactose and xylose (Merck, Darmstadt, Germany) were used
as standards to calibrate the retention time and to build a calibration line at concentrations
of 0.5 nmol 25 pL-1, 1.0 nmol 25 uL-!, and 1.5 nmol 25 pL-!, with arabinose (Merck,
Darmstadt, Germany) as internal standards at a concentration of 0.5 nmol 25 uL-". For the
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assay on XGO2, glucose, xylose and galactose were used as standards to calibrate the
retention time and to build a calibration line at concentrations of 1 nmol 25 uL-1, 2 nmol
25 pL-, and 3 nmol 25 uL-!, with fuc as internal standards at concentration of 2 nmol 25
uL-. In total, 25 uL of the samples, supplemented with 0.5 nmol arabinose or 2 nmol of
fucose, were injected for the HPAEC-PAD analysis. The elution program consisted of an
isocratic elution with NaOH 8 mM for 20 min.

Supplementary Materials: The following are available online at www.mdpi.com/1422-
0067/22/7/3325/s1, Figure S1. HPAEC-PAD chromatograms of the enzymatic treatment of XGO1 by
using LacS 2.2 U and XylS 0.1 U. Figure S2. HPAEC-PAD chromatograms of the time course of the
enzymatic treatment of XGO1 by using LacS 2.2 U and XylS 0.1 U. Figure S3. HPAEC-PAD
chromatograms of the enzymatic treatment of XGO1 by using LacS 18 U and XyIS 0.1 U. Figure S4.
HPAEC-PAD chromatograms of the time course of the enzymatic treatment of XGO1 by using LacS
18 U and XylS 0.1 U. Figure S5. HPAEC-PAD chromatograms of the enzymatic treatment of XGO2
by LacS 2.2 U, XylS 0.1 U and Ss « Fuc 0.3 U. Figure S6. HPAEC-PAD chromatograms of the time
course of the enzymatic treatment of XGO2 by LacS 2.2 U, XylS 0.1 U and SsaFuc 0.3 U. Table S1.
Monosaccharides composition from the time course of the enzymatic treatment of XGO1 by using
LacS 2.2 U and XylS 0.1 U. Table S2. Monosaccharides composition from the time course of the
enzymatic treatment of XGO1 by using LacS 18 U and XylS 0.1 U. Table S3. Monosaccharides
composition from the time course of enzymatic treatment of XGO2 by LacS 2.2 U, XylS 0.1 U and
SsaFuc 0.2 U.
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4.3. Conclusion

Enzymes with higher operational stability are needed in order to
improve the bioconversion of lignocellulose biomasses. Moreover,
considering the importance of hemicellulose in the plant cell wall
structure, hemicellulases in combination with cellulolytic enzymes play
a crucial role in deconstructing lignocellulose feedstock. The three
enzymes from S. solfataricus described in this work were already
biochemically characterized in detail. However, a poor characterization
was previously performed on natural substrates, leaving unexplored
their potential as biocatalysts in the hydrolysis of hemicelluloses. In this
study, their ability to hydrolyze XGOs was investigated, showing
excellent operational stability. In particular, the GH29 remove all a-
fucose residues from the substrate tested. At the same time, the GH1
and GH31 displayed significant synergism between them. The data
obtained demonstrated the importance of testing the enzyme activity on
natural substrates or on substrates with industrial interests in order to
explore their potential as biocatalysts for biotechnological application.
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CHAPTER 5

5. GH109 and blood Group A conversion
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5.1. Overview

Due to the many functions performed by GHs, they are largely
employed for industrial and biotechnological purposes and can be also
used for the development of new and meaningful applications. As
mentioned above, carbohydrates are involved in many essential
functions in all living beings. In humans, carbohydrates are also
involved in the self- or non-self-recognition by the immunity system.
One of such examples is the red blood cell (RBC) recognition system,
which, depends on the composition of oligosaccharides on the
erythrocytes' surface. Based on the antigen present on the RBCs
surface, the blood is classified into different groups, according to the
ABO classification [160]. In the field of blood transfusions, incorrect
administration of blood group to an individual could lead to fatal
consequences. In these regards, it was demonstrated that some GHs
could be helpful in the conversion of A and B type blood to produce the
blood universal donor group 0 [161]. Some GHs belonging to the
GH109 family are of particular interest for this biotechnological
application due to their ability to convert blood group A in group 0 [107,
162]. Improving this bioconversion would bring great benefits in the
clinical field and in the global blood industries. The sales of global blood
products were estimate of 31.8 billion USD in 2015 and 33.5 billion USD
in 2016. The market is expected to grow at a five-year CAGR of 4.9%
from 2016 to 2021 [163]. The discovery of enzymes capable of
operating in this bioconversion of blood and its development on a large
scale induced the development of companies involved in this
biotechnology, such as Velico Medical in the USA, aimed for this
purpose. Moreover, find novel enzymes that improve the methodology
could lead to the massive production and sale of these enzymes. This
chapter describes the enzymatic characterization of three novel GH109
enzymes and the detailed study of their potential for blood
bioconversion. The study has been done in collaboration with the
company Novozymes, which identified the three enzymes and gave us
enough amounts of recombinant enzymes to perform the experiments.

5.2. Introduction

According to the Human Health Organization, the worldwide blood
supplies demand is constantly increasing, and over the years, several
attempts have been placed to stabilize these stocks. Enzymatic
conversion technology of red blood cells (RBC) A-type and B-type to
universal donor O-type (or H-type) is considered a valuable alternative
to overcome the low-blood supplies issue [161]. O-type RBC is the most
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common in world population distribution and can be transferred to group
A, B and AB subjects. Thus, in case of limited supplies or emergencies,
in which the subject's RBCs group is not clear or unknown, a sufficient
amount of O-type blood supplies in blood banks became indispensable
[161]. The total global blood supply was estimated to be around 272
million units. However, the total global demand in 2017 was
approximately 303 million units, a shortfall of around 30 million units
[164].

The ABO classification system for RBCs was described for the first time
by Karl Landsteiner in 1900 [160]. This classification is based on the
presence or absence of specific antigens on the RBCs surfaces,
represented by oligosaccharides linked to the erythrocyte cell
membranes' glycolipids and glycoproteins. The antigenic determinants’
base structure is a fucosyl galactose (Fuc-a-1,2-3-Gal) that
characterized the O-type group. The addition of extra terminal
monosaccharides forms the A-type and B-type antigen, in which the
immunodominant sugar moiety is an a-1,3-linked galactose (Gal) for
group B and a-1,3-linked N-acetylgalactosamine (GalNAc) for group A
(Fig. 12) [161].
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Figure 12: ABO antigens representation

Group A could be distinguished in two subgroups, namely A1, A2, based
on the structure of the oligosaccharides. The structure of type A (Fuc-
a-1,2-BGal-1,3-a-GalNAc) could be further decorated with a GIcNAc
moiety in p-1,4 and in 3-1,3 glycosidic bond, for A1 and A2z respectively
(Fig 12). The different structure of the two A subgroups does not
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influence the immunogenic recognition of group A, however the
subjects having a structure of type A1 present a number of A-antigen
sites 6 fold higher than those having the Az structure, 1.5 versus 0.25
million respectively [162].

People with A-type RBC group have anti-B antibodies, while individuals
with B-type have anti-A antibodies. Transfusion of A-type blood in B-
type recipients, and vice versa, would lead to agglutination of RBCs and
subsequent haemolysis. Individuals with blood group AB have both
antigens A-type and B-type determinants and by consequence, they do
not have antibody against blood antigens. People with O-type blood
have both anti-A and anti-B antibodies, and they can receive only 0O-
type RBCs. O-type blood lack of both immunodominant
monosaccharides of A and B groups, and neither anti-A nor anti-B
antibodies lead to agglutination. Considering this immunogenicity, due
to a single monosaccharide on the RBCs surface, the selective removal
of the antigenic determinants via enzymatic hydrolysis can produce a
O-type universal donor. The conversion of A-type or B-type antigen in
O-type via enzymatic cleavage, does not affect the Rh status.
Accordingly, the enzymatic conversion of RBC group A or B Rh + would
produce RBC group 0 Rh +, whereas RBCs A or B Rh - would produce
only O-type RBC Rh -.

The first attempt to convert RBCs antigenicity via enzymatic hydrolysis
was performed in 1980 by Goldstein and co-workers using a-
galactosidases from coffee bean to remove galactose on RBC B-type
surfaces. They obtained the conversion, and experiments on gibbon
and even human volunteers confirmed that the transformed RBCs
exhibited an average half-life and were well-tolerated. However, the
conversion required large amounts of enzymes and low pH, making the
procedure ineffective for the integrity of erythrocyte and also in terms of
costs [165-166]. In this frame, Liu and colleagues in 2007 find a GH109
with a-N-acetylgalactosaminidase activity and a GH110 with o-
galactosidase activity, capable of removing the immunodominant
monosaccharides on A-type and B-type, respectively. Although GH110
convert the group B RBCs efficiently, the conversion of the A group by
the GH109 required significant amounts of enzyme and particular buffer
conditions [107]. Other GH109 enzymes of this family were discovered
and tested on A-type RBCs, even improving the efficiency of bio-
conversion, confirming that GH109 enzymes can be suitable for this
biotechnological application [161,168]. To date, the best method with
low enzymatic loading to convert group A is based on the utilization of
two different enzymatic activities. Rahfeld et al. developed an assay to
cleave the GalNAc A-type antigen in two steps: by using a GalNAc
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acetylase that removes the N-acetyl group from GalNAc, and then an
a-galactosaminidase in order to remove the galactosamine left by the
previous enzyme (Fig. 13) [169].

&lw OH /&/ Acetyl group m : &/ Galactosamine o+
GalNAc acetylase Galactosaminidase
;; j cm;; j oo
OH OH OH
OH OH OH

Figure 13: Double step A-type antigen removal by GalNAc acetylase and Galactosaminidase

Finding new enzymes that improve this biotechnology is needed to
lower the costs and develop the universal blood production, meeting
the demand for worldwide blood supplies. In this work, in collaboration
with Novozymes company, we characterized three novels’ GHs of
family GH109 and tested their bio-conversion power on group A RBCs.

5.3. Materials and Methods

GH109 enzymes (NAg68; NAg69; NAg71) were provided by
Novozymes (Bagsveerd, Copenhagen, Denmark). Blood samples and
Anti-A serum (ImmuClone Anti-A, Birma-1, BIOSCOT®) were provided
by the department of molecular medicine and medical biotechnology,
University of Naples “Federico II” (Naples, Italy). 4NP-substrates and
Blood Group-A trisaccharide was purchased from Biosynth-
Carbosynth® (St. Gallen, Switzerland).

5.3.1. In silico analysis

Multisequence alignment of the GH109 conserved motif was performed
by Clustal Omega tools (Clustal Omega < Multiple Sequence Alignment
< EMBL-EBI).

5.3.2. Molecular mass determination

Native molecular mass of NAg68, NAg69, NAg71 were examined by
gel filtration using AKTA prime FPLC equipped with Superdex 10/300
GL (Cytiva). The run was performed in buffer Hepes 50 mM NaCl 100
mM pH 8.0, at 0.7 mL/min. The calibration line was build using protein
marker carbonic anhydrase (29000 Da), bovine serum albumin (66103
Da) alcohol dehydrogenase (150000 Da), B-amylase (200000 Da),
apoferritin (443000 Da) and thyroglobulin (669000 Da).

5.3.3. Activity assay

In a final volume of 400 uL, the standard assay of GH109 enzymes (7.5
Mg of NAg69, 5 pg of NAg68, and 2.5 ug of NAg71) was performed in
50 mM sodium phosphate pH 8.0 on 3 mM of 4NP-BGalNAc at 40 °C
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for NAg69 and 45° for NAg71 and NAg68. The 4NP release (the mM
coefficient extinction in the assay condition was 13.2 mM-' cm') was
monitored continuously at 420 nm by using double bean
spectrophotometer Cary 100 UV. One unit of enzymatic activity was
defined as the amount of enzyme catalyzing the hydrolysis of 1 ymol os
substrate in 1 min at the condition described.

5.3.4. Temperature and pH dependence

Optimal pH and buffer saline conditions were determined by using
sodium phosphate buffer in the pH range 6.0 - 8.0 and sodium borate
buffer in the range of 8.0 - 9.0. Effect of temperature on enzymes activity
was evaluated in the range of 20-50 °C in sodium phosphate buffer pH
8.0 on 3 mM of 4NP-BGalNAc as substrate.

5.3.5. Effect of additives

Assays were carried out in the enzymes standard condition by adding
2 mM of each additives (NAD*, EDTA, CuClz, CaClz, MgSO4, ZnSOs4,
FaCl2) in the reaction mixture. Control referred to the assay in standard
condition without additives.

5.3.6. Kinetic parameter determination

Steady-state kinetic constants of the enzymes were measured in the
standard conditions on various concentration of 4NP-a- and 4NP-
BGalNAc. NAg69: 0.01 - 2 mM of 4NP-aGalNAc and 0.05 - 5 mM 4NP-
BGalNAc. NAg68: 0.01 - 2 mM of 4NP-aGalNAc and 0.05 - 5 mM of
4NP-BGalNAc. NAg71: 0.01 - 2 mM of 4NP-aGalNAc and 0.25 - 2mM
of 4NP-BGalNAc. The data were analysed with GraphPad Prism 8
program, by nonlinear regression using Michaelis-Menten equation and
linear regression using Lineweaver-Burk equation for Kkinetic
parameters of NAg71 on 4NP-BGalNAc.

5.3.7. Thermal stability

The thermal stability of NAg68, NAg69 and NAg71 was evaluated at
37°C by testing their activities in their standards conditions after
incubation of the enzyme solution at 37°C for different times.

5.3.8. Activity on Blood Group A trisaccharide

The activity of the NAg68, NAg69 and NAg71 on A-type RBC antigen
trisaccharide as substrate was evaluated at 37 °C, by using 300 ug of
substrate and 50 ug of enzymes in sodium phosphate buffer pH 8.0. An
assay mixture without enzymes was used as control. All reactions were
stopped by freezing in dry ice after incubation of 10 minutes. The
specific activity was evaluated by using 2 pg of each enzyme on 2 mM
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of substrate, in sodium phosphate buffer pH 8.0 at 37 °C. One unit of
enzymatic activity was defined as the amount of enzyme catalyzing the
hydrolysis of 1 pmol of substrate in 1 min at the condition described.
The reactions were stopped in dry ice after 1 min. The reaction products
were evaluated and quantified by HAEPC-PAD analysis.

5.3.9. HPAEC-PAD analysis

The analysis was performed by using HPAEC-PAD Dionex system (ICS
3000, Waltham, MA, USA) equipped with PA-100 column (Dionex,
Sunnyvale, CA, USA) in a linear gradient of 11 mM NaOH. GalNAc was
used as standard to calibrate the retention time and to build a calibration
line at concentration of 0.5 nmol 25 pL-', 1.0 nmol 25 L', and 2.0 nmol
25 uL-' with fucose as internal standard at concentration of 1 nmol 25
uL-'. 25 uL of diluted stopped reactions supplemented with 1 nmol of
fucose were injected for HAEPC-PAD analysis. Moreover, to confirm
the substrate and GalNAc signals in the HPAEC-PAD profile, a little
amount of substrate or GalNAc were added to different aliquot of the
reactions and analysed separately.

5.3.10. Activity on RBCs

The whole blood group A (provided by the department of molecular
medicine and medical biotechnology, University of Naples ‘Federico II’)
was centrifuged at 1000 g for 5 min at room temperature and RBCs
were separated from plasma. RBCs were washed three times in PBS
buffer (150 mM NaCl, 50 mM sodium phosphate) pH 7.4 and
resuspended at 10 % haematocrit in the same buffer. In this way the
cells are not subjected to osmotic stress or pH changes, ensuring their
integrity during enzymatic tests. For the assay in the presence of
dextran, RBCs were resuspended at 10 % haematocrit in PBS pH 7.4,
supplemented with 300 mg mL-" of dextran 40 KDa. In a final volume of
200 pL various enzymes amounts (0.1, 0.2, 1, 2, 4, 8 and 16 pg) were
added to the resuspended RBCs. The reaction mixes were incubated
at 37 °C for 1 h under shaking. The reaction was stopped by cooling in
ice and centrifuge at 1000 g for 5 min to separate RBCs from surnatant
(containing the enzymes).

5.3.11. Agglutination assays

After the reaction, RBC were washed three times with PBS pH 7.4 and
then resuspended in 180 uL of the same buffer. 10 pL of resuspended
RBCs were mixed with 2 pyL of Anti-A serum.
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5.3.12.FACS analysis

Enzyme-treated RBCs were washed twice with PBS and BSA pH 7.4
and 1% haematocrit enzymatically converted RBCs were treated with
1/100 APC-anti-A antibody (Alexa Fluor 647 mouse anti-human blood
group A: cat. no. 565384 (BD Pharmingen)) for 30min at room
temperature. Flow cytometry was performed after reconstitution into 1x
PBS pH7.4 (1% haematocrit) on a FACSCantoll flow cytometer using
FACSDiva v 9.0. The data were refined by Flowd v 10. RBCs were
identified based on the FSC and SSC parameters and a gate was
applied to select single cells.

5.4. Results and discussion

5.4.1. Enzymes’ characterization

The enzymes analysed in this work, NAg68, NAg69 and NAg71 belong
to the genus Alkalimonas, Rheinhera and Amycolatopsis, respectively.
Multi sequences alignment with the other GH109 characterized
revealed that these enzymes share the consensus motif GGHGG,
containing the catalytic acid-base histidine (Fig. 14)

NAg68: EKQGGHGGMDF
NAg69: ERNGGHGGMDF
NAg71: PNLGGHGGMDY
AmGH109B LKMGGHGGMDF
AmGH109A TKMGGHGGMDF
NagA AVGAGHGGMDY
alphaNAGA AVGAGHGGMDY
SINAGA KNVGGHGGMDF
Arel_GH109 KMGGHGGMDF

GH109 TanFO

AKEAGHGGMDY

GH109 SheOn

Figure 14: Clustal Omega multisequence alignment

NAg68, NAg69 and NAg71 had a molecular mass of 71.7 KDa, 74.2
KDa and 56.02 KDa, respectively. The enzymes dependence on
temperature and pH, and the effect of additives, were evaluated using
4NP-BGalNAc substrate, as reported in Materials and Methods. NAG68
was optimally active in sodium phosphate buffer at pH 8.0 and 45 °C
on 4NP-BGalNAc (Fig 15) and exhibited a specific activity in standard
condition of 11.6 U mg™' and 7 U mg™" for 4NP-a- and BGalNAc,
respectively. NAg69 showed an optimal activity temperature of 40 °C
and, similarly to the previous enzyme, an optimum pH of 8.0 (Fig 15).
The measured specific activities were of 12 U mg™' on 4NP-aGalNAc
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and 2.7 U mg™" on the B-anomer. NAg71, like the other two enzymes,
had a pH optimum of 8.0 and is optimally active at 45 °C, like the NAg68
(Fig 15). The enzyme had a specific activity of 11 U mg™' on 4NP-a-

GalNAc and 7.2 U mg™" on the B-anomer.
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Figure 15: Characterization of GH109 enzymes: Temperature and pH dependences, and
additives effect of NAg68; NAg69 and NAg71.

The tree enzymes did not require exogenous addition of NAD* . Their
activity in the presence of 2 mM of the cofactor was similar to the
standard assays in its absence (Fig. 15). These data are in accordance
with the other mesophilic GH109 enzymes in which the cofactor is
tightly bound to the active site of the enzymes, and keeped once
purified in recombinant form. The presence of NAD™ in the structure has
been experimentally demonstrated for the first characterized GH109
enzyme from Elizabethkingia meningoseptica (NagA) and by the solved
structure of two GH109 enzymes from Akkermansia muciniphila
[107,108]. EDTA had no negative effect on the enzymes and
exogenous metal ions did not enhance the enzymes' activities,
indicating that they did not require metal ions for their catalysis. EDTA
had a quite activating effect on NAg68, while all metal ions had negative
effects on NAg69 and NAG71 (Fig. 15). The three GH109 were tested
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on different aryl substrates (4NP-a/B-glucopyranoside, -
galactopyranoside, and -GalNAc) showing higher and measurable
activity only on aryl- a/B-GalNAc, on which the kinetic constants have
been determined.

Table 1: Kinetic parameters of NAg68, NAg69 and NAg71

Enzymes Substrates Km (mM) keat (s7) Kcat Kn! (s™' mM-)
4NP-aGalNAc 0.05 £ 0.004 13.9+£0.2 268.4 £ 0.1
NAg68
4NP-BGalNAc 0.23 £0.05 85+0.3 36.7+£0.3
4NP-aGalNAc 0.01 £0.004 15+£0.6 1085+ 0.3
NAg69
4NP-BGalNAc 0.11 £0.02 3.31+0.03 30.6+0.2
4NP-aGalNAc 0.03 £ 0.004 206 £0.2 603.7 £0.2
NAg71
4ANP-BGalNAc 0.31 £0.06 14.1 £0.03 454 +0.2

The kinetic parameters reported in Table 2 show that 4NP-aGalNAc
was the preferred substrate for all the three enzymes. NAg69 had
different kcat for the two substrates but of the same order of magnitude
(8.5 and 13.9 s™' for 4NP-B- and -aGalNAc, respectively). The enzyme
showed a Kwm of 0.05 mM for 4NP-aGalNAc, almost five-fold lower than
that of the other anomer (0.23 mM), resulting in a higher specificity
constant for the a-substrate (Table 2). Even NAg69 showed different
kinetic parameters for the substrate tested. The Km for 4ANP-aGalNAc is
ten-fold lower compared to that on 4NP-BGalNAc (0.01 and 0.11 mM,
respectively), the keat is higher for the a-anomer (15 s™') (Table 2) and
the enzyme exhibited a very high specificity constant of 1085 s-' mM-"
for this substrate. NAg71, like NAg69, show a Km for the 4NP-aGalNAc
ten-fold lower than the B-substrate (0.03 and 0.31 mM, respectively)
and exhibited a kcat of the same order of magnitude for the two
substrates. As a consequence, the specificity constant for the 4NP-
aGalNAc is much higher as shown in Table 2. All the three enzymes
displayed specific activities on 4NP-aGalNAc comparable to those of
NagA (12 U mg™), the first GH109 identified and active on type-A RBCs
[107]. However, compared to the specificity constant of NagA for this
substrate (127.6 s™' mM-"), the values of kcat/Km were 2.1-fold, 8.5-fold,
and 4.7-fold higher for NAg68, NAg69, and NAg71, respectively. More
in general, compared to the specificity constants available for the other
characterized enzymes of family GH109, the value of kcat/Km of the
GH109s in this work are the highest reported so far (Fig. 16).
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Figure 16: Specificity constants comparison of characterized GH109 on 4NP-aGalNAc

On the basis of their specificity, the three novel GH109 characterized in
this work were further characterized to test the possible application on
RBCs conversion.

5.4.2. Activity on Blood group A trisaccharide

To evaluate the activity of the three enzymes on a more complex
substrate and their potential as biocatalysts in the conversion of A-type
RBC we tested their activity on the blood group A trisaccharide (TrBgA).
The sugar is the antigenic determinant of type-A RBC and consists in a
a-1,3-linked N-acetylgalactosamine to the antigenic base structure of
group 0 the Fuc-a-1,2-Gal-B, as shown in figure 17.

OH JOH

HO
at3 Galctose o

N-Acetylgalactosamine

[Ad %]

Fucose OH

Figure 17: Blood Group A trisaccharide structure representation

The assays were performed at 37 °C in sodium phosphate buffer pH
8.0, as described in Materials and Methods. In this condition the
enzymes showed specific activities on 4NP- BGalNAc of 4.5, 2.5 and
5.6 Umg™ and on 4NP-aGalNAc of 7.5, 11.4 and 8.6 U mg" for NAg68,
NAg69, and NAg71, respectively. Before incubating the enzymes with
the TrBgA substrate, their thermal stability at 37 °C was evaluated.

83



z i z z {/____!_
2 g i ) 2 s £ a0 3
s 2 N . 8
3 5 6 é 60
H g « F—
# # *
NAg68 »] NAg69 =] NAgT1
0 10 20 30 40 100 200 80 1000 O 10 20 30 40 100 200 80 1000 o 10 20 3 40 100 200 80 1000

min min min

Figure 18: Thermal stability

NAg68 and NAg71 conserved almost 80% of activity, while NAg69 70%
of activity after 16 h of incubation at 37 °C, as Figure 13 displays. The
reactions of hydrolysis on TrBgA were performed in 10 min on 300 ug
of the substrate, and the sugars released were separated and analysed
by HPAEC-PAD chromatography .

600+ 600
5004 Fucose (\GalNAc 500+ Fucose GalNAc
f—1-4 st std
4004 4004
NAGES +GalNAC N NAQB8 +GalNAC
3004 Q 300 | ‘ “.
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100 100+
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0 04
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Std i o NAg68, -69, -71: Reaction stopped afetr 10 min i
NAGT? +GaNAC i o + GalNAc: GalNAc added to the stopped reaction E
1 1
1 '
NAT! + TrBgh ! o +TrBgA: TrBgA added to the stopped reaction ;
NAgn i o Std: standard sugars, Fucose 1 nmol, GalNAc 1 nmol i
plank i o Blank: reaction mix without enzymes E
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min
Figure 19: HPAEC PAD chromatograms. Blu lines: NAg68. Green lines: NAg68. Red
lines: NAg71

Figure 19 shows the HPAEC-PAD chromatographic profiles of the three
enzymes reactions, which are all very similar. The three enzymes can
release GalNAc from Type-A RBC trisaccharide. Using the NAg69
chromatograms as a model (Fig. 19), we can see that in the blank
profile, the substrate's peak has a retention time of 12.6 min. In the
reaction profile (NAg69), on the other hand, the substrate peak is not
detectable anymore, but we observed two peaks with retention times of
13.4 and 15.2 min. According to the retention times of the standards
(Std), the peak at 15.2 min should correspond to GalNAc, while, by
exclusion, the peak at 13.4 should be that of the second reaction
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product, the a-L-fuc-(1,2)-gal disaccharide. Observing the elution profile
of the reaction supplemented with the substrate (NAg69 + TrBgA), we
observed the appearance of a peak at 12.6 min, a retention time
identical to that of the substrate. More, when GalNAc was added to the
stopped reaction (NAg69 + GalNAc), we observe only an increase in
the peak area at 15.2 min, corresponding to the peak of GalNAc. These
analyses give us a clear indication that the enzymes, after 10 minutes
of incubation under the conditions used, convert the Type-A RBC
antigen trisaccharide into the related products, GalNAc and a-L-fuc-
(1,2)-gal disaccharide. The amounts of GalNAc released from 300 ug
of TrBgA after 10 min of incubation at 37 °C are 144 £ 4, 124 + 3, and
135 £ 5 pyg by NAg68, NAg69, and NAg71, respectively. Moreover, the
specific activities of the three enzymes, calculated on 2 mM substrate,
were 20 + 1, 16 £ 0.3, and 14 + 0.3 U mg™" for NAg68, NAg69, and
NAg71, respectively. Such activities are higher if compared to the
enzymes’ activity on the aryl substrates, confirming their potentiality for
the hydrolysis of GalNAc on RBC antigens.

5.4.3. A-type RBCs conversion

To test if the enzymes were effective on RCB cells, erythrocyte from
fresh whole blood were separated from plasma and resuspended in a
PBS solution at physiological pH 7.4. Moreover, considering the
generally poor association of macromolecules on the cell surfaces due
to the repulsion of two hydrophilic components, we tested the activity of
the enzymes also in presence of dextran 40 KDa as macromolecular
crowder [170]. This polymer forms a bio gel in solution, decreasing the
reaction volume available to the enzymes and bringing them closer to
erythrocyte surface. Thereby, the enzyme concentration increases
around the cell surface possibly improving the cleavage performance,
as already shown for other enzymes cleaving RBCs antigens [169,170].
In the preliminary assays on resuspended RBCs at 10 % haematocrit
from four different donors, different concentrations of the enzymes were
used. The detection to evaluate the conversion was performed through
agglutination assays by adding Anti-A serum to the treated RBCs as
reported the example in Figure 20.

Agglutination Partial Agglutination No Agglutination

@ ) Y

*

Figure 20: Example of agglutination assays by adding Anti-A serum to RBCs
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If the enzymes fully convert the RBCs, agglutination was not observed.
Otherwise, we observed agglutination or partial agglutination if the
RBCs were not converted or not fully converted.

Table 7. Agglutination assays of RBCs from five different donors treated with different

concentration of the three enzymes in presence and in absence of macromolecular crowder.
Enzyme Sample 0.5 pg/imL 1 pg/mL 2 pg/mL 5 pg/mL 10 pg/mL 20 pg/mL 40 pg/mL 80 pg/mL

1 - - * - -

2 * -
NAg68
3 * -
4 * -
1 & -
2 * -
NAg69
3 * 5
4 *
1 " = + +
2 + +
NAg71
3 = +
4 - + +
1 - * t
NAg68 2 - }
+
dextran 3 - * t
4 -1+ . ‘ +
1 = + + + +
NAg69 2 * + + + + +
¥
dextran 3 = * = = + + +
4 -+ * + + + + +
1 + + = + + + + +
NAgG71 2 + + + + + + + +
+
dextran 3 -+ + + + + + +
4 - + + + + + + +
= : agglutination + : no agglutination - [+ : Partial agglutination * : No tested condition

Table 7 shows the results of the agglutination tests performed on the
treated RBCs (trRBCs) from the four different donors with increasing
concentration of the three enzymes in the presence and in absence of
macromolecular crowder. The presence of dextran in the assays clearly
enhanced the activity of the enzymes on RBCs. Indeed, NAg68 and
NAg69 only in the presence of the polymer were able to produce RBCs
that not agglutinated by adding Anti-A serum. Remarkably, the
concentration of NAg71 needed to convert type A RBCs was markedly
reduced in the presence of the macromolecular crowder. As showed in
Table 7, the minimum enzymatic concentration (MEC) for full
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conversion was not the same in all samples, and it depends on the
different donors. For example, in the presence of dextran, to convert
RBCs of donors 3, a higher concentration of the three enzymes is
always required. Instead, for the other donors, 5 ug mL"" for NAg68 and
NAg69 and 0.5 ug mL-' of NAg71 were already enough to fully convert
RBCs type A. This difference is most likely due to the subgroup of A-
type RBCs, A1 and Az. Indeed, RBC with A1 structure show much more
antigens on the surfaces than Ax-type, as explained in the introduction.
These data were coherent with those reported by the other GH109
enzymes active on erythrocytes, which required different MEC to
convert A1- and A2-type RBCs [161]. Based on this observation, we will
refer to the MEC needed to convert RBCs to the enzymes’
concentration where the trRBCs do not exhibit agglutination in all
samples. Accordingly, MECs in the presence of dextran for NAg68,
NAg69 and NAg71 were 10, 20 and 2 ug mL-", respectively.

