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RIASSUNTO

Le bioraffinerie e i bioprodotti

Le “bioraffinerie” identificano gli impianti industriali, che utilizzano matrici di origine
biologica, per ottenere i classici prodotti petroliferi (combustibili, carburanti, lubrificanti,
materiali plastici), con I'obiettivo di smaltire le eccedenze agricole e di ridurre al minimo
'inquinamento. Le bioconversioni sono realizzate utilizzando materie prime rinnovabili
e non incidono, dunque, sul bilancio complessivo dei gas serra. A seconda della
biomassa utilizzata, si possono identificare tre generazioni di bioraffinerie: la prima
nella quale i prodotti provengono dalla filiera agricola convenzionale; la seconda
utilizza scarti di origine agricola o forestale; la terza mira a valorizzare terreni marginali,
come quelli non agricoli o marini. La produzione di bioprodotti o biocarburanti e
generalmente conseguita attraverso il processo di fermentazione degli zuccheri
ricavati dalla biomassa. Un esempio di grande impatto sulla societa & stata la
produzione di bioetanolo, che ancora oggi € largamente prodotto in Brasile, da
biomasse di prima generazione (amido, mais). In questo caso, il livello di produzione
non riesce a soddisfare la crescente domanda della societa, riscontrando un elevato
impatto etico. Inoltre, I'utilizzo di biomasse, destinate all’alimentazione, non fornisce
un decremento delle emissioni dei gas serra, ma amplia il conflitto definito “food versus
fuel”. Una valida alternativa € rappresentata dalle biomasse lignocellulosiche, uno
scarto e nel contempo una fonte inesauribile di energia, in quanto sono prodotte in
notevoli quantita (100 tonnellate per anno), tali da soddisfare il fabbisogno energetico
mondiale. Questa biomassa & costituita da una struttura vegetale molto complessa,
che non ne permette un suo diretto utilizzo nelle bioraffinerie. Le biomasse vegetali,
infatti, sono caratterizzate da lignina, che serve a cementare le fibre vegetali, da
emicellulosa, che costituisce le pareti delle cellule vegetali ed &€ connessa, attraverso
legami ad idrogeno, alla cellulosa. Quest'ultima & una lunga catena di glucosio, che
conferisce resistenza ed elasticita alle fibre vegetali. Al fine di utilizzare questa
biomassa in scala industriale, il processo convenzionale ne prevede: il pretrattamento
(fisico, chimico-fisico, biologico), l'idrolisi enzimatica e infine, la fermentazione.
Durante il pretrattamento, il cui risultato & la destrutturazione a livello molecolare della
biomassa, la lignina viene allontanata e I'emicellulosa e la cellulosa diventano
accessibili agli enzimi. Quest’ultimi agiscono sui polisaccaridi liberando zuccheri
semplici, utilizzati successivamente dai microrganismi in metabolismo fermentativo,
per la produzione di nuovi bioprodotti (es. etanolo, lattato, succinato).

Scoperta di nuove GH termofile

| costi di produzione degli enzimi impiegati nella saccarificazione della cellulosa e
del’emicellulosa sono i maggiori fattori che incidono negativamente sul processo di
bioconversione della biomassa lignocellulosica. Gli enzimi che degradano la cellulosa,
sono definiti “cellulasi”, appartengono alla famiglia delle glicosil idrolasi (GH) e
catalizzano l'idrolisi dei legami (3-1,4-D-glicosidici. Le cellulasi sono enzimi diffusi dal
mondo animale a quello vegetale, fino ai funghi, batteri e protozoi, differendo per
struttura e meccanismo di reazione. In base alla reazione catalizzata, si distinguono
tre classi: endocellulasi, esocellulasi e cellobiasi.



L’emicellulosa, invece, essendo un eteropolisaccaride con una struttura
ramificata e non fibrosa, € costituita da una catena principale i cui monomeri sono
zuccheri esosi (glucosio, mannosio e galattosio) e pentosi (arabinosio e xilosio),
policondensati mediante legami B-1,4. L’'emicellulosa, cosi come le emicellulasi, sono
classificate in base alle tipologie di zuccheri. In natura, tra le piu diffuse nelle pareti
cellulari vegetali, troviamo gli xilani, i mannani, gli arabani e i galattani, rispettivamente
idrolizzati da xilanasi (EC:3.2.1.8.), mannanasi (EC:3.2.1.78), arabinasi (EC:3.2.1.99.)
e galattosidasi (EC:3.2.1.22.).

e Thermus thermophilus: una fonte di termozimi con applicazioni
biotecnologiche

| microrganismi termofili sono stati estensivamente studiati negli ultimi anni come una
ricca fonte di enzimi ad elevato impatto biotecnologico. In particolare, il genere
Thermus é considerato non solo una fonte di enzimi, ma anche una “cell factory” per
la capacita di over-esprimere proteine ricombinanti. In questo progetto di dottorato &
stata effettuata I'espressione omologa e la caratterizzazione di un’a-galattosidasi da
Thermus thermphilus HB27, appartenente alla famiglia delle GH36. L'a-galattosidasi
(a-D-galattopirinoside galattoidrolasi; EC: 3.2.1.22) & una glicosidasi ubiquitaria,
prodotta in piante, animali e microrganismi, in grado di idrolizzare a-D-galattosidi sia
semplici, che complessi. In generale, le a-galattosidasi hanno un vasto potenziale
applicativo nelle biotecnologie, dalla degradazione del raffinosio della canna da
zucchero, al trattamento della malattia di Fabry.

Analisi bioinformatiche preliminari sono state effettuate sul gene TTPO0072,
localizzato sul megaplasmide pTT27, presente nelle cellule di Thermus thermophilus
HB27. Attraverso allineamenti multipli, utilizzando la predizione di sequenza
amminoacidica, & stato possibile mettere in evidenza la sequenza consenso e
particolari residui catalitici, noti gia per altre a-galattosidasi. Il gene & stato clonato in
due vettori pET30 per I'espressione in E. coli e pMKE2 per I'espressione omologa nel
ceppo T. thermophilus::nar. In entrambi i casi, la strategia di clonaggio ha previsto
'aggiunta alla proteina ricombinante di un tag di istidine, per facilitarne la purificazione
con una cromatografia di affinita. Alla fine del processo di purificazione, la differenza
cruciale e stata la quantita di enzima ottenuto dalle due fonti, in quanto nell’ospite
mesofilo, la resa della proteina prodotta & stata 0.5 mg/L; differentemente nell’ospite
termofilo il livello di espressione raggiunto é stato di dieci volte maggiore (5.0 mg/L).
Date le differenze di resa, & stata condotta la caratterizzazione dell’a-galattosidasi
prodotta nell'ospite omologo T. thermophilus, TtGalA. In seguito alla purificazione, per
verificare l'identita e lo stato di purezza della proteina, & stata effettuata un’analisi
attraverso spettrometria di massa, che ha confermato la massa molecolare del
monomero di 55.8 kDa. Ulteriori analisi sono state effettuate per determinare la
struttura quaternaria, in particolare é stata eseguita una cromatografia ad esclusione
molecolare, accoppiata alla tecnica di light scattering-QELS, da cui si & evidenziato
che la proteina € esamerica ed ha un peso molecolare di circa 320 kDa. Per valutare
lattivita enzimatica di TtGalA é stato effettuato un saggio qualitativo mediante
zimografia e successivamente, I'enzima & stato caratterizzato per stabilire la specificita
di substrato e le costanti cinetiche. In particolare, per effettuare saggi di attivita
catalitica a diverse temperature e pH é stato utilizzato il substrato sintentico il pPNPG-
a-D-galattopiranoside. L’'enzima ricombinante ha mostrato avere un’attivita ottimale a
90°C e pH 6, mantenendo oltre il 40% di attivita relativa in un intervallo di pH tra 5.0 e
8.0 e piu del 90% dopo 30 ore a 70°C. In questo contesto, TtGalA si € dimostrata



essere una delle piu termoattive e termostabili a-galattosidasi studiate, con un elevato
potenziale nel processo di idrolisi della biomassa lignocellulosica.

e Studio dell’azione sinergica di un’a-galattosidasi e B-mannanasi termofila
Un punto cruciale nelle bioraffinerie € la saccarificazione delle cellulose ed
emicellulose, con il conseguente incremento del contenuto degli zuccheri fermentabili.
In particolare, per effettuare la completa idrolisi della frazione emicellulosica, é
richiesta I'azione di molteplici enzimi.

Un esempio sono i mannani, una classe di emicellulose, classificati in quattro
sottofamiglie a seconda della loro composizione: mannani lineari, glucomannani,
galattomannani e galattoglucomannani. Per la loro completa idrolisi & richiesta la
cooperazione di diversi enzimi: a-galattosidasisi (EC 3.2.1.21), B-mannanasi (EC
3.2.1.78), B-mannosidasi (EC 3.2.1.25) e B-glucosidasi (EC 3.2.1.21). Diversamente
dalla cellulosa, dove la cooperazione tra enzimi avviene sulla catena lineare, per le
emicellulasi esistono tre differenti classi di sinergia tra enzimi, che idrolizzano la catena
lineare e/o le ramificazioni (omosinergia, eterosinergia e antisinergia). Il progetto di
dottorato si e focalizzato sullo studio dell’eterosinergia tra due enzimi termofili, I'a-
galattosidasi TtGalA (descritta in precedenza) e DfurCelB una (-mannanasi da
Dictyoglomus turgidum, precedentemente caratterizzata nel nostro gruppo di ricerca.
Al fine di stabilire se fosse presente sinergia tra i due enzimi, sono stati utilizzati come
substrati, tre galattomannani con differenti rapporti in galattosio-mannosio: i semi di
carrube (1:4), il carrubo (1:3.5) e la gomma di guar (1:2). Analisi preliminari sono state
eseguite testando i due enzimi singolarmente sui substrati polimerici, da cui si & evinto
che TtGalA mostra un’attivita idrolitica simile ad altre a-galattosidasi note in letteratura,
mentre DturCelB, invece, esibisce un’elevata attivita su carrubo e semi di carrube,
rispetto all’attivita su gomma di guar. Quest’ultimo, a causa dell’elevata concentrazione
di galattosi nelle catene laterali, influenza negativamente l'attivita enzimatica. Per
stabilire I'eterosinergia nell'idrolisi dei galattomannani, i due enzimi termofili sono stati
incubati a 80°C per 30 minuti. | risultati ottenuti, hanno evidenziato che i due enzimi
lavorano cooperativamente su tutti i substrati testati ed in particolare, il maggior grado
di sinergia (1.8) & stato ottenuto su semi di carrube, utilizzando nella miscela di saggio
il 75% di TtGalA e il 25% di DturCelB. Inoltre, € stato dimostrato attraverso i saggi
sequenziali, che TtGalA agisce come primo enzima, rimuovendo I'ingombro sterico dei
galattosi e favorendo l'idrolisi di DturCelB sulla catena lineare. Dai risultati ottenuti, si
puo ipotizzare che i due enzimi termofili, TtGalA e DturCelB, possono essere dei
canditati per lo sviluppo di cocktail enzimatici da utilizzare durante il pretrattamento o
nella fase di raffreddamento del processo, favorendo la riduzione del costo di
saccarificazione.

¢ Protocollo di induzione UV per la produzione di particelle virali del virus
Sulfolobus spindle-shaped virus 1

Le condizioni di temperatura e pH tipiche dei processi industriali, influenzano
negativamente la stabilita della struttura proteica degli enzimi e quindi la loro attivita
catalitica. Una delle strategie utilizzate per superare questa criticita €
'immobilizzazione enzimatica su supporti inerti insolubili. Per questo motivo in questo
progetto di dottorato, un altro aspetto preso in esame & stato la messa a punto di un
protocollo per l'induzione di particelle virali archeali (VPs) del virus SSV1, come
supporto per 'immobilizzazione degli enzimi termofili.



Il fusellovirus SSV1 € uno dei primi virus archaeali ad essere stato isolato ed &
considerato un modello per lo studio dell'interazione virus-ospite. Oltre ad infettare il
suo ospite naturale, Sulfolobus shibatae (B12), SSV1 & in grado di proliferare anche
in cellule di Sulfolobus solfataricus. La caratteristica peculiare di questo fusellovirus &
'inducibilita della sua trascrizione e replicazione, in seguito ad esposizione a
radiazione UV, con la conseguente produzione di particelle virali rilasciate nel mezzo
di coltura senza lisare le cellule ospiti. Nel corso di questo dottorato € stato messo a
punto un protocollo d’irradiazione, che inducesse opportunamente il virus, ma che al
contempo salvaguardasse il piu possibile la vitalita delle cellule ospiti. Una prima
analisi € stata condotta sull'effetto dell’irradiazione sulla replicazione virale, in
particolare, saggi mediante PCR semi-quantitativa e digestione enzimatica hanno
evidenziato che la quantita di DNA virale incrementa maggiormente in cellule trattate
con 45 J'-m? (0.5 J-m?s™), rispetto a colture trattate con altre dosi. Inoltre, & stato
osservato un elevato numero di particelle virale rilasciate nel mezzo di coltura dopo
circa 24 ore dal trattamento (circa 5 - 10° PFU/mI). La vitalita delle cellule ospiti & stata
dimostrata diminuire allaumentare della dose totale e dell’energia d’irradiazione,
utilizzata per trattare le cellule. Questo ha permesso di confermare, come buon
compromesso, una dose totale di 45 J-m™ fornita utilizzando un’energia d’irradiazione
di 0.5 J-m™ al secondo; infatti, questa dose determina una sopravvivenza cellulare del
37%. Una volta stabilita 'adeguata dose ed energia per l'irradiazione, € stata effettuata
un’analisi nel tempo, per valutare dopo quante ore dal trattamento fosse sbloccata la
replicazione di SSV1. A tal scopo, esperimenti di PCR semi-quantitativa sono stati
allestiti, per stimare le variazioni della quantita di DNA virale nel tempo, dimostrando
che poche ore dopo il trattamento (2-4 ore) si verifica uno sblocco della replicazione
virale, con un accumulo di DNA dopo circa 8 ore dal trattamento. Inoltre, il successivo
decremento (10-24 ore) potrebbe essere spiegato dall’estrusione delle particelle virali,
da parte delle cellule infettate (SSV1-InF1), nel mezzo di coltura. Questi esperimenti
dimostrano la possibilita di poter indurre la produzione di VPs, al fine di purificarle dal
mezzo di coltura e utilizzarle per 'immobilizzazione degli enzimi termofili.

Isolamento di nuovi ceppi di microrganismi termofili e cellulolitici
Una delle principali strategie adottate per la ricerca di nuovi enzimi, da impiegare nel
processo di saccarificazione, é I'isolamento di microrganismi in grado di crescere e
idrolizzare i polisaccaridi presenti nelle biomasse lignocellulosiche. Una preziosa fonte
di microrganismi e biocatalizzatori sono gli ambienti nei quali i microrganismi si sono
evoluti sotto pressione selettiva. In studio & stata effettuata la selezione per la ricerca
di nuovi ceppi -cellulolitici e termofili, per consentire [lidentificazione e la
caratterizzazione di nuovi enzimi con caratteristiche idonee al processo di idrolisi
industriale, quali: alte temperature, pH acidi ed elevata efficienza catalitica.

e Bacillus coagulans MA-13: un ceppo termofilo e cellulolitico per la
produzione di acido lattico

In natura, la degradazione della biomassa lignocellulosica richiede complessi processi,
che includono la presenza di microrganismi decompositori. Per cui una delle riserve
piu ricche di nuove specie cellulolitiche sono proprio i residui agricoli e forestali; in
particolare in questa tesi di dottorato sono stati utilizzati come fonte per 'isolamento di
microrganismi termofili e cellulitici, gli scarti di lavorazione dei fagioli. Dopo diversi
passaggi di screening, selezione ad elevate temperature (60°C) e utilizzando come
unica fonte di carbonio la carta da filtro o la carbossi-metil-cellulosa (CMC), & stato



isolato il microrganismo Bacillus coagulans MA-13. Questo batterio € stato selezionato
per la sua abilita nell’'utilizzare substrati complessi ad una temperatura ottimale di
crescita di 55°C. Partendo dal presupposto che diverse specie di Bacillus sono in
grado di secernere enzimi idrolitici e che B. coagulans & in grado di metabolizzare
substrati complessi, il surnatante ottenuto dalla crescita é stato testato per individuare
la presenza di attivita cellulasica, mediante saggi enzimatici su piastra.

B. coagulans € anche noto per essere un organismo modello usato per la
produzione di acido lattico da biomassa lignocellulosica. Per questo motivo, il nuovo
ceppo isolato MA-13 é stato testato per la sua abilita fermentativa utilizzando zuccheri
sintetici, esosi e pentosi, presenti nella frazione cellulosica ed emicellulosica. Inoltre,
B. coagulans MA-13, & stato cresciuto anche utilizzando come fonte di carbonio la
melassa, che costituisce un esempio di materia prima grezza ottenuta per
concentrazione delle acque madri, ottenute dalla fase di estrazione del saccarosio.
Questa & largamente impiegata su scala industriale come fonte di carbonio, in
numerosi processi microbiologici e nell’alimentazione animale.

Un’altra caratteristica indispensabile nei microrganismi adibiti alla produzione di
biocarburanti e bioprodotti € la tolleranza verso gli inibitori rilasciati durante il
pretrattamento della biomassa. Per questo motivo, B. coagulans MA-13 & stato
cresciuto in presenza della frazione liquida ottenuta dopo il pretrattamento acido della
paglia di grano. Questa frazione, definita idrolizzato, contiene furfurali,
idrossimetilfurfurali e acido acetico, composti altamente tossici per la vitalita cellulare.
Questi esperimenti hanno dimostrato che: i) il ceppo €& resistente ad elevate
concentrazioni di idrolisato, ii) la produttivita specifica di acido lattico aumenta e iii) le
rese di acido lattico restano invariate, allaumentare della concentrazione dell’idrolisato
nel mezzo di coltura. L’'unico parametro influenzato negativamente dalla presenza
degli inibitori & la lunghezza del processo fermentativo, che aumenta
significativamente da 18 ore a 48 ore, quando & presente il 95% di idrolisato nel terreno
di crescita. Questi risultati, supportano l'ipotesi che il ceppo MA-13 possa essere
impiegato nel processo di produzione di acido lattico, utilizzando come fonte di
carbonio uno scarto industriale (la melassa) e riducendo al minimo 'apporto di acqua
all'interno del processo, poiché sostituita nella sulla totalita dall’idrolisato, ottenuto
dopo il processo di pretrattamento.

e Bacillus coagulans MA-13: produzione di acido lattico da scarti agricoli e
forestali

Le bioplastiche sono bioprodotti non derivanti dalla raffinazione del petrolio, con la
caratteristica di essere biodegradabili o biocompostabili. L’acido lattico € un precursore
delle bioplastiche ed esiste in due forme enantiomeriche (L- e D-), ma soltanto
dall'isomero otticamente attivo (L-) & possibile ottenere il polimero cristallino dell’acido
polilattico. Dato che il processo biologico utilizzato per ottenere l'isoforma L- € la
fermentazione lattica, in questo progetto il ceppo MA-13 & stato testato per la
produzione di acido lattico in configurazione SSF (simultanea idrolisi e fermentazione)
utilizzando come biomassa la paglia di grano pretrattata con idrolisi acida, ad elevate
temperature e pressione. La biomassa é stata ottenuta dal “SP Biorefinery Demo Plant
di Ornskoldsvik” (Svezia) e il processo & stato ottimizzato, presso la Chalmers
University, sotto la direzione del Prof. Carl Johan Franzén. In questo caso MA-13 &
stato propagato in anaerobiosi, ad un pH di 5.5 e una temperatura di 55°C, condizioni
ottimali sia per la catalisi enzimatica, che per la crescita e fermentazione del batterio.
La particolarita di questo processo € I'aggiunta di una fase di adattamento, in cui le
cellule in seguito utilizzate per la fermentazione, sono state propagate in condizioni



controllate in assenza o in presenza di idrolisato (0%-30%-40%-50%), per indagare
sulla possibilita di favorire una pressione selettiva verso gli inibitori e migliorare le rese
dell'intero processo.