In order to validate the data from agglutination tests and to estimate the
conversion power of the three enzymes, some trRBCs samples by
donor 4 were analysed by fluorescence-activated cell sorting (FACS).

Blank 05pgmL-'  1pgml?'  2pg mL! Spgml' 10pgmL' 20pgmL' 40pgmL-' 80ugmL' O-type
NAges & % 5 % W4 0 %n
ested
Blank 05pgmL-' 1pgmL'  2pg mL! SpgmL' 10pgmL' 20pg mL!' 40pg mL' 80ugmL' O-type
wees [ N T B e 0
L2 A

Blank 05pgmL' q1pgmL'  2pg mL? SpgmL' 10pgmLt' 20pgmL' 40pgmL' 80pg mL'  O-type

W@ & ® 8 96 e 8 »

Blank 50 pg mL-! O-type
v [ 1

Figure 21: Agglutination tests on treated RBCs from donor 4

Figure 21 shows the agglutination tests of trRBCs from donor 4 by the
three enzymes in the presence of dextran. Moreover, we also tested
the NagA from E. meningosepticum on the same RBCs, as a positive
control. The blank tests refer to untreated type-A RBCs, in which strong
agglutinations were observed when anti-A serum was added. As a
control, the type O blood was treated with anti-A serum, and no
agglutination was observed. RBCs treated with NAg71 did not show
agglutination in all concentration tested. While for both NAg69 and
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NAg68 the MEC needed to fully convert this sample were 5 uyg mL"".
However, for the latter enzyme it is possible to observe a partial
agglutination on the RBCs treated with a concentration as low as 1 ug
mL-1. NagA confirmed its capability to convert RBCs group A.

o Blank| o= NagA

NAg69

Sample Median: APCA  Mean APC.A
Blank + Anti-A 23 56.7 . i, Sample Median: APCA  Mean APCA

m MAgEE DS pgiml +Anti-A EE 3.1 8 oo I B M Exani + Anli-A 53 %7

NAGES 1 pgymL + AntiA 152 25 4 \ m  MAgEs 1 pgiml + AnbiA 1o 150

NAgES § pgymL + Antih 10 183 0o HAgES § ugimi + Anti-A

W MAGES 20 gl + Anti-A 10 147 __/ INAGED 20 pyimi + Anti-A 10 145
o

NAgT1|

Sample Medion: APC-A  Mean APC-A

m MAGTI D5 pgiml + Adti- 1.0 1%

NAGT1 1 gl + Adti-A 10 181

Figure 22: FACS analyses

To perform the FACS analysis we selected the samples that did not
showed agglutination at the MEC and one sample at a higher
concentration for the three enzymes (1 yg mL-! for NAg71 and 20 ug
mL" for NAg68 and NAg69). The samples that showed a partial
agglutination and one sample treated showing agglutination (NAg68 0.5
ug mL") were also selected as suitable controls. More, the analysis by
FACS was performed even on a blank sample and on the converted
RBCs by NagA. Figure 22 shows the FACS analysis of the samples
selected treated with APC-labelled anti-A antibody. The blank graph
shows the non-treated RBCs stained and unstained with anti-A having
a mean APC-A of 56.7 and 1.42, respectively. These two values had
been taken as a reference to indicate the maximum point where the
Anti-A completely binds the RBCs and the point where there was no
antigenic recognition (Blank + Anti-A and Blank unstained respectively
in figure 22). Thus, the positive control NagA 50 yg mL~' completely
converted group A RBCs with a mean APC-A value of 1.45 (99.9% of
conversion), as well as NAg68 at 5 and 20 ug mL™" (99.2 and 99.9%,
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respectively), NAg69 at 5 and 20 ug mL*' (99.9 and 99.9%,
respectively) and NAg71 at 0.5 and 1 ug mL" (99% and 99.2%,
respectively). The analysis confirmed the partial agglutination of the
sample NAg69 and NAg68 at 1 ug mL"", with a conversion of 61.5 %
and 73.5 %. Instead, the sample NAg68 at 0.5 ug mL-' showed a
conversion of 39 %, indicating that this concentration leads the
agglutination of RBCs when treated with Anti-A serum. The FACS
analyses amply confirm the results obtained by the agglutinations tests,
indicating that when agglutination was not observed the samples were
completely converted. Indeed, samples with a partial agglutination have
a rate of conversion above the 70%, highlighting the sensibility of
agglutination tests performed.

5.5. Conclusion

In this work, three new GH109 have been characterized and show
superior kinetic properties on 4NP-aGalNAc regarding the same
family's enzymes already characterized. Furthermore, we have
explored their capability to convert type A to type 0 RBCs. Preliminary
results have shown that all the three enzymes can act on erythrocyte A
antigens. On RBCs treated with NAg68 and NAg69, only in the
presence of dextran agglutination was not observed. At the same time,
NAg71, even in the absence of dextran, was able to act on RBCs type
A and confirmed its superior power of conversion in the presence of
dextran. These data showed that the three enzymes can act on
erythrocyte to convert blood group A in the universal donor group 0.
The NagA and a-NAGA GH109 enzymes from E. meningosepticum,
previously used to convert RBCs, could fully convert blood group A at
concentrations 10- and 3-folds higher (50 and 15 ug mL"", respectively),
in the presence of dextran [107, 168]. Moreover, the enzymatic system
converting more efficiently A-type needed at least 5 ug mL-! of enzymes
[169]. Instead, here, we showed that we did not observe agglutination
in all samples treated with 2 ug mL-' of NAg71, suggesting that this
enzyme could represent an excellent biocatalyst capable to improve the
biotechnological process of blood conversion. Further experiments are
needed to reach a statistic data on more RBCs samples from different
donors and to improve the enzymatic assays.
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CHAPTER 6

6. Concluding Remarks



The impact of enzymes as biocatalysts in biotechnology has increased
significantly in the development of industrial bioprocesses, indeed the
enzyme global market is constantly expanding. In order to improve
existing bioprocesses and develop new biotechnologies, the
identification and characterization of novel enzymes with higher activity,
stability, and specificity than the already used biocatalysts becomes
indispensable. With this aim, my thesis work has described the
identification and characterization of novel microbial glycoside
hydrolases (GH) by using two different approaches (chapters 2 and 3),
and more advanced studies on potential biotechnology applications of
GHs (chapter 4 and 5).

The metagenomic study of two mud pools in Pisciarelli solfatara,
described in chapter 2, offered the opportunity to discover novel
Cazymes with new substrate specificities, reaction mechanisms, and
optimal catalytic conditions. Among the other enzymes, this study
allowed to identify and characterize the first archaeal member of the
GH109 family (GH109_Pool2) showing characteristics that differ
significantly from other members belonging to this family, such as the
substrate specificity and the activation by exogenous NAD*. Indeed,
GH109_Pool2 is the first B-N-acetylglucosaminidase/B-glucosidase,
expanding the activities repertoire of this CAZy family. This survey
allowed the identification of 278 and 308 CAZymes sequences, from
Pool 1 and 2, respectively, therefore it will be essential to foresee their
enzymatic characterization to confirm the inferred activities and
evaluate their exploitation in biotechnological application. The
metagenomic approach in extreme environments is probably the most
powerful tool to explore the biodiversity of other extreme environments
in search for novel biocatalysts to be exploited in biotechnological
applications operating in harsh conditions. However, considering the
massive number of enzyme sequences identified so far, there are
already many potential interesting enzymatic activities deposited in
online databases and not yet explored. In this frame, the genome
mining approach represents a valid alternative to discover novel
biocatalysts. By using this approach, in the third chapter of the thesis,
the identification and biochemical characterization of a new esterase
from the thermophilic microorganism G. thermodenitrificans has
reported . The biochemical characterization of the enzyme, namely
EstGtA3, has revealed interesting exploitable properties for
biotechnological applications. In fact, EstGtA3 was active at 60°C in a
wide range of pH and showed an activating effect in n-hexane and other
denaturing agents, making this enzyme suitable for resolution of
racemic mixtures. This study demonstrated the effectiveness of in silico
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analyses and bioinformatic strategies in the search for enzyme
sequences already available in online databases, allowing to filter and
preselect attractive targets to support experimental tests. In addition, it
stresses the importance of enzyme characterization as the only tool that
can provide and validate the properties of an enzyme as a biocatalyst.
In the framework of identification of new biocatalysts to be exploited in
lignocellulose saccharification for second-generation biorefineries, the
mechanism of action of three GHs from S. solfataricus in the hydrolysis
of xyloglucan hemicellulose (XG) oligosaccharides was analyzed and
reported in chapter 4. The three enzymes used in this study were
already biochemically characterized in detail, however their combined
action has never been tested on natural substrates. The study has
revealed the efficient hydrolysis of the XG oligosaccharides by the
cooperative action of the three enzymes with excellent thermal
operational stability. In order to improve the study of lignocellulolytic
enzymes, the work highlighted the importance of testing the activity of
enzymes on natural substrates of industrial interests and of
investigating their mechanism of action and synergism in the hydrolysis
of such substrates.

In chapter 5 a more advanced biotechnological approach using GHs
was analyzed. The work is in progress and is done in collaboration with
Novozyme. In particular, three novel GH109 enzymes and their ability
to convert blood group A in blood group 0, by removing the
immunodominant antigen N-acetylgalactosamine from the surface of
erythrocytes were characterized. Interestingly, one of the three
enzymes, namely NAg71, was required in less amount than previously
characterized enzymes capable of achieving this bioconversion, laying
the foundation for improving biotechnology. This study could be an
essential starting point to enable the large-scale development of this
bioconversion to increase the availability of universal blood in blood
centers and blood banks. Future experiments and further studies in the
field will clarify the potential of this biotechnological application.

The thesis article strongly supports the need to identify new enzymatic
activities by emphasizing the role of enzymatic characterization in
searching for new biocatalysts. Therefore, to expand the set of
commercially available biocatalysts, it is essential to combine different
strategies to identify new enzyme sequences and to evaluate on a
laboratory scale the ability of an enzyme to work on substrates and in
chemical-physical conditions that could have relevance for
biotechnological applications in the industrial field.
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The enzymes from hyperthermophilic microorganisms populating volcanic
sites represent interesting cases of protein adaptation and biotransforma-
tions under conditions where conventional enzymes quickly denature. The
difficulties in cultivating extremophiles severely limit access to this class of
biocatalysts. To circumvent this problem, we embarked on the exploration
of the biodiversity of the solfatara Pisciarelli, Agnano (Naples, Italy), to
discover hyperthermophilic carbohydrate-active enzymes (CAZymes) and
to characterize the entire set of such enzymes in this environment
(CAZome). Here, we report the results of the metagenomic analysis of two
mud/water pools that greatly differ in both temperature and pH
(T'=85°C and pH 5.5, T=92°C and pH 1.5, for Pooll and Pool2,
respectively). DNA deep sequencing and following in silico analysis led to
14 934 and 17 652 complete ORFs in Pooll and Pool2, respectively. They
exclusively belonged to archaeal cells and viruses with great genera vari-
ance within the phylum Crenarchaeota, which reflected the difference in
temperature and pH of the two Pools. Surprisingly, 30% and 62% of all
of the reads obtained from Pooll and 2, respectively, had no match in
nucleotide databanks. Genes associated with carbohydrate metabolism
were 15% and 16% of the total in the two Pools, with 278 and 308 puta-
tive CAZymes in Pooll and 2, corresponding to ~ 2.0% of all ORFs. Bio-
chemical characterization of two CAZymes of a previously unknown
archaeon revealed a novel subfamily GH5_19 B-mannanase/B-1,3-glucanase
whose hemicellulose specificity correlates with the vegetation surrounding
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the sampling site, and a novel NAD"-dependent GH109 with a previously
unreported B-N-acetylglucosaminide/B-glucoside specificity.

Databases

The sequencing reads are available in the NCBI Sequence Read Archive (SRA) database under
the accession numbers SRR7545549 (Pooll) and SRR7545550 (Pool2). The sequences of
GHS_Pool2 and GH109_Pool2 are available in GenBank database under the accession num-
bers MK869723 and MK86972, respectively. The environmental data relative to Pooll and
Pool2 (NCBI BioProject PRINA481947) are available in the Biosamples database under the
accession numbers SAMN09692669 (Pooll) and SAMN09692670 (Pool2).

Introduction

Extremophilic microorganisms and their corresponding
enzymes (extremozymes) have generated a great interest
in the field of biocatalysis and biotransformation for
their ability to function under conditions in which
enzymes of mesophilic origin would quickly denature.
Besides being thermostable, extremozymes show
remarkable resistance to extreme pH, detergents, and
high salts and organic solvent concentrations [1]. Thus,
extremozymes are ideal tools for industrial applications
where harsh chemical and physical conditions are
encountered, such as the pulp and paper industry or
starch and lignocellulose conversions [2-4]. Global cli-
mate change and the finite resources of fossil liquid fuels
increase the demand for sustainable energy and chemi-
cal precursors for plastic materials. Among the different
type of natural sources, lignocellulose is considered one
of the most competitive alternatives to fossil fuels. In
fact, nonedible lignocellulosic feedstocks (energy crops)
constitute a virtually unlimited and convenient alterna-
tive to starchy materials (food crops) [5]. This realiza-
tion led to second-generation biorefineries which,
producing biofuel and bioplastic precursors from ligno-
cellulose biomass rather than starch, may represent a
solution to the food vs fuel problem [6-8].

The main components of lignocellulose are cellulose
(35-50%), hemicellulose (20-35%), and lignin (10—
25%), with small percentages of pectin depending on
species, growth, and tissue [9]. Cellulose and hemicellu-
loses (xyloglucan, xylan, mannans, glucomannans, and
B-(1,3-1,4)-glucans) are made of equatorial B-(1.4)-
linked backbone structure while pectins (galactans,
arabinans, and arabinogalactans) contain axial and
equatorial backbone structures. In second-generation
biorefineries, C6 and CS5 sugars are produced by che-
mico-physical pretreatment (steam explosion and pre-
treatment with acid or alkali) of the lignocellulose
biomass and then fermented to ethanol or bioplastic
precursors [9]. Because of the recalcitrant nature of
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plant biomass, the complete hydrolysis of the lignocel-
lulose is one of the main bottlenecks to fully realize
this industrial process. Thus, the discovery of novel
and ingenious enzymatic mixtures is essential to fully
realize the process and to improve final yields. Pre-
sently, thermostable and thermoactive carbohydrate-
active enzymes (CAZymes) are recognized as the main
players in second-generation biorefineries [10,11]. In
fact, their resistance to extreme conditions makes them
ideal candidates for exploitation during the pretreat-
ment step, by increasing efficiency, reducing the
byproducts, and improving the final costs of the entire
process.

The interest in extremophiles has boosted metage-
nomics studies of extreme environments [12-16], and,
more recently, remarkable examples of the discovery
of novel extremozymes for industrial applications from
sequence-based screenings have been reported [17-19].

CAZymes include glycoside hydrolases (GHs), car-
bohydrate esterases (CE), polysaccharide lyases, and
auxiliary activities and are classified in the CAZy data-
base (www.cazy.org) including also carbohydrate-bind-
ing modules (CBM). [20]. In the framework of the
discovery of new CAZymes from extremophiles for
biocatalysis and biotransformations, we embarked in
the exploration of the diversity of the solfataric field
of Pisciarelli, Agnano (Naples, Italy), which witnessed
pioneering works for the isolation of hyperther-
mophilic Archaea [21-24].

Here, we report the results of the metagenomic anal-
ysis of two mud/water pools that, although very close
to each other, display different temperature and pH
values (7" = 85 °C and pH 5.5; T =92 °C and pH 1.5,
for Pooll and Pool2, respectively). The whole
sequence-based analysis confirmed the presence of
archaeal strains previously isolated in this hydrother-
mal vent but showed unexpected ratios among them,
and at the same time, the presence of many sequences
which have no match with any sequence available in
the NCBI database, revealing not only the existence of
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a great untapped pool of genes but also a rich bio-
chemical biodiversity even in these frequently sampled
hydrothermal vents.

Moreover, the bioinformatic analysis of the
CAZymes present in solfatara Pisciarelli, supported by
the analysis of the vegetation surrounding the sampled
site, allowed outlining the polysaccharide-degrading
potential of this microbial community. Besides, the
in silico analysis allowed us to identify two novel mem-
bers of the GHS and GH109 families that were pro-
duced and characterized in detail.

Results and Discussion

Community composition
Study site and sampling

The objective of this study was to use a metagenomic
approach to analyze the hyperthermophilic (optimally
growing at 7 > 80 °C) microbial communities in the
solfatara Pisciarelli, Naples Italy (40°49'45.0768"N,
14°8'49.3512E), and to identify their CAZymes portfo-
lio (Fig. 1). Therefore, we identified two hydrothermal
mud/water pools, called Pooll and Pool2, respectively,
which were located at a distance of about 4 m from each
other. Samples from Pooll (7' = 85 °C pH 5.5), which
were taken from the surface of the pool, consisted
mainly of hot muddy sediments, gravel, and water.
Pool2 was sampled by scraping the side of the pool sub-
merged by a clear mixture of mud/water (7 = 92 °C pH
1.5) with a spoon and consisted mainly of gravel. Total
DNA was extracted from the two samples and deep
sequenced as described in the Materials and methods.

Fig. 1. The sampling site of solfatara

Metagenomic discovery of hyperthermophilic CAZymes

Whole metagenomic sequencing

The microbial composition of Pooll and Pool2 sam-
ples was analyzed by performing a metagenomic
sequence-based approach by Illumina (San Diego, CA,
USA) HiSeq sequencing, followed by community
diversity analysis based on assigning reads to known
microorganisms of the NCBI nucleotide and protein
database (NT and NR, respectively). The assembly rar-
efaction analysis, performed by Nonpareil 3 [25],
revealed that both samples were sequenced at sufficient
depth (Fig. S1) to capture the taxonomic diversity of
each pool.

More than 30% and almost 50% of all of the
obtained reads from Pooll found no match in the
known NT and NR NCBI databases (Fig. 2), respec-
tively, while the phylogenetic analysis revealed that all
others belonged to Archaea (67%) and only a small per-
centage to Bacteria (0.11%) and archaeal viruses
(0.17%) (Fig. S2A). The Archaea domain is almost
exclusively represented by Crenarchaeota (67%)
(Fig. S2B), and, within this phylum, Sulfolobales (42%)
are followed by Thermoproteales (25%) (Fig. S2D).
The few bacterial families included Alphaproteobacte-
ria, Enterobacteriaceae, and Clostridiales, (Fig. S2D).
In particular, the representatives of Acidianus hospitalis
(40%) and Pyrobaculum arsenaticum (20%), from Sul-
folobales and Thermoproteales, respectively, were
highly abundant among known microorganisms, fol-
lowed by Pyrobaculum oguniense (5%) and Sul-

folobus solfataricus (1%) (Fig. 2).

The majority of all of the Pool2 reads obtained from
the Illumina sequencing had no match in both known
NCBI nucleotide (62%) and protein (68%) databases

Pisciarelli. The solfatara Pisciarelli is part of
a wide volcanic site (Phlegrean Fields),
which include also the solfatara of Pozzuoli
(A). Pool1 and 2 are two hydrothermal vents
showing strong emission of gas and vapor
distant only 4 m (B). The crater of Pisciarelli
solfatara is surrounded by rich local
vegetation that is a potential source of
energy for the microbial population (C).
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(Fig. 2). Remarkably, 49% of all the reads produced
contigs, indicating the presence of large portions of
sequences of unknown origin. Almost all the remain-
ing reads, which could be assigned to known organ-
isms, exclusively belonged to archaeal cells and viruses
(37% and 0.36%, respectively) (Fig. S2). As in Pooll,
Crenarchaeota dominated with the Sulfolobales order
representing almost the totality of the microorganisms
present. It is worth mentioning that Metal-
losphaera sedula (31% of all available reads), which
was reported to grow at temperatures not higher than
85 °C [23] was, by far, the dominating species in Pool2
(92 °C), followed by S. solfataricus (3%), and A. hos-
pitalis (3%) (Fig. 2). Other Archaea, including Ther-
moproteales, were present in traces (0.07%) (Fig. S2).

To estimate the biodiversity of the two samples ana-
lyzed by the whole metagenome sequencing, the Shan-
non-Weaver (H', indicating the species richness) and
Simpson’s reciprocal (1/D, indicating the even distribu-
tion of the microorganisms) diversity indexes were cal-
culated on random subsets for each sample. The
values (H' = 3.814 and 1/D = 12.580, H' = 3.578 and
1/D = 10.783 for Pooll and Pool2, respectively), indi-
cating lower diversity in Pool2 than Pooll, were not
surprising, considering the extreme temperatures and
pH of Pool2, which selected only organisms thriving at
792 °Cand pH L.5.

The viral population of the two pools was searched
through the analysis of the whole reads vs nucleotide
database. Pooll was exclusively populated by Bicaudi-
viridae (Acidianus two-tailed virus ATV) and Lipothrix-
iviridae (Acidianus filamentous virus 7-AFV7) members
(92% and 8% of all the viral reads, respectively) [26],
whereas Pool2 showed higher viral heterogeneity.
Indeed, besides sharing with Pool 1 the presence of the

reported. NR, NCBI ‘not-redundant’
database; NT, NCBI nucleotide database.

same viruses, also hosted an Ampullaviridae representa-
tive, that is Acidianus bottle-shaped virus (13%), as well
as other Lipothrixiviridae members such as AFV3
(2%), AFV6 (2%), and AFVS8 (1%) [27].

To evaluate the coverage (cov) of the viral genomes,
all the previously obtained contigs were aligned by
using Bowtie2 [28], against all the viral genomes avail-
able in NCBI, revealing that in both samples the most
covered viral genomes are ATV (cov. 21% and 34% in
Pooll and Pool2, respectively) (Table S1 and S2). Sur-
prisingly, the latter analysis revealed in Pooll also the
presence of sequences related to Fuselloviridae mem-
bers [29,30], that is, Sulfolobus spindle-shaped virus 2,
SSV2 (cov. 15%), Sulfolobus spindle-shaped virus 5,
SSV5  (cov. 5%), and Sulfolobus monocaudavirus
SMV1 (cov. 2%) that were not observed in the screen-
ing of the reads due to their low abundance of 0.01%
of the whole assigned reads (MIN SUPPORT value in
MEGANG6, see Material and Methods). In addition,
SMV1 was identified also in Pool2 sample with an
overall coverage of 8% (Table S1 and S2). Overall the
diversity of the viruses found in Pool 1 and Pool 2 is
consistent with that of their potential hosts. Neverthe-
less, Fuselloviridae representatives have been only
found in Pooll, despite the presence of their S. solfa-
taricus host in both Pooll and Pool2. No systematic
studies on the stability of SSV virus particles to
extreme temperature and pH are available in the litera-
ture; however, it is possible that SSV virus particles do
not withstand the combination of the harsh chemico-
physical conditions of Pool2, that is, low pH and high
temperature that are too extreme compared to those
of the environments in which Sulfolobus genera usually
thrive. By contrast, ATV virus particles are present in
both Pool 1 and Pool 2; this is not surprising since this
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archaeal virus was discovered in an extremely acidic
hot spring (85-93 °C; pH 1.5) and is one of the few
archaeal viruses engaging a lytic lifestyle. Therefore,
ATV virus particles are adapted to survive even in
hostile environments [31]. The absence of viral
sequences related to viruses infecting Metallosphaera
and Pyrobaculum could be traced back to the estab-
lishment of weak or less stable host—virus interactions
as previously described for these genera [32,33].

On the whole, this metagenomic sequencing demon-
strates that the two pool samples display a striking dif-
ference in microbial composition, presumably
mirroring their different temperature and pH condi-
tions; thus, we performed a functional analysis of the
available metagenomic data in order to get insight into
the metabolic biodiversity of the microbial population.

Unassigned reads

Most of the reads from Pooll and Pool2 (84% and
87%, respectively) could be successfully aligned to the
obtained contigs, but one-third and two-thirds of all
reads in Pooll and 2, respectively, did not match any
known sequence.

To identify possible individual genomes and gen-
omes of related organisms, the contigs (> 1000 bp)
were analyzed by MyCC [34] identifying 17 and 11
clusters in Pooll and Pool2, respectively (Fig. S3). The
subsequent analysis by CheckM [35] revealed that,
among them, clusters 4, 6, and 8 from Pooll and clus-
ter 4 from Pool2 show near completeness (> 90%)
with low contamination (< 5%) (Fig. 3, Table S3).
This analysis allowed us to identify the taxonomic
composition of these clusters.

The three clusters of Pooll were taxonomically classi-
fied at the genera level as Pyrobaculum (cluster 4), Acidi-
anus (cluster 6), and Desulfurococcus (cluster 8) while
cluster 4 from Pool2 was classified as M. sedula with
97.62% of completeness, 1.79% of contamination, and
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100% of strain heterogeneity (Table S3). These data
strongly suggest that the low contamination in Pool2
cluster 4 could be ascribed to different strains of the
same microorganism present in Pool2 sample.

In addition, although the completeness of Pool2
cluster 9 was moderate (55.36%), it presents very low
contamination (0.6%) with no strain heterogeneity. It
is worth noting that > 73% of the Pool2 reads show-
ing no match in N7 (12 116 649) are aligned to cluster
9 (Fig. S4) and that the analysis against NR database
of its amino acid sequences showed identity between
26% and 100% with several members of the Sul-

folobaceae family, namely Sulfolobus, Sulfodiicoccus,

Metallosphaera, Acidianus, and Candidatus aramenus.
Taken together, these results strongly suggest the pos-
sible presence of a novel microorganism not yet identi-
fied belonging to the Sulfolobaceae family.

By contrast, 43.64% of the Pooll reads showing no
match in NT (4 642 301) were aligned to cluster 6
(Fig. S4). The analysis of the predicted amino acid
sequences of this cluster (1415) showed that they can
be assigned to the genus Acidianus (98%) and more
specifically to A. hospitalis (80%) with identity
between 33% and 100%, indicating possible horizontal
gene transfer.

To more broadly evaluate the whole biodiversity of
the microbial population, the reads showing no match
vs NT database were extracted and reassembled sepa-
rately to obtain contigs. By following this approach,
44 550 and 73 287 contigs (cutoff > 100 bp) were
obtained in Pooll and Pool2, respectively. The gene
prediction analysis revealed the presence of 43 118
putative ORFs in Pooll and 84 140 in Pool2. Then,
the ORFs identified (cutoff > 14 aa) were analyzed
against the NR database to provide a taxonomical
identification based on the amino acid sequence. This
allowed the assignment of 37 667 and 76 319 sequences
in Pooll and Pool2, respectively, with a broad percent-
age of identity between 20% and 100% and an average
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Blast+/BlastP score of 119.2 (Pooll) and 172.1 (Pool2)
(Table S4, Fig. S5, and S6).

The ORF-based taxonomic assignments at the genus
level revealed that most of the sequences in Pooll were
related to sequences from Acidianus (45%) followed by
Sulfolobus (20%) and Desulfurococcus (17%). By con-
trast, in Pool2 the ORFs identified pointed to sequences
belonging to Sulfolobus (47%), Acidianus (28%), and
Metallosphaera (11%) (Fig. S7). In particular, amino
acid sequences related to Desulfurococcus and Staphy-
lothermus could be only found in Pooll (1.4%) indicat-
ing the presence of microorganisms belonging to the
Desulfurococcaceae family. It is worth noting that,
according to the whole-reads analysis, only 0.01% of
the reads were assigned to the Desulfurococcaceae
(Fig. S2E); presumably, novel members of this family,
not yet identified, populate Pooll.

Functional annotation

The number of complete open reading frames (ORFs)
identified in the whole assembly was 14 934 and
17 652 in Pooll and Pool2, respectively. They were
subjected to BLAST+/BlastP similarity searches and

A. Strazzulli et al.

annotated with the Clusters of Orthologous Groups
and the Kyoto Encyclopedia of Genes and Genomes
database (COGs and KEGG, respectively) for a phylo-
genetical and functional classification (Fig. 4, Fig. S8,
Tables S5, and S6, respectively).

The general quantitative distribution of the func-
tional categories between Pooll and Pool2 was similar.
Notably, the most abundant KEGG category for both
samples was carbohydrate metabolism (15% and 16%
in Pooll and Pool2 respectively) (Fig. 4 and Table S6).
By contrast, the number of ORFs assigned to the
COG class general function prediction in Pool2 was
higher than in Pooll (18% vs 15%, respectively), pos-
sibly reflecting the high number of unknown genes in
NCBI for Pooll (Table S5).

Interestingly, Pool2, if compared to Pooll, showed a
significantly higher number of genes in the lipid meta-
bolism and glycan biosynthesis KEGG categories
(Fig. 4, Table S6). On the other hand, a much higher
number of genes annotated in cell motility were
detected in Pooll (1.4%) than in Pool2 (0.5%) (Fig. 4,
Table S6). In particular, the genes annotated in the
flagellar assembly were remarkably more abundant in
Pooll (inset Fig. 4). The different nature of the two
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Fig. 4. KEGG analysis of the metagenome of solfatara Pisciarelli. Pool1 and 2 are compared according to KEGG functional categories. The

inset shows the comparison of subcategories of cell motility.

6 The FEBS Journal (2019) © 2019 Federation of European Biochemical Societies

115



A. Strazzulli et al.

samples might account for the bias in the functional
annotation between them. Indeed, metagenome from
Pooll was isolated from a floating sample of muddy
sediments, gravel, and water, while the sample from
Pool2 was scraped from a side of the pool below the
water level. Therefore, a large number of genes
involved in lipid and glycan metabolism of the latter is
consistent with a sessile lifestyle of the microbial popu-
lation and consequently with active biofilm synthesis/
degradation. In this regard, it has been demonstrated
that the main genera populating Pool2, that is, Metal-
losphaera, Sulfolobus, and Acidianus are able to form
active biofilms on different solid substrates, including
metal sulfides [36] and synthetic Martian Regolith [37].
Instead, sampling in Pooll might have picked up
microorganisms whose metabolism relies on free motil-
ity in the aqueous environment.

The most striking differences between the two meta-
genomes were observed in the xenobiotics biodegrada-
tion and metabolism of terpenoids and polyketides
categories (Fig. 4). Within these categories, which pre-
vailed in Pool2, the two metagenomes showed xenobi-
otic pathways specific for each pool (Fig. S9). In
particular, in Pooll we found sequences putatively
involved in the degradation pathways of trinitro-
toluene and benzoate that are of potential interest for
biotechnological processes such as bioremediation of
(nitro)aromatic compounds [38-41]. In addition,
regarding the benzoate degradation, both the pathways
of CoA ligation (mainly represented by succinate dehy-
drogenases and acetyl-CoA C-acetyltransferases (EC 1.
3.5.1-2.3.1.9) and hydroxylation (mainly acetyl-CoA
acyltransferase (EC 2.3.1.16)) were identified, consis-
tent with the presence in Pooll of both aerobic and
anaerobic microorganisms [42].

The functional annotation of the ORFs obtained
by the assembly of the ‘not assigned reads’, by using
KEGG and SEED [43] databases, still showed, as
expected, the prevalence of the unclassified category.
Carbohydrates and amino acid metabolism categories
are the most abundant in both samples although,
noticeably, specific differences in the distribution of
the classes were found in the SEED classification.
Indeed, Pooll shows a significantly higher relative
percentage of putative ORFs related to DNA meta-
bolisms (7%), membrane transport (6%), nucleosides
and nucleotides (6%), and sulfur metabolism (3%).
By contrast in Pool2 prevalence of categories of car-
bohydrate (14% vs 12%, in Pool2 and Pooll, respec-
tively), cofactors (12% vs 11%), respiration (11% vs
9%), amino acids (10% vs 9%), and protein meta-
bolisms (7% vs 5%) was observed (Figs S10 and
S11).
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Carbohydrate-active enzymes

The highest number of sequences functionally anno-
tated in the KEGG categories belonged to carbohy-
drate metabolism. Indeed, the solfatara Pisciarelli is
surrounded by rich vegetation mainly composed of
ferns, dicots, and grass, which contains starch as
energy storage and, in their primary and secondary cell
walls, specific hemicelluloses and pectins (Fig. 1C;
Table S7). This observation prompted us to investigate
on the different classes of CAZymes present in the two
samples by comparing the amino acid sequences iden-
tified in Pooll and Pool2 samples to the CAZy data-
base (www.cazy.org) (Fig. 5; Tables 1, S8 and S9).

A total of 278 and 308 putative CAZymes were
identified in Pooll and 2, respectively, representing, in
total, ~ 2.0% of all ORFs. It has been reported that
CAZymes range between 1% and 5% of all the ORFs
in all taxa genomes [20]. However, no survey of
CAZymes from the microbial communities populating
hydrothermal vents is currently available. Nevertheless,
if compared to the much more complex human gut
metagenome, in which the ORFs putatively encoding
CAZymes corresponded to 2.6% of total ORFs, this
value is remarkably high [44]. This suggests that the
solfatara Pisciarelli represents a unique ecological
niche for the discovery of new thermophilic CAZymes,
for effective lignocellulose saccharification in biore-
fineries biotechnological applications.

Glycosyltransferases

Among CAZymes, the most abundant enzymatic class
found in these metagenomes was glycosyltransferases
(GTs), which represent about 60% and 56% of the
putative CAZymes in Pooll and 2, respectively (Fig. 5;
Table 1). The most of GTs in both pools belonged to
GT2 and GT4 families, which, in CAZy database
include more than 200 000 entries, belonging to three
domains of life, and group many activities (> 14 and
> 20 different EC numbers in GT2 and GT4, respec-
tively). Presumably, these two families account for the
main carbohydrate-building activities of the microbial
populations of the two Pools, including synthesis of a-
and B-glycans, glycoconjugates, cell envelope glycans,
exopolysaccharides, etc. [46]. In the two metagenomes,
only a few other GT families have been identified.
These include GTS5 and GT35, whose archaeal mem-
bers are glycogen synthases and phosphorylases,
respectively [47], and GT66, which in Archaea are
dolichyl-diphosphooligosaccharide protein glycotrans-
ferases involved in protein glycosylation. Remarkably,
GT66 is essential in S. acidocaldarius [48]. The last
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two families are GT21, showing ceramide B-glucosyl-
transferases (EC 2.4.1.80) that have never been charac-
terized in Archaea, and GT20, which could be
identified only in Pooll as homolog to a bifunctional
trehalose-6-phosphate synthase/HAD hydrolase from
P. arsenaticum. The study of GTs from hyperther-
mophiles is still in its infancy, essentially because these
elusive enzymes are often membrane-associated, diffi-
cult to purify and characterize for their high specificity
for donor and acceptor substrates. However, this
metagenomic survey may offer access to diversified
and novel hyperthermophilic GT biocatalysts.

Glycoside hydrolases and carbohydrate-binding modules

The second most abundant CAZymes identified, as
36% and 38% of Pooll and 2, respectively, are puta-
tive GHs, followed by CE (2.5% and 3.2%), CBM
(1.1% and 2.3%), and redox auxiliary activities (AA,
0.4% only in Pooll) (Tables S8 and S9). GH, AA,
CE, and CBM families present in the two pools and
the putative enzymatic activities associated so far
according to CAZy database are summarized in
Table 1. Among GHs, the GHI, GH2, GH3, GHS,
GHI10, GH12, GH29, GH78, GH116, GH130 families
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are hypothetically active on substrates containing
equatorial B-D- and o-L-glycosidic linkages while
GH4, GHI13, GHI15, GH31, GH36, GH38, GHS57,
GH65, GH77, GH99, GH109, GH122, are specific for
axial a-D-glycosidic bonds. Interestingly, 14 enzymes
found in Pooll and 2 showed 100% identical amino
acid sequence similarity to characterized glycosidases
from S. solfataricus strains, namely, a B-glycosidase
(EC 3.2.1.21) (GH1), a B-xylosidase/a-L-arabinosidase
(EC 3.2.1.37/3.2.1.55) (GH3), a cellulase (EC 3.2.1.4)
and a xylanase (EC 3.2.1.151) (GH12), a maltooligo-
syltrehalose synthase (EC 5.4.99.15) and a glycogen
debranching enzyme (EC 2.4.1.18) (GHI13), a glu-
coamylase (EC 3.2.1.3) (GH15), an a-L-fucosidase (EC
3.2.1.51) (GH29), an a-glucosidase (EC 3.2.1.20) and
an o-xylosidase (EC 3.2.1.77) (GH31), an a-mannosi-
dase (EC 3.2.1.24) (GH38), an a-amylase (EC 3.2.1.1)
(GHS57), and a B-glyco/xylosidase (EC 3.2.1.21/
3.2.1.37) and a B-N-acetylglucosaminidase (EC 3.2.1.
52) (GH116). These activities are involved in the
hydrolysis and removal of sugar appendages of (hemi)-
cellulose polysaccharides, in starch/glycogen mobiliza-
tion, and in the turnover of the oligosaccharides of N-
glycosylated proteins [49—65]. On the other hand, sev-
eral GH families in Pooll and 2 (GH2, GH65, GH78,
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Table 1. CAZymes in solfatara Pisciarelli.

Family®® Pool1 Pool2
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#From CAZy classification (www.cazy.org) on May 2019. Families
with no previously characterized members in Archaea are high-
lighted in bold [20]. PFor a detailed description of the activities in
each family, please visit CAZypedia (www.cazypedia.org) [45].

GH99, GH130 in Table 1) have no known character-
ized archaeal homologs. In addition, we identified for
the first time in Archaea a putative gene annotated as
a member of GH109, a family previously only includ-
ing o-N-acetylgalactosaminidase activities (EC 3.2.1.
49). Instead, only archaeal members formed family
GH122 where a single a-glucosidase has been charac-
terized so far [66].

Putative CBM48 were identified in both samples
associated with the C-terminal of GHI13 o-amylases
[56]. We found very few CBMs, which are remarkably
underrepresented in Archaea (17 families out of > 80),
no pectinases, and few GH families of endo-acting
enzymes, namely GHS, GH12, and GH13. Possibly, in
Pisciarelli Solfatara, the limited biodiversity of the
plants, containing only certain (hemi)celluloses
(Table S7), did not favor the enrichment of the micro-
bial community with a variety of polysaccharide-de-
grading strains. Moreover, the very hot and acidic
environment is able to efficiently extract pectins and
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increase the accessibility of the plant polysaccharides
coming from the biomass falling into the pools. It is
worth noting, indeed, that while low pHs in the range
of 1.0-3.0 with high acid concentrations can allow the
hydrolysis of different polysaccharides such as pectins
(pH 1.5 at 70 °C), softwood hemicelluloses (pH 1.5 at
150 °C in 60 min), arabinogalactans (pH 1.0 at 90 °C
in 24 h), and galactoglucomannan (in the pH 1.0-3.0,
at 50-90 °C), the oligomers formation is more promi-
nent in the presence of dilute acids with higher pHs
value [67-71]. The released oligosaccharides, once
internalized into the cells, can become substrates for
the GHs. Therefore, the chemico-physical conditions
of the hydrothermal vent produced did not exert envi-
ronmental pressure to maintain endoglycanases,
CBMs, and AAs in this microbial community (see also
below). On the other hand, the CAZymes found in this
microbial community might be of special interest
because of their ability to hydrolyze recalcitrant
polysaccharides and withstand both temperature and
pH extremes.

Certain CAZyme families were specific for Pooll,
namely GH4, GH65, GH77, GH99, and GH130, while
enzymes from families GH2, GH29, and CBM4S,
which were only found in Pool2, showed the highest
identity to S. solfataricus strain P2, which is also pre-
sent in Pooll (Fig. 5B; Table S8). Presumably, we
could not find these families in Pooll because the
encoding regions were not covered by sequencing.
Instead, members of GH families characteristic of
Pooll showed high similarities to those from organ-
isms which are absent in Pool2, confirming their
uniqueness. The harsh conditions induced a specific
selection of the microorganisms populating Pisciarelli
reducing the biodiversity of Pool2. However, the high
number of sequences not matching any known
sequence in NT database may account for unknown
species populating this site.

While these hypotheses are currently under study, to
shed light on the CAZome of Pool2, we produced and
characterized two enzymes belonging to two different
contigs of cluster 9, which, from the in silico analysis
may originate from a novel microorganism not yet
identified and belonging to the family of Sulfolobaceae
(see above). In particular, we selected putative enzymes
from the GHS and GHI109 families. The former
includes many glucanases involved in polysaccharide
hydrolysis and could be of great interest for biotechno-
logical applications such as in the second-generation
biorefineries, while in GH109, which are particularly
interesting for the removal of a-GlcNAc from the anti-
gens from red blood cells [72,73], members from
Archaea have never been identified.
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GH5_Pool2
Cloning, expression, and purification

The GHS5 family is one of the largest in the CAZy
database, with 13 792 entries in May 2019, and mem-
bers widely distributed across Archaea, Bacteria,
Eukarya, and viruses. A variety of substrate specifici-
ties are associated with enzymes belonging to this fam-
ily, notably endoglucanase (EC 3.2.1.4) (cellulase) and
endomannanase (EC 3.2.1.78), as well as exoglu-
canases (EC 3.2.1.91), exomannanases (EC 3.2.1.100),
B-glucosidase (EC 3.2.1.21), and B-mannosidase (EC 3.
2.1.25). A further classification allowed the division of
GHS into 56 distinct subfamilies [74]. In May 2019,
there are 563 characterized GHS and only 5 of them
are from Archaea: two cellulases, from Desulfurococ-
caceae archaeon EBI-244 and Halorhabdus utahensis
DSM 12940, two endo-B-1,4-glucanases, from Pyrococ-
cus horikoshii OT3 and P. abyssi GE5, and the
endoglucanase CelSA from an uncultured archaeon
[75-79]. Family GHS5 enzymes are retaining enzymes
that follow a classical Koshland double-displacement
mechanism and present a glutamic acid and a gluta-
mate as catalytic residues [80,81]. Structurally, GHS
enzymes show a classical (o/)s TIM barrel fold.

The GHS enzymes from Archaea mainly belong to
subfamilies 1 and 19 (GH5_1 and GHS5_19, respec-
tively) in the CAZy classification; GHS5_Pool2 is a
member of subfamily GH5_19 in which only the bacte-
rial B-mannosidase from Thermotoga thermarum was
characterized [82]. Its gene was identified in the con-
tig_5232 of Pool2 belonging to the cluster 9. The
region surrounding GHS5_Pool2 sequence (Fig. 6A)
encodes for a hypothetical Major facilitator superfam-
ily (MFS) transporter, a hypothetical alcohol dehydro-
genase, and an oxidoreductase with good identity to
the sequences of Candidatus acidianus copahuensis
(74%), S. tokodaii (75%), and Sulfolobus islandicus
(67%), respectively. However, this contig encodes for
179 hypothetical proteins (> 200 aa) with identity

A. Strazzulli et al.

between 28% and 89% toward sequences belonging
mainly to the order of Sulfolobales (Table S10), sug-
gesting that it could belong to the chromosome of a
new, unclassified archaeon.

The GH5_Pool2 gene encodes for a protein of 620
amino acids with a hypothetical molecular mass of
about 71.3 kDa. The analysis of GH5_Pool2 amino
acid sequence by ClustalO multialignment with the
characterized GHS5 B-mannosidase from 7. thermarum
and its homologs showed the conservation of the cat-
alytic residues, suggesting that the GH5_Pool2 enzyme
could be functional (Fig. S12).

The analysis by BlastP of the predicted gene product
of GH5_Pool2 showed low homology with character-
ized enzymes. The highest amino acid sequence iden-
tity was as low as 58% with a hypothetical protein
from Sulfolobus sp. A20 (WP_069282934.1) and
revealed a conserved domain belonging to the endo-
1,4-B-mannosidases (COG3934) between residue Thr2
and Gly590, while the analysis of the sequence using
the hidden Markov model indicates a match with
GHS5_19 from the Ile5 residue to Lys274. To date, no
such activity has been reported among the character-
ized archaeal GHS enzymes.

The coding sequence of GH5_Pool2 was amplified
by PCR from Pool2 metagenomic DNA and cloned
and expressed in Escherichia coli as described in the
Materials and methods. The recombinant protein was
purified through two simple steps with a final yield of
65.3% (2.2 mg-L™" of culture) and a purity of 95%.

Molecular mass determination and effect of temperature
and pH

The recombinant GHS5_Pool2, analyzed by SDS/
PAGE, revealed the presence of a single band of the
expected molecular weight of 73.4 kDa, corresponding
to a monomer (Fig. S13, Table S11). Other ther-
mophilic members of GHS5 are reported to be oligo-
mers in native form. Indeed, the closest characterized

A
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G ] TR
Pool2 contig containing GH5_Pool2
175.550 bp
B

MEFS transporter

Sugar phosphate isomerase

GH109_Pool2

Pool2 contig containing GH109_Pool2
4122 bp

Fig. 6. The genomic environment of GH5_Pool2 and GH109_Pool2. (A) Close-up of the contig_5232 containing the gene encoding

GH5_Pool2. (B) Contig_2182 containing the gene of GH109_Pool2.
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homolog from T. thermarum B-mannosidase
(TthMan5) is a heptamer in solution [82]. The molecu-
lar mass of the native GHS Pool2 was
271 4+ 13.5 kDa, as determined by size-exclusion chro-
matography (Fig. S14), indicating that the enzyme is a
tetramer in solution.

GHS5_Pool2 is optimally active on 4-Nitrophenyl p-p-
mannopyranoside (4NP-B-Man) at pH 5.5 while maxi-
mum activity (~ 0.40 U-mg~') was maintained at tem-
peratures from 65 to 85 °C. (Fig. 7), indicating a
temperature optimum broader than that of the TthMan5
B-mannosidase, showing a peak at 85 °C [82]. These data
confirm the thermophilic nature of GHS5_Pool2, as
expected from the harsh conditions of Pool2. However,
the enzyme was only barely active at the pH < 5 recorded
in Pool2, thereby excluding the enzyme is secreted, as
also supported by SignalP analysis indicating the absence
of a signal peptide (data not shown).

(Hyper)thermophilic enzymes are exceptionally tem-
perature stable. Notably, the enzyme was 100% active
on 4NP-B-Man for more than 22 h at 65 and 85 °C
and, at 95 °C, it maintained 50% of activity for 4 h
(Fig. 7C). These results confirmed that GH5_Pool2 is
an extremely thermostable enzyme. It is worth noting
that such high-temperature stability was not reported
for the other five archaecal GHS. Indeed, TthMan5 f-
mannosidase is 91% and 50% active after 2 h at 75
and 90 °C, respectively [82]. Other B-mannosidases
from hyperthermophiles share similar lower thermosta-
bility, such as those from T. neapolitana (2 h 90 °C)
and T. maritima (4 h at 80 °C) [76,83]. Again, the
high thermostability of GH5_Pool2 is consistent with
the harsh conditions found in Pool2.

Metagenomic discovery of hyperthermophilic CAZymes

Substrate specificity

To investigate the substrate specificity of GH5_Pool2,
kinetic parameters for hydrolysis on different sub-
strates were determined at 65 °C (Table 2), revealing a
keaw of 32957, 570s7!, and 0.76 s™' toward
mannopentaose, 4NP-B-Man, and 4NP-B-Glc, respec-
tively. According to these results, GH5_Pool2 should
be classified as a B-mannanase. Moreover, GH5_Pool2
showed substrate inhibition with 4NP-f-Man concen-
trations higher than 0.175 mm (Fig. S15A). This is not
uncommon in glycosidases, which frequently have long
active site clefts to accommodate multiple monosac-
charide units of a polysaccharide chain and, thus, have
the potential to bind two substrate molecules simulta-
neously in an unproductive fashion [84]. For this rea-
son, the kinetic constants were determined by linear
regression of the Lineweaver—Burk plot for substrate
concentrations  between  0.025 and  0.15 mm
(Fig. S15B).

GHS5_Pool2 was assayed on different aryl- glyco-
sides, oligo-, and polysaccharides to determine the sub-
strate specificity in more detail. The enzyme showed
the highest specific activity on mannopentaose, fol-
lowed by mannotetraose and laminaritetraose. Low
activity was found on 4NP-B-Man, 4NP-B-Glc, 4-
Nitrophenyl B-p-galactopyranoside (4NP-B-Gal), and
laminarin, whereas no activity was detected either on
the other aryl-glycosides tested, on cellulose oligosac-
charides or guar galactomannan (data not shown).
Additionally, GH5_Pool2 catalyzed the partial hydrol-
ysis of 6°6%a-galactosyl-mannopentaose (Fig. S16,
lanes 1 and 2) and the complete hydrolysis of
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Table 2. Steady-state kinetic constants of GH5_Pool2 on different
substrates.

kca(/KM
Substrate Ky (M) Keat (571 (mm s
Mannopentaose 3.13 £ 1.20 32.90 + 6.03 10.5
ANP-B- Glc 9.90 + 2.40 0.76 £ 0.06 0.076
ANP-B-Man 0.42 + 0.07 5.70 + 0.45 13.75
mannotetraose (Fig. S16, lane 3 and 4) and

mannopentaose (Fig. S16, lanes 5 and 6), as previously
shown for other GHS5 B-1,4-mannanases [85].

As reported above, the enzyme showed activity on
different laminarin oligosaccharides. For this reason,
the ability of GH5_Pool2 to hydrolyze laminaribiose
(Glc2), laminaritriose (Glc3), laminaritetraose (Glc4),
laminaripentaose (Glc5) (Fig. S17) was further investi-
gated by HPAEC-PAD (Figs S18-S21) revealing that
the enzyme is exo-acting. In fact, in all cases, the chro-
matograms showed as products glucose and a polysac-
charide shortened by one unit if compared to the
substrate. These results clearly indicate that
GHS5_Pool2 shows B-mannanase and glucan B-1,3-glu-
cosidase activity. This is not surprising as all but one
member of characterized enzymes belonging to
GH5_19 subfamily are exo-acting on laminarin.
GHS5_Pool2 is the first thermophilic member from this
subfamily, possibly belonging to the Archaea domain
and showing B-mannanase activity. The plants present
in solfatara Pisciarelli contain gluco- and galactoman-
nans (Table S1), suggesting that GH5_Pool2 could be
involved in the degradation of oligomers from this
source. Regarding the f-1,3-glucanase activity, the
enzyme might be involved in the degradation of the
hemicellulosic B-1,3-B-1,4-glucan and callose from the
plants, or in the turnover of glycans produced by the
extremophilic microorganisms living Pool2. The
observed optimal activity at pH close to neutrality, the
absence of a signal peptide for secretion, and the pres-
ence of a hypothetical MFS transporter gene flanking
the gene encoding for GHS_Pool2, suggest that the
enzyme is active on oligosaccharides once internalized
into the cytoplasm.

GH109_Pool2
Cloning, expression, and purification

As of May 2019, the CAZy database lists 713 family
GHI109 entries distributed exclusively among Bacteria
with o-N-acetylgalactosaminidase as the only activity
reported. To date, only 6 members of the family have
been characterized, three of  them from

12
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Elizabethkingia meningoseptica strains. Other members
of the GH109 family did not exhibit o-N-acetylgalac-
tosaminidase activity, suggesting that the family may
include enzymes with different specificities [72].

GH109 enzymes do not follow the classical Kosh-
land double-displacement mechanism [86], but instead,
use a rare catalytic mechanism involving NAD-depen-
dent hydrolysis similar to the one reported in the GH4
family [87]. The enzymes from the latter family are
unique in their ability to cleave both o- and B-linked
glycosides. The reaction mechanism of GH4 enzymes
involves the reduction of NAD™ cofactor to NADH
and oxidation of the substrate at the C3 hydroxyl
group with the formation of an unsaturated intermedi-
ate. A catalytic base deprotonates the C2 and the O-
glycosidic linkage is cleaved by o, B-elimination. The
addition of a water molecule at C1 and the reduction
of the C3 by the same NADH molecule generate the
hydrolysis product and the initial NAD". The GH4 B-
glucosidase from 7. maritima is activated by 1 pum
NAD", 10 mm mercaptoethanol, and 1 mm Mn>" [87].
GHI109 enzymes most likely operate with the same
mechanism; however, in enzymes characterized so far,
NAD" is embedded in a narrow active site tunnel
devoided of metal ions and they did not display either
metal requirements or higher activity by addition of
exogenous NAD" [72].

The GH109_Pool2 gene was identified at the far end
of the contig_2182 of Pool2, belonging to cluster 9 as
well as the one containing GH5_Pool2 (contig_5232).
The whole contig encodes only three hypothetical pro-
teins (Fig. 6B) including a hypothetical sugar phos-
phate isomerase and an MFS transporter homolog to
the sequences from Sulfolobus sp. A20 (83%) and Can-
didatus bathyarchaeota archaeon (47%), respectively.
The GH109_Pool2 gene encodes for a protein of 364
amino acids with a calculated molecular mass of about
41.26 kDa, which makes it smaller than the GH109
enzymes characterized to date (about 50 kDa). How-
ever, GHI109_Pool2 showed the conserved domain of
the GH109 family at the N-terminal region (from Ile2
to Argll5). The deduced protein sequence was ana-
lyzed through ClustalO multialignment with other
members of the family revealing that it was distantly
clustered from a characterized o-N-acetylgalac-
tosaminidase (EC 3.2.1.49) (Fig. S22).

GH109_Pool2 was produced in E. coli as a fusion
protein with a 6x(His) tag, but, since it led to an insol-
uble protein (data not shown), it was subsequently
produced as a fusion to an N-terminal tag of NusA
[88] followed by a 6x(His) tag. The recombinant pro-
tein was purified by IMAC and a size-exclusion chro-
matography yielding 0.3 mg-L™"' of 95% pure protein
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(Fig. S23, Table S12). The single band observed by
SDS/PAGE showed a molecular mass of about
98.43 kDa corresponding to the monomer of
GH109_Pool2 linked to NusA; the molecular mass of
776.24 + 1.7 kDa in native conditions indicated that
the enzyme was an octamer in solution. (Fig. S24).

Substrate specificity

Reaction mixtures of GH109_Pool2, containing differ-
ent 4NP-glycosides (5 mm) and incubated at 75 °C in
50 mm sodium phosphate buffer pH 8.0, revealed that
the enzyme was active on aryl-glycosides in both o-
and B-configuration. In particular, the enzyme was
able to hydrolyze 4-Nitrophenyl o-p-glucopyranoside
(4NP-a-Glc) (0.33 = 0.01 U-mg™"), 4NP-B-Glc
(0.59 + 0.01), 4-Nitrophenyl N-acetyl-o-D-glu-
cosaminide (4NP-a-GlcNAc) (0.52 + 0.01 U-mg™"),
and 4NP-B-GIcNAc (0.75 + 0.02 U-mg™") while it was
more than tenfold less active on 4NP-f-Man
(0.019 + 0.001 U-mg™") and 4NP-B-Gal
(0.018 + 0.001 U-mg~"). By contrast, no activity was

observed on  4-Nitrophenyl  N-acetyl-pB-p-galac-
tosaminide,  4-Nitrophenyl  o-p-galactopyranoside
(4NP-o-Gal), 4-Nitrophenyl o-p-mannopyranoside,

and especially 4NP-a-GalNAc, which is the only
known substrate of GH109 enzymes. The enzyme was
then assayed at 85 °C in optimal conditions in the
presence of divalent metals, metal-chelating agents,
and DTT (50 mwm) (Fig. 8A). EDTA and DTT, as well
as FeCly; and MnCl,_ did not significantly influence the
activity. On the contrary, 1| mm CuCl, completely
inhibited the enzyme similar to previous results on the
a-N-acetylgalactosaminidase ~ from  Elizabethkingia
meningosepticum [72].

The hydrolytic activity displayed by GH109_Pool2
occurred exclusively in the presence of 1.5 mm NAD"
similarly to the other GH109 enzymes characterized so
far [72] To investigate the dependence of NAD", the
enzyme was assayed on 4NP-B-Glc (5 mm) at different
NAD" concentrations showing an activation at
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0.05 mm with a maximum of activity at 0.5 mMm and a
Kq of 32 & 5 um confirming that NAD" is required in
the GH109 family (Fig. 8B).

To investigate the substrate specificity of
GHI109_Pool2, the steady-state kinetic constants of
4NP-o. and B-glucosides and N-acetyl-glucosides were
determined at 75 °C (Table 3). The k¢, values were
similar among all the tested substrates, but the lower
Ky values measured on 4NP-B-anomers (0.12 mwm)
made of 4NP-B-GlcNAc, 4NP-B-Glc the preferred sub-
strates.

GH109_Pool2 was optimally active in sodium phos-
phate buffer at pH 8.0 and at 85 °C on 4NP-B-Glc
(1.44 + 0.04 U-mg™"), confirming that it was ther-
mophilic (Fig. 9A,B). In addition, the enzyme main-
tained up to 40% activity after 1 h at 75 °C while it
was quickly inactivated when incubated at 85 °C (25%
residual activity after 5 min) (Fig. 9C).

The kinetic characterization showed that this firstly
identified archaeal enzyme of the GH109 family dif-
fers significantly from the other known members.
Indeed, GH109_Pool2 is the first characterized B-N-
acetylglucosaminidase/B-glucosidase (EC 3.2.1.52/3.2.
1.21), expanding the activity repertoire of this CAZy
family, it is activated by exogenous addition of
NAD", and cleaves both a- and B-linked substrates,
two characteristics only known so far in GH4
enzymes [89], suggesting structures and functional
analogies never observed before between the GH4
and GH109 families.

Table 3. Steady-state kinetic constants of GH109_Pool2 on
different substrates.

Substrate K (mm) Keat (877 Keat/Kna (MM ~1.s71)
ANP-B-Glc 0.12 £ 0.01 4.75 +£ 0.004 39.58
ANP-B-GIcNAc  0.12 £ 0.01  6.11 £ 0.01 50.91
ANP-o-Glc 1.48 £ 0.18 3.28 4+ 0.02 2.22
ANP-o-GIcNAc  0.87 +£ 0.06 4.98 + 0.01 5.72
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Conclusions approach revealed CAZyme families previously

The metagenomic investigation of the solfatara Piscia-
relli revealed a rich CAZome, offering the opportunity
to discover CAZy with new substrate specificities, reac-
tion mechanisms, and optimal catalytic conditions.
Only a minority of these putative CAZymes (about
14% and 22%, in Pooll and 2, respectively) is 100%
identical to those available in the NR database, which,
for the most part, have never been characterized and
mostly result from annotated (meta)genomes. In addi-
tion, 24% and 20% of CAZymes in Pooll and 2,
respectively, show 25-60% identities to sequences in
the data banks. Considering that even single amino
acid substitutions can substantially modify enzymatic
activity, substrate specificity, stability, and other prop-
erties, virtually all CAZymes identified in Pooll and 2
require a detailed enzymatic characterization to con-
firm the inferred activity. The expected intrinsic stabil-
ity to high temperatures and very acidic pHs of Pooll
and 2 enzymes makes this survey a valuable tool for
future exploitation in biotechnology. In particular, sec-
ond-generation biorefineries, which often require very
hot and acidic conditions, are an ideal field of applica-
tion not only of CAZymes but also of other industrial
enzymes.