Le cellule sono state cresciute fino alla fase stazionaria precoce (circa 18-20
ore) e raccolte per effettuare I'SSF, utilizzando in un apposito bioreattore per favorire
I'agitazione del terreno di coltura contenete la biomassa pretrattata solida. Dai prelievi
effettuati, ogni tre ore, sono state condotte analisi mediante HPLC, al fine di
quantificare la produzione di acido lattico e monitorare, attraverso la conta cellulare
(CFU: unita formanti colonie), la vitalita delle cellule. Dai risultati ottenuti, la resa di
acido lattico € la stessa in tutte le condizioni testate, ma nel caso in cui le cellule sono
state cresciute in presenza del 30% di idrolizzato, il processo dura 12 ore (invece di
30 ore), con un incremento della produttivita massima (2.1 g/L/h), rispetto alle cellule
non sottoposte al processo di adattamento. Dai dati ottenuti, il ceppo MA-13, durante
la propagazione in presenza di idrolizzato, risulta essere adattato fisiologicamente agli
inibitori, poiché é& influenzata positivamente sia la velocita del processo di
fermentazione, che la produttivita di acido lattico. In conclusione, B. coagulans MA-13
€ un candidato promettente, per la produzione di acido lattico da biomasse
lignocellulosiche.

| risultati ottenuti, durante questo progetto di dottorato, dimostrano la
potenzialita di enzimi e microrganismi termofili, da utilizzare come nuovi biocalizzatori
nell’idrolisi di biomasse lignocellulosiche e nella produzione di materiali ad elevato
valore aggiunto.









ABSTRACT

Feedstocks of lignocellulosic biomass represent a widely available and cheap organic
material for the production of value added-products. In this context, thermophilic
microorganisms are promising candidates both for the production of thermostable
variants of carbohydrate-degrading enzymes, as well as for their own ability to thrive
under harsh bioprocessing conditions.

The first part of this PhD-thesis was focused on the characterization of new
hemicellulolytic enzymes (TtGalA and DturCelB) from thermophilic source. TtGalA, a
thermoactive and thermostable a-galactosidase from Thermus thermophilus HB27
was expressed in the native host, displaying an optimal hydrolytic activity at 90° C and
pH 6.0 and long-term retained activity (30 hours) at 70°C. DturCelB is a f-mannanase
from Dictyoglomus turgidum characterized in our research group exhibiting optimal
catalytic activity at 70°C and pH 5.4. The heterosynergystic functional association
between TtGalA and DtfurCelB was assayed on galactomannan polysaccharides in
simultaneous and sequential assays. Our data showed that the two recombinant
enzymes were able to work in synergy on all substrates tested, with TtGalA acting as
first to remove galactose residues and therefore, exposing cleavage sites to DturCelB
hydrolysis, thus increasing the degradation efficiency of complex substrates.

Enzymatic immobilization techniques are suitable for enzyme recovery and
recirculation. Several such techniques and support materials have been previously
proposed, nevertheless the employment of viral particles has not been widely exploited
so far. Because of our longstanding experience with archaeal thermophilic viral
particles from Fuselloviridae, we aim at using them as self-assembling support to
immobilize thermophilic carbohydrate-active enzymes. For this purpose, an UV
induction protocol was successfully set up for the overproduction of thermophilic SSV1
virus particles.

The second section of this thesis was addressed to the discovery and
characterization of a new thermophilic strain (MA-13) of Bacillus coagulans. This
microorganism was isolated from canned beans manufacturing residues for its ability
to grow at 55°C, using carboxymethyl-cellulose and filter paper, as carbon sources.
Noteworthy, MA-13 was tested for its ability to secrete soluble endo-1,4-3- glucanase
enzymes into the culture supernatant. Moreover, it turned to be an efficient lactic acid
producer on hydrolysate derived from the pre-treatment of wheat straw by acid-
catalyzed hydrolysis and steam explosion. MA-13 was also used to set up the
production of lactic acid from renewable lignocellulosic biomasses in SSF
configuration.
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INTRODUCTION

1. Thermophiles and biotechnology

Microorganisms can be roughly classified, according to the range of temperature at
which they can grow, in: i) psychrophiles (below 20°C), ii) mesophiles (from 20° up to
45°C), iii) thermophiles (from 50° up 70°C) and iv) extremophiles (above 70°C). From
biological point of view, the study of these microbes, has an important implication in
regard to evolution, for the diversity in their microbial metabolisms and prokaryotic
ecosystems [1]. On the other hand, the impact of biotechnology on our lives is
inescapable and in addiction the comparison between the natural habitats of
thermophiles and the typical industrial cultivations reveals both the advantages and
the limits of these microorganisms [2]. Today the use of microorganisms has
become so prevalent in biotechnology applications, thus rendering their discovery and
the genetically modification rights underpin our economy.

In this thesis, the attention was pointed on thermo- and extremophilic
microorganisms, for their industrial applications.

2. Thermophilic enzymes

Life at high growth temperatures requires cell components stable and biologically
active at these extreme temperatures [3]. Although several thermophilic proteins
exhibit high thermostability and high temperature optimum, it is still not well understood
as to how the proteins from these hyperthermophiles are protected against damage at
temperatures, which are detrimental for mesophilic proteins. Although many studies
attempted to identify “universal” factors imparting thermostability, protein
thermostability is indeed a complex property controlled by several features which may
be working additively. Among these sequence-level factors (specific amino acid like
Arg and Glu being significantly represented in thermophiles) and structure-level factors
(energy of unfolding, number of Van der Waals contacts per residue, number of resides
involved in secondary structure) are the most common [4].

Recently another area of interest, that is receiving considerable attention, is the
efficient conversion of feedstock into fermentable sugars, through mechanical,
chemical and biocatalytic treatments of the raw materials. Thermophilic and
thermostable enzymes offer robust catalyst alternative to the mesophilic counterpart,
since they can withstand the harsh physical and chemical conditions typical of
industrial processes [5, 6].

2.1 Glycosidases
In nature, two main classes of biocatalysts are involved in the carbohydrates
modifications: Glycosyltransferases (GTs) and Glycoside Hydrolases (GHs). In
biological systems, they are responsible for the synthesis and the hydrolysis of the
sugars, respectively. These enzymes are classified in families in a database named
CAZy (http://www.cazy.org) on the basis of their aminoacidic sequence [7]. GTs
catalyze the formation of the glycosidic bonds, transferring the sugar moieties from the
activated donator to specific acceptor molecules. These families are organized on the
basis of their substrate specificity and either in dependence of retaining or inverting
mechanism, according to the stereochemistry of the substrates and reaction products.
GHs (also named Glycosidases) are a widespread group of enzymes that hydrolyze
the glycosidic bond between a carbohydrate and another moiety and are categorized



into over 100 families. These families of enzymes are distinguished in exo- or endo-
glycosidase depending on position of the substrate, respectively [8]. Generally, the
hydrolysis involves only two amino acids, a proton donator and a nucleophile base,
producing a retention or inversion of anomeric configuration of the glycosidic substrate.
Therefore, GH are also classified according to the inverting or retaining mechanisms.

Commonly, thermophilic GHs are used for the hydrolysis of lignocellulosic
biomasses. In biorefinery, this process named “saccharification” is employed to
produce sugars that can be converted through fermentation into value added product.
Since these bioprocesses require high temperature, extreme pH and pressure,
thermostable and thermoactive enzymes are particularly suitable for this purpose [5].
Furthermore, the thermostable enzymes features may improve the global yield of the
process providing additional advantages, as: (1) better enzyme penetration, (2) cell
wall disorganization of the raw materials, (3) increase of the substrate solubility and (4)
reduction of contamination [5].

Currently, several a-amylase from Bacillus acidicola [9], glucoamylases from
Picrophilus [10], and a-pullulanase from Thermococcus kodakarensis [11] are used in
starch-hydrolysis to replace their mesophilic counterparts.

2.2 GHs involved in lignocellulose hydrolysis

Lignocellulose is the product of the carbon fixation during the photosynthesis of the
land plants [12]. During the life of the plants, its rule is to provide the structural integrity
to withstand the herbivores and pathogens attacks. In detrital food webs, saprophytes
and detritivores are involved in the natural decomposition of lignocellulosic-biomass
[13]. Since this kind of biomass is generated in large quantities every-day, it could be
advantages to exploit it in biorefinery applications. However, lignocellulose is a
complex matrix constituted of hemicellulose, which is coated the cellulose by
microfibrils. Moreover, polysaccharide components are encapsulated by lignin, rending
lignocellulose recalcitrant to enzymatic digestion [13]. In industrial processes, a
chemical and physical pretreatment is employed to disarray the lignin. The resulting
polysaccharides are hydrolyzed by the enzymatic mixture based on (hemi)cellulases
and auxiliary enzymes needed to obtain an effective saccharification [14]. GHs are the
primary enzymes that cleave glycosidic linkages present in cellulose and hemicellulose
(Fig. 1)[15].