This study demonstrates that even sites that have
been consistently sampled for decades are still largely
unexplored in terms of microbial diversity. To the best
of our knowledge, this is the first CAZome study of a
hydrothermal vent in which CAZymes have been sys-
tematically annotated, their role predicted on the basis
of the source of lignocellulose in the natural environ-
ment, produced, and characterized in detail. This
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unknown in Archaea, putative enzymes with promising
potential for utilization in next-generation biorefiner-
ies, and novel GHs with interesting substrate specifici-
ties and stability.

Materials and methods

Solfatara sampling

Samples from the hydrothermal mud/water pools, Pooll
and Pool2, respectively, were transferred into sterile serum
bottles, respectively, were closed and immediately trans-
ferred to the laboratory for DNA extraction. In situ mea-
surements of temperature and pH were performed by using
a HI-93510 thermometer (HANNA instruments®, Padova,
Ttaly) equipped with a Pt100 probe and litmus tests. Then,
pH was accurately measured again with a pH meter (Cri-
son Instruments, Inc., Barcelona, Spain) in the laboratory.

Isolation of DNA

DNA of the original samples was extracted with Power Soil
DNA Isolation Kit (MO BIO Laboratories, Inc., Carlsbad,
CA, USA) by following the manufacturer’s protocol.

Metagenomic sequencing and in silico analysis

The extracted and purified metagenomic DNA of each of
the original samples was used for shotgun sequencing with
HISeq2000 (Illumina) performed at Beijing Genomics Insti-
tute (BGI-Shenzhen) Shenzhen, China. Raw sequencing
datasets were processed at the Institute of Biosciences and
BioResources, CNR, Naples, Italy. Adapter removal and
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trimming of bad quality sequencing parts within the raw
metagenomic reads (33 333 332 for Pooll and 26 666 666
for Pool2) were performed by using Trimmomatic [90]
prior to de novo assembly.

Clean reads (33 240 694 and 26 507 584 for Pooll and
Pool2, respectively) were assembled using MEGAHIT [91]
by using kmer of 33 for Pooll and 47 for Pool2. The

assembly of Pooll was composed by 2148 contigs
(> 500 bp) with a total length of 7350828 bp,
NS0 = 27918 bp, N90 = 833 bp, max contig

length = 365616 bp. The assembly of Pool2 was composed
by 4263 contigs (> 500 bp) with a total length of
15668449 bp, N50 = 16634 bp, N90 = 1097 bp, max contig
length = 241427 bp. Assembled contigs (> 1000 bp) were
grouped into bins by using MyCC [34] to reconstruct the
metabolic potential of representative genomes and the qual-
ity of the bins was analyzed by CheckM v1.0.12 [35].

For the functional annotation, all the contigs obtained
with length > 500 bp were analyzed by using Prodigal [92]
and were clustered to remove the duplicate (100% identity)
by using CD-HIT [93]. ORFs with the length > 100 bp
were analyzed by using Blast+/BlastP [94] against KEGG
and COG databases with E-value < 1E-5.

For microbial diversity analysis including the calculation of
the Shannon-Weaver index and the Simpson’s reciprocal
index, short paired-end Illumina reads (90 bp) were aligned to
the nucleotide reference database of NCBI NT by using
Blast+/BlastN and the resulting output data of each sample
(Pooll: reads = 22 844 457 with match in N7, assigned
reads = 22 838 568; Pool2: reads: 10 445 671 with match in
NT, assigned reads = 10 443 205) was used as input for
MEGANG6 Community Edition with the following parame-
ters:  MinScore = 50.0, MaxExpected = 0.01, TopPer-
cent = 10.0, MinSupportPercent = 0.05, mode = BlastN) [95].

The microbial diversity analysis based on the alignment of
the short paired-end Illumina reads against the protein refer-
ence database of NCBI NR was performed by using DIA-
MOND [96]. Again, the resulting output data of each sample
(Pooll: reads = 24 846 319 with match in NR, assigned
reads = 24 842 956; Pool2: reads: 13 442 717 with match in
NR, assigned reads = 13 428 467) were used as input for
MEGANG6 Community Edition with the following parame-
ters:  MinScore = 35.0, MaxExpected = 0.01, TopPer-
cent = 10.0, MinSupportPercent = 0.05, mode = BlastP).

Rarefaction curves for both samples were calculated by
evaluating the k-mer redundancy of the reads with Non-
pareil 3 [25].

For the identification of the enzymes active on carbohy-
drates, the ORFs identified in Pooll and Pool2 were ana-
lyzed against CAZy database using BLASTp and hidden
Markov models as described [20].

The reads showing no match against ‘NT’ database
(10 638 917 and 16 410 389 for Pooll and Pool2, respec-
tively) were reassembled by using SOAPdenovo (kmer val-
ues between 23 and 63). The contigs obtained were
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clustered to remove duplicate (100% identity) by using
CD-HIT [93] and aligned again to the NT database and
analyzed by using Prodigal [92] for the identification of the
coding sequences.

All the ORFs identified were analyzed by using Blast+/
BlastP against the NR database, and the resulting output
data of each sample were used as input for MEGANG
Community Edition with the following parameters: MinS-
core = 35.0, MaxExpected = 0.01, TopPercent = 10.0,
MinSupportpercent = 0.05, mode = BlastP) for the func-
tional and taxonomical annotation.

Cloning of GHs from Pool2 metagenomic DNA

The genes encoding GHS_Pool2 and GHI109_Pool2 were
amplified by PCR from Pool2 metagenomic DNA and
cloned into a pET-28a and pHTPI10 vector, respectively,
according to NZYTech protocols. The resulting vectors
pET-28a-GHS5_Pool2, containing a 6x(His) tag at the N-
terminal region, and pHTP10-GH109_Pool2, allowing the
expression of GH109_Pool2 in fusion with 6x(His) tag and
NusA protein to promote solubility and folding, were used
for the subsequent expression of the enzymes.

GHs expression and purification

Escherichia coli BL21(DE3)-RIL/pET-28a-GH5_Pool2 cells
were grown in 2 L of LB at 37 °C supplemented with kana-
mycin (50 pg-mL™") and chloramphenicol (30 pg-mL ™).

Gene expression was induced by the addition of 1.0 mm
IPTG when the culture reached an Agg of 0.5. Growth
was allowed to proceed for 16h, and cells were harvested
by centrifugation at 6000 g for 30 min.

The resulting cell pellet was resuspended in 50 mm
sodium phosphate buffer, pH 7.3, 300 mm NaCl, and Tri-
ton 1% (v/v) in a ratio of 1:5 (w/v), incubated with
DNAsel (1 mgmL™") (Sigma-Aldrich, St. Louis, MO,
USA) and lysozyme (I mgmL™") (Sigma-Aldrich) for 1 h
at room temperature, and homogenized by French cell
pressure treatment. After centrifugation for 30 min at
11 000 g (4 °C), the free cell extract was loaded on Pro-
tino® Ni-TED Packed Columns (Macherey-Nagel, Diiren,
Germany) according to the manufacturer. The eluted frac-
tions were pooled, dialyzed against PBS 1X, pH 7.3, and
heat-fractioned at 80 °C for 30 min. Finally, to remove
thermally denaturated proteins, the sample was centrifuged
at 16 000 g for 30 min at 4 °C.

Escherichia coli One Shot™ BL21 Star™ (DE3)/pHTP10-
GHI109_Pool2 cells were grown in 2 L of LB at 37 °C sup-
plemented with kanamycin (50 pg-mL™"). Gene expression
was induced by the addition of 1 mm IPTG when the cul-
ture reached an Agyo of 0.5 at 37 °C. Growth was allowed
to proceed for 16 h at 20 °C, and cells were harvested by
centrifugation at 5500 g for 20 min. The resulting cell pellet
was resuspended in 25 mm sodium phosphate buffer, pH
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7.3, 150 mm NaCl, and Triton 1% (v/v) in a ratio of 1 : 5
(w/v), incubated with DNAsel (1 mgmL™") (Sigma-
Aldrich) and lysozyme (1 mg-mL™") (Sigma-Aldrich) for
1 h at room temperature. Cells were lysed by five sonica-
tion cycles, and cell debris was removed by centrifugation
at 16 000 g for 30 min. The free cell extract was loaded on
a HisTrap HP | mL (GE Healthcare, Chicago, IL, USA)
in 25 mMm sodium phosphate buffer, pH 7.3, 150 mm NaCl
and eluted with imidazole 250 mm. The eluted fractions
were pooled, dialyzed against PBS 1X pH 7.3, and loaded
on a HiLoad Superdex 200 10/60 (GE Healthcare) by using
an isocratic elution (1.0 mL-min~' of PBS 1X pH 7.3).

GH5_Pool2 activity assay

The standard assay of GHS5_Pool2 (30 pg, 0.55 um) was
performed in 50 mm sodium citrate buffer, pH 5.5 on 4NP-
B-Man at the final concentration of 0.15 mm at 65 °C, in a
final volume of 200 pL. After 2 min of incubation, the
reaction was blocked in ice and by adding 800 pL of 1 m
sodium carbonate pH 10.2. The absorbance was spec-
trophotometrically measured at 420 nm at room tempera-
ture; the mm extinction coefficient of 4-nitrophenol in this
condition is 17.2 mmM~'cm™'. Spontaneous hydrolysis of
the substrate was subtracted by using appropriate blank
mixtures without the enzyme.

One enzymatic unit is defined as the amount of enzyme
catalyzing the conversion of 1 pmol of substrate into pro-
duct in 1 min, at the indicated conditions.

Enzymatic assays of GH5_Pool2 on
oligosaccharides and polysaccharides

In order to determine the pmol of reducing ends produced
by the enzyme, calibration curves were created by using
known amount (i.e., 0.02, 0.04, 0.05, 0.10, 0.14 pmol) of
either glucose or maltose. Then, the enzymatic activities on
oligosaccharides (6>, 6*a-galactosyl-mannopentaose, man-
notetraose, mannopentaose, laminaribiose, laminaritriose,
laminaritetraose, laminaripentaose) (1 mg-mL™"), and on
polysaccharides (laminarin and guar galactomannan)
(1 mg-mL™") were analyzed by using the Somogyi-Nelson
assay for reducing sugars as previously reported [97].

Effect of pH and temperature

The temperature dependence of the activity of GH5_Pool2
was determined in the range 45-85 °C in 50 mwm sodium citrate
buffer (pH 5.5) with 4NP-B-Man (0.15 mwm) as substrate.

Optimal pH and buffered saline conditions were deter-
mined by assaying GH5_Pool2 with 20 mm 4NP-B-Glc at
65 °C for 2 min in 50 mm of sodium acetate buffer (pHs
3.0-5.5), 50 mMm of citrate phosphate buffer (pHs 4.0-6.0),
50 mm citrate buffer (pHs 2.5-5.5), and in 50 mm phos-
phate buffer (pHs 6.0-8.0).

16

125

A. Strazzulli et al.

The temperature dependence of the activity of
GHI109_Pool2 (3 pg, 3.86 nm) was determined on 4NP-f-
Glc (5.0 mm) with NAD" (1.5 mm) in the range 60-90 °C
in 50 mm sodium phosphate buffer (pH 8.0) in a final vol-
ume of 1 mL.

Optimal pH of GH109_Pool2 was determined by assay-
ing the enzyme (3 pg, 3.86 nm) with 5 mm 4NP-B-Glc,
NAD" 1.5 mm at 75 °C in 50 mm of phosphate buffer
(pHs 6.0-8.0), or 50 mm sodium borate buffer (pH 8.0-8.5)
in a final volume of 1 mL. The absorbance was spectropho-
tometrically measured at 420 nm.

Thermal stability of GH5_Pool2

The thermostability of GH5_Pool2 was evaluated by incu-
bating the enzyme in PBS 1X (pH 7.3) at 65, 85, and
95 °C up to 23 h. Aliquots (30 ng) were withdrawn at the
indicated times and assayed at standard conditions at the
final concentration of 0.55 um. The residual activity was
expressed as a percentage of the maximal enzymatic activ-
ity measured before the incubation at indicated tempera-
tures.

Determination of kinetic parameters of
GH5_Pool2

Kinetic constants of GHS5_Pool2 were measured at stan-
dard conditions by using concentrations of substrate rang-
ing between 0.01-0.5 mm for 4NP-B-Man, 0.5-40 mm for
4NP-B-Gle.

For mannopentaose, the range used is 0.25-8 mm and
the enzymatic activity was detected by using the Somogyi—
Nelson assay. All kinetic data were calculated as the aver-
age of at least two experiments and were plotted with the
program GRAPHPAD PRIsM (San Diego, CA, USA).

Specific activity assay of GH109_Pool2

The specific activity for GHI109_Pool2 (3 pg, 3.86 nm)
was measured in 50 mm sodium phosphate buffer, pH
8.0 at 75 °C, in the presence of 1.5 mm NAD", on 4NP-
substrates at the final concentration of 5 mm in the final
volume of 1 mL. The mm extinction coefficient for 4-ni-
trophenol at 420 nm at standard conditions and 75 °C
was 19.1 mmem™'. One unit of enzyme activity was
defined as the amount of enzyme catalyzing the hydroly-
sis of 1 umol of substrate in 1 min at the conditions
described.

Determination of the GH109_Pool2 dependence
for NAD* as cofactor

The activity of GHI109_Pool2 in presence of different
NAD" concentration (0.01-5.0 mm) was measured by
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assaying 3 pg of enzyme, at the final concentration of
3.86 nm, on 4NP-B-Glc 5, in 50 mm sodium phosphate
buffer pH 8.0 at 75 °C following the reaction at 420 nm.

Determination of kinetic parameters of
GH109_Pool2

Kinetic parameters were determinated by assaying 3 pg
of enzyme, at the final concentration of 3.86 nM, in
50 mm sodium phosphate buffer pH 8.0, 1.5 mm NAD™
on 4NP-B-Glc (0.05-5.0 mm), 4NP-B-GIcNAc (0.05—
5.0 mm), 4NP-a-Glc (0.5-7.0 mm), and 4NP-a-GlcNAc
(0.25-5.0 mm).

Thermal stability of GH109_Pool2

The thermostability of GH109 _Pool2 (0.1 mgmL™") was
evaluated by incubating the enzyme in PBS 1X (pH 7.3) at
75 and 85 °C up to 1 h. Aliquots (3 pg) were withdrawn at
the indicated times and assayed at standard conditions.
The residual activity was expressed as a percentage of the
maximal enzymatic activity measured before the incubation
at indicated temperatures.

Influence of different additives on GH109_Pool2

Assays (4.25 ng of GH109) were carried out at 85 °C by using
5 mm of 4NP-B-Glc as substrate, 2.5 mm NAD™, 50 mMm in
sodium phosphate buffer pH 8.0 supplemented with different
additives in a final volume of 500 pL. The enzyme activity was
measured spectrophotometrically at 420 nm.
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ABSTRACT Sulfolobus solfataricus is an aerobic crenarchaeal hyperthermophile with
optimum growth at temperatures greater than 80°C and pH 2 to 4. Within the
crenarchaeal group of Sulfolobales, N-acetylglucosamine (GIcNAc) has been shown
to be a component of exopolysaccharides, forming their biofilms, and of the
N-glycan decorating some proteins. The metabolism of GIcNAc is still poorly under-
stood in Archaea, and one approach to gaining additional information is through
the identification and functional characterization of carbohydrate active enzymes
(CAZymes) involved in the modification of GIcNAc. The screening of S. solfatari-
cus extracts allowed the detection of a novel a-N-acetylglucosaminidase (a-
GlcNAcase) activity, which has never been identified in Archaea. Mass spectrome-
try analysis of the purified activity showed a protein encoded by the ss02901
gene. Interestingly, the purified recombinant enzyme, which was characterized in
detail, revealed a novel de-N-acetylase activity specific for GIcNAc and deriva-
tives. Thus, assays to identify an a-GIcNAcase found a GIcNAc de-N-acetylase in-
stead. The a-GlcNAcase activity observed in S. solfataricus extracts did occur
when SS02901 was used in combination with an a-glucosidase. Furthermore, the
inspection of the genomic context and the preliminary characterization of a pu-
tative glycosyltransferase immediately upstream of 5502907 (ss02900) suggest the
involvement of these enzymes in the GIcNAc metabolism in S. solfataricus.

IMPORTANCE |In this study, a preliminary screening of cellular extracts of S. solfatari-
cus allowed the identification of an a-N-acetylglucosaminidase activity. However, the
characterization of the corresponding recombinant enzyme revealed a novel GIcNAc
de-N-acetylase, which, in cooperation with the a-glucosidase, catalyzed the hy-
drolysis of O-a-GIcNAc glycosides. In addition, we show that the product of a
gene flanking the one encoding the de-N-acetylase is a putative glycosyltransferase,
suggesting the involvement of the two enzymes in the metabolism of GIcNAc. The
discovery and functional analysis of novel enzymatic activities involved in the modi-
fication of this essential sugar represent a powerful strategy to shed light on the
physiology and metabolism of Archaea.

KEYWORDS Archaea, CAZymes, N-acetylglucosamine, de-N-acetylase

rchaeal glycobiology is a fascinating field of study, and recent discoveries shed
light on a significant structural and functional diversity of carbohydrates in this
domain of life. Besides being carbon and energy sources, glycans are essential parts of
the extracellular matrix of the archaeal cell (1), the cell wall, and the N-linked glycosy-
lation of proteins (2). The extracellular matrix surrounding most thermophiles and
halophiles (1) is composed by exopolysaccharides (EPS). In Sulfolobales, EPS production
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is used to adapt to rapid variations of temperature, pH, and geochemical conditions
and for cell adhesion, as well as establishing a carbohydrate reservoir to be exploited
either as an energy source or during biofilm formation (3). The majority of characterized
Archaea have a proteinaceous cell wall, consisting of a regularly structured two-
dimensional array based either on a single protein species (S-layer) or a limited number
of proteins (S-layer glycoprotein). This structure provides the basis for the ability of
many archaeal species to thrive in extreme habitats (4). Some S-layer glycoproteins are
modified by N-linked glycosylation, a universal process in Archaea that is important in
motility, cellular adhesion, cell-cell communication, biofilm formation, and the main-
tenance of the cellular shape (5-9) and is essential for the viability of the crenarchaeal
major phylum (10).

N-Acetylglucosamine (GIcNAc) has been identified in EPS and biofilms (11, 12), in
glycans N-linked to proteins (5, 10, 13, 14), and in a biosynthetic intermediate of the
glycosylphosphatidylinositol (GPI) anchor (15). More specifically, within the crenar-
chaeal group of Sulfolobales, GIcNAc has been shown to be a component of the EPS,
forming their biofilms (3, 16), and of the N-glycan, decorating the cytochrome bysg/s66
(17) and an ABC transporter of S. solfataricus (18). In Archaea, the metabolism of GIcNAc
is still poorly understood, but this can be elucidated through the identification and
functional characterization of carbohydrate active enzymes (CAZymes) involved in its
modification.

S. solfataricus (strain P2) is an aerobic chemoorganoheterotroph crenarchaeon with
optimal growth at 80°C (range, 60 to 92°C) and pH 2.0 to 4.0 (19). It is able to grow
heterotrophically on various carbon and energy sources, and this is reflected by its
noticeably high number of genes encoding glycoside hydrolases (GHs) (20-23). For this
reason, it represents a source of new enzymes with unique properties in term of
biotechnological applications (24, 25), thus making its study of high interest. In addi-
tion, the abundance of N-glycan chains in Sulfolobus spp. (18, 26, 27) suggests that part
of the CAZyme repertoire in this organism could be involved in the recycling of
carbohydrates, similarly to what occurs in Bacteria (28). This has been already proposed
for S. solfataricus, since it has 27 potential GHs from 14 different families (CAZy
classification, June 2018). Of these GHs, a B-glycosidase from GH1 (25) and an
a-mannosidase from GH38 (21) might be involved in vivo in the modulation of the
sugar composition of the EPS and in the demannosylation of the glycan tree of the
extracellular glycoproteins (29). Moreover, we recently identified in S. solfataricus P2 a
novel B-N-acetylglucosaminidase that may be involved in the turnover of the N,N-
diacetylchitobiose of glycoproteins (20). Nevertheless, no a-N-acetylglucosaminidase
activity has been identified in Archaea. In this study, we show that cellular extracts of
S. solfataricus P2 contain a-N-acetylglucosaminidase activity. However, the purification
of the native enzyme, as well as the detailed characterization by steady-state kinetics
of the recombinant enzyme and chromatographic and nuclear magnetic resonance
(NMR) analysis of the reaction products, revealed a novel and unexpected GlcNAc
de-N-acetylase, which, in cooperation with the a-glucosidase MalA, catalyzed the
hydrolysis of O-a-GIcNAc glycosides. The characterization of this enzyme and the
association of its gene with the one encoding a putative glycosyltransferase (GT) will
help to elucidate the GIcNAc metabolism in Crenarchaeota.

RESULTS

Purification of a putative a-N-acetylglucosaminidase activity from S. solfa-
taricus P2. Free cellular extracts (FCE) were prepared from a cell culture of S. solfa-
taricus P2 stopped in the early stationary phase. Assays at 65°C on 4Np- and 2Np-a-
GIcNAc determined an increment in the absorbance at 420 nm indicating a putative
N-acetylglucosaminidase activity. The assay allowed the purification of a protein
through three chromatographic steps. Although the purification was performed from
9.5 g of S. solfataricus culture, the procedure yielded only tiny amounts of pure protein,
detectable by SDS-PAGE with SYPRO Orange staining (Fig. 1A).
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FIG 1 Purification of native and recombinant SSO2901. (A) SDS-PAGE of the sample from S. solfataricus
extracts stained with Sypro Orange. Lane 1, molecular weight markers (kDa); lane 2, sample correspond-
ing to the active fraction after gel filtration. (B) SDS-PAGE of rSS02901 purification steps. Lane 1,
molecular weight markers (kDa); lane 2, cell-free extract; lane 3, IMAC flowthrough; lane 4, IMAC elution.

Identification of the enzyme purified from S. solfataricus. To identify the open
reading frame (ORF) encoding the a-N-acetylglucosaminidase activity, the protein band
reported in Fig. 1A, lane 2, was excised from the gel and analyzed by tandem mass
spectrometry (MS/MS), allowing the clear identification of a hypothetical protein codified
by the ORF 5502907 (matches 19, score 392) (Mass Spectrometry Service/CEINGE, Naples,
Italy). S$502901 showed a predicted molecular mass of 22,342 Da, perfectly matching the
protein migration on SDS-PAGE (Fig. 1A, lane 2). BLASTp analyses revealed that S502901
encodes a putative N-acetyl-glucosaminyl-phosphatidylinositol de-N-acetylase (GIcNAc-PI
de-N-acetylase). It is worth noting that none of the proteins identified by liquid chroma-
tography-MS/MS (matches 2, score 33) were similar to putative a-N-acetylglucos-
aminidases. Therefore, either the identified $502901 showed both de-N-acetylase and
a-N-acetylglucosaminidase activities or the hydrolysis of 4Np-a-GIcNAc, observed by mon-
itoring the absorbance at 420 nm, occurred through a different mechanism. To test these
hypotheses, the native SSO02901 was assayed on 4Np-a-GIcNAc and GIcNAc, and the
reaction mixtures were analyzed by high-performance anion-exchange chromatography
with pulsed amperometric detection (HPAEC-PAD) (Fig. 2). Analysis of the reaction of the
purified SS02901 on 4Np-a-GlcNAc (Fig. 2A) revealed the production of an unknown
product in the reaction mixture at 5 min, while GIctNAc was present both in the blank and
reaction mixture, possibly due to the spontaneous hydrolysis of the substrate. In contrast,
the analysis of the reaction on GIcNAc clearly revealed the production of a peak corre-
sponding to glucosamine (GIcN) (Fig. 2B), suggesting that SSO2901 has de-N-acetylase but
not a-N-acetylglucosaminidase activity.

Sequence analysis of $S02901. According to BLASTp alignments, SS02901 en-
codes a putative GIcNAc-PI de-N-acetylase, belonging to the LmbE-like superfamily.
This superfamily includes N-acetyl-glucosaminyl-phosphatidylinositol (GIcNAc-PI) de-
N-acetylases, 1-D-myo-inosityl-2-acetamido-2-deoxy-a-b-glucopyranoside (GIcNAc-Ins)
de-N-acetylase (30), N,N-diacetylchitobiose de-N-acetylase (31), and antibiotic de-N-
acetylase (32).

The GIcNAc-Ins and N,N-diacetylchitobiose de-N-acetylases are classified into the
family CE14 of the carbohydrate esterases in the CAZy database. The multialignments
(obtained by using ClustalO) of the SSO2901 sequence with those from different
carbohydrate esterase (CE) families clearly indicate that SS02901 belongs to the CE14
family (data not shown). Both the multialignments and the phylogenetic tree (see Fig.
S1 in the supplemental material) obtained comparing CE14 sequences with more
closely related (CE11 and CE12) or more phylogenetically distant (CE6) CE families,
confirm that SSO2901 shares a high sequence similarity with the other members of
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FIG 2 (A and B) HPAEC-PAD profiles of the enzymatic assays of S502901 on 4Np-a-GlcNAc (A) and
GlcNAc (B) and of the relative blank mixtures. In the blank mixtures, a 5 mM concentration of the
substrate was incubated without enzyme under the same conditions (50 mM phosphate buffer [pH 6.5]
for 16 h at 65°C in 0.2 ml). The arrows indicate the products of the enzymatic activity.

CE14. In fact, SS02901 showed 100% identity with Ssol_0697 from S. solfataricus 98/2,
which is already classified into this family, together with the homologous sequences
from S. islandicus REY15A (ADX84495.1), S. islandicus LAL14/1 (AGJ61906.1), S. islandicus
L.S.2.15 (ACP34631.1), and Metallosphaera cuprina Ar-4 (AEB95994.1).

Cloning, expression, and characterization of recombinant $S02901. To bio-
chemically characterize SS02901, its gene was cloned in the expression vector pET101/
d-TOPO in-frame with a C-terminal His tag. The purification of the recombinant enzyme
(r$502901) by immobilized metal affinity chromatography (IMAC) led to a >90% pure
enzyme preparation with a final Escherichia coli yield of 6 mg liter~" (Fig. 1B). The
molecular mass of the recombinant enzyme in solution was 21.4 = 1.48 kDa, which is
comparable to the one observed for the denatured monomer, indicating that rSSO2901
is @ monomer in its native form. The recombinant rSS02901 (3 ng) was assayed on
4Np-a- and B-GlcNAc (Fig. 3A and B, respectively) under the same conditions used for
the native enzyme (50 mM phosphate [pH 6.5], 65°C for 16 h). The analysis of the
reaction mixtures by HPAEC-PAD confirmed the activity on 4Np-a-GIcNAc (compare
Fig. 3A and Fig. 2A) and revealed that the enzyme is also active on 4Np-B-GIcNAc
(Fig. 3B).

To unequivocally identify the products of rSS02901, the reaction mixture of the
enzyme assayed on 2Np-a-GlcNAc in 50 mM phosphate (pH 6.5) at 65°C for 16 h was
analyzed by thin-layer chromatography (TLC) (Fig. S2) and NMR (Table 1 and Fig. S3 and
S4). The 'H,"3C DEPT-HSQC experiment (Fig. S3) of the enzymatic reaction revealed the
presence of signals attributable to three different products, namely A, B, and C, in the
relative amounts of 1:0.5:0.3. None of these signals was in agreement with those of
2Np-a-GIcNAc (Table 1), the chemical shifts of which were obtained from a separate
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FIG 3 (A and B) HPAEC-PAD profiles of the enzymatic assays of rSS02901 on 4Np-a-GlcNAc (A) and
4Np-b-GlcNAc (B) and of the relative blank mixtures. In the blanks, a 5 mM concentration of the substrate
was incubated without enzyme under the same conditions (50 mM phosphate buffer [pH 6.5] for 16 h
at 65°C in 0.2 ml) of the relative enzymatic assay. The arrows indicate the products obtained by enzymatic
activity. The asterisk indicates the 4Np-b-GIcNAc peak.

TH,'3C DEPT-HSQC experiment (Fig. S4). The most intense H-1/C-1 signals at & 5.74/
97.5 ppm (product A, Table 1, Fig. S3) was attributable to 2Np-a-GIcNH,, as a result of
its H-2/C-2 chemical shifts at & 3.02/55.8 ppm. In particular, the shift of the H-2 signal
from & 4.02 ppm in the 2 Np-a-GIcNAc (Table 1) to 8 3.02 ppm in the product A of the
reaction of rSS02901 clearly indicated the absence of the amide group at the N-2
position (33, 34). The disappearance of the -CH; signals of acetyl group at & 1.94/
23.0 ppm (Table 1) confirmed the hydrolysis of the amide linkage. The less intense
anomeric signals at & 5.25/91.8 and 4.80/97.6 ppm were attributable to a and B
reducing glucosamine residues, respectively (products B and C, Fig. 4, Table 1), based
on their carbon chemical shifts. Since in both residues the H-2 signals were found at &
3.65 and 3.61 ppm, respectively, it was deduced that the nitrogen atoms were substi-
tuted. An in-depth study of all two-dimensional NMR experiments revealed that
products B and C were the 2-[N-(2-nitrophenyl)amino]-2-deoxy-p-glucopyranose [a-
GIcNH(2Np)] « and B anomers, respectively. In fact, the proton and carbon chemical
shift values of products B and C were in good agreement with those published for
similar compounds, which are reported to be yellow (33). The finding of the 2-[N-(2-
nitrophenyl)aminol-2-deoxy-p-glucopyranose is probably due to an enzymatic intramo-
lecular transfer of the 2-nitrophenyl aglycone from the anomeric position to the
deacetylated nitrogen atom, in a nucleophilic aromatic substitution through the for-
mation of a Meisenheimer-like complex (34). The NMR analysis clearly demonstrates
that SS02901 is a de-N-acetylase active on GIcNAc derivatives. In addition, the forma-
tion of the yellow secondary products, revealed by NMR analysis, clarifies the results
obtained from the assays of extracts of S. solfataricus P2 on the chromogenic substrates
2Np-a- and 4Np-a-GlcNAc. On the basis of these results, the subsequent characteriza-
tion has been performed on GIcNAc using fluorescamine assay (FSA).
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FIG 4 Structures of products B (« anomer; R, = H, R, = OH) and C (B8 anomer; R, = OH, R, = H).

To determine the pH optimum, rSSO2901 was assayed in 50 mM different buffers in
the range of pH 5.0 to 10.0 on 20 mM GIcNAc using FSA. The enzyme is optimally active
in HEPES buffer at pH 8.5 (Fig. 5A). The temperature profile of the enzyme was assessed
in the range of 40 to 85°C on 20 mM GIcNAc in 50 mM buffer HEPES (pH 8.5); the
maximal activity was reached at 70°C (Fig. 5B). In addition, rSSO2901 showed a
remarkable stability when incubated for 120 min at 60 and 70°C, maintaining 100 and
60% of its activity, respectively, while it was completely inactivated after 5 min at 80°C
(Fig. 5C). To study the effect of different metal ions and on rSS02901, metal ions or
EDTA were individually added to the reaction solution to a final concentration of T mM,
as reported for other de-N-acetylases (35). De-N-acetylase activity was determined on
20 mM GIcNAc, in 50 mM HEPES (pH 8.5) at 70°C (Fig. 5D). As shown in Fig. 5D,
r$S02901 showed about 50% inactivation by Mn2*, Zn2", and EDTA. On the basis of
these results, the following characterization was performed in 50 mM HEPES buffer at
pH 8.5 and at 70°C (rSSO2901 standard conditions).

To determine the substrate specificity, rSSO2901 was assayed under standard
conditions on various N-acetyl-glycoside derivatives and analyzed by FSA or HPAEC-
PAD. Among the tested substrates, rSSO2901 was active only on GIcNAc and its
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FIG 5 Enzymatic characterization of rSS02901. (A) pH dependence of rS502901; (B) temperature dependence; (C)
thermostability of rSS02901. (D) Enzymatic assays were performed in the presence of different metal ions.
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TABLE 2 Steady-state kinetic constants of rSSO2901 on different substrates

Mean = SD
Substrate Viax (U/mg) K, (mM) Keae (s71) Keot/Key (7' mM~7)
2Np-a-GlcNAc 1.26 = 0.30 6.55 * 4.00 0.45 £ 0.11 0.07
MU-a-GIcNAc 0.42 = 0.04 0.82 £ 0.24 0.15 £ 0.02 0.18
GlcNAC 544 £0.55 22.01 =491 194 =0.19 0.09

aryl-derivatives. No activity was found on GIcNAc-1P, GIcNAc-6S, GalNAc, ManNAc,
UDP-GIcNAc, or N,N-diacetylchitobiose (not shown).

The initial aim of this work was to identify a «a-N-acetylglucosaminidase («a-
GlIcNAcase) activity in S. solfataricus. However, the enzymatic assays on 2Np- and
4Np-a-GlcNAc could not demonstrate whether a-GlcNAcase activity was really absent
in S. solfataricus or was hidden by the production of the chromogenic subproduct
[a-GIcNH(2Np)] of SS02901. Thus, the S. solfataricus cellular extracts were tested on
4-methylumbelliferyl-a-GlcNAc (4MU-a-GlcNACc) since the de-N-acetylation of this sub-
strate did not produce a fluorescent product. After 16 h of incubation, an increase of
fluorescence intensity was measured (117 arbitrary units) compared to blank mixture,
suggesting that S. solfataricus is able to metabolize a-N-acetyl-glucosaminides. The
a-glucosidase (MalA), encoded by ss03057 (36), and the a-xylosidase (XylS), encoded by
5503022 (37), which are both available a-glycosidases characterized in S. solfataricus and
belonging to the family GH31, were singularly tested on 4MU-a-GlcNAc. Both enzymes
did not show activity on 4MU-a-GIcNAc. Thus, we wondered whether the a-N-
acetylglucosaminidase activity could be due to the cooperative action of two or more
enzymes in the cellular extracts. To test this hypothesis, rSS02901 was assayed on
4MU-a-GlcNAc in the presence of MalA or XylS, since the latter a-glycosidases could be
active on the 4MU-GIcN produced by rSSO2901. As shown in Fig. S5, an increase in
fluorescence emission was observed when $S02901 acted in cooperation with MalA.

The steady-state kinetic constants of rSSO2901 on GIcNAc and 4MU-a-GIcNAc are
reported in Table 2. The highest specificity constant was observed on 4MU-a-GIcNAC,
followed by GIcNAc.

Analysis of the genomic environment of S502901. To shed light on the possible
role of SS02901 in vivo, we analyzed its genomic environment, revealing the presence
of the ORF 5502900, immediately upstream of ss02907 under the same transcriptional
orientation. The s502900 gene encodes a putative glycosyl transferase belonging to
GT4, a family grouping more than 20 different enzymatic activities, including the
UDP-GIcNAc transferase. In an effort to determine the enzymatic activity of S502900, its
gene was cloned and expressed in E. coli. The recombinant enzyme was purified using
IMAC, obtaining >90% pure enzyme with a yield of 2 mg liter—" of culture (Fig. S6).
Recombinant SS02900 (30 ng) was incubated for 16 h in 50 mM Tris-HCI buffer (pH 7.5)
at 65°C with 10 mM UDP-GIcNAc and with or without myoinositol as an acceptor. The
reaction mixtures, analyzed by HPAEC-PAD, showed that rSSO2900 hydrolyzed UDP-
GlIcNAc, regardless of the presence of the acceptor, whereas transglycosylation peaks
were not observed (Fig. 6). This may suggest that rSS02900 recognized UDP-GIcNAc as
a donor, but, in the absence of a suitable acceptor, promoted only substrate hydrolysis
with low efficiency, as observed for other GTs (38).

DISCUSSION

In Sulfolobales, N-acetylglucosamine has been identified among the monosaccha-
rides of N-glycans of proteins, EPS, and as a biosynthetic intermediate of the glycosyl-
phosphatidylinositol (GPI) anchor (15). However, the enzymes involved in the turnover
of these glycoconjugates are still unknown. Searches in S. solfataricus P2 genome
sequence led to the discovery and characterization of a GH38 a-mannosidase and a
GH116 bifunctional B-glucosidase/xylosidase (SSO1353), possibly involved in the pro-
tein N-glycosylation and EPS turnover (22, 29). Recently, GH116 bifunctional exo-$-
glucosidase/exo-B-N-acetylglucosaminidase (5503039), likely involved in the recycling
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FIG 6 HPAEC-PAD analysis of r5502900 reaction on UDP-GIcNAc and myoinositol. In the blanks, 10 mM
concentrations of both UDP-GIcNAc and myoinositol were incubated without enzyme under the same

conditions (50 mM Tris-HCI [pH 7.5] for 16 h at 65°C in 0.2 ml) in the relative enzymatic assay. Blue lines
indicate chromatograms of the reaction. Gray lines indicate chromatograms of the standards.

of N-acetylglucosamine in S. solfataricus, has been identified and characterized (20). In
contrast, a-N-acetylglucosaminidase activities (EC 3.2.1.50), currently classified only in
GH89, are unknown in Archaea. The activity screening for a a-N-acetylglucosaminidase
in S. solfataricus P2, allowed us to identify the enzyme SSO2901. Surprisingly, this
activity was demonstrated to be, instead, a GIcNAc de-N-acetylase. The enzymatic
characterization of rSSO2901 revealed that it is active on GIcNAc, MU-a-, 2 Np-a-,
4 Np-a-, and B-GIcNAg, indicating that both anomers were tolerated in the active site.
This was previously observed also for the de-N-acetylase from Trypanosoma brucei that
was active on both GlcNAc-a- and GIcNAc-B-PI (39).

$502901 shows sequence similarity to a putative N-acetylglucosaminyl-phosphati-
dylinositol (GIcNAc-Pl) de-N-acetylase from Sulfolobus islandicus belonging to the
LmbeE-like superfamily, which includes metal-dependent enzymes (40). All LmbE-like
superfamily members possess the conserved His-X-Asp-Asp sequence (40), where the
catalytic Zn2™ ion in the active site is pentacoordinated by the imidazolium side chain
of His. The positively charged Zn?" plays an essential role in stabilizing the reaction
intermediate during catalysis (41). It has been reported that mononuclear zinc enzymes
are inhibited by EDTA and Zn2* (40, 42), as demonstrated for the rat GIcNAc-PI
de-N-acetylase (43), for BC1534 and BC3461 from B. cereus (44), and for the de-N-
acetylase LpxC from E. coli (45). rSSO2901 shows the conserved His-X-Asp-Asp motif,
like the LmbE-like superfamily members (40) (Fig. S7), and it is partially inactivated by
EDTA and Zn?*, suggesting the presence of a catalytic metal ion in the active site of the
enzyme.

The LmbeE-like superfamily includes de-N-acetylases involved in four metabolic
pathways: (i) the 1-p-myo-inosityl-2-acetamido-2-deoxy-a-p-glucopyranoside (GIcNAc-
Ins) de-N-acetylase from Mycobacterium tuberculosis (EC 3.5.1.89) in mycothiol biosyn-
thesis (30); (i) the N,N-diacetylchitobiose de-N-acetylase from the archaeon Thermo-
coccus kodakaraensis KOD1 (EC 3.5.1.-) in chitin degradation (31); (iii) the antibiotic
de-N-acetylase from Actinoplanes teichomyceticus (Orf2) in the modification of lipogly-
copeptidic antibiotic teicoplanin (32); and (iv) N-GIcNAc-PI de-N-acetylases (EC 3.5.1.89)
from mammals, yeast, and protozoa in the biosynthesis of the GPI anchor (46-48).
Antibiotic and GIcNAc-PI de-N-acetylases are not yet classified in CAZy (49). On the
contrary, GIcNAc-Ins and N,N-diacetylchitobiose de-N-acetylases are classified into the
CE14 family of carbohydrate esterases in the CAZy database. The pathways of myco-
thiol and bacillithiol biosynthesis are absent in S. solfataricus, which produces gluta-
thione for the maintenance of redox homeostasis (50). This suggests that SS02901 is
not functionally correlated to the bacterial CE14 de-N-acetylases from Bacillus cereus,
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Mycobacterium tuberculosis, and M. smegmatis (51-53). In addition, SS02901 does not
seem to be correlated to the archaeal CE14 N,N-diacetylchitobiose deacetylases from
Haloferax mediterranei, Pyrococcus furiosus, P. horikoshii, and Thermococcus kodakarensis
involved in chitin degradation (31, 54) since, to our knowledge, S. solfataricus is not able
to grow on chitin, and no hypothetical chitinases were found in its genome. However,
N,N-diacetylchitobiose is a key component of the prominent glycan structure, which is
characteristic of a number of different surface-exposed proteins of S. solfataricus (18).
Thus, although rSSO2901 is not active on N,N-diacetylchitobiose, its involvement in the
turnover of N,N-diacetylchitobiose in N-glycans by deacetylating GIcNAc released by
the B-N-acetylglucosaminidase SSO3039 (20) cannot be ruled out.

$502901 shows similarity with GIcNAc-PI deacetylases of the LmbE-like superfamily
involved in the biosynthesis of the GPI anchor, a posttranslational modification com-
posed of complex glycolipids covalently linked to the C terminus of proteins (55) and
providing a stable anchor to the membrane (56, 57). The biosynthetic pathway begins
with the transfer of N-acetylglucosamine from the UDP-N-acetylglucosamine (UDP-
GlcNACc) donor to Pl by glycosyltranferase. The resulting GIcNAc-PI is deacetylated to
GIcN-PI (58). In Archaea, the presence of the GPI anchor has been demonstrated by
Kobayashi et al. in S. acidocaldarius, but the enzymes involved in its biosynthesis are still
unknown (15). In S. solfataricus P2, immediately upstream of ss02901, the ss02900 gene
encodes a putative GT4 glycosyltransferase. The comparison with S. acidocaldarius
revealed that SSO2900 and SSO2901 are similar to the uncharacterized ORFs
SUSAZ_08645 (putative GT4) and SUSAZ_05460 (putative CE14), sharing 28 and 26%
identity, respectively. The preliminary enzymatic characterization of rS502900 revealed
that it recognizes UDP-GIcNAc as a donor, suggesting its putative GT function and a
possible functional correlation of the two enzymes in vivo.

To our knowledge, the presence of a-N-acetylglucosaminides in Sulfolobus sp. has
not been demonstrated. However, the stereochemistry of the linkage between the
monosaccharidic components in EPS and biofilms is still unknown. In bacterial biofilms,
N-acetylglucosamine has been found in both a- and B-bonds (59, 60), while in Eukarya,
the glucosaminoglucan heparan sulfate is composed by the repeating disaccharide unit
of an uronic acid and N-acetylglucosamine [GIcAB or IdoA2Xa-1-4-GIcNY3X6X-a1],
(61). Although it is premature to suggest the function of S$S02901 in vivo, this study
shows that S. solfataricus is able to hydrolyze a-GIcNAc derivatives, and the
a-N-acetylglucosaminides, when present, can be hydrolyzed through the concerted
action of $502901 and MalA. Further analyses, including in vivo studies, could shed
light on the many biological pathways in which GIcNAc-modifying enzymes are in-
volved.

MATERIALS AND METHODS

All commercially available substrates (2Np- and 4Np-a-GlctNAc, MU-a-GIcNAc, 4Np-B-GlcNAc, UDP-
GIcNAc, GIcNAc-1P, GIcNAc-6S, GalNAc, ManNAc, and N,N-diacetylchitobiose) were purchased from
Sigma-Aldrich and Carbosynth unless otherwise designated.

Archaea and bacterial strains. The strains used in this work were as follows: Sulfolobus solfataricus
P2 (19), E. coli TOP10 [F- mcrA A(mrr-hsdRMS-mcrBC) p80lacZAM15 AlacX74 recA1 araD139 Alara leu)7697
galU galK rpsL (Str") endA1 nupGl], and E. coli BL21 Star(DE3) [F- ompT hsdSg(rg~ mg-) gal dcm rne131(DE3);
Invitrogen].

Culture media. S. solfataricus Brock medium (57) was adjusted to pH 3.5 with sulfuric acid and
supplemented with yeast extract, sucrose, and Casamino Acids (0.1% each) as a carbon source. Luria-
Bertani broth (1 liter; 10 g NaCl, 5 g yeast extract, 10 g tryptone) was also used.

Standard growth conditions. S. solfataricus P2 was grown at 80°C (pH 3.5) in Brock’s salt medium
supplemented with yeast extract, sucrose, and Casamino Acids (0.1% each) (62). The growth of cells was
monitored spectrophotometrically at 600 nm, and the cells were harvested at the early stationary phase
(1.0 optical density) by centrifugation at 5,000 X g for 20 min at 4°C.

Native protein purification. A culture of 9.0 liters of S. solfataricus P2 was centrifuged, and the
cellular pellet (9.5 g) was resuspended in 2 ml g=" cells of 50 mM Tris-HCI buffer (pH 8.0) supplemented
with 0.1% Triton X-100. The cells were incubated with lysozyme and Benzonase for 60 min at 37°C, lysed
mechanically with five cycles of French press, and centrifuged at 10,000 X g for 30 min at 4°C. The FCE
was loaded onto a HiLoad 16/10 Q-Sepharose high-performance column (GE Healthcare) equilibrated in
50 mM Tris-HCl buffer (pH 8.0; buffer A) at a flow rate of 2 ml min—". The run was performed with an initial
extensive wash with buffer A (two column volumes), followed by a linear ionic strength gradient from
0 to 1 M NaCl in buffer A (three column volumes) and a final treatment with 1 M NaCl in buffer A (two
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column volumes). Under these conditions, the de-N-acetylase activity was found to be primarily in the
fractions eluted at about 300 mM NaCl. Active fractions were pooled and dialyzed versus 20 mM
phosphate buffer (pH 7.0). The dialyzed pool was equilibrated in 1 M ammonium sulfate and loaded onto
a HiLoad 26/10 Phenyl Sepharose high-performance column (GE Healthcare), equilibrated at a flow rate
of 3ml min=" with phosphate buffer (pH 7.0) supplemented with 1 M ammonium sulfate. After one
column volume of loading buffer, the protein was eluted with a two-step gradient of phosphate buffer
(pH 7.0; 0 to 80%, two column volumes; 80 to 100%, three column volumes), followed by a final step at
100% of phosphate buffer (pH 7.0; two column volumes). The protein was eluted in about 90%
phosphate buffer (pH 7.0). Active fractions were pooled, dialyzed against PBS buffer (20 mM sodium
phosphate buffer [pH 7.3], 150 mM NaCl), and concentrated by ultrafiltration with an Ultracon 10K
(cutoff, 10,000 Da). After concentration, the sample was loaded on a Superdex 75HR 10/300 gel filtration
column (GE Healthcare), and the run was performed at a flow rate of 0.5 ml min—" in PBS buffer. Active
fractions were pooled and concentrated. The de-N-acetylase activity was monitored by performing an
enzymatic assay on the chromogenic substrate 4Np-a-GIcNAc at 65°C for 16 h. The enzymatic activity
was detected presumably due to the absorbance of the secondary product 2-[N-(2-nitrophenyl)amino]-
2-deoxy-D-glucopyranose [a-GIctNH(2Np)] at 420 nm. After this procedure, SSO2901 was determined to
be >95% pure by SDS-PAGE stained with SYPRO Orange.

Enzymatic assay of native $502901. The native S$S02901 was assayed in 50 mM phosphate buffer
at pH 6.5 for 16 h at 65°C on the different substrates, 4Np-a-GIcNAc and GIcNAc, at the concentration
of 5mM in a final volume of 0.2 ml. The reactions were blocked in ice by adding 0.8 ml of 1 M sodium
carbonate (pH 10.2). The absorbance was measured at 420 nm at room temperature. Spontaneous
hydrolysis of the substrates was subtracted by using blank mixtures without enzyme, which were
prepared and incubated as described above. Analysis of the reaction products was performed using
HPAEC-PAD with a PA200 column (Dionex). HPAEC-PAD analyses were performed at a flow rate of 0.5 ml
min~" using isocratic elution of 10 mM NaOH for 20 min.

Cloning of ss02900 and ss02901. The 5502900 and 5502901 genes were amplified by PCR from the
genome of S. solfataricus P2 (180 ng) using the following synthetic oligonucleotides: TOPOFWD2900
(5'-CACCATGGATATTTTAGCAGTAGTT-3'), TOPOREV2900His (5'-CTTTTTTGCAAAGGCTTTTATATCTT-3'),
TOPOFWD2901 (5'-CACCATGCAAAAAAGTAGTTGTAT-3'), and TOPOREV2901His (5'-ACCTTTAGTCCAAAA
AACCTCGT-3') for s502900 and ss02901, respectively. The amplification reaction was performed with
PfuUltra Il Fusion HS DNA polymerase (Stratagene) according to the following program: a hot start of
5min at 95°C; followed by 10 cycles of 1 min at 95°C, 1 min at 50°C, and 1 min at 72°C; followed by 30
cycles of 1 min at 95°C, 1 min at 55°C, and 1 min at 72°C, followed finally by extension for 10 min at 72°C.

The PCR products were purified by PCR Kleen Spin columns (Bio-Rad) and ligated into expression
vector pET101/d-TOPO according to the instructions of the manufacturer (Invitrogen). The ORFs are
under the control of the IPTG (isopropyl-B-p-thiogalactopyranoside)-inducible T7 RNA polymerase
promoter, and the C-terminal of the proteins were fused to V5 epitope and a 6XHis tag. Positive clones
were selected through the PCR colony and verified by sequencing.

Heterologous expression and purification of rS502900 and r$S02901. E. coli BL21 Star(DE3) cells
were grown at 37°C in 0.5 liter of Luria-Bertani broth supplemented with ampicillin (50 ug ml="). The
expression of r$502900 was induced by adding 0.1 mM IPTG when growth reached an optical density at
600 nm (ODg) of 1, while rSS02901 was induced by adding 0.5mM IPTG when growth reached an
0Dy, Of 0.6.

Cell growths were allowed to proceed for 16 and 2 h, for rSSO2900 and rSSO2901, respectively. The
cells were harvested by centrifugation at 5,000 X g. The resulting cellular pellets were resuspended in
50 mM sodium phosphate buffer (pH 8.0)-300 MM NaCl with a ratio of 5ml g~ cells, followed by
incubation at 37°C for 1 h with 20 mg of lysozyme (Fluka) and Benzonase (Novagen) at 25U g~ cell. The
cells were lysed by French press treatment, and cell debris was removed by centrifugation at 10,000 X g
for 30 min. The free cell extracts were loaded onto Protino Ni-IDA packed columns (Macherey-Nagel) as
recommended by the manufacturer. The eluted fractions were pooled and dialyzed against 1X PBS (pH
7.3) for r$S02900 and against 25 mM HEPES-NaOH (pH 7.5) for rS502901.

Molecular mass determination of rSS02901. The molecular mass of rSS02901 was determined by
gel filtration on a Superdex 75HR 10/300 FPLC column (GE Healthcare). The molecular weight markers
were bovine serum albumin (66 kDa), RNase A (13.7 kDa), aprotinin (6.5 kDa), and vitamin B,, (1.3 kDa).

NMR spectroscopy. 'H and '3C NMR spectra were recorded using a Bruker Avance 600 MHz
spectrometer equipped with a cryoprobe. All two-dimensional homo- and heteronuclear experiments
(double-quantum-filtered correlation spectroscopy [DQF-COSY]; total correlation spectroscopy [TOCSY];
rotating-frame Overhauser spectroscopy [ROESY]; distortionless enhancement by polarization transfer-
heteronuclear single quantum coherence ['H-'3C DEPT-HSQC]) were performed using the standard pulse
sequences available in the Bruker software. Chemical shifts were measured at 298 K in D,O.

Fluorescamine-based de-N-acetylase activity assay. Purified rSS02901 was tested for de-N-
acetylase activity using fluorescamine fluorophore. An assay mixture containing 50 mM HEPES (pH 8.5)
and 20 mM GIcNAc was preequilibrated at 70°C prior to the addition of r$502901 (3 pg). After 5 min, the
reaction mixture (150 ul) was quenched by the addition of 20% trichloroacetic acid (50 ul), which
precipitates the protein. After centrifugation (16,000 X g, 10 min), 125 ul of supernatant was diluted with
375 ul of 1 M borate (pH 9.0), and reacted with 10 mM fluorescamine, (150 ul in CH;CN; Invitrogen). After
10 min, the resulting fluorescence was measured (excitation, 395 nm; emission, 495 nm) using an FP-8600
fluorescence spectrometer (Jasco). The observed increase in fluorescence (fluorescence units min=—') was
converted into pmol/min using a glucosamine (GlcN) standard curve (50 to 150 uM) (63). One enzymatic
unit is defined as the amount of enzyme catalyzing the conversion of 1 umol of substrate into product
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in 1 min under standard conditions. To determine the steady-state parameters, the activity was measured
at 18 different concentrations of GIcNAc (0 to 80 mM), and the parameters k_,, K, and k./K,, were
obtained by fitting the Michaelis-Menten equation to the initial linear velocities using the curve-fitting
program GraphPad Prism.

Temperature, pH, and metal effects. The temperature profile of rSSO2901 activity was determined

at 40 to 85°C on 20 mM GIcNAc in 50 mM HEPES buffer (pH 8.5) for 5 min. The thermal stability was
evaluated by incubating pure r$S02901 in HEPES buffer (pH 7.5) at different temperatures (60, 70, and
80°C). At various time intervals, 3-ul aliquots (3 g of enzyme) were recovered, transferred on ice, and
assayed under the conditions described above. The residual activity is expressed as a percentage of the
maximal enzymatic activity measured before incubation at the indicated temperatures; the pH optimum
was determined by assaying r$S02901 in 50 mM concentrations of different buffers (citrate/phosphate
[pH 4.0 to 6.0]; phosphate [pH 6.0 to 7.5]; HEPES [pH 7.5-8.5]; borate [pH 7.5 to 9.0]; CHES [pH 8.5 to 10])
on 20 mM GIcNAc at 70°C for 5 min. The effect of metal and EDTA on the activity of rSS02901 was
analyzed for Zn2*, Mg?*, Mn2*, Co?*, and EDTA. The active enzyme was assayed under standard
conditions in the presence of a 1 mM concentration of each metal ion or EDTA.

Substrate specificity. Enzymatic assays of 15502901 on different substrates (GIcNAc, 20 mM; GalNAc,

20 mM; ManNAc, 20 mM; GIcNAc-1P, 5 mM; GIcNAc-6S, 5 mM; UDP-GIcNAc, 20 mM) were performed by
using 3 pg of enzyme at 70°C in 50 mM HEPES buffer (pH 8.5) for 5 min for GIcNAc and 16 h for the other
substrates. Spontaneous hydrolysis of the substrates was subtracted by using appropriate blank mixtures
without enzyme. The reaction products were analyzed by fluorescamine assay and HPAEC-PAD, as
described above, and by TLC. TLC was performed on silica gel 60 F254 using n-butanol/methanol/
ammonia/water (5:4:2:1 [vol/vol]) and n-butanol/MetOH/ammonium hydroxide/H,0 (5:4:2:1) as the
eluant. The spots were visualized by staining with 1% ninhydrin, followed by incubation at 150°C for
5 min. rS502900 was assayed on 10 mM UDP-GIcNAc in 50 mM Tris-HCl (pH 7.5) with 30 ug of enzyme
for 16 h at 65°C. HPAEC-PAD analyses were performed at a flow rate of 0.5 ml min~" in an isocratic elution
of 10 mM NaOH for 5 min, followed by two further isocratic steps (15 mM NaOH for 5 min and 70 mM
NaOH for 40 min).

Steady-state kinetic constants on MU-a-GlcNAc. The enzymatic assays of rS502901 on MU-a-

GIcNAc were performed by taking advantage of the cooperative action of the de-N-acetylase and
MalA on this substrate. A 10-pg portion of rSS02901 was incubated on increasing concentrations of
MU-a-GIcNAc (0.1 to 5 mM) under standard conditions. The reactions were stopped in ice after
5 min. An aliquot of rSS02901 reaction (50 ul) was buffered in 200 MM sodium acetate (pH 5.5),
followed by incubation with 10 ug of MalA at 70°C for 1 h. Under these conditions, MalA performed
a complete hydrolysis of MU-a-GlcN, produced by S5S02901, in GIcN. The assays were performed in
duplicate. Spontaneous hydrolysis of the substrate was subtracted by using appropriate blank
mixtures without enzymes, and appropriate control mixtures were performed by incubating the
substrates with each enzyme separately. The glucosamine produced by activity on MU-a-GIcNAc was
monitored and quantified by measuring the fluorescence of methylumbelliferone at A, 360 nm and
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Abstract: Terrestrial hot springs are of great interest to the general public and to scientists alike due
to their unique and extreme conditions. These have been sought out by geochemists, astrobiologists,
and microbiologists around the globe who are interested in their chemical properties, which provide
a strong selective pressure on local microorganisms. Drivers of microbial community composition
in these springs include temperature, pH, in-situ chemistry, and biogeography. Microbes in these
communities have evolved strategies to thrive in these conditions by converting hot spring chemicals
and organic matter into cellular energy. Following our previous metagenomic analysis of Pisciarelli
hot springs (Naples, Italy), we report here the comparative metagenomic study of three novel
sites, formed in Pisciarelli as result of recent geothermal activity. This study adds comprehensive
information about phylogenetic diversity within Pisciarelli hot springs by peeking into possible
mechanisms of adaptation to biogeochemical cycles, and high applicative potential of the entire set
of genes involved in the carbohydrate metabolism in this environment (CAZome). This site is an
excellent model for the study of biodiversity on Earth and biosignature identification, and for the
study of the origin and limits of life.

Keywords: origin of life; microbial community; CAZymes; extremozymes; environmental changes;
comparative metagenomics

1. Introduction

Extreme environments such as hot springs are of great interest as a source of novel extremophilic
microorganisms, enzymes, and metabolic pathways essential for the microbial survival in extreme
conditions [1]. Extremophiles are known to thrive in diverse extreme conditions, such as high or
low temperatures, high salinity, acidic and alkaline pH values, and high radiation [2]. They not
only can tolerate these conditions but require the latter for survival. Exploring the diversity of
extremophiles and understanding their mechanisms of adaptation [3] permit us to expand our notions
of the potential habitable environments able to sustain life beyond Earth [4]. Indeed, sites harboring
harsh environments identified during solar system exploration may host now, or may have hosted,
extremophilic life forms.