2.2.1 Cellulose conversion by cellulases

Cellulose is a homo-polysaccharide composed of B-D-glucopyranose units linked
together by (1-4)-glycosidic bonds. The cellulose molecules are linear and its length
depends on the type of plants of origin. Glucose anhydride, which is formed via the
removal of water from each glucose, is polymerized into long cellulose chains that
contain 5,000-10,000 glucose units. The basic repeating unit of the cellulose polymer
consists of two glucose anhydride units, called a cellobiose units [12]. Cellulose
fraction is hydrolyzed by the synergistic action of multiple GHs, acting on internal bonds
(e.g., endocellulase: EC 3.2.1.4), extremities (e.g., exocellulase EC 3.2.1.91), and
intermediate degradation products (e.g., B-glucosidase: EC 3.2.1.21). To achieve the
complete degradation of the polysaccharide, the cellulolytic bacteria have developed
during the evolution, several strategies to produce: i) individual enzymes with
accessory proteins (i.e carbohydrate-binding modules (CBM)), ii) complex of proteins
with multiple GH domains [16] and iii) cellulosomes, a multi-enzyme machines
produced by many cellulolytic microorganisms (Fig. 1A) [16].
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2.2.2 Hemicellulose conversions by hemicellulase

The second most abundant biopolymer on earth is hemicellulose. Unlike cellulose,
hemicellulose is a branched polysaccharide consisting in shorter chains of 500-3,000
sugar units [17]. Hemicelluloses include pentoses (xylose and arabinose), hexoses
(glucose, galactose, mannose) and also sugars in their acidified form (glucuronic
acid and galacturonic acid) can be present. Among these, mannans comprise linear or
branched polymers derived from sugars such as D-mannose, D-galactose and D-
glucose [18]. Moreover, they represent the major source of secondary cell wall found
in conifers (softwood) and leguminosae. In particular, mannans are classified based
on their sugar composition in: i.e. mannans, glucomannans, galactomannans and
galactoglucomannans. To achieve the complete degradation of galactoglucomannans,
the most complex mannans subfamily, different hydrolytic enzymes such as [3-
glucosidase (EC 3.2.1.21), endo-mannanase (EC 3.2.1.78), mannosidase (EC
3.2.1.25) and a-galactosidase (EC 3.2.1.22) are needed (Fig. 1B) [19].
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Figure 1. Graphical representation of cellulose and hemicellulose degradation [15].
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2.3 Discovery of new thermophilic GHs

Industrial biotechnology research has been addressed into the discovery of ecofriendly
lignocellulose hydrolytic enzymes able to withstand pH, temperature and inhibitory
compounds typical of the industrial conditions [20]. The isolation and identification of
lignocellulose degrading-microorganisms from natural habitats, together with genomic
and metagenomic studies allow the exploitation of a rich reservoir of enzymes with
novel activities and/or functional and structural features. High stability and efficient
activity over a wide range of temperatures, making them interesting for industrial
processes. The main issue for the utilization of thermophilic enzymes, is their market
production in large scale. For long time, Escherichia coli has been employed to
produce thermophilic recombinant enzymes, but in some cases their expression level
can be low to achieve amount necessary for industrial scale [20]. For this reason,
different genetic systems for both archaeal and bacterial thermophilic microorganisms
have been developed. However, the amount of the recombinant proteins is in general
lower than that obtained through conventional mesophilic expression systems [21].

2.3.1 Thermus thermophilus HB27 as source of thermozymes
Thermus thermophilus HB27, a microorganism with high biotechnological potential,
has already made an impact on the research community [22]. In particular, its genome
sequencing has made possible the discovery of numerus genes crucial for the cell
mechanisms and processes such as, replication, transcription and translation.
T. thermophilus is an aerobic Gram-negative thermophilic bacterium, that grows in a
temperature range from 50° and 82°C. Its genome consists of a chromosome
(1,894,877 base pair) and of a megaplasmid (pTT27, 232,605 base pair) (Fig. 2) [22].

The cells morphologically appear as thin bacilli and the envelope consists of
four layers. The membrane is composed, as all Gram-negative bacteria, primarily of
phospholipids and lipopolysaccharides and the structural integrity is guaranteed by a
peptidoglycan layer covalently linked to an amorphous material. Another characteristic
is the highly competence for natural transformation. The most commonly employed
isolates are the strains T. thermophilus HB27 and HB8 [23], because the high rates by
which they can be transformed by natural competence. Therefore, these strains are
widely used as host for the efficient introduction of heterologous DNA and genetic
modification, allowing the construction of libraries for large inserts and they are
considered a good candidates for the functional screening of genomic and
metagenomic library at elevated temperatures [24]. Interestingly, HB8 strain, unlike
HB27, can grow in anaerobic conditions performing a partial or complete denitrification
or is able to use as final acceptors heavy metals [25]. This additional ability of T.
thermophilus HB8 was confirmed by the presence of a nitrate reductase gene cluster,
absent in HB27 and in other aerobic strains. The cluster encodes for respiratory nitrate
reductase operon, strongly induced by the combined effect of nitrate and low oxygen
concentration [25].
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Figure 2. Analysis of the chromosome and plasmid pTT27 of T. thermophilus HB27 [22].

In order to create a specific expression system for Thermus spp., a plasmid
pMKE1, containing replicative origins for E. coli and Thermus spp., a selection gene
encoding a thermostable resistance to kanamycin, and a 720 bp DNA region
containing the promoter (Pnar), was developed [26]. The expression of the proteins
was specifically induced by the combined action of nitrate and anoxia in facultative
anaerobic derivatives of T. thermophilus HB27::nar modified by transferring the gene
cluster for nitrate respiration from HBS8, through conjugation into the HB27 strain.
Subsequently, to increase the protein expression levels, pMKE1 was genetically
modified producing a new vector named pMKEZ2 [27]. This latter one was used in this
thesis to express a homologous a-galactosidase (named TtGalA) in the native host

(paper 2-1).

2.3.2 Isolation of a new strain of thermophilic cellulolytic Bacillus coagulans

The discovery of new microorganisms from microbial communities is a promising
strategy to identify carbohydrate active-enzymes with new features, in order to widen
the application prospective of thermozymes [28]. The suited organisms for the
degradation of lignocellulose are the production fungi. Since, their ability to secrete
extracellular enzymes, numerous fungi have been isolated and identified, such as
Aspergillus, Rhizopus, and Trichoderma species [29-31]. However, the bacteria
thriving to the harsh conditions, are also a good candidate for the isolation of novel
cellulose hydrolysing enzymes [32]. The intrinsic feature of bacteria is the fast growth
rate that improves the competitiveness in the industrial process. Cellulase-producing
bacteria have been isolated from various sources such as decaying agricultural wastes
[33], soil [28], and extreme environments like hot-springs [34]. In general, the
catabolism of cellulolytic strains can be classified in two strategies for the utilization of
cellulose [35]. Aerobic bacteria are known to produce free-cellulase into the media to
hydrolyse the polymeric substrate. Anaerobic bacteria display a tendency to adhere to
cellulose, producing a proteic organelle, the cellulosome [36]. Even if exists a basal
classification, various microbial species show a combination of these features [37]. In
particular, in this PhD-thesis it was isolated a facultative anaerobic cellulolytic Bacillus
coagulans strain, from bean manufacturing processing (paper 3-1).

2.4 Synergistic action of thermophilic GHs
Since the lignocellulosic wastes are composed of polymeric complexes, their
enzymatic degradation is accomplished by numerous carbohydrate-active enzymes,
whose collective action increases the hydrolysis yield of cell walls [13]. Typically, these
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mixtures act together as a cocktail with complementary, synergistic activities and
modes of action. This synergism can be based on the combination of: i) purified
proteins ii) individual domains ii) recombinant organisms expressing ligninase,
hemicellulase or cellulase encoding genes. For instance, the naturally occurring
cellulosome synergism is based on the action of non-hydrolytic proteins (i.e. expansin
or swallenin) as well as of carbohydrate-binding modules (CBMs). Instead,
commercially available cocktails for cellulose digestion are composed of
cellobiohydrolases, endoglucanases, and B-glucosidase [38]; while for the hydrolysis
of pretreated lignocellulose the synergism among cellulase, xylanase, esterase, and
mannanase is exploited. In this PhD-thesis it was studied the synergism between the
a-galactosidase from Thermus thermophilus and a B-mannanase from Dictioglomus
turgidum on the galactomannan substrates (manuscript 2-1l).

2.5 Immobilization strategy

The enhancement of enzymes efficiency is one of the current demands of the
world’s biotechnological industries. One procedure used to increase the enzyme
conversion and the stability is the immobilization, i.e. the confinement of enzyme to a
solid phase [39]. In the green economy context, the number of enzymes required for
the lignocellulosic wastes is very high. Therefore the immobilization strategies is
crucial, since this makes possible the enzymes recovery and their recycling [40]. Since,
enzyme catalysis takes place in a small region of the protein, i.e. the “active site”, the
challenge of the immobilization technique is to avoid drastic changes in enzymatic
activities, optimum pH, affinity to the substrate, stability. Several methods are used for
immobilization, the three of the most common being: i) carrier binding; ii) crosslinking
and iii) entrapment.

Carrier binding is based on the formation of interactions between enzyme and
a support. This method can be further categorized as physical adsorption, ionic
binding, covalent binding, metal binding and disulfide binding (Fig. 3A). Among these,
the oldest technique is the physical adsorption, where the enzyme is adsorbed to
external surface of the support, but it is often too weak to keep the enzyme upon
temperature fluctuations, changes in pH, substrate concentration and ionic strength.
Therefore, the covalent binding, represents a better alternative. In this case a covalent
bound between the amino acid side chains available on the enzyme surface and to the
chemical groups on the carrier, is formed. Others non-covalent bindings (i.e. ionic,
metal, affinity and disulfide binding) lead to reversible immobilization (Fig. 3A) [41, 42].

Crosslinking, also called copolymerization, is an alternative technique
developed to overcome the enzymes stabilization during the process. In this method,
the enzymes are directly covalently linked to each other, through poly-functional
reagents as glutaraldehyde and di-isocyanates (Fig. 3B).

The last type of immobilization is the entrapment in which the enzymes
embedded in a capsule or fibers made up by semipermeable membrane (i.e. natural,
synthetic polymers or gel like structure etc.) (Fig. 3C).
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Figure 3. Various methods for enzyme immobilization.
A) Carrier binding; B) Cross linking and C) Entrapment.

On the other hand, the carriers or supports for immobilization are grouped into three
major categories: i) natural polymers (i.e. alginate, chitin, collagen, gelatin, cellulose);
ii) synthetic polymers (i.e. diehylaminoethyl cellulose, polyvinyl chloride and UV
activated polyethylene glycol) and iii) inorganic materials (i.e. zeolites, ceramic, silica,
glass) [43].