Research on extremophiles and their enzymes (extremozymes) has not only reshaped our
understanding of the origin and evolution of life [5] and the potential for life on other planetary
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bodies [6], but also it has simultaneously led to numerous advances in molecular biology, medicine,
and biotechnology [7-10]. In fact, extremozymes represent interesting cases of protein adaptation
under conditions where conventional enzymes quickly denature [11-13]. Thus, extremozymes are
ideal tools for industrial applications where harsh chemical and physical conditions are encountered.
However, the difficulties in cultivating extremophiles severely limit access to this class of biocatalysts,
thereby metagenomic approaches are now largely used for extremozyme discovery [14-17].

The increasing amounts of metagenomic data and fully sequenced genomes now allow us to
systematically explore these microbial communities [14,18], enabling us to investigate the uncultured
microbial population, the mechanisms of possible adaptation to biogeochemical cycles, and the lifestyles
of extreme organisms, and to discover new extremozymes [19].

Recently, our group reported on the metagenomic analysis of the microbial community populating
the Pisciarelli hot springs (Naples, Italy), identifying the entire carbohydrate active enzymes portfolio
(CAZome) that has been cloned and partially characterized [20].

In detail, two main mud/water pools have been identified in Pisciarelli in March 2012, named Pool 1
(T'=85°C, pH 5.5) and Pool 2 (T = 92 °C, pH 1.5). The first pool was almost exclusively populated
by Archaea (Acidianus hospitalis, 40%; Pyrobaculum arsenaticum, 20%; Pyrobaculum oguniense, 5%;
Saccharolobus solfataricus, 1%) followed by Bacteria (0.11%) and archaeal viruses (0.17%), while more than
30% of the obtained reads found no match with the nucleotide NCBI database. In contrast, the majority of
the obtained reads from Pool 2 found no match with the NT NCBI database (62%). Among the assigned
reads, Crenarchaeota (37%) dominate the site (Metallosphaera sedula, 31%; Saccharolobus solfataricus, 3%;
Acidianus hospitalis, 3%) followed by archaeal viruses (0.36%) [20]. In that study, we demonstrated that
even sites that have been consistently sampled for decades are still largely unexplored in terms of
microbial diversity and of their extremozymes. The microbial population in Pisciarelli has been shown
to have a huge number of genes encoding putative CAZymes, which include glycoside hydrolases
(GHs), carbohydrate esterases (CEs), polysaccharide lyases (PLs), and auxiliary activities (AAs) [20].
These activities are classified in the CAZy database (www.cazy.org) [21]. Thus, these biocatalysts
are ideal candidates for biotechnological applications and to understand enzyme adaptations to
extreme environments.

In the last 15 years, the geothermal activity in the Pisciarelli area has been increasing, showing a
rise in fumarolic discharge, the formation of boiling pools and water springs (March 2009), and the
opening of energetic geyser-type vents (November 2010) that are currently very active. The temperature
at the main Pisciarelli fumarole rose up to 110 °C in 2011, but dropped sharply in April 2012 to the
present value of 95 °C [22,23]. In December 2012, the Italian Civil Protection Department raised the
alert of the caldera from green level (base) to the current yellow level (attention) as a consequence of a
further increase in the deformation rate, seismicity, and degassing [22]. Currently, the hydrothermal
activity at Pisciarelli shows an escalation characterized by an increase in the CO, flux, which in 2019
exceeded 500 t/day [24].

For these reasons, we embarked on a novel metagenomic study of the Pisciarelli hot springs in
order to explore the microbial communities populating mud/water pools formed as a result of the local
changes that occurred.

To date, Pisciarelli represents a unique ecological niche for comparative metagenomics studies.
The access to this site provides valuable insight into the adaptive strategies of the extremophiles
communities, and conditions generally difficult to study in other remote extreme environments and/or
to reproduce in lab. The study can lead to a more comprehensive understanding of the mechanisms of
evolutionary change that underlie the adaptation of microbes to extreme conditions.
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2. Results and Discussion

2.1. Sampling in the Solfatara Hot Springs, nDNA Extraction, and Sequencing

The aim of this study is to explore the microbial communities populating three sites of the
Pisciarelli hot springs (40°49’45.1” N; 14°8’49.4" E), named Site A, Site B, and Site C (Figure 1A) and
investigate their differences in terms biodiversity and potential source of enzymes.

A

—5 «\\&(fa :
oI

Figure 1. (A) View of the sampling site in July 2019. The sites A, B, and C are labeled by badges.
(B) Agarose gel mDNA extraction from Site A. Lane M, Marker StoS 1Kb DNA Ladder (Genespin),
lane A: mDNA from Site A. (C) Agarose gel of mDNA extractions from sites B and C. Lane M,
Marker StoS 1Kb DNA Ladder (Genespin); lane B, mnDNA from Site B; lane C, mDNA from Site C.

Site A (94.1 °C; pH 5.2) is the largest pool of the area, mainly made by water and mud. Recently,
the microbial community populating Site A (then called Pool 1) has been characterized through a
metagenomic approach showing the dominance of Archaea belonging to the genera Acidianus (40%)
and Pyrobaculum (25%), as well as the presence of sequences related to new phyla ascribable to the
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Sulfolobaceae family. A dramatic morphological change in the area of interest, which occurred at
the end of July 2019, led to the expansion of the area previously known as Pool 1, which merged to
the proximal Pool 2 pool (92 °C, pH 1.5), generating a completely new site (Site A). This new pool,
if compared to Pool 1, changed both in terms of extension of the pool boundaries and in terms of
temperature, showing, in particular, an increase of about 9 °C compared to the conditions previously
observed [20].

Site B (47.7 °C; pH 5.8) is mainly composed of mud and is physically adjacent to Site A from
which it receives part of the liquid fraction. Nonetheless, Site B has its emission of gas, which can be
observed through the formation of bubbles that contribute to the mixing of the liquid on the surface.

Site C (73.0 °C; pH 2.5) differently, is physically distant from Site A and Site B and is a shallow pool
of water located near to the rocky wall of the area (Figure 1A) and characterized by intense steam jets.

Temperature and pH were monitored in-situ at the three sites and the samples, composed of water
and sediment, were collected and taken to the laboratory where, by centrifugation, sediments of 17 g,
50 g, and 40 g were obtained from Sites A, B, and C, respectively.

The sediment obtained from each sample was treated for the extraction of the whole mDNA
obtaining 27, 60, and 164 ng/g of sediment from Site A, Site B, and Site C, respectively (Figure 1B,C).

The mDNA was then sequenced in outsourcing by Novogene-Europe (Cambridge, UK) through
Ilumina MiSeq (150 PE), obtaining 23,830,104 clean reads from Site A, 22,933,864 from Site B,
and 23,961,446 from Site C.

2.2. Microbial Communities

To evaluate the composition of the microbial communities populating the three sites, the obtained
reads were analyzed by blastn against the NCBI NT nucleotide database.

The analysis revealed that all three sites are dominated by Archaea, and Site A had the highest
number of reads (84%) assigned to this kingdom, followed by Site B (67%) and Site C (53%) (Figure 2).
It is worth noting that each site showed a high number of reads that had no match in the NT database
(unassigned). Notably, unassigned reads represented 15, 27, and 41% of the whole reads of Site A, B,
and C, respectively. Furthermore, Site B had the highest number of reads assigned to the kingdom of
Bacteria (5%) compared to the Sites A and C, where less than 1% of sequences could be assigned to this
kingdom. Site C, on the contrary, showed a percentage of viral sequences (4.6%) higher than Sites A
and B (0.3 and 0.8%, respectively).

100 — — |
90
80
» 40 M Eukaryota
©
8 60 B Viruses
"6 M Bacteria
40
X No Hits
30
M Archaea
20
10
0 T T \
% Site A % Site B % Site C

Figure 2. Taxonomic assignment of the reads at the kingdom level.
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The detailed investigation of the taxonomically assigned reads, at the level of genus and species
(Figures 3 and 4), revealed that Site A is mainly dominated by the genus Acidianus (47%), in particular
the species A. ambivalens (30%) and A. hospitalis (16%), followed by the genus Pyrobaculum (35%) mainly
attributable to the species P. arsenaticum (31%). This result differs from what was previously observed
on the Pool 1 site in which we observed the dominance of A. hospitalis (40%) followed by P. arsenaticum
(20%) [20].

Saccharolobus

Pyrobaculum \

Bacteria

Site A
(% of reads)

No Hits

Others (<1%)

Bacteria
Thermoanaerobacter
Saccharolobus \

Pyrobaculum ——————

Acidianus

Site B
(% of reads)

No Hits
Others (<1%) Bacteria

Viruses

Metallosphaera

Site C

(% of reads)

No Hits

Figure 3. Taxonomic assignment of the reads at the genus level. Taxa showing less than 1% of assigned
reads are grouped as “others”.
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Saccharolobus solfataricus

Bacteria

Others (<1%)

Pyrobaculum oguniense

Acidianus ambivalens

Pyrobaculum arsenaticum \

Site A
(% of reads)

Acidianus hospitalis

No Hits

Others (<1%)

Bacteria
Pyrobaculum oguniense \‘ Acidianus ambivalens

Pyrobaculum arsenaticum \

Saccharolobus solfataricus

Site B
% of reads)

Acidianus hospitalis

No Hits

Others (<1%) Bacteria
Viruses Acidianus ambivalens
Acidianus hospitalis
Metallosphaera prunae

Site C
(% of reads)

Figure 4. Taxonomic assignment of the reads at the species level. Taxa showing less than 1% of assigned

reads are grouped as “others”.

A notable difference between the result observed in Site A and the previous study consists in
the percentage of reads of unknown origin, which decreased from 32% in Pool 1 to 15.4% in Site A.
This variation indicates a change in biodiversity of the microbial community populating the pool as an
effect of the geothermal events that occurred between March 2012 and July 2019 (Pool 1 Biosample ID:

SAMNO09692669).
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Site B, alike Site A, also showed Acidianus (40%) as the dominant genus, followed by Pyrobaculum
(25%) (Figure 3) with a relative abundance of species comparable to what was observed in Site A
(Figure 4). This parallelism can be explained considering that the two sites are not physically distant to
each other and that the liquid fraction present in Site B was partially provided by the proximal Site A
(Figure 1A). Indeed, the main difference between Site A and Site B is that in the latter, 5% of the reads
were assigned to bacterial origins and the number of sequences not assigned to known microorganisms
was 1.7-fold higher than those present in Site A.

Reads assigned to the genus Acidianus were also present in the sample from Site C. These, however,
represented only 18% of the total reads, while the dominant genus was represented by Metallosphaera
(33%) (Figure 3), mainly attributable to the species M. prunae, which is known to grow at temperatures
between 55 and 80 °C and pH range 1.0-4.5 [25]. This result is in line with what was previously
observed in another extremely acidic site of the Pisciarelli hot spring, named Pool 2 (92 °C, pH 1.5)
(Pool 2 Biosample ID: SAMN09692670), where Metallosphaera sedula was the dominant species [20].
Nonetheless, the most abundant component (41.5%) of Site C consisted of reads that did not match any
known sequence.

Another remarkable difference between Site C and the other two sites was the number of viral
reads identified in this sample. As mentioned above, 4.6% of Site C reads were taxonomically
assigned to viruses. Among these, viruses mainly belonging to Bicaudaviridae (different variants of
Acidianus two-tailed virus and disparate types of Sulfolobus monocaudavirus), Ampullaviridae (Acidianus
bottle-shaped viruses), Fuselloviridae (Sulfolobus spindle-shaped viruses), and Ligamenvirales
(Sulfolobales rod-shaped viruses) were identified.

It is known that viruses play a key role in horizontal gene transfer (HGT) in prokaryotes [26].
Transfer of DNA has been shown to be involved in genome evolution and in adaptation to high
temperatures [27]. In particular, it has been proven that spindle-shaped fuselloviruses that infect
Sulfolobus and Acidianus species can promote the virus-mediated HGT between different hosts [28],
contributing significantly to the dynamic of the prokaryotic genomes. Thus, the presence in high
percentages of viral sequences in Site C might be attributed as a survival mechanism against rapid
environmental changing of this extreme site. Therefore, the peculiar microbial composition of Site C is
presumably related to the considerably more acidic pH value if compared to the other two mud pools.

2.3. Analysis of Bacteria Communities

To evaluate the bacterial communities present in Sites A, B, and C, the reads of the three samples
were analyzed in detail in the NT database (Table 1).

Table 1. Relative abundances of the bacteria communities in the Sites A, B, and C.

Genus Site A (%) Site B (%) Site C (%) Temperature Range
Thermoanaerobacter 0.10 26.00 1.24 Hyperthermophilic
Thiomonas 0.10 14.00 0.00 Mesophilic/Moderately thermophilic #
Thermoanaerobacterium 0.00 10.00 0.00 Thermophilic
Caldanaerobacter 0.00 9.00 1.24 Hyperthermophilic
Acidithiobacillus 15.00 4.00 0.00 Mesophilic/Moderately thermophilic b
Clostridium 6.00 0.50 10.00 Mesophilic
Hydrogenobacter 8.00 0.10 0.00 Hyperthermophilic
Aeromonas 0.10 0.10 8.00 Mesophilic
others (< 7% of bacterial reads) 70.70 36.30 79.52 mixed

a[29-31]. b [32].

In Site A, 22,276 were assigned to bacteria (Figure 5A) whose most abundant genera were
represented by the mesophilic/moderately thermophilic bacterium Acidithiobacillus (15%) and the
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hyperthermophilic Hydrogenobacter (8%), while the remaining 78% belonged to different genera whose
relative abundance was less than 7% (Figure 5B). Regarding the genus Acidithiobacillus it is important
to highlight that, although this is mainly represented by mesophilic microorganisms, it also groups the
moderately thermophilic Acidithiobacillus caldus with an optimal growth pH between 2.0-2.5 and with
an optimal temperature of 45 °C [32].

A

1.3%105+
1.2x106+
1.1x10°4 I Escherichia
5 Hl Shigella
1.0x10°> Bl Validated reads
1.5x10%
o 1.3x10%
g 1.0%x1054
w 7.5x10%4
S 5.0x10%
)
2
€ 2.5x10%
S
Z  2.0x10™
1.5%10%
1.0x10%4
5.0x10°4
0.0-
Site A Site B Site C
100+
8 801
§ E#@ Thermoanaerobacter
§ EE Thiomonas
@ 604 E= Thermoanaerobacterium
g Il Caldanaerobacter
g B Acidithiobacillus
§ 404 B Clostridium
"E Bl Hydrogenobacter
° B8 Aeromonas
S 20+
others (< 7%)
0-

Site A Site B Site C

Figure 5. (A) Number of reads in Sites A, B, and C assigned to bacteria. Black and grey indicate the
reads assigned to the genera Shigella and Escherichia, respectively, and filtered as contaminants. In blue
the number of validated reads used for the bacteria community analysis. (B) Bacteria community profile,
relative abundances, and diversity: hyperthermophiles (red), thermophiles (orange), mesophiles (blue),
others (each relative abundance % < 7, green).
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As previously indicated, among the three sites, Site B showed by far the highest percentage of
bacterial reads (1,188,674). The analysis of the relative abundances of bacteria present in the microbial
community of Site B (Figure 5B) allowed us to identify the hyperthermophiles Thermoanaerobacter
(26%) and Caldanaerobacter (9%), the thermophile Thermoanaerobacterium (10%), and Acidithiobacillus,
which, unlike in Site A, was much less abundant here (4%). It is important to note that one of the most
abundant bacterial genus present in Site B was Thiomonas (14%), which, although generally grouping
mesophilic species, also includes moderately thermophilic species identified in geothermal sources at
~45 °C and able to grow at temperatures up to 50 °C and in the pH range 4.0-7.0 [29-31].

In Site C, 141,784 reads were assigned to the kingdom of Bacteria. Of these, 15 and 52% were
assigned to the genera Shigella and Escherichia, respectively (Figure 5A). Since both are mesophilic
gammaproteobacteria whose natural habitat is the human and animal gut [33], these reads were
considered as environmental contaminations and not taken into account for the purpose of evaluating
the bacterial population.

Among the remaining 46,141 reads of Site C, the most abundant genera were Clostridium (10%)
and Aeromonas (8%). The Clostridium genus includes obligate anaerobic bacteria and Gram-positive
bacteria and are capable of forming spores in adverse environmental conditions, which populate soil,
sand, rivers, swimming pools, river bank mud, and marine sediments [34]. Unfortunately, the low
number of reads from Site C, associated with this genus, has not allowed for a more detailed taxonomic
annotation, and it is therefore currently impossible to trace the species present in the sample. However,
recently, two studies on microbial communities populating Malaysian hot springs (temperatures range
50-110 °C) [35] and five hot springs in Eritrea (temperatures between 45 and 100 °C) [36] revealed
the presence of various human pathogens, including Clostridium spp. and Aeromonas. In addition,
a novel thermophilic Clostridium species (C. thermarum) from a thermal spring in China has recently
been identified and characterized [37].

2.4. Assembly, Clustering, and Taxonomic Analysis of Unassigned Reads

To identify possible chunks of individual genomes present in the three samples, all the reads were
separately assembled by MEGAHIT [38] obtaining 6296, 38,136, and 16,854 contigs in Sites A, B, and C,
respectively (Table 2).

Table 2. Assembly statistics.

Site A Site B Site C
Number of contigs 6296 38,136 16,854
Total contigs length 9,459,744 53,411,732 18,962,457
Mean length 1502 1400 1125
SD value 160 33 54
Max contigs length 485,160 482,809 417,005
Min contigs length 200 200 200
N50 value 24,403 3592 2299
N80 value 737 727 602
N90 value 414 461 382

Contigs with a length >1000 bp were analyzed by MyCC [39], thus allowing the identification of
25 clusters in Site A, 21 clusters in Site B, and 16 clusters in Site C (Figure S1).

The clusters obtained were then analyzed by CheckM [40], which allowed us to validate those
with completeness values >20%, obtaining five clusters in Site A (7, 12, 17, 22, and 23), fifteen clusters
inSite B (2,3,4,6,7,8,9,11,13,14, 15, 16, 18, 19, and 20), and five clusters in Site C (1, 4, 5, 8, and 10)
(Tables S1 and S2).
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To obtain a taxonomic assignment, the validated clusters were analyzed by Diamond (in blastx
mode) using the NCBI Refseq Protein database [41] (Table 3). The result of this analysis made it
possible to note the Site A clusters as belonging to the Crenarchaeota phylum, in particular related to the
genera Acidianus, Pyrobaculum, and Desulfurococcus.

Table 3. Taxonomic assignment of Sites A, B, and C CheckM validated clusters.

Sample Cluster Phylum Dominant Taxa

Cluster 7 Crenarchaeota Desulfurococcus
Cluster 12 Crenarchaeota Pyrobaculum arsenaticum

Site A Cluster 17 Crenarchaeota Pyrobaculum spp.
Cluster 22 Crenarchaeota Acidianus hospitalis
Cluster 23 Crenarchaeota Acidianus spp.
Cluster 2 Mixed mixed
Cluster 3 Proteobacteria Acidithiobacillus caldus
Cluster 4 Firmicutes Caldanaerobius spp.
Cluster 6  Crenarchaeota Desulfurococcus spp.
Cluster 7 Crenarchaeota Sulfolobaceae
Cluster 8 Firmicutes Thermoanaerobacterium spp.
Cluster 9 Firmicutes Thermoanaerobacter spp.

Site B Cluster 11~ Proteobacteria Thiomonas spp.
Cluster 13 Crenarchaeota Pyrobaculum arsenaticum
Cluster 14 Firmicutes Caldanaerobacter subterraneus
Cluster 15 Firmicutes Hydrogenibacillus spp.; Thermicanus spp.
Cluster 16 Firmicutes Desulfotomaculum copahuensis
Cluster 18  Proteobacteria Desulfurella spp.
Cluster 19 Firmicutes Caldanaerobius spp.
Cluster 20 Mixed mixed
Cluster1  Crenarchaeota Acidianus brierleyi
Cluster 4 Mixed mixed

Site C Cluster 5 Mixed mixed
Cluster 8  Crenarchaeota Acidianus spp.
Cluster 10 Crenarchaeota Acidianus spp.

Site C, on the contrary, was characterized by clusters entirely related to Acidianus spp. and by
two clusters (4 and 5) with a highly heterogeneous assignment that prevented the identification of a
dominant species.

Differently, the clusters identified in Site B were mainly assigned to bacteria belonging to the phyla
Firmicutes and Proteobacteria, confirming what was already observed from the taxonomic analysis
of the reads. Three of the clusters of Site B were assigned to the Crenarchaeota phylum, related to
Desulforococcus spp. and P. arsenaticum.

To identify the origin of the reads that had no match against the NCBI NT nucleotide database,
these reads were aligned using Bowite2 [42] (Table 4). Regarding the unassigned Site A reads, most of
them were aligned with clusters 9, 22, and 23. The first two clusters were assigned to the genus
Acidianus (Table S1) and presumably represented the result of HGT, as previously reported [20].
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Table 4. Percent of reads without match vs. NT aligned to each cluster.

Site A Site B Site C
% of Unassigned % of Unassigned % of Unassigned
Cluster Reads Aligned Cluster Reads Aligned Cluster Reads Aligned
Cluster 1 0.59 Cluster 1 0.15 Cluster 1 * 0.51
Cluster 2 2.98 Cluster 2 * 3.71 Cluster 2 0.32
Cluster 3 0.05 Cluster 3 * 0.77 Cluster 3 0.1
Cluster 4 5.02 Cluster 4 * 3.83 Cluster 4 * 0.45
Cluster 5 1.59 Cluster 5 0.36 Cluster 5 * 2.17
Cluster 6 1.07 Cluster 6 * 3.48 Cluster 6 1.58
Cluster 7* 11.9 Cluster 7 * 36.51 Cluster 7 0.48
Cluster 8 0.05 Cluster 8 * 0.43 Cluster 8 * 44
Cluster 9 13.93 Cluster 9 * 243 Cluster 9 0.07
Cluster 10 1.04 Cluster 10 1.84 Cluster 10 * 85.64
Cluster 11 1.22 Cluster 11 * 8.85 Cluster 11 0.05
Cluster 12 * 417 Cluster 12 0.08 Cluster 12 0.68
Cluster 13 8.38 Cluster 13 * 12.92 Cluster 13 0.29
Cluster 14 0.17 Cluster 14 * 0.38 Cluster 14 0.61
Cluster 15 3.71 Cluster 15 * 8.65 Cluster 15 243
Cluster 16 0.22 Cluster 16 * 2.62 Cluster 16 0.22
Cluster 17 * 2.79 Cluster 17 2.04
Cluster 18 5.73 Cluster 18 * 6.75
Cluster 19 1.23 Cluster 19 * 1.88
Cluster 20 0.05 Cluster 20 * 2.19
Cluster 21 0.76 Cluster 21 0.13
Cluster 22 * 14.89
Cluster 23 * 18.2
Cluster 24 0.02
Cluster 25 0.24

* Clusters validated by CheckM.

Instead, cluster 23 was assigned to the genus Hydrogenobacter, suggesting the possible presence of
microorganisms not yet identified belonging to the Aquificaceae family.

As regards the unassigned Site B reads, these were aligned mainly against clusters 7 and 13.
While cluster 13 was assigned to Pyrobaculum arsenaticum, indicating also in this case a probable HGT
event, cluster 7 was instead taxonomically identified only at the family level as Sulfolobaceae.

The unassigned reads of Site C represented a completely special case. Indeed, these mostly
aligned (>85%) to cluster 10, whose taxonomic analysis was classified as related to the genus Acidianus.
Observing the contamination value of cluster 10 (45%) (Table S1), with which CheckM indicated the
percentage of the expected number of duplicate single-copy markers, it was legitimate to assume that
this cluster had grouped contigs belonging to species of Acidianus not yet identified.
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2.5. Evaluation of Microbial Replication Rates

To evaluate the individual contribution to the metabolic functions of the microbial consortia
present in Sites A, B, and C, the replication indices of the validated clusters were calculated using
iRep [43].

Among all the analyzed clusters, only ten respected the selection parameters (Table S3) and were
analyzed with iRep, which was able to determine the replication index for only four of these: cluster 7
of Site A and clusters 2, 4, and 6 of Site B (Table 5).

Table 5. iRep indices for validate clusters in sites A, B, and C.

Sample Cluster iRep Index Dominant Taxa

Site A Cluster 7 1.32 Desulfurococcus
Cluster 11 n/a Thiomonas spp.
Cluster 13 n/a Pyrobaculum arsenaticum
Cluster 15 n/a Hydrogenibacillus spp.; Thermicanus spp.
Cluster 18 n/a Desulfurella spp.

Site B Cluster 2 157 Thermoanaerobacteriales
Cluster 4 1.51 Caldanaerobius spp.
Cluster 6 1.39 Desulfurococcus spp.
Cluster 7 n/a Sulfolobaceae
Cluster 9 n/a Thermoanaerobacter spp.

Site C Cluster 5 n/a mixed
Cluster 10 n/a Acidianus spp.

n/a: not applicable.

The obtained replication indices allowed us to estimate the percentage of replication of the
microbial species associated with the clusters indicating that in Site A and in Site B, Desulfurococcus,
despite the low number of reads assigned to this taxon (<0.1% of the total reads in both sites), had more
than 30% of the cells in active replication (Figure S2).

In addition, regarding Site B, iRep showed that the bacteria belonging to the order of
Thermoanaerobacterales (2.4% of the total reads), including Caldanaerobius, had more than 50%
of the cells in the duplication phase (Figure S2).

Unfortunately, it was not possible to calculate the replication index of the other clusters, probably
due to the limitation of iRep, which during the analysis discarded the regions with very high and very
low coverage, applying a linear regression model relating exclusively to the coverage of the region
containing the origin of replication [43].

2.6. Functional Annotation and CAZome Analysis

To assess the metabolic potential of the microbial consortia populating the three sites, the contigs
obtained by the assembly were analyzed by Prodigal [44] identifying 14,933 ORFs on Site A, 81,938 ORFs
on Site B, and 31,179 ORFs on Site C. Then, the amino acid sequences of the identified ORFs were
functionally classified using the COG and SEED databases (Figures 6 and 7).

The analysis of the three samples showed an average comparable distribution of the functional
categories reported in both databases. However, by observing in more detail the classification
according to the COG database (Figure 6), it is possible to observe a marked difference in relation
to the sequences assigned to the functional category “Signal transduction mechanisms” (Category
T), where the percentage of ORFs of Site B was two-fold greater than those of Sites A and C. A more

157



Molecules 2020, 25, 4023 13 of 23

in-depth analysis of the ORFs assigned to this category revealed that this difference was mainly due to
the high number of ORF annotated histidine kinases of bacterial origin.

[L] Replication, recombination and repair
[C] Energy production and conversion
4] structure and
[E] Amino acid transport and metabolism
[M] Cell
[GIC transport and
[P] Inorganic ion transport and metabolism
[K] Transcription
HIC and
-g [O] Posttranslational modification, protein turnover, chaperones
{ A transport and
§

[1] Lipid transport and metabolism
[T] Signal transduction mechanisms
Q Y transport and
[U] Intracellular trafficking, secretion, and vesicular transport
[V] Defense mechanisms
[N] Cell motility
[D] Cell cycle control, cell division, chromosome partitioning
[B] Chromatin structure and dynamics
[A] RNA processing and modification
W] Extracellular structures
@ac
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% of sequences
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Figure 6. COG analysis of the metagenomes in Pisciarelli hot springs. Sites A, B, and C are compared
according to COG functional categories.
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Figure 7. Functional annotation according to the SEED database of the metagenomes in Pisciarelli sites
A,B,and C.
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In addition, the annotation using the SEED database (Figure 7) showed an average homogeneous
distribution between the functional classes, but there were clear differences in relation to the category
“Protein Metabolism”, more abundant in Site A; “Carbohydrates”, more abundant in Site C, where it
was also the most represented category; as well as in the categories “Mobility and Chemotaxis” and
“Dormancy and Sporulation”, in which Site B clearly dominated the other two. In particular, regarding
the “Dormancy and Sporulation” category, this was mainly composed of ORFs annotated as Stages
0,1 IL III, IV, and V sporulation proteins, confirming the presence of different sporogenic bacteria in
this site.

As for the “Mobility and Chemotaxis” category, the main differences were related to the presence
of ORFs of bacterial origin involved in the structure and mobility of the flagellum, while in Site C,
the ORFs annotated as “Archaeal Flagellum” and “Bacterial Chemotaxis” (dipeptide-binding ABC
transporter) were most abundant.

In all three samples, the largest number of ORFs functionally annotated belonged to the categories
“Carbohydrate Transport and Metabolism” and “Carbohydrate” of COG and SEED, respectively.
A similar result was previously observed in Pool 1 and Pool 2 and related to the abundant vegetation
around the Pisciarelli thermal spring, rich in starch, hemicellulose, and pectins, which could represent
an available carbon source for the microbial communities populating these geothermal sites [20].

To map the difference of the enzymatic activities involved in the synthesis, degradation,
and modification of carbohydrates (CAZymes) in the Sites A, B, and C, the ORFs of the three
samples were analyzed by dbCAN2 [45]. The assessment of the taxonomic origin of the identified
CAZymes revealed that in Sites A and C, the highest number of CAZymes belonged to the phylum of
the Crenarchaeota (76 and 93% respectively), while 71% of the CAZymes identified in Site B belonged
to the phylum of the Firmicutes (Table 6).

Table 6. Taxonomic assignment of CAZymes.

Phylum Site A SiteB  Site C
Crenarchaeota 76.0 15.2 92.8
Aquificae 16.4 29 0
Viruses 3.8 0.6 5.6
Thermodesulfobacteria 1.3 0.2 0
Euryarchaeota 0.6 2.2 0.4
Nitrospirae 0.0 1.7
Thermotogae 0.0 29
Firmicutes 0.0 71.1 0.8
Others (<1%) 1.9 3.2 04

The genus analysis (Figure 8) indicated a higher number of Acidianus-related CAZymes for
Sites A and C. In addition, while Site A had numerous activities related to Pyrobaculum and
Desulfurococcus and to several (hyper)thermophilic bacteria of the phylum Aquificae (Hydrogenobacter,
Thermocrinis, and Aquifex), the CAZymes of Site C were mainly assigned to the genera Metallosphaera,
Saccharolobus, and Sulfolobus. Differently, the greater number of CAZymes identified in Site B belonged
to the thermophilic bacteria of the genus Thermoanaerobacterium, Thermoanaerobacter, Caldanaerobius,
Caldanaerobacter, and Desulfotomaculum (Figure 8).

However, although it was possible to annotate the identified CAZymes at the genus level, less than
50% of these had an identity >95% compared to sequences already present in the Refseq Protein
Database, indicating the presence of new sequences related to carbohydrate active enzymes (Figure 9,
Tables S4-56).
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Figure 8. Taxonomic assignment of the CAZymes identified in sites A, B, and C. The filled area of the
rectangle indicates, on a logarithmic scale, the number of ORFs assigned to each taxon.

Glycosidases (GHs) represented 28%, 43%, and 27% of the CAZymes identified in Site A, Site B,
and Site C, respectively. Among the families of GHs common in all three sites (Figure 10, Table 7),
GH13, GH15, GH31, GH57, GH122, and GH133 were identified, which groups enzymes mainly active
on «-glycosidic bonds, indicating the presence of pathways of degradation of starch and amylopectins
used as energy reserves in plants around the area (mainly ferns, dicots, and grass) [20].

Among the identified GHs, 48 of these were present only in Site B (Table 7). The analysis
of aminoacidic sequences showed that these were associated exclusively with (hyper)thermophilic
bacteria with identities between 33% and 100% compared to the sequences present in the NCBI NR
database (Table S5).

A large fraction of the identified CAZymes was annotated as glycosyltransferase (GTs).
In particular, in Sites A and C they represented the most abundant activity class (62% and 58%
of the CAZymes, respectively), while in Site B GTs were only 38%.

Eight hypothetical families of GTs were identified exclusively in Site B (Figure 11A), namely GT1,
GT13, GT27, GT41, GTI76, GT81, and GT104, which are involved in glycosylation mechanisms
of proteins and peptides, and GT47, which groups heparan (3-glucuronyltransferase, xyloglucan
[-galactosyltransferase, heparan synthase, and arabinan «-L-arabinosyltransferase. The aminoacidic
sequence of the ORFs classified in these families revealed identity percentages between 48% and
99% compared to the sequences present in NR database, and a bacterial origin related to the genera
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Acidithiobacillus, Anaeromusa, Caldanaerobacter, Desulfofarcimen, Desulfotomaculum, Desulfurella, Planifilum,
Syntrophorhabdus, Thermoanaerobacter, Thermoanaerobacterium, and Thiomonas.
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Figure 9. Identity percentages of the CAZymes annotated in the sites A, B, and C against homologs in
the Refseq Protein Database.

Table 7. Shared GHs families among the sites.

Sites Number of GHs Families Shared GHs Families
. . . GH1, GH12, GH13, GH15, GH31, GH36, GH38,
Site A, Site B, and Site C 12 GH57, GH101, GH116, GH122, GH133
Site A and Site B o GH4, GH16, GH23, GH26, GH2, GH77, GH99,
GH130
Site B and Site C 4 GH3, GH5, GH78, GH109

GHO, GH2, GH6, GHS8, GH10, GH14, GH18, GH19,
GH20, GH24, GH25, GH27, GH29, GH30, GH32,
GH35, GH39, GH42, GH43, GH51, GH52, GH53,
Site B 48 GH63, GH65, GH66, GH67, GH73, GH81, GH84,
GH92, GH94, GH95, GH97, GH102, GH103, GH105,
GH106, GH108, GH120, GH123, GH125, GH127,
GH15, GH141, GH144, GH151, GH161, GH163

In addition, with regard to carbohydrate esterases (CEs) (Figure 11B), Site B showed unique families
(CE7, CE12, CE15, and CE16) which group putative acetyl xylan esterases, pectin acetyl esterases,
rhamnogalacturonan acetyl esterases, 4-O-methyl-glucuronoyl methylesterases, and acetyl-mannan
esterases with identity percentages between 58 and 100% with CEs identified in members of the genera
Thermoanaerobacter and Desulforella (Table S5), and which might be involved in the metabolism of
hemicellulose polysaccharides.

Site B has also been shown to be particularly rich in hypothetical carbohydrate-binding modules
(CBMs), in auxiliary activities (AAs) and in polysaccharide lyases (PLs) (Figure 11C,D). The hypothetical
CBMs identified exclusively in Site B are mainly involved in the degradation of starch and amylopectin
(CBM20, CBM25, CBM41) and of cellulosic and hemicellulosic polysaccharides (CBM6, CBM22, CBM23,
CBM32, CBM54, CBM59) with an identity percentage between 43% and 99% with bacterial sequences,
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mostly associated with the Thermoanaerobacter and Caldanaerobacter genera (Table S5). In contrast,
the only exclusive CMB family identified in Site A was CBM4, which groups specific modules for xylan,
-1,3-glucan, 3-1,3-1,4-glucan, 3-1,6-glucan, and amorphous cellulose but not crystalline cellulose.
The single sequence in Site A, annotated as CBM4, shows 97% identity with the cellulase C (GH16)
from Cellvibrio mixus containing a CBM4 [46].

8 12 16 20 30 40 50 60
number of ORFs
B SiteA I SiteB Site C

Figure 10. Distribution of glycosidases among the sites A, B, and C. The ORF number assigned to GHs
from each sample is displayed.
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Figure 11. Distribution of the (A) glycosyltransferase, (B) carbohydrate esterases, (C) carbohydrate-binding
modules, (D) auxiliary activities and polysaccharide lyases among the Pisciarelli sites. The ORFs number
assigned to each family from the three samples is displayed.

The hypothetical AAs present in all three sites belong to the families AA6 (1,4-benzoquinone
reductases) and AA7 glucooligosaccharide oxidases and chitooligosaccharide oxidases, showing >80%
identity in Sites A and C with sequences mainly associated with the phylum of the Crenarchaeota.
In Site B, the sequences of which more than 50% of identity have mainly been attributed to the bacterial
phyla of Firmicutes and Proteobacteria as well as for the families AA1, AA2, and AA3, were identified
exclusively in this sample.

Finally, only in Site B ORFs annotated as PLs were found. Among these, in particular, there was a
sequence assigned to the PL10 family, which includes pectate lyase, and three sequences assigned to
the PL15 family, which includes alginate lyase, oligoalginate lyase/exo-alginate lyase, heparin lyase I,
and heparin lyase III. While the only identified PL10 showed a low identity (47%) with the pectate lyase
from Pelosinus sp. UFO1, the three ORFs classified as PL15 showed identities between 90 and 99% with
hypothetical proteins associated with the thermophilic genera Thermoanaerobacter and Caldanaerobacter
(Table S5).

The remarkable number of sequences encoding putative CAZymes makes the Pisciarelli
microbial population an attractive source of novel thermophilic biocatalysts for industrial applications.
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The functional annotation here described represents a preliminary survey, but already promising
a relevant biochemical potential of the microbial consortia of the different geothermal sites in the
Pisciarelli area. Indeed, future research will carry out more detailed studies on these extremophilic
communities and their CAZomes in order to deepen their knowledge and exploit their biodiversity in
biotechnological processes.

3. Materials and Methods

3.1. Pisciarelli Hot Springs Sampling

Samples from the hydrothermal mud/water pools, Site A, Site B, and Site C, respectively,
were transferred into sterile tubes, respectively, were closed and immediately transferred to the
laboratory for DNA extraction. In situ measurements of temperature and pH were performed by using
an HI-93510 thermometer (HANNA instruments, Padova, Italy) equipped with a Pt100 probe, and a
pH meter for field use (sensION™ + PH1 equipped with 5051T electrode (HACH)).

3.2. Isolation of DNA

The samples composed by mud/water were centrifuged at 6000x g for 20 min at RT, and the
sediments were stored at —20 °C. The metagenomic DNA samples were purified from 5 g of sediment
collected from each site by following the protocol previously reported [47], except for the lysis step
performed by freeze-thawing in dry ice and at 65 °C.

The amounts of obtained metagenomic DNA were quantified by a Qubit 4 Fluorometer using the
Qubit™ DNA HS assay kit (Invitrogen-Thermo Fisher Scientific corporation, Waltham, Massachusetts,
USA), and DNA quality was independently assessed by visualization on 1% agarose (w/v) gels.

3.3. Sequencing of mDNA

The extracted and purified mDNA of each site was used for shotgun sequencing with Miseq
(lumina) performed at Novogene Europe, Cambridge (UK), and the datasets obtained were provided
as clean reads. The sequencing reads are available in the NCBI Sequence Read Archive (SRA) database
under the accession numbers SRR12124857 (Site A), SRR12124856 (Site B), and SRR12124855 (Site C).

The environmental data relative to the Sites A, B, and C (NCBI BioProject PRINA643424)
are available in the Biosamples database under the accession numbers SAMN15414048 (Site A),
SAMN15414049 (Site B), and SAMN15414050 (Site C).

3.4. Taxonomic Analysis and Assembly

For microbial diversity analysis, short paired-end Illumina reads (150 bp) were aligned to the
nucleotide reference database of NCBI NT by using Blast+/BlastN. The resulting output data of each
sample (Site A: reads = 21,090,866 with match in NT; Site B: reads: 18,258,802 with match in NT; Site C:
reads: 15'458’279) were used as input for MEGAN6 Community Edition with the following parameters:
MinScore = 40.0, MaxExpected = 0.7, TopPercent = 10.0, MinSupportPercent = 0, mode = BlastN) [48].

Clean reads were assembled using MEGAHIT [38] by using min-count = 2 and k-mers 21, 31, 41,
51,61, 71,81, 91, and 99.

Obtained contigs >1000 bp were grouped into bins by using MyCC [39]; the obtained clusters
were validated by CheckM v1.0.12 [40], and reads of each sample were aligned by using Bowtie 2 [42].

3.5. Replicative Estimation

To obtain a replicative estimation, the clusters validated by CheckM were filtered by using an ad
hoc pipeline to remove contigs with shorter than 5000 bp, completeness <75%, contamination >2%,
and a ratio fragment/Mbp > 175. Again, the reads of each sample were aligned to the remaining
clusters, and the SAM files obtained were analyzed by iREP [43].
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3.6. Functional Annotation

All the contigs obtained by the assembly procedure were analyzed by using Prodigal [44] to
identify the open reading frames. ORFs were analyzed by using Diamond in blastp mode [41] against
the NR database and functionally classified by MEGANG6 regarding the SEED and COG databases
(MinScore = 35; MaxExpected = 0.01; Top percent = 10; Min support percent = 0.05).

To identify the hypothetical carbohydrate-active enzymes the ORFs were analyzed by the dbCAN2
pipeline [45], and the resulting reads were taxonomically assigned using Diamond in bastp mode,
against the NCBI Refseq Protein database.

4. Conclusions

Extremophiles are organisms capable of adapt themselves, survive and thrive in hostile habitats
that were previously thought to be adverse or lethal for life [49]. Extreme conditions drive the evolution
of their inhabitants, highlighting the role of extremophiles as models for the study of the origin and
evolution of life on Earth and provide key insights into the boundaries of life, allowing us to speculate
mightily about possible extraterrestrial life forms [50]. Furthermore, the molecular and physiological
properties and the remarkable adaptive capabilities of extremophiles make them an attractive source
of biocatalysts for diverse applications in biotechnology, biomedicine, and industrial processes.

However, the study of extremophiles is a rather difficult field, mainly constrained by the
complexity of reaching their ecological niches and isolating these microbes. Pisciarelli Solfatara
hot springs represents a unique ecological niche for the study of hyperthermophiles. This area,
so surprisingly dynamic, is affected by sudden geothermal changes such as the increase of the
magmatic component of fumaroles, frequent seismic swarms, and bradyseism, indicating that the
hydrothermal system undergoes repeated injections of magmatic fluid [22]. These sudden changes are
generating hostile environments for survival and growth of (hyper)thermophilic microbial life forms.

The comparative metagenomic study reported here allowed us to understand the complexity of
the microbial community in three new sites that were generated by geochemical change happening
in this area in July 2019. This study demonstrates that these sites, although very close to each other,
showed remarkable differences in terms of pH and temperature that were reflected by significant
differences in the microbial consortia inhabiting each site.

Living at such selective pressure might foster the development and retention of a suite of metabolic
and physiological adaptations, which could play a key role in ensuring the presence and persistence of
life in extreme environments [51].

Indeed, the metagenomic investigation revealed a broad CAZome, correlated to the abundant
vegetation present around the Pisciarelli thermal spring, rich in starch, hemicellulose, and pectins,
which represent a considerable carbon source for the microorganisms populating the geothermal sites.

The presence of highly sophisticated mechanisms of adaptation together with the availability
of specific biochemical pathways sustaining peculiar physiological metabolic capabilities makes the
extremophilic microbial communities of Pisciarelli interesting from an astrobiological point of view.

Supplementary Materials: The following are available online. Figure S1. Clustering of metagenomic contigs by
MyCC; Figure S2. Estimation of the replication percentages obtained by iRep for cluster 7 of Site A (blue) and
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Abstract: Genetic decoding is flexible, due to programmed deviation of the ribosomes
from standard translational rules, globally termed “recoding”. In Archaea, recoding has
been unequivocally determined only for termination codon readthrough events that
regulate the incorporation of the unusual amino acids selenocysteine and pyrrolysine, and
for -1 programmed frameshifting that allow the expression of a fully functional a-L-
fucosidase in the crenarchaeon Saccharolobus solfataricus, in which several functional
interrupted genes have been identified. Increasing evidence suggests that the flexibility
of the genetic code decoding could provide an evolutionary advantage in extreme
conditions, therefore, the identification and study of interrupted genes in extremophilic
Archaea could be important from an astrobiological point of view, providing new
information on the origin and evolution of the genetic code and on the limits of life on
Earth. In order to shed some light on the mechanism of programmed -1 frameshifting in
Archaea, here we report, for the first time, on the analysis of the transcription of this
recoded archaeal a-L-fucosidase and of its full-length mutant in different growth
conditions in vivo. We found that only the wild type mRNA significantly increased in S.
solfataricus after cold shock and in cells grown in minimal medium containing hydrolyzed
xyloglucan as carbon source. Our results indicated that the increased level of fucA mRNA
cannot be explained by transcript up-regulation alone. A different mechanism related to
translation efficiency is discussed.

Keywords: Archaea; extremophiles; recoding; programmed frameshifting; limits of life
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1. Introduction

The decoding of genetic information into polypeptides is a dynamic mechanism in
which the standard rules of decoding can be altered in special cases. In fact, in particular
genes, signals encoded in the mRNA reprogram the ribosome to read the message in an
alternative way, a phenomenon called translational recoding [1]. Translational recoding
has been identified in organisms from all three domains of life and in viruses, and an
updated list of the genes regulated by this mechanism can be found in the Recode?
database [2]. Recoding has crucial roles in the regulation of gene expression and the most
common events are stop codon readthrough and programmed frameshifting (PRF) [1,3-
7]. In stop codon readthrough a stop codon is decoded as a sense codon by a near-cognate
tRNA. In addition to readthrough by near-cognate aa-tRNAs, stop codons can be recorded
by the specialized tRNAs with an anticodon that is complementary to the stop codon, such
as tRNAM™ or tRNAS«, encoding for the unusual amino acids pyrrolysine [8] and
selenocysteine [9]. Specific stimulatory elements downstream to the stop codon regulate
this process. Events of stop codon readthrough have been reported in all the three
domains of life [6]; in fact, a recent study showed that vascular endothelial growth factor-
A mRNA in mammalian endothelial cells undergoes programmed translational
readthrough generating an isoform containing a C-terminus extension [10]. Moreover,
recoding is of interest for biomedical applications. Recent studies revealed that the
premature termination codons suppression by specific drugs named “readthrough
agents” may play a role in the clinical treatment of genetic diseases caused by nonsense
mutations such as cystic fibrosis and Duchenne muscular dystrophy [11]. In PREF,
ribosomes are induced to shift to an alternative, overlapping reading frame 1 nt 3'-wards
(+1 frameshifting) or 5'-wards (-1 frameshifting) of the mRNA. The frequency of this
process varies in different genes where it is under the control of sophisticated mechanisms
[1]. The PRF has been studied extensively in viruses, retrotransposons and insertion
elements for which many cases are documented [12,13]. Among cellular genes, where this
phenomenon is less common, the best studied is the Antizyme expressed by a +1 PREF,
from yeast and protists up to humans, that functions both as a sensor of the polyamine
levels and as an effector of a self-regulating circuit [14].

In Archaea, recoding, which was deeply studied only recently, was unequivocally
demonstrated only for termination codon readthrough events that regulate the
incorporation of the unusual amino acids selenocysteine and pyrrolysine [8,15], and -1
PRF that allow the expression of a fully functional a-L-fucosidase in the crenarchaeon
Saccharolobus solfataricus [16-21]. This gene, named fucA, is organized in two open reading
frames (ORFs) SSO11867 and SSO3060 of 81 and 426 amino acids, respectively, which are
separated by a -1 frameshifting in a 40 bases overlap (Figure 1A). The analysis of the
region of overlap between the two ORFs showed the characteristic features of the genes
expressed by -1 PRF, including a heptanucleotide A-AAA-AAT (codons are shown in the
zero frame) named slippery sequence, where the -1 PRF of the ribosome takes place,
flanked by two rare CAC codons in tandem, and a putative stem-loop secondary structure
(Figure 1A) resembling, respectively, the bacterial Shine-Dalgarno-like sites and stem—
loops/hairpins, both with the function to slow down the translating ribosomes and
promote -1 PRF. Remarkably, we demonstrated that a full-length mutant of gene, named
framefucA, obtained by inserting specific site-directed mutations in the fucA gene in the
positions that were predicted to generate by —1 PRF a complete polypeptide (Figure 1B)
led to a functional enzyme a-L-fucosidase, named Ssa-fuc, of 495 amino acids, which
resulted in it being thermophilic, thermostable, and having an unusual nonameric
structure [16-19,22]. In addition, we showed that fucA is expressed by -1 PRF in both E.
coliand S. solfataricus demonstrating, for the first time, that this kind of recoding is present
in Archaea [20]. To date, only 8 archaeal a-L-fucosidases are reported and that from S.
solfataricus is the only one characterized. It is interesting to note that the S. solfataricus
strains P2 and 98/2, although isolated in the Pisciarelli solfataric field in Italy and in the
Yellowstone National Park, respectively, shows the same interruption, suggesting a
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conserved regulating mechanism for this gene organization. More recently, -1
frameshifting also appears to be used by the siphoviruses tailed virus 1 (HVTV-1) and
three viruses (HCTV-1, 2 and 5) that infect halophilic archaea, although the one used by
the haloarchaealmyovirus tailed virus 2 (HSTV-2) is likely +1 frameshifting [23,24]. In
addition, frameshifting is likely involved in the synthesis of magnesium chelatase from
the archaea Methanocaldococcus and Methanococcus [25]. However, no detailed studies on
the regulatory mechanism of these genes are reported. In Archaea, several functional
interrupted genes have been identified in S. solfataricus [26]. Increasing evidence suggests
that the flexibility of the genetic code decoding is a trait selected during evolution that
may increase microbial fitness under certain conditions [27]. This could be particularly
relevant in extreme environments, which, contrary to common believe, are not immutable
but subjected to sudden changes that greatly, and temporarily, modify the chemical-
physical parameters and to which microorganisms must adapt. For these reasons the
identification and study of interrupted genes in extremophilic Archaea are important
from an astrobiological point of view and can provide new information on the origin and
evolution of the genetic code and on the limits of life on Earth and beyond.
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Figure 1. The a-L-fucosidase gene. (A) fucA gene sequence. The N-terminal SSO11867 ORF (highlighted in yellow) is in the
zero frame, the C-terminal SSO3060 ORF (highlighted in green), for which only a fragment is shown, is in the -1 frame.
The 40 bp region of overlap between the two ORFs is highlighted with a light blue rectangle. The slippery heptameric
sequence is underlined with a red line; the rare codons are boxed, and the arrows indicate the stems of the putative mRNA
secondary structure. (B) framefucA mutant gene (only a fragment is shown). The blue arrows indicate the mutated
nucleotides in the slippery sequence, the insertion allowing to restore a single frame between the two ORFs (involved
amino acids highlighted in yellow).

Unfortunately, the study of recoding is still very limited in extremophilic Archaea
due to the difficulties of growing them in laboratory, the lack of reliable tools for gene
manipulation, and for the limited knowledge of the physiology of these organisms in vivo.

fucA is the only archaeal gene that has been demonstrated to be expressed by -1 PRF and,
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since it encodes for an enzyme that can be easily assayed in-vitro, it is an ideal molecular
system to study —~1PRF in vivo. In particular, understanding why fucA, a gene presumably
involved in carbohydrate metabolism, is expressed by recoding and if its expression is
regulated by specific growth conditions or metabolites, could help to shed some light on
how this mechanism evolved and is regulated in Archaea. Here, to test if the expression
of fucA is regulated in vivo, and in an effort of identifying external effectors involved in
its expression, we analyzed its transcription and the enzymatic activity of the a-L-fuco-
sidase in different growth conditions. In particular, we compared the wild type strain, in
which the expression of ficA is controlled by —1 PRF, with a mutant strain in which we
inserted the full-length gene and whose expression is therefore not translationally regulated
by -1PRF. We report here that, in some conditions, the mRNA level of the wild type tran-
script increased up to 10-fold, while the level of the full-length transcript remained almost
unchanged. The possibility that the increase in fucA transcript in the wild type is due to
improved translation efficiency rather than transcription up-regulation is discussed.

2. Results
2.1. Knocked-Out and Full-Length fucA S. solfataricus Strains

The essentiality of the a-L-fucosidase gene in S. solfataricus was analyzed by prepar-
ing a deletion mutant PBL2025:ASSO3060-55011867 (Del) and comparing it with the pa-
rental wild type (WT) and PBL2025 (a S. solfataricus strain deleted of 50 genes, from ORFs
5503004 to SSO3050, many of which encode for carbohydrate-active enzymes) strains in
standard conditions. To prepare the Del mutant, 444 nucleotides, internal to the gene,
from position 192 to position 638, were deleted. The strain has been controlled by PCR.
The deletion resulted in the introduction of a stop codon after 213 nucleotides from the
ATG of the first ORF S5011867. This could only result in the translation of a polypeptide
of 71 amino acids, ruling out the translation of a full-length protein and a functional en-
zyme. As reported in Figure 2A, the Del strain is viable, clearly indicating that fucA is not
an essential gene for S. solfataricus grown in this condition. In order to analyse the effect
of the presence of a full-length gene, not regulated by ~1PRF, we prepared a mutant strain
of S. solfataricus in which the interrupted wild type fucA gene was substituted with the
full-length mutant framefucA (FFuc strain). This mutant has been prepared by replacing
the same 444 nucleotide sequence of the wild type, as described above, with those of the
framefucA full-length mutant (Figure 1B). Therefore, in all these mutants the possible tran-
scription regulatory signals remained unchanged. By comparing the growth curves, we
observed that all strains were viable, but the mutants had a slightly longer latency phase
than WT (Figure 2A). Western Blot analysis (Figure 2B) performed on the cellular extracts
of both wild type and the two mutants, using antibodies against a-L-fucosidase, con-
firmed that the higher molecular band revealed in WT cellular extracts corresponded to
the oligomeric form of the a-L-fucosidase as previously reported [20,22]. As expected, a
more intense signal was observed in the full-length mutant FFuc strain. The high apparent
molecular weight of the bands in lanes 34 is due to the higher stability of the nonameric
structure of the enzyme in the S. solfataricus extract if compared to the purified recombi-
nant a-L-fucosidase, as already reported [20,22]. As reported previously [20], unspecific
signals for bands lower than 97 kDa and a very faint band visible in the Del lane, were
detected. The band observed at about 70 kDa in the Del mutant probably represent a mul-
timer of the 71 amino acids polypeptide.
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Figure 2. S. solfataricus wild type and mutant strains. (A) Representative growth curves of S. solfata-
ricus wild type (WT), PBL2025, Del and FFuc strains (red, blue, green and black lines, respectively)
in YCS medium at 80 °C. Error bars reported represent standard deviations. (B) Western blot anal-
ysis, performed with anti-a-L-fucosidase antibody, on cellular extracts of WT, FFuc and Del mutants.
Lane 1: ECL markers (97-66-45-30 kDa), lane 2: a-L-fucosidase 0.1 mg/mL; the additional bands ob-
served are due to partial proteolysis as already reported [22]; lane 3: wild type extract; lane 4: FFuc
extract; lane 5: Del extract. The apparent high molecular bands corresponding to the a-fucosidase in
vivo are indicated by a red arrow.

WT and FFuc strains grown in YCS were analyzed after 48 h of growth (late expo-
nential phase, FFuc 1.0, WT 0.9 ODsw) by contrast phase microscopy and no clear morpho-
logical differences could be observed between the two strains (Figure 3A). To get more
insights on the possible differences between the two strains at molecular level, we ana-
lyzed and compared the transcript level of fucA and framefucA, and the enzymatic units of
a-L-fucosidase in WT and FFuc strains. In particular, the activity of the enzyme is a con-
venient indication of the expression of a full-length polypeptide. Interestingly, in the FFuc
mutant the a-L-fucosidase activity was 8-fold higher than in the WT strain (18.0 vs. 2.3
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mU/mg) in standard conditions, as expected from a full-length gene. The mRNAs from
WT and FFuc strains, grown in standard conditions and recovered in the late exponential
phase as above, were analyzed by Real-time PCR. The ratio between wild type and mutant
mRNA was the result of three different measures and the transcript level of each sample
was normalized by using 16S rRNA specific oligonucleotides. The analyses showed that
the amount of mRNA extracted from the FFuc mutant (bearing the full-length gene) is
100-fold higher than the mRNA extracted from the wild type strain in which the gene was
interrupted (Figure 3B). It is well known that mRNAs with a premature stop codon (PTC)
are recognized and targeted for degradation [28-30]. Thus, this result suggested that the
presence of the -1 frameshift could acted as a cis-acting mRNA destabilizing element, tar-
geting part of the wild type mRNA for degradation. By contrast, the full-length mRNA
remained stable.

FFuc B a-L-fucosidase mRNA fold increase

i —r—T

N o o0 S O 8
v [N R )

Fold increase (Ratio)

Figure 3. Comparison of S. solfataricus wild type and FFuc strains. (A) Contrast phase microscopy of of WT and FFuc cell
cultures harvested in late exponential phase; (B) Transcriptional analysis of fucA and framefucA mRNA in S. solfataricus
WT and FFuc strains, respectively, analyzed by real-time PCR. The amount of fucA and framefucA mRNA were determined
in cultured cells and normalized against 16S (internal control). The amount of mRNA in the WT was set as 1 and that
present in FFuc was normalized accordingly. Data are representative of three measurements and are expressed as the
mean + SD. Statistical significance was performed using the two-tailed paired Student’s t test (* p < 0.05).

2.2. Environmental Conditions Variation in Pisciarelli Solfatara

It has already been well documented that PRF increases the coding potential of the
genome, it is often used to ensure a defined stoichiometry of protein products, to expand
the variability of cellular proteomes or adapt to changing environments [27]. The special
living conditions of Archaea, in particular of S. solfataricus growing at T = 80 °C and pH
3.0-5.0 in geothermal sites, make this organism an interesting model system to study
whether translational recoding is involved in adaptations to extreme environment, stress
responses and changing growth conditions. On the other hand, to predict which specific
elements could be involved in the regulation of fucA is not easy. To evaluate the effect of
the natural environment we exposed the wild type laboratory strain to a water-mud pool
in the Pisciarelli solfataric field (Figure 6), where it was originally isolated [31]. The S.
solfataricus grown in the laboratory up to 0.17 ODsoonm was divided into 3 groups of sample
cultures incubated as follows: (i) in the Pisciarelli solfatara using tubes capped with a 0.22
um filter, which allowed the exchange of trace elements present in the solfatara water, but
not of microorganisms and sediments; (ii) in the lab in the same tubes, but in a shaker at
80 °C; (iii) in the lab in a standard laboratory flask at 80 °C, in a shaker. To incubate the
samples in the Pisciarelli solfatara, a device, specially designed and built in collaboration
with Kayser Italia, was used. The device was anchored and kept floating by a buoy (Figure
4A). The temperature of the Pisciarelli solfatara pool was monitored using a thermometer
inserted in the incubation device. The ODsoonm were monitored in the laboratory controls
for the same incubation time as in Pisciarelli, and for the following three days. As shown
in Figure 4B, the growth of the controls in the tubes was slower than in the flask, probably
due to reduced oxygenation. When the control culture in the flask exceeded 1.0 ODsoonm,
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the tubes were recovered from the solfataric pool. At the end of incubation, the following
ODsoonm were measured: Pisciarelli tubes 0.21, lab flask 1.18 and lab tubes 0.42. During the
experiment, the temperature in Pisciarelli was rather stable, between 80 and 90 °C; how-
ever, fluctuations were also observed with a negative peak at 66 °C, and increments up to
96 °C, in response to heavy rain events and/or changing in the hydrothermal gas flux dis-
charged by the Pisciarelli pool (Figure 4D). A morphological analysis of the three samples
by contrast phase optical microscopy revealed the presence of cellular aggregates only in
the samples incubated in the Pisciarelli solfatara (Figure 4C). This is similar to UV-induced
stress response. In fact, it has been reported that the stress induced by UV irradiation of
S. solfataricus induces an archaeal pili system, which mediates cellular aggregation in re-
sponse to UV damage [32,33].
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Figure 4. Growth of S. solfataricus in solfatara Pisciarelli. (A) Device for the S. solfataricus growth in the Pisciarelli pool; (B)
growth curves of S. solfataricus WT in YCS medium, in lab (flasks and plastic tubes at 80 °C, black and red, respectively)
and in Pisciarelli pool in plastic tubes (blue); (C) contrast phase microscopy of cultures in lab, in flasks and plastic tubes,
respectively and in Pisciarelli pool in plastic tubes; (D) fluctuation temperatures measured in Pisciarelli pool during S.
solfataricus incubation.