Enzyme nano-carriers (ENCs) represents a new trend in immobilization techniques
and is based on the use of nanoparticles as enzymes support. Virus particles (VPs),
are highly ordered nanostructures composed of viral genetic material (either DNA or
RNA) embedded inside the capsid which is composed by several copies of virus capsid
proteins (CPs) [44]. The main advantages of the employment of VPs resides in their i)
nanometric size range, ii) propensity to self-assembly, iii) stability and robustness iv)
bioavailability and v) easy production in large amount. Interestingly, CPs can be
modified by either genetic or chemical modification to achieve an efficient enzyme
immobilization. So far, studies on the use of VPs as nano-scaffolds have been devoted
to enzyme selection, enzyme confinement, phage therapy and raw material
processing. For instance, a tandem gene construct obtained by fusion of the T7 capsid
gene with two ORFs encoding for an a-amylase from Bacillus licheniformis and a
xylanase A from Bacillus halodurans, was obtained [45].

The high-scale production of VPs can be easily achieved through culturing bacterial
and/or archaeal cells infected with bacteriophages and viruses, respectively. Since,
Archaea thrive in extreme environments, it is expected that archaeal VPs exhibit even
more resistance to chemical-physical conditions than the bacterial counterparts. In this
PhD thesis, an induction protocol for overproducing thermophilic virus particles (VPs)
from the archaeon Sulfolobus solfataricus (InF1-SSV1) has been set up (paper 2-l1l)
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with the final aim to exploit them as natural occurring nanoparticles for enzymes
immobilization.

3. Biorefinery and Bioeconomy
In biorefinery biomass can be processed to produce value added product, such as
biofuels (mainly ethanol, butanol and biodiesel) and bio-based chemicals (lactic acid,
itaconinc acid, 1,3-propanediol, etc.) [46].

The processes to convert biomass feedstock into bio-products may be
classified: “first generation” uses crops; “second generation” uses lignocellulosic
residues from agro-industrial residues; and “third generation” is based on the use of
algae as biomass [47]. All biorefinery generations are playing an important role in the
future development of a bio-based economy. Bioeconomy is an important component
of the EU economy and it aims at establishing a connection between functional
bioeconomy and synthetic biology for the replacement of fossil fuels [46]. In this
context, the outstanding relevance of the bioeconomy is increasing influencing both
academia and industry. Specifically, the objective of “Circular economy” is to create an
industrial system, in which business creates competitive advantages [48]. Currently,
the global renewable biochemicals market is growing in size and importance, and the
production of eco-friendly alternatives to petrochemical products, such as plastic
polymers are increasing. Fossil-derived plastics (petroplastics) have posed serious
problems, due to their extremely long persistence in the environment. Unlike
petroplastics, the biodegradable polylactic acid (PLA) is obtained from microbial
fermentation and chemical polymerization of the D- and L-lactic acids. Bioplastics
made from PLA show similar physical properties as those produced from petroleum-
derived polyethylene terephthalate (PET) polymers. Interestingly, PLA-derived
bioplastics are used extensively in biomedical applications, such as sutures, dialysis
devices, drug capsules, and evaluated as a matrix for tissue engineering. In this PhD-
thesis the new thermophilic and cellulolytic Bacillus coagulans strain MA-13 was
demonstrated a great ability to ferment lignocellulose-derived sugars to lactic acid
(paper 3-1 and manuscript 3-II).

3.1 Lignocellulosic biomasses

The feedstocks are the most promising low-cost source alternative to the functioning
of modern industrial societies [49]. In addition, forestry, agricultural and agro-industrial
biomasses are generated every day in large amount. They are the non-edible portions
of the plant, and therefore, they do not interfere with food supplies. All feedstocks
produced from available atmospheric CO,, water and sunlight through biological
photosynthesis are the suitable candidates to fix the production rate of CO; to its
consumption rate. In particular, through the process of photosynthesis, chlorophyll
captures the sun's energy by converting carbon dioxide from the air and water from
the ground into carbohydrates, i.e., complex compounds composed of carbon,
hydrogen, and oxygen. When carbohydrates are burned, they turn back into carbon
dioxide and water, releasing the sun's energy captured [50]. In this way, biomass
functions as a sort of natural battery for storing solar energy. Recently, the renewable
biomasses have gained increasing research interests, as sustainable source of organic
carbon in earth, for the production of fuels and fine chemicals with net zero carbon
emission [49].
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In general, the lignocellulose biomass composition highly depends on its
deriving source (i.e. hardwood, softwood, or grasses). A typical lignocellulosic biomass
is composed of cellulose (35-50%), hemicellulose (26-35%) and lignin (14-21%), as
well as other minor components (Fig. 4) [49].
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Figure 4. Schematic representation of lignocellulosic biomasses.

3.2 Bioconversion of lignocellulose
The biological process commonly used for the bioconversion of lignocellulose biomass
into value added-products involves: i) pretreatment; ii) saccharification; iii) fermentation
of hexose and/or pentose sugars; iv) product purification.

3.2.1 Pre-treatment
The processes that are currently adopted to disrupt the fibrous matrix and to remove
lignin is named pretreatment. Several techniques have been explored for removing
lignin, such as dilute acid hydrolysis, ammonia fiber expansion (AFEX) and steam
explosion being the most studied [14]. The dilute sulfuric acid pretreatment is
performed between 140°- 200°C and renders the cellulose more accessible to
saccharifying enzymes. This is done to liberate lignin, hemicellulose, and other
compounds and makes the cellulosic polymers available for enzymatic degradation
[51]. The efficiency of this first process depends on a number of factors, such as
hemicellulose composition, biomass density, the presence of non-sugar components
(lignin, acid neutralizing ash, and acetyl and other carboxylic acid groups); plant cell
structure (including the types of cells or ratios of primary and secondary cell walls) [52].

Pretreatment approach based on alkaline explosive decompression and organic
solvent extractions have been successfully applied [53]. This alkaline process, known
as ammonia fiber expansion (AFEX), decrystallises the cellulose, hydrolyses
hemicellulose, removes and depolymerizes lignin, thereby significantly increasing the
rate of enzymatic hydrolysis.

Steam Explosion is one of the most common pretreatment methods and
together with the enzymatic saccharification is a promising approach to enhance the
amount of fermentable sugars. This pretreatment requires minimum, or in some cases,
no chemical addition. Usually, temperatures between 160° and 240°C and pressure
between 0.7 and 4.8 MPa are employed [51].

Besides generating suitable substrates for conversion to bio-products, several
toxic compounds are produced during the pretreatment [54], that are classified in
three classes: furaldehydes (e.g., furfural and 5-hydroxymethylfurfural), weak acids
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(e.g., acetic acid, formic acid, and levulinic acid) and phenolics (e.g., vanillin,
syringaldehyde, and conferyl aldehyde) [55]. These components inhibit the growth of
the fermenting organisms, reducing the rate of fermentation product and in some
cases, the overall yield. To avoid additional process costs of detoxification an
alternative approach is to exploit the natural and/or induced tolerance of fermenting
microorganisms (bacteria and yeasts) in order to develop a feasible and economic
bio-process [56]. In this context, the isolated strain Bacillus coagulans MA-13 was
characterized not only for the production of lactic acid, as eco-friendly chemicals and
for its tolerance towards inhibitors (paper 3-1).

3.2.2 Saccharification

Once the cell-wall microfibrils have been compromised by pre-treatments, the
carbohydrates are released, becoming accessible to the enzymatic saccharification
(hydrolysis) [12]. Multiple factors affecting the process efficiency such as pH, time,
temperature as well as the enzyme activity [57]. Traditionally, enzymes are added after
cooling down the pre-treated material, thus performing their catalytic activity at lower
temperature (50°C) [58]. During the enzymatic saccharification, the acid-catalyzed
dehydration of the sugar intermediates into furfural-type components appears
negligible, compared to the acid hydrolysis. Although, the enzymatic saccharification
is a promising alternative for hydrolysis of lignocellulosic substrates, the high cost of
enzyme preparation hinders its applicability on industrial scale [12].

3.2.3 Fermentation
There are mainly four approaches to convert complex biomass into bio-products: i)
SHF; ii) SSF; iii) SSCF and iv) CBP (Fig, 5).

3.2.3.1 SHF
SHF is a two-step process, in which hydrolysis and fermentation are performed
separately (Fig, 5) and conducted under their optimal conditions. The main bottleneck
is the accumulation of glucose in the saccharification step, that inhibits the further
cellulase activity.

3.2.3.2 SSF and SSCF

In order to overcome the inhibitory effect of sugars on cellulase activity, in the SSF and
SSCF, saccharification and fermentation are carried out simultaneously (Fig, 5). SSF
includes only hexose fermentation [59], while the SSCF is based on the co-
fermentation of pentose and hexose sugars [60]. Both processes are advantageous,
since the sugar consumption is rapid, the risk of contamination by other organism is
reduced, and the low level of substrate does not influence the fermenting organism
and the enzymes [60]. The main issue is the incompatibility between the optimal
temperature for hydrolysis (50°C) and fermentation (28°-37°C). On the other hand, the
exploitation of the moderate fermenting-thermophiles could be advantageous to
increase the efficiency of enzymes activity or the final production yield [61]. Therefore,
the recently isolated thermophilic strain of Bacillus coagulans MA-13 was tested for
production of L-lactic acid in simultaneous saccharification and fermentation (SSF) of
wheat straw biomass (manuscript 3-11).

3.2.3.3 CBP

CBP applies in one step enzyme production, saccharification and fermentation [62].
One organism, in one vessel, carries out the wall process (Fig. 5). The choice of this
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microbial counterpart is very crucial to obtain a great amount of released sugars and a
good fermentation performance [62]. Therefore, several microorganisms have been
metabolically modified and are classified in CBP | and CBPIl [35]. The former
microorganisms are able to degrade polymeric substrates and have been engineered
to produce fermentation products. Conversely, when the microorganisms are
engineered to add and/or improve the ability to degrade the biomass, belong to CBP
Il. Therefore, to accomplish this goal the synthetic biology can provide new tools to
rewire the desired features for the production of economically viable bio-products and
-fuels [35].