Unfortunately, the very low amount of proteins extracted from the sample incubated
in the Pisciarelli pool (1.6 mg/mL), if compared to the control samples in the tubes (10.9
mg/mL) and in the flask (16.2 mg/mL), prevented a detailed comparative proteomic anal-
ysis of the three samples in order to evaluate fucA and other interrupted genes expression
in these conditions. Since the incubation of samples in the solfataric field was difficult to
replicate and monitor, we decided to analyse whether different growth conditions could
regulate the transcription and translation of fucA under controlled experiments in the lab.

2.3. Transcript and Enzymatic Activity Levels of a-L-Fucosidase in Different Conditions

The reason why the expression of fucA is regulated by frameshifting in vivo is not
known. Several lines of evidence allowed us to exclude that -1 PRF is used to set the ratio
of two polypeptides for the a-L-fucosidase but, rather, we suggested that it is used to reg-
ulate the expression of a functional full-length product [17-20]. Thus, the natural
frameshifting levels of fucA could likely vary depending on growth condition and physi-
ological state, as reported for E. coli in which frameshifting levels increase entering in the
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Cold shock point
s

stationary phase, presumably due to starvation and/or aa-tRNAs limitation [34,35], or in
the case in which a higher a-L-fucosidase activity is requested for specific physiological
reason.

We observed that, in standard growth conditions, fucA produced a rare transcript
[20] and expressed a low a-L-fucosidase activity. To get more insights into the possible
regulation of the transcription and translation of fucA, the WT and FFuc strain were grown
in different conditions and compared at molecular level by measuring transcript level, by
Real-time PCR, and the a-L-fucosidase activity, by enzymatic assays.

2.3.1. Cold Shock and UV Irradiation

As observed above, in its natural environment, S. solfataricus may have to face sudden
changes in temperature to which it must quickly respond. To evaluate the possible impact
of cold shock on the fucA gene expression, cold shock time course experiments were car-
ried out and growth curves of the wild type and FFuc strains were monitored up to sta-
tionary phase (Figure 5). As reported in Figure 5A,B, cells viability of both strains at 65
°C, and after cold shock at 4 °C, was not affected, and the growth curves were comparable
to the control at 80 °C, with no significant differences. Instead, fucA mRNA showed a 10-
fold increase in cold shocked cells at 4 °C, and 2-fold in cells grown at 65 °C (Figure 5B).
Surprisingly, in the FFuc strain, the framefucA mRNA was not affected in any of the con-
ditions tested, suggesting that the observed increase of mRNA in the WT strain after cold
shock was not due to transcriptional up-regulation. Moreover, in WT cells cold shocked
at 4 °C, we observed a 2-fold increase of a-L-fucosidase activity (from 2.0 to 4.2 mU/mg at
80 and 4 °C, respectively) (Figure 5D). By contrast, the a-L-fucosidase activity remained
almost constant in the cellular extract of FFuc strain.
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Figure 5. S. solfataricus strains response to cold-shock stress. (A) Growth curve of S. solfataricus WT strain at 80 °C (blue)
and subjected to cold shock at 65 and 4 °C (red and green, respectively). Data are representative of three independent
growth curves and are expressed as the mean + SD. (B) Growth curve of S. Solfataricus FFuc strain at 80 °C (blue) and
subjected to cold shock at 65 and 4 °C (red and green, respectively). (C) Real-time PCR of fucA and framefucA mRNA. The
amount of mRNA in each strain grown at 80 °C was set to 1 and the other values were normalized accordingly. Data are
representative of three measurements and are expressed as the mean + SD. Statistical significance was performed using
the two-tailed paired Student’s ¢ test (* p < 0.05) and ANOVA Dunnett’s test (p < 0.0013). (D) Activity assays on WT and
FFuc S. solfataricus cellular extracts on 4NP-a-L-fucopyranoside. Relative activity of a-L-fucosidase is expressed as mU/mg.

Following these results, we decided to evaluate the effect of UV irradiation, another
stressor commonly used for S. solfataricus [36,37] on both strains. We analyzed the cells’
viability after 60 J/m? UV doses of UV-C (254 nm) [38] by monitoring the growth curve of
the WT and FFuc strains after UV irradiation (Figure 6). After UV irradiation, the strains
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showed the same growth rate and morphological aspect of the controls (Figure 6A,B).
Real-time PCR analysis revealed that the amounts in mRNA of both fucA and framefucA
were reduced after UV irradiation (2- and 10-fold respectively) (Figure 6C), confirming a
transcriptional down-regulation of this gene after UV irradiation as already reported [36].
The enzymatic activity assays revealed that in the FFuc strain the decrease of the transcript
well correlated with the decrease of the enzymatic activity (16.5 vs. 6.8 mU/mg, control
and UV, respectively). Instead, in the WT strain, the enzymatic activity is comparable to
that of the control (3.3 and 4.0 mU/mg, control and UV respectively), despite a 2-fold de-
crease of the transcript level (Figure 6D).
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Figure 6. Response of S. solfataricus to UV irradiation. (A) Representative growth curve of S. solfataricus WT (blue lines)
and FFuc (green lines) in standard conditions and after UV irradiation. (B) Contrast phase microscopy of cell cultures
harvested after 50 h. (C) Real-time PCR of fucA and framefucA mRNA. The level of each mRNA was normalized against
16S (internal control). The mRNA amount of the non-treated WT and FFuc was set to 1 and the other values were normal-
ized accordingly. Data are representative of three measurements and are expressed as the mean + SD. Statistical signifi-
cance was performed using the two-tailed paired Student’s ¢ test. (* p < 0.05). (D) Activity assays of WT and FFuc cellular
extracts on 4NP-a-L-fucopyranoside. Relative activity of a-L-fucosidase is expressed as mU/mg.

2.3.2. Carbon Sources

S. solfataricus possesses a broad capacity for the degradation of different polymeric
sugars as documented by the presence of 28 glycoside hydrolases in its genome (according
to http://www.cazy.org (accessed on 4 March 2021)) [39,40]. Plant material originating
from woodland areas surrounding Pisciarelli solfatara [41], mainly contribute to the pres-
ence of different polysaccharides and glycoconjugates in the organism’s natural habitat.
Thus, S. solfataricus adapted its metabolism to these environmental conditions, but rela-
tively little is known about the function of these enzymes in vivo. However, several genes
encoding for glycosyl hydrolases, namely an a-glucosidase (5503051), a 3-glucuronidase
(5503036), a B-xylosidase (S503032), and the clustered a-xylosidase (XylS) and a-glyco-
sidase (Ssp3-gly) (5503022 and S503019, respectively), map close to fucA and are likely to
be involved in the degradation of polysaccharides for energy metabolism [42—49]. To eval-
uate whether the transcription and the translation of the fucA gene could be affected by
growing S. solfataricus with different carbon sources, the WT and FFuc strains were grown
in rich and minimal media supplemented with different sugars. As shown in Figure 7A,B,
both strains reached the stationary phase after 50 h in the two rich media supplemented
with sucrose or fucose, respectively. By contrast, they both showed an extremely slow

177



Molecules 2021, 26, 1861

10 of 18

growthin all three minimal media supplemented with sucrose, fucose and hydrolyzed
xyloglucan. Real-time PCR analysis performed on the mRNA extracted after 90 h of
growth revealed a slight transcription down-regulation for both strains grown in YCF,
minimal media with sucrose or fucose (Figure 7C). By contrast, interestingly, we observed
a 10-fold increase of fuucA mRNA in WT cells grown in minimal medium supplemented
with hydrolyzed xyloglucan (Figure 7C, blue bars). A 2-fold increase of framefucA mRNA
has been observed also in the FFuc mutant (Figure 7C, green bars). Furthermore, in cells
from WT we found a 2-fold increase of a-L-fucosidase enzymatic units when compared to
that found in YCS (from 4.0 to 7.6 mU/mg). Instead, in FFuc strain the increase is 1.3-fold
(from 16.2 to 21.0 mU/mg) (Figure 7D).

A [+ D
1.2
1.0 :
= Min+xyl &
-% . 25
07! Min+fuc
8 i g
- Min+suc § 20
YCF E
0.2 Ycs g 15 i i
000+ — —— T 10
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 Min+xyl * : 8
Time (h) Min+fuc —#* '% 6
- YCS Min+suc E :
- YCF
= Minimal Medium + Sucrose YCF -+ 0
5 i vcs P& FE D FEFE D
— iydrolyzed xyloglucan Q
150 L s e e s | L x@o"d LS u‘i\ﬁ
- 0123456782910 RN R
a2 mRNA fold increase
= WT = FFuc

ODgoo/mL.

m WT = FFuc

Time (h)
- YCS

- YCF

~ Minimal Medium + Sucrose

== Minimal Medium + Fucose

"0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Minimal Medium + Hydrolyzed xyloglucan

Figure 7. S. solfataricus strains growth with different carbon sources. (A) Representative growth curves of S. solfataricus
WT strain in different media: YCS (blu), YCF (black), Minimal Medium + Sucrose (red), Minimal Medium + Fucose (green)
and Minimal Medium + Hydrolyzed Xyloglucan (orange). Data are representative of three independent growth curves
and are expressed as the mean + SD. (B) Representative growth curves of S. solfataricus FFuc strain in different media: YCS
(blu), YCF (black), Minimal Medium+ Sucrose (red), Minimal Medium + Fucose (green) and Minimal Medium + Hydro-
lyzed Xyloglucan (orange). (C) Real-time PCR of fucA and framefucA mRNA. The level of each mRNA was normalized
against 16S (internal control). The mRNA amount in YCS was set to 1 and the other values were normalized accordingly.
Data are representative of three measurements and are expressed as the mean + SD. Statistical significance was performed
using the two-tailed paired Student’s ¢ test (* p <0.05) and ANOVA Dunnett’s test (p < 0.0001). (D) Activity assays on WT
and FFuc S. solfataricus cellular extracts on 4NP-a-L-fucopyranoside. The relative activity of a-L-fucosidase is expressed as

mU/mg.

3. Discussion

Increasing evidence suggests that the flexibility of translation may increase microbial
fitness under certain conditions [27]. This could be particularly relevant in extreme envi-
ronments, which are subjected to sudden environmental changes, as showed in Figure 4D,
to which microorganisms must rapidly adapt. PRF is one of the forms of recoding that
regulates and enriches gene expression. However, the physiological significance of PRF
has been assigned only to a minority of the cellular genes while for most of them it is still
uncertain [1,6,13,14,50]. The reason why fucA expression is regulated by -1 PRF in S. sol-
fataricus is not known. The polypeptide encoded by the smaller ORF SSO11867 could
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never be detected by Western Blot or proteomic analyses [20,26,51] In addition, the mod-
elling of Ssafuc on the high-resolution crystal structure of the a-L-fucosidase from Ther-
motoga maritima showed that the N-terminal polypeptide is not an independent domain
[22] and we have shown that SSO11867 includes essential catalytic residues [18], exclud-
ing the possibility that a functional a-L-fucosidase can be obtained from the C-terminal
ORF SSO3060 alone. Therefore, several lines of evidence allowed us to exclude that -1 PRF
is used to set the ratio of the two polypeptides, rather we suggested that this translational
mechanism might be required to control the expression level of the a-L-fucosidase [20].

To get more insights into the mechanism of regulation of fucA in S. solfataricus, we
compared the transcript level and the a-L-fucosidase activity of the WT strain with those
of the FFuc strain in which fucA, being full-length (framefucA), is not under the regulation
of -1 PRF.

Here, we found that the mRNA level of framefucA in FFuc strain is 100-fold higher
than that of the WT in standard conditions. It is well known that faulty mRNAs with PTC
are recognized and degraded by NMD [28-30]. These data suggested that the wild type
mRNA is recognized as an mRNA containing a non-sense mutation and initiated towards
a degradation pathway of NMD [30]. However, the presence of the full-length a-L-fuco-
sidase [20] and of the a-L-fucosidase activity suggested that low level of -1 PRF occurred
in standard conditions. In contrast, the mRNA of the FFuc strain, as expected for a full-
length gene, is stable and efficiently translated as suggested by the higher a-L-fucosidase
activity in cellular extracts of the FFuc strain.

Therefore, we decided to analyze the behavior of the two strains under different
stress conditions. Indeed, this comparison could provide useful information on the regu-
lation of fucA in vivo. Surprisingly, after cold shock, we observed a 10-fold increase of the
wild type transcript in WT strain, while in FFuc the full-length transcript remained con-
stant. We also observed an increase in the a-L-fucosidase activity of 2-fold. Since the pu-
tative regulatory transcriptional sequences of the wild type and mutant genes are the
same, this suggests that the increase in wild type transcript was not due to transcriptional
up-regulation. It has been proposed that recognition of a nonsense mRNA could depend
on translation [52] and that mRNA depletion is a consequence of the appearance of long
tracts of mRNA that are unprotected by scanning ribosomes [28], which, by binding to the
mRNA, have a protective effect on its stability [53]. Thus, we explain the higher amounts
of fucA mRNA with an increment of translating ribosomes, which stabilize fucA mRNA
and lead to the increased transcript level revealed by Real-time PCR. These results are
consistent with the proposed strategy adopted by the Sec codon to avoid detection as PTC
by the NMD surveillance pathway, linking the selenoprotein synthesis to the efficiency of
Sec incorporation. Under the conditions of adequate dietary selenium, when Sec-tRNASec
levels are high, NMD presumably does not occur because Sec incorporation is efficiently
out-competing translation termination [54-56]. Our data show that cold shock had an ef-
fect in vivo on the fucA gene, which is expressed by -1 PRF. Although both fucA mRNA
abundance and a-L-fucosidase specific activity increase after cold shock, the variation is
not comparable (10- vs. 2-fold in Figure 5C,D). Possibly, the increment rates for mRNA
stabilization and protein translation is different, they depend on the -1 PRF efficiency, or
a-L-fucosidase specific activity observed in these conditions was enough for the required
biological effect. The involvement of a-L-fucosidase in cold shock is not clear and requires
further studies that go beyond the aims of this work.

After UV irradiation, we observed a decrease in the transcript level for both wild type
and mutant genes, clearly indicating that fucA is subjected to transcriptional down-regu-
lation under this stress condition as already reported [36]. On the contrary, when WT was
grown in the presence of hydrolyzed xyloglucan, we observed a 10-fold increase in the
level of wild type mRNA and an increase of 2-fold in a-L-fucosidase activity. We observed
also a slight (2-fold) increase in transcription and enzymatic activity (1.3-fold) in the FFuc
strain. These data suggest that in these conditions transcriptional and translational up-
regulation occur in both the WT and FFuc strains. In the full-length gene the increase in
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the transcript level was much lower than in the wild type gene, suggesting that, as we
proposed for the cold shock experiments, the translating ribosomes stabilized the mRNA
of the wild type. The increasing demand of a-L-fucosidase in the presence of xyloglucan
oligosaccharides was not surprising. Several a-L-fucosidases belonging to glycoside hy-
drolases family GH29 in the Carbohydrate Active enZYmes database
(http://www.cazy.org/ (accessed on 4 March 2021)) [39-58]. In addition, we have previ-
ously reported that in S. solfataricus the a-xylosidase XylS and the (3-glycosidase Ss@-gly,
hydrolyzed tamarind seed xyloglucan oligosaccharides in vitro [48]. More recently, we
observed that the a-L-fucosidase is able to remove the fucose residues from fucosylated
xyloglucan oligosaccharides [59], suggesting that the three enzymes cooperate for the hy-
drolysis of xyloglucan oligosaccharides [17] like it has been suggested in T. maritima [49].

We propose that we observed an increase of the wild type mRNA in grown condi-
tions in which the a-L-fucosidase is required due to the stabilizing effect of the ribosomes
which translate through -1 PRF the interrupted gene. Why the a-L-fucosidase is regulated
in these, or other, grown conditions it certainly deserves further study, in order to provide
new information on the possible link between the mechanism of -1 PRF in Archaea and
increased fitness in extreme environments.

4, Materials and Methods
4.1. Culture Media

YCS: Brock’s salt medium supplemented with yeast extract (0.1%), casamino acids
(0.1%), and sucrose (0.1%) [60].

YC: Brock’s salt medium supplemented with yeast extract (0.1%) and casamino acids
(0.1%) [60].

YCF: Brock’s salt medium supplemented with yeast extract (0.1%), casamino acids
(0.1%), and fucose (0.1%) [60].

4.2. Strains and Growth Conditions

S. solfataricus strain P2 (DSM1617) and strain 98/2 (PBL2000) were considered indif-
ferently as wild type strains [61].

S. solfataricus strain PBL2025 is a natural deletion mutant of strain 98/2, in which a
fragment of about 50 kb of the chromosome containing ~50 ORFs (5503004-3050) is miss-
ing [62].

The mutant strains Del and FFuc were outsourced by the Gene Expression company
(Gene Expression Center for Biotechnology, University of Nebraska-Lincoln, Lincoln, NE,
USA). The mutants were obtained by using the PBL2025 as the parental strain. The two
ORFs encoding for the a-L-fucosidase are located on a DNA region of 1487 bp. The mutant
strain Del was obtained by deleting 444 bp of the fucA wild type gene (from position 195
to position 635), which includes the region of overlap between the two ORFs. The FFuc
mutant strain was obtained by replacing the same 444 bp DNA sequence of the wild type
with the DNA of the framefucA mutant, in which the two ORFs were carried on the same
reading frame through site directed mutagenesis. The Del mutant strain has been con-
trolled by PCR. The internal deletion of 444 bp determined the insertion of a stop codon
after 71 amino acids from the ATG, preventing the translation of a full-length protein.

Unless otherwise indicated, S. solfataricus strains were grown at 80 °C, pH 3.5 in
Brock’s salt medium supplemented with yeast extract, sucrose, and casamino acids (0.1%
each) [60]. The growth of cells was monitored spectrophotometrically at 600 nm and the
cells were harvested at the early stationary phase (0.7-1.0 OD) by centrifugation at 5000x
g for 15 min at 4 °C.

4.3. Growth of S. solfataricus P2 in Pisciarelli Solfatara Pool

S. solfataricus wild type, grown up to 0.17 ODeoonm in 100 mL of YCS in long neck
flasks, was divided into 3 samples: (i) in the first sample, the culture was incubated in the
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Pisciarelli solfatara by using tubes having a 0.22 um filter at the top of the cap, which
allowed the exchange of trace elements present in the solfatara water but not of microor-
ganisms and sediments; (ii) in the second sample the cells were incubated in the same
tubes but in controlled conditions (in the lab); (iii) in the third sample the cells were incu-
bated in controlled conditions (in the lab) but in a standard laboratory 250 mL flask. The
temperature of the pool was monitored for the duration of the experiment using a ther-
mometer inserted into the device. From the time of incubation in Pisciarelli and for the
following three days, the ODeoonm have been measured in the laboratory controls.

4.4. Growths in Different Carbon Sources

For each culture, S. solfataricus WT and FFuc strains were inoculated in long neck
flasks in 100 mL of YCS. Growth rate was monitored spectrophotometrically at 600 nm.
Each culture (initial ODeoo: 0.04) were incubated at 80 °C, pH 3.5 and under shaking at 160
rpm overnight (ON). Once the culture reached the early exponential phase (0.4-0.5 ODsoo),
it was diluted to a value of 0.05 ODsw in 250 mL of fresh media and growth at 80 °C.

1. Rich medium (YCS): Brock’s salt medium supplemented with yeast extract (0.1%),
casamino acids (0.1%), plus sucrose (0.1%).

2. Minimal medium + Sucrose: Brock’s salt medium supplemented with sucrose
(0.1%).

3. Minimal medium + Fucose: Brock’s salt medium supplemented with fucose (0.1%).

4. Minimal medium + Hydrolyzed Xyloglucan: Brock’s salt medium supplemented
with non fucosylated hydrolyzed Xyloglucan mix (0.1%).

5. Rich medium with fucose (YCF): Brock’s salt medium supplemented with yeast
extract, casamino acids and fucose (0.1% each).

Growth rate was monitored spectrophotometrically at 600 nm and cultures were har-
vested after 90 h (late exponential phase), centrifuged at 3500x g for 5 min and stored at
—20 °C until use.

4.5. Cold Shock

S. solfataricus WT and FFuc strains were inoculated in long neck flasks in 100 mL of
YCS and incubated at 80 °C, pH 3.5 and under shaking at 160 rpm overnight (ON). Growth
rate was monitored spectrophotometrically at 600 nm. Once the culture reached the loga-
rithmic phase of growth (0.4-0.5 ODeo), it was diluted to a value of 0.05 ODsow in three
aliquots of 250 mL of fresh YCS medium and cultured at 80 °C up to 0.5 ODeoo; once arrived
in early exponential phase, each strain culture was incubated (i) at 65 °C (ii) at 4 °C for 2
h and then again at 80 °C. As control one culture of each strain was grown at 80 °C as
described above. For each culture, growth rate was monitored spectrophotometrically us-
ing a Cary 100 (Agilent, Santa Clara, CA, USA) at 600 nm and cells were harvested during
the early stationary phase, at 0.8 ODsoo. Cells were centrifuged at 3500x g for 15 min and
pellets stored at —20 °C.

4.6. UV Irradiation

S. solfataricus WT and FFuc strains were grown in 100 mL of YCS up to 0.4-0.5 ODéeu.
An aliquot of 50 mL was put in ice and used for UV-irradiation. Irradiation was performed
by means of a UV-C lamp (model EF-280C/FE 230-volt 50 Hz 0.34 AMPS. Spectroline,
Westbury, NY, USA) set at A = 254 nm with a power of about 6.00 W/m?2. The UV flux at
the surface of cells was measured with a UV digital radiometer (HD 2102.2. Delta OHM,
Caselle di Selvazzano (PD), Italy). The experiment was carried out in sterile conditions: in
particular, 5 aliquots of 10 mL were transferred to a plastic petri dish (110 mm) and irra-
diated with UV light for 20 s at 245 nm (corresponding to an absorbed dose of 60 J/m?)
while shaking the culture carefully. The treated cultures were stored in the dark on ice for
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30 min and then incubated at 80 °C under shaking. Cell growth was spectrophotometri-
cally monitored, and the samples were harvested after 50 h. Cells were centrifuged at
3500x g for 15 min and pellets stored at —20 °C until use.

4.7. RNA Extraction and Real-Time PCR

Total cellular RNA was extracted from S. solfataricus WT and FFuc cells, according to
the Qiagen’s RNeasy mini protocol, with a DNase step treatment, at 37 °C for 20 min,
when necessary. Total RNA concentrations were estimated with Qubit 4 Fluorometer us-
ing the Qubit™ RNA HS Assay Kit (Thermo Fisher, Waltham, MA, USA) and RNA quality
was independently assessed by visualization on a 1.5% agarose (wt/vol) gels. cDNA was
synthesized from 300-600 ng of total RNA from each sample using SuperScript™ IV
VILO™ Master Mix reverse transcriptase (Thermo Fisher, Waltham, MA, USA) in a 25 uL
reaction. The reverse transcription reactions were performed according to Thermo Fisher
protocol. In particular, for each a reaction mixture containing 4 pL of RT reaction mix and
300-600 ng of RNA was prepared as a control the same mixture without reverse transcrip-
tase was used. The program used was as follows:10 min at 25 °C, 10 min at 50 °C, 5 min
at 85 °C.

The expression pattern of a-L-fucosidase (fucA and framefucA) for WT and FFuc
strains, respectively, was analyzed by using gene-specific primers FucFWD: 5'-
TGCCAGATAGACCAGAACAC-3' and FucREV5-GCCCTATGATACGAAATGCC-3'
designed to amplify a 277 bp region of the a-L-fucosidase gene (55011867-SSO3060). Oli-
gos were designed using the qPCR Probes Design Tool-GenScript (GenScript.com, Pisca-
taway, NJ, USA). Real-time polymerase chain reactions (real-time PCR) were performed
by using SYBR™ Green PCR Master Mix (Thermo Fisher, Waltham, MA, USA); each re-
action (20 pL) mix contained 10 pL of Mastermix, 150 nM (final concentration) of each
primer and 4 pL of cDNA (10 ng). PCR products were detected using Applied Biosystems
7300/7500/7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA)
The program used was as follows: 10 min at 95 °C, 15 s at 95 °C and 1 min at 60 °C for 40
cycles. All samples were analyzed in triplicate. fucA and framefucA gene expression pro-
files were normalized against 16S transcript to correct for differences in the starting
amount of RNA and in the efficiency of the reverse transcription reaction. Statistical sig-
nificance was performed for all qRTPCR experiments using the two-tailed paired Stu-
dent’s t test, and, for cold shock and different carbon sources growth experiments, also
with ANOVA Dunnett’s test. Melting curve analyses of each PCR reaction were per-
formed to assess specificity.

4.8. Optical Microscopy

Cell aliquots were collected during exponential phase and seeded on a slide glass
and analyzed with an Olympus BX51 contrast phase microscope (Olympus corporation,
Shinjuku, Tokyo, Japan), using a 100x lens.

4.9. Cell Lysates Preparation

The cell pellets obtained after centrifugation were resuspended in lysis butter (20 mM
potassium phosphate buffer pH 7.2, 150 mM NaCl, 0.1% Triton X 100) (1:5 v/v) and cell
lysis was performed with 5 cycles of freeze and thaw. The supernatant was clarified by
centrifugation at 12,000x g for 30 min, soluble fraction was separated, and protein concen-
tration was measured with Bradford Protein Assay Kit (Bio-Rad, Hercules, CA, USA).
Samples were kept frozen until use.
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4.10. Western Blot Analyses

S. solfataricus cells were lysed as described above and lysates were separated in 8%
SDS-polyacrylamide gel and transferred to PVDF membranes (Merck-Millipore, Burling-
ton, MA, USA). Filters were blocked for 3 h at RT in 5% (w/v) non-fat milk in PBS (Phos-
phate-buffered saline) 1X Tween-20 0.1% (TPBS).

For a-L-fucosidase, the filter was incubated with anti-FucA primary antibody (1:500,
PRIMM srl., Milan, Italy). After several washings in TPBS, membranes were incubated
with secondary antibody against mouse (1:50,000 PIERCE. Thermo Fisher, Waltham, MA,
USA) linked to horseradish peroxidase, and signals were visualized by chemilumines-
cence (ECL, Amersham, Little Chalfont, UK).

For fucosylated glycoproteins the filter was incubated with the UEAI-HRP labelled
antibody (0.1 mg/mL) for 2 h. After several washings in TPBS signals were visualized by
chemiluminescence (ECL, Amersham, Little Chalfont, UK).

4.11. Alpha-L-Fucosidase Activity Assay

a-L-fucosidase activity assay was performed at 75 °C in 50 mM sodium phosphate
buffer at pH 6.5, using 4-nitrophenyl-a-L-fucopyranoside (4NP-a-L-Fuc) substrate at the
final concentration of 4 mM and different amount of S. solfataricus WT and FFuc cellular
extracts. The reaction was blocked by adding 0.5 M Na:COs and the product, 4-nitrophe-
nolate (4NP), was detected spectrophotometrically at 405 nm. The extinction coefficient
used was = 18.2 mM-'ecm-. For all assays, spontaneous hydrolysis of the substrate was
subtracted by using appropriate blank mixtures without cell lysates. Enzymatic activity
assays have been performed in duplicate and reported as the mean + SD. One unit (U) of
enzymatic activity was defined as the amount of enzyme that released 1 umoL of 4NP per
min at the conditions described. The units of enzymatic activity have been normalized for
mg of total proteins in the cellular extracts.

5. Conclusions

Noticeably, a-L-fucosidases are extremely rare in Archaea and, up to now, ficA is the
only gene known so far that is expressed by -1 PRF in this Domain of life. Several func-
tional interrupted genes were identified in S. solfataricus [26] suggesting that in Archaea,
more genes could be regulated by translational recoding, such as those in viral genomes
or encoding for proteins with no enzymatic activity, but that have not yet been identified,
possibly because of the difficulty of isolating and characterizing them. Under this point of
view, the a-L-fucosidase activity is a useful molecular tool to study —1 PRF as it be easily
assayed in vitro [17]. Here, the analysis of different growth conditions showed that cold
shock and the presence of xyloglucan oligosaccharides increased up to 10-fold the mRNA
abundance of fucA, while the full-length control gene showed mRNA levels similar and
much less increased, respectively, if compared to standard growth conditions. We pro-
pose that the reason of the more abundant mRNA is due to the presence of ribosomes
performing -1 PRF and thereby preventing its degradation. This may suggest that cold
shock and xyloglucan oligosaccharides induce -1 PRF, but further studies, going beyond
the aims of this work, are required.

It has been already postulated that the flexibility of the genetic code decoding is a
trait selected during evolution to benefit microorganisms under certain conditions [27]. It
is tempting to speculate that this regulation at translational level might be advantageous
in extreme environments, which are often spots (e.g., for hydrothermal vents, solfataras,
acidic/basic/salty ponds, etc.) located in places dominated by mild conditions. In these
“extreme” sites, microbial communities might encounter sudden and reversible changes
of the optimal growth conditions more frequently than microbes living in stable condi-
tions. Therefore, translational recoding could be a way to maintain the expression of cer-
tain genes latent, and up- or down-regulate them under specific conditions. Approaches
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of system biology on the large amounts of available (meta) genomic data from extremo-
philes might open new avenues to the study of translational recoding in this domain of
life [63].
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