PROCESS STRATEGY

Production of . . Hexose Pentose
hydrolases Saccharification ¢o entation fermentation

> > —»> —> SHF
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> > SSCF
’ CBP

Figure 5. The flowchart of the process strategies to produce value-added products from lignocellulosic
feedstocks. SHF: separate hydrolysis and fermentation. SSF: simultaneous saccharification and
fermentation. SSCF: simultaneous saccharification and co-fermentation. CBP: consolidated bioprocess.
lllustration adapted from [63]
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4. Aim of the work

The overall aim of this project has been focused on the development of thermophilic
biorefinery, based on the use of renewable, cheap and readily available biomasses for
the production of a wide variety of value-added products. Thermophilic biorefineries
are based on the use of microbial cells and their enzymes, being these latter ones
operationally stable at high temperature. This PhD thesis highlights the potential
applications of thermophiles and their carbohydrate-active enzymes for the conversion
of raw materials into value-added products.

Chapter Il describes the characterization of thermophilic hemicellulolytic enzymes as
well as the setting up of an induction protocol for the production of archaeal VPs, to be
used as carrier for the enzymes immobilization.

Two papers and one submitted manuscript are included in this chapter:

1. Thermus thermophilus as source of thermozymes for biotechnological
applications: homologous expression and biochemical characterization of an a-
galactosidase (paper 2-1);

2. A thermophilic enzymatic cocktail for galactomannans degradation
(manuscript 2-11);

3. A standardized protocol for the UV induction of Sulfolobus spindle-shaped
virus 1 (paper 2-111).

Chapter lll deals with the exploitation of a new strain of Bacillus coagulans for lactic
acid production in simultaneous saccharification and fermentation process of
lignocellulosic biomass.

One paper and one manuscript in preparation are included in this chapter:

1. Bacillus coagulans MA-13: a promising thermophilic and cellulolytic strain for
the production of lactic acid in lignocellulosic hydrolysate (paper 3-1);

2. Seed culture pre-adaptation improves lactic acid production of Bacillus
coagulans MA-13 in Simultaneous Saccharification and Fermentation (manuscript 3-

).
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Chapter lI:

Thermophilic GHs: discovery, characterization and immobilization

The load of enzyme cost to the economics of second generation biorefinery is the main
bottleneck of the entire process. Considering that the second most abundant
biopolymer on the earth is the hemicellulose, one of the most urgent request is to
achieve its complete hydrolysis and conversion. For this purpose the concerted action
of different hydrolytic enzymes: beta-glucosidases (EC 3.2.1.21), endo-mannanases
(EC 3.2.1.78), mannosidases (EC 3.2.1.25) and a-galactosidases (EC 3.2.1.22) is
required.

This chapter deals with results concerning: i) the characterization of new
hemicellulolytic enzymes and ii) the production of archeal VPs for the immobilization
and recirculation of enzymes. In the section 2-| the paper “Thermus thermophilus as
source of thermozymes for biotechnological applications: homologous
expression and biochemical characterization of an a-galactosidase” is focused
on TtGalA the most thermoactive and thermostable a-galactosidases discovered so
far, thus pointing to the exploitation of Thermus thermophilus as a potential cell factory
for the production of thermostable enzymes.

The manuscript 2-11 “A thermophilic enzymatic cocktail for galactomannans
degradation”, is based on the study of the synergy between TtGalA and DturCelB,
i.e. a B-mannanase from Dictyogloumus turgidum. In this study it was demonstrated
the heterosynergystic activity on galactomannan substrates of these two recombinant
thermophilic enzymes, using simultaneous and sequential assays. The results
highlighted points to the use of thermophilic enzymatic cocktails to pre-hydrolyze the
biomass right after the pretreatment, prior to the conventional saccharification step.

Additionally, to further reduce the cost of the entire process, more tolerant and
stable enzymes are needed to maintain optimal catalytic activity under inhibitory
conditions, such as high temperature, low pH, presence of inhibitors. In this regard, a
possible strategy is the immobilization of enzymes onto nano-carriers. Since our group
has an extensive experience in the study of thermophilic viruses, we attempt at
exploiting them as carriers for enzyme immobilization. For this purpose, a large scale
production of VPs is required. The paper 2-1ll “A standardized protocol for the UV
induction of Sulfolobus spindle-shaped virus 1” describes the development of a
new UV irradiation method to overproduce SSV1 VPs representing a robust support
suitable to withstand the extreme temperature, acidity/alkalinity, pressure and salinity
typical of industrial processes.
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Martina Aulitto', Salvatore Fusco?, Gabriella Fiorentino', Danila Limauro', Emilia Pedone’,

Simonetta Bartolucci' and Patrizia Contursi'

Abstract

Background: The genus Thermus, which has been considered for a long time as a fruitful source of biotechnologi-
cal relevant enzymes, has emerged more recently as suitable host to overproduce thermozymes. Among these,
a-galactosidases are widely used in several industrial bioprocesses that require high working temperatures and for
which thermostable variants offer considerable advantages over their thermolabile counterparts.

Results: Thermus thermophilus HB27 strain was used for the homologous expression of the TTP0072 gene encoding
for an a-galactosidase (TtGalA). Interestingly, a soluble and active histidine-tagged enzyme was produced in larger
amounts (5 mg/L) in this thermophilic host than in Escherichia coli (0.5 mg/L). The purified recombinant enzyme
showed an optimal activity at 90 °C and retained more than 40% of activity over a broad range of pH (from 5 to 8).

Conclusions: TtGalA is among the most thermoactive and thermostable a-galactosidases discovered so far, thus
pointing to T. thermophilus as cell factory for the recombinant production of biocatalysts active at temperature values

over 90 °C.

Keywords: a-Galactosidase, Thermus thermophilus, Thermozymes, Recombinant expression, Themostability

Background

After cellulose, the second most abundant biopolymer on
earth is hemicellulose, an heterogeneous polymer of pen-
toses (xylose and arabinose) and hexoses (glucose, galac-
tose, mannose) [1]. Among these, mannans comprise
linear or branched polymers derived from sugars such as
D-mannose, D-galactose and D-glucose. Moreover, they
represent the major source of secondary cell wall found
in conifers (softwood) and leguminosae [2]. Based on
their sugar composition, mannans are classified in four

*Correspondence: contursi@unina.it

! Dipartimento di Biologia, Universita degli Studi di Napoli Federico I,
Complesso Universitario Monte S. Angelo, Via Cinthia, 80126 Naples, Italy
Full list of author information is available at the end of the article

( BioMed Central

subfamilies: i.e. mannans, glucomannans, galactoman-
nans and galactoglucomannans. The concerted action of
different hydrolytic enzymes such as B-glucosidases (EC
3.2.1.21), endo-mannanases (EC 3.2.1.78), mannosidases
(EC 3.2.1.25) and a-galactosidases (EC 3.2.1.22) is needed
to achieve the degradation of galactoglucomannans, the
most complex mannans subfamily [3].

a-Galactosidases (a-D-galactoside galactohydrolase
EC 3.2.1.22) are exoglycosidases that catalyse the cleav-
age of the terminal non-reducing a-1,6-linked galac-
tose residues present in different galactose-containing
oligo- and polysaccharides. a-Galactosidases are widely
distributed in microorganisms, plants, animals and
mammalians, including humans [4]. The localization of
a-galactosidases can be cytoplasmic (e.g. Escherichia

© The Author(s) 2017. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,

and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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coli), lysosomal (e.g. Homo sapiens) or extracellular (e.g.
yeast) 5, 6].

a-Galactosidases have a great potential in both bio-
technological and medical applications. For instance,
these enzymes are used for the treatment of Fabry’s dis-
ease [7], in xenotransplantation [8] and in blood group
transformation for safety transfusion [9]. Furthermore,
a-galactosidases offer a promising solution for the deg-
radation of raffinose in beet sugar industry [10], pulp and
paper manufacturing [11] as well as in soy food [12] and
animal feed processing [13].

The interest towards enzymes hydrolysing hemicellu-
lose, such as a-galactosidases, has particularly increased
in recent years. Indeed, they are extensively used in syn-
ergic combination with cellulases [14] for the production
of bioethanol from lignocellulose [15]. In this regard, it is
noteworthy that the pretreatment of raw lignocellulosic
material requires elevated temperatures; therefore, ther-
mostable and thermoactive enzymes are suitable for this
purpose [16], since they can withstand high temperature,
extreme pH and pressure, as well as the presence of some
inhibitors, including toxic metals. Furthermore, as cata-
lysts, thermostable enzymes might provide additional
advantages, since higher temperatures often promote: (1)
better enzyme penetration, (2) cell wall disorganisation of
the raw materials, (3) increase of the substrate solubility
and (4) reduction of contamination. Over all, these fea-
tures may improve the global yield of the process [17].

In recent years, the thermophilic microorganism 7.
thermophilus has emerged has a rich source of polymer-
degrading enzymes (e.g. a-amylases, xylanases, esterases,
lipases, proteases and pullulanases). Indeed, this ther-
mophilic bacterium is able to grow on different organic
sources such as various proteinaceous and carbohydrates
substrates [18].

Although E. coli has been successfully employed to
produce thermophilic recombinant proteins/enzymes
[19-24], in some cases their expression level can be too
low to perform functional and structural characterization
as well as to exploit their biotechnological potential [25—
27]. For this reason, efficient and reliable “hot” expression
systems are needed.

Some genetic systems for both archaeal and bacterial
thermophilic microorganisms have been designed [28-—
32]. However, the amount of the recombinant proteins is
in general lower than that achieved through conventional
mesophilic expression systems [33].

A thermophilic expression system for 7. thermophilus
HB27 was previously developed and proved to be suit-
able to achieve high expression levels of heterologous
proteins [34, 35]. Therefore, we have used this system to
produce a novel a-galactosidase (named TtGalA) from T.
thermophilus HB27. In particular, the coding gene was
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over-expressed in the native host and the recombinant
enzyme was purified and characterized. TtGalA exhibits
an optimal hydrolytic activity at high temperature (90 °C
and pH 6.0), a good catalytic efficiency (k. = 709.7/s)
and a significant thermostability (30 h at 70 °C), which
are all interesting features for industrial applications.

Results and discussion

The genus Thermus comprises thermophilic and hyper-
thermophilic bacteria [18], which represent genetic res-
ervoirs of several thermozymes potentially useful for
industrial bioprocesses at high temperature [36, 37]. This
aspect, along with other intrinsic features such as the
natural competence of many strains, high growth rates
and biomass yields, make these thermophiles suitable
models for the production of thermozymes [27, 38].

In this work we have used T. thermophilus HB27::nar
as host for the homologous expression of a novel
a-galactosidase (TtGalA), one of the most thermoactive
a-galactosidases identified so far.

Sequence analysis

An in-depth survey of the carbohydrate-active enzymes
database CAZy (http://www.cazy.org/) was carried out
to identify putative a-galactosidases in the genome of T.
thermophilus HB27. The only protein sequence retrieved
is encoded by TTP0072 (Accession No. AAS82402) and
shows high sequence identity with previously character-
ized o-galactosidases from Thermus sp. strain T2 (75%;
Accession No. BAA76597), Thermus brockianus (73%;
Accession No. AF135398), Thermotoga neapolitana (36%;
Accession No. AF011400), Thermotoga maritima (35%;
Accession No. AJ001776), Sulfolobus solfataricus (39%;
Accession No. Q97U94) and H. sapiens (23%; Accession
No. CAA29232.1). In general, sequence identities among
the analysed proteins fall into regions that are “signature”
of the catalytic activity and/or of the structural proper-
ties of a-galactosidases. A multiple alignment (Fig. 1a)
revealed the presence of a consensus motif (FEVFQID-
DGW) in the TTP0072 translated sequence characteris-
tic of a-galactosidases. This is generally localised within
the central region of bacterial enzymes (CAZy family
GH36) or at the amino-terminal region of eukaryotic
variants (CAZy family GH27). The presence of such a
sequence points out to a common reaction mechanism
and/or a similar substrate binding site [39]. Two aspar-
tic residues i.e. D193-194 underlined in the above con-
sensus sequence are followed by a cysteine or a glycine
in the GH27 or GH36 members, respectively. Moreover,
GH27 and GH36 families share another common feature,
which is the presence of two additional aspartic acids
involved in the acid—base catalytic mechanism (D301
and D355 in the protein from T. thermophilus HB27,
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Thermus thermophilus HB27/|
Thermus brockianusj
Thermus sp. T2

Thermotoga maritimaj
Thermotoga neapolitana
Sulfolobus solfataricus P2|
Homo sapiens|

Consensus

oo,

FEVFQIDDGWQ196
FEVFQVDDGWQ 196
FEVFQVDDGWQ 194
FEVFQIDDAYE 223
FEVFQIDDAYE 223
LNWV | | DDGWQ 266
YEYLCIDDCWM 95
FEVFQIDDGWQ

Conservation
o)

RVWE SWY SFYT 167
RVWC SWYA F YT 167
RVWC SWY SFYT 165
TGWC SWYH Y F L 194
VGWC SWYH Y F L 194
LGWC SWNA FLT 234
MGWL HWE R FMC 51
RGWCSWYXFYT

AYLLFEGAP339
AYLLFCGAP339
TYLLFSGAP337
SF I LGCGSP371
LF I LGCGSP370
NYCNYFYSN419
L YMWP FQK P 214
XYLLFCGXP

AWGYDY LK LD 301
SWGYD Y LK LD 301
AWG YD Y LK LD 299
KMGYRY FK | D327
KMGYRY FK | D 327
R- DFDLVKVD 368
DWGVD L LKFD 170
XWGYDY LK LD

LADGLRVGPD 355
LADGLRVGPD 355
LADGLRVGPD 353
CVDGMR | GPD 387
YVDGMR | GPD 386
- - - -MRNSID426
YCNHWRN FAD 231
LADGXRVGPD

Fig. 1 Sequence homology of a-galactosidases from different sources. The amino acid sequences of Thermus thermophilus HB27 (Accession No.
AAS82402), Thermus sp. strain T2 (75%), Thermus brockianus (73%), Thermotoga neapolitana (36%), Thermotoga maritima (35%), Sulfolobus solfataricus
(39%) and Homo sapiens (23%) were aligned for optimal sequence similarity using the program CLUSTAL W. a The consensus motif ([LIVMFY]-x(2)-
[LIVMFY]-x-[LIVM]-D-D-x-[WYY]) is characteristic of a-galactosidases; b amino acid stretches including two conserved cysteine residues; € amino acid

lighted with asterisk in T. thermophilus HB27 sequence

stretches surrounding the aspartic acids responsible for the nucleophilic and acid-base catalytic mechanism. Conserved amino acids are high-

Fig. 1). At consensus level, whereas the motif including
the catalytic nucleophile (D301) is fully conserved [K(Y/
V/L/W)D], the A/B aspartic acid motif (D355) is more
variable (RXXXD) (Fig. 1c). The co-presence of these
two motifs defines the sub-group identity of GH36bt
(where “bt” stands for bacterial thermophilic) [40] that
also includes the thermophilic Thermotoga and Thermus
a-galactosidases. Another characteristic of the GH36bt
enzymes is the presence of two conserved cysteine resi-
dues (C161 and C336) (Fig. 1b) whose functional, struc-
tural and stabilization role is questioned.

The TTPO072 gene is located on the megaplasmid
pTT27 upstream of a gene encoding for the galactose-
1-phosphate uridylyltransferase gene (ga/T) and partially
overlapping it. This operon-like structure closely resem-
bles that found in other Thermus spp. [41], thus suggest-
ing that their functional association might be important
for galactose metabolism.

Cloning, expression and purification of TtGalA

The TTP0072 gene was cloned both in pET28(b) and in
pMKE2 vectors to compare the expression levels of the
N-terminal His-tagged enzymes EcGalA and TtGalA in
the heterologous (E. coli) as well as in the homologous (7.
thermophilus HB27::nar) hosts. In the case of E. coli, after
a two-step purification procedure i.e. a thermal precipi-
tation at 70 °C and an affinity chromatography through
His-trap column, the final protein amount was very low
(0.5 mg/L) (Fig. 2a) (Additional file 1: Table S1).

On the other hand, the enzyme TtGalA was expressed
at higher level in T. thermophilus HB27::nar with a final
amount of 5 mg/L (tenfold higher than EcGalA). More-
over, its specific activity (338 U/mg) was twofold higher
than that of EcGalA (Additional file 1: Tables S1, S2).
As previously observed, the over-production of solu-
ble and active enzymes in mesophilic hosts is in some
cases limited by: (1) differences in the codon usage [42];
(2) domain misfolding during protein synthesis at a

temperature (37 °C), which is far lower than the opti-
mal growth temperature of the native host; (3) require-
ment of specific chaperone(s), cofactors, metals as well
as genus- or species-specific post-translational modifi-
cations [27].

Given the significant higher amount of the soluble
active enzyme produced by the thermophilic host, all
the subsequent characterizations were performed on
the TtGalA enzyme. The nar promoter, which drives
the expression of the genes cloned in the pMKE2 vec-
tor, is induced by the combined action of nitrate and
anoxia in the facultative anaerobic derivatives of T.
thermophilus HB27 [34]. In our tested conditions, the
biomass yield of the culture achieved under anaerobic
growth was rather low, thus negatively affecting the
amount of enzyme produced by the cells. To overcome

Fig. 2 SDS-PAGE of the recombinant a-galactosidase TtGalA
fused to a His-tag at it N-terminal sequence. a M, molecular mass
markers; 1, T.thermophilus:nar cellular extract not transformed; 2,
Tthermophilus:nar pMKE2-TtgalA cellular extract after overnight
growth; 3, anionic exchange chromatography; 4, His-Trap affinity
chromatography; b zimography
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this limitation, the expression of TtGalA was carried
out by growing T. thermophilus HB27::nar cells aerobi-
cally to reach an higher biomass yields. A total protein
amount, similar to that of the cells cultured anaerobi-
cally, was achieved.

We resolved to set up a purification protocol from
crude extracts of aerobically cultured cells based on
anionic exchange followed by affinity His-trap chro-
matography. The recombinant enzyme purified to
homogeneity displays a single band on SDS-PAGE
with an estimated molecular weight (MW) of 55 kDa
(Fig. 2a), which is consistent with the predicted MW
of a his-tagged monomer (55.8 kDa). The identity of
the recombinant TtGalA was verified by mass spec-
trometry (data not shown). It is important to note that
the presence of the His-tag at the N-terminus of the
recombinant enzyme ensures that the reported experi-
ments are not affected by the presence of the endog-
enous enzyme. Furthermore, zymography revealed the
presence of two bands with hydrolytic activity indicat-
ing that: (1) TtGalA adopts an oligomeric structure; (2)
the oligomer is far more active than the monomer and
(3) it is partially resistant to the denaturing conditions
employed in the SDS-PAGE. These results prompted
us to further investigate on the quaternary structure of
TtGalA (Fig. 2b).

Characteristics of the recombinant TtGalA

Determination of the molecular weight

To assess the quaternary structure, size-exclusion chro-
matography coupled with a triple-angle light scattering-
QELS, was performed. This analysis showed a molecular
weight of about 320 kDa £ 0.2% (RH = 8.1 nm + 3%),
thus indicating that TtGalA is a hexamer in solution. This
oligomeric structure is in agreement with that of some
previously characterised a-galactosidases, which adopt
dimeric (Thermotoga maritima) [43], trimeric (Sulfolobus
solfataricus) [40], tetrameric (T brockianus) [39], octa-
meric (Thermus sp. strain T2) structure [44]. This com-
plex oligomeric state might correlate with the stability at
higher temperature of TtGalA, as it was showed for B.
stearothermophilus «-galactosidases [45].

To understand if C161 and C336 had a structural role
(Fig. 1b), the purified TtGalA was analysed on SDS-
PAGE with and without a reducing agent. In the sample
containing B-mercaptoethanol 7tGalA is present mainly
in monomeric form, while in the absence of this reduc-
ing agent the protein forms essentially high MW oligom-
ers (data not shown). Indeed, the widespread stabilizing
role of intracellular disulphide bonds in thermophiles
and hyperthermophiles, has been already established as a
strategy for protein stabilization [46].
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Catalytic and stability properties

TtGalA is able to  hydrolyze  pNP-a-D-
galactopyranoside, but shows negligible activity on both
pNP-a-substituted (p-glucose, D-mannose, L-rham-
nose) and pNP-f-substituted (p-galactose, p-glucose,
and p-mannose) (Table 1). In particular, the enzyme
has a barely detectable activity for p anomer of galac-
tose (6.75 U/mg), which is 50-fold lower than activ-
ity over pNP-a-galactose (338.0 U/mg). Therefore, the
kinetic enzymatic properties were determined, using
pNP-a-p-galactopyranoside as substrate, at optimal
pH and temperature (Table 2). TtGalA shows higher
affinity towards its substrate (Ky; = 0.69 mM) com-
pared to a-galactosidase from Thermus sp. strain T2
(Kyy = 4.7 mM) [44] and T. brockianus (Ky; = 2.5 mM)
[39]. However, comparing the kinetic parameters
between the most known thermoactive (T, 105 °C)
a-galactosidase of Thermotoga neapolitana (TnGalA)
and the TtGalA, the Ky, value is very similar. Inter-
estingly, the different catalytic constant of 152.5/s
towards 709.7/s, for TnGalA and TtGalA respectively
[47] (Table 2) reflects a great efficiency of TtGalA on
pNP-a-p-galactopyranoside substrate. This aspect con-
stitutes an important criterion for employing different
enzyme variants for industrial purposes. For istance,
the high catalytic efficiency of TtGalA makes it a suit-
able candidate to enhance pulp bleachability in com-
bination with other hemicellulases exhibiting different
catalytic specificity [11].

TtGalA is among the most thermoactive and pH
tolerant a-galactosidases known so far. Indeed, when
assayed at different pH and temperatures, it exhib-
ited an optimal hydrolytic activity at 90 °C and pH 6.0
(Figs. 3, 4). As reported for an a-galactosidase from

Table 1 Substate specificity of TtGalA

Substrate Specific activity (U/mg)
pNP-a-D-mannose 0

pNP-B-glucose 0.65

pNP-a-L-Thamnose 1.5

pNP-a-p-glucose 2.16

pNP-B-galactose 6.75

pNP-B-mannose 713

pNP-a-p-galactose 3380

Table 2 Kinetic parameters for the hydrolysis pNPG
hydrolysis at 90 °C by the TtGalA

k(at (/ S)

Ky (mM) Vnax (U/mg) Keat/Ky (/s M)

06940017 3380+£79 70974177 1.03 x 10*£0.025 x 10*
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Fig. 4 pH stability of TtGalA. The enzyme was incubated in various
buffers (pH 4-8) and aliquots of different time intervals were used for
the residual activity assay

Bacillus megaterium VHM1 (optimal pH 7-7.5) [48],
it is possible to foresee the employment of TtGalA for
the removal of oligosaccharides from soya based foods,
thus improving their nutritive value. Noteworthy,
TtGalA might be a better catalyst for this process, since
its pH optimum (pH 6.0) is even closer to that of the
soymilk hydrolysis process (pH 6.2-6.4).

Interestingly, the retained activity was greater than
40% within the pH range from 5.0 to 8.0, which is a quite
wide tolerance range compared to other characterised
thermostable a-galactosidases [40]. Therefore, pH shifts
during on-going enzymatic reaction in industrial pro-
cesses could have a minor impact on its activity (Fig. 3).
The recombinant enzyme did not lose activity after 2 h of
incubation at pH 6.0 and 8.0, and it retained up to 60% of

31

residual activity after 6 h (Fig. 4). Approximately 50-60%
loss in activity was recorded on either side of the pH
optimum after 6 h incubation, while at pH 4.0, the activ-
ity rapidly dropped, as expected from the pH-depend-
ence data (Fig. 4). Because of its considerable tolerance
towards neutral/slightly alkaline pH values, TtGalA could
be employed in hydrothermal processing in which water
in liquid phase or in vapour phase is used to pretreat lig-
nocellulosic biomasses [49]. In this process, controlling
the pH around neutral values minimizes the formation
of fermentation inhibitors [50]. Typically, the optimal
temperature for catalysis of thermophilic enzymes mir-
rors the growing temperature of the native host, like the
a-galactosidase from Thermus sp. strain T2 (75 °C) [44],
whereas their activity is limited at lower temperatures.
TtGalA is unusual since its optimum was set at 90 °C and
its activity was lower at temperature <70 °C, which is the
optimal growth temperature for most of Thermus spe-
cies. Moreover, TtGalA is among the most thermophilic
a-galactosidases so far characterised, such as that of T.
neapolitana (105 °C) [47], T. brockianus (94 °C) and T.
maritima (95 °C) [39, 43].

The thermal inactivation data indicate that the 7tGalA
has a half-life of 60 min (Fig. 5) at its optimal temperature
(90 °C). Moreover, residual activity higher than 90% was
detected up to 6 h of incubation at 70 °C (Fig. 5), retain-
ing 50% of its activity after 30 h (not shown).

It has already been reported that previously character-
ised enzymes from Thermus species display in vitro an
optimal catalytic temperature higher than the growing
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Fig. 5 Thermal inactivation of TtGalA. The purified enzyme from T.
thermophilus was incubated in 20 mM sodium-phosphate buffer pH
6.0 at 90, 80 and 70 °C for different period of time and then assayed

for residual activity at 90 °C

temperature of the native host [51], thus making this
microorganism a fruitful source of enzyme catalytically
active at temperature above 70 °C. Due to the elevated
temperatures used during some industrial applications
(such as sugar manufacturing processes and/or raw
material pretreatments in bioethanol production), stabil-
ity at high temperatures is an important feature for the
utilization of a-galactosidases, since it prevents the loss
of ternary/quaternary structures that leads to enzyme
inactivation as for the mesophilic counterparts [36, 37].

Effect of metal ions

Metal ions can be released during processing of biomass
as consequence of corrosion of pretreatment equipment,
resulting in the liberation of heavy metal ions, which can
be inhibitory to biocatalysts [52]. Moreover, other cations
can derive from chemicals used to adjustment the pH.
Noteworthy, several divalent cations are potent inhibitors
of a-galactosidases; therefore, we tested their effect on
the enzyme activity over a range of concentration from
0.5 to 5 mM (Table 3). Interestingly, the enzyme turned
to be slightly activated in the presence of Co™?, Mn*?,
Zn*? at 1 mM concentration suggesting that it is a met-
alloenzyme or requires divalent cations as cofactors. On

Table 3 Influence of metal ions on the relative activity
of TtGalA

Metal ions 0.5 mM 1mM 2.5mM 5mM

Mg+? 993+0.7 917103 899+25 556405
Cat? 959+0.7 958 £ 0.1 90.1 £ 24 278+04
Cut? 87.7+3.1 772+16 639+£0.97 222403
Lit 1063 £ 0.5 1139436 1148 £ 3.1 936425
Znt? 1006 £ 2.2 1103+ 06 704 £ 06 151 £03
Mn*? 1034+£1.0 1285+19 1148 £ 30 202+06
Co*? 101.8 £ 26 1362 £ 04 928 +£09 30.14+0.7
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the other hand, this effect is negligible with monovalent
cations (Table 3). The inhibition effect occurred only at
the highest concentration of metal ions tested (5 mM).
To further investigate on the possible role of metal ions,
the enzyme activity was assayed in the presence of EDTA
(5 mM) and a 20% reduction of its catalytic activity was
observed. The inhibitory effect of EDTA was studied up
to 40 mM concentration (not shown) resulting in a lin-
ear decrease of the enzymatic activity, thus indirectly
confirming the role as cofactor of the metal ions (Co™?,
Mn*2, Zn™?) (Table 3). Similar to these findings, EDTA
slightly inhibited also the a-galactosidase activity from
Lenzites elegans [53], whereas it has no effect on the
activity of a-galactosidases from B. megaterium and Gan-
oderma lucidum [48, 54].

Inhibition of activity

Since detergents are reported to strongly inhibit the
a-galactosidase activity in Glycine max and Pencillium
griseoroseum [55, 56], we assayed TtGalA in the presence
of 5 mM detergents. The enzyme turned out to be very
sensitive to the common anionic detergent SDS, which
leads to a complete loss of function possibly due to the
disruption of enzyme native structure. By contrast, the
non-ionic detergents Tween 20 and Triton X-100 had a
less marked effect with reduction of the enzyme activity
to ~40 and ~19%, respectively (Table 4).

During pretreatment and saccharification of lignocel-
lulosic biomasses, several sugars are released. These can
inhibit the activity of glycoside hydrolases during the
saccharification phase [49, 50]. Moreover, various sugars
were also reported to inhibit the a-galactosidase activity,
for instance, an a-galactosidase from Aspergillus nidulans
is competitively inhibited by p-galactose and Dp-glucose
[57]. Accordingly, the activity of TtGalA turned out to be
inhibited by the presence of several saccharides, such as
p-galactose, D-saccarose and D-arabinose (Table 4). Nev-
ertheless, TtGalA might have a potential use in the sugar

Table 4 Influence of additives on the activity of TtGalA

Compound (5 mM) Relative activity (%)
EDTA 79.9
p-Galactose 279
p-Saccarose 44.6
p-Arabinose 54.7
Urea 60.0
Guanidine chloride 36.8
SDS 16
Tween 20 39.8
Triton X100 18.8
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beet industry for raffinose hydrolysis, because it retains
44.6% of its activity in presence of sucrose [10].

Finally, TtGalA was assayed in presence of caotropic
agents such as urea and guanidine chloride. The partial
reduction of the catalytic activity is in agreement with its
intrinsic stability as thermozyme [20].

Conclusions

In this work, we report the biochemical characterization
of a thermoactive and thermostable a-galactosidase from
T. thermophilus HB27 (TtGalA). Moreover, the draw-
backs of using a heterologous mesophilic host (E. coli)
for the production of this thermozyme have been high-
lighted. Indeed, “hot” expression systems are in some
cases indispensable to get functional thermozymes in
reasonable amounts.

Interestingly, the long-term retained activity of TtGalA
(30 h at 70 °C) might pave the way to its utilization after
thermal pretreatment of lignocellulosic biomass (pre-sac-
charification), when the temperature is still too high for
the fungal enzymes currently used for the hydrolysis of
the biomass.

Despite its already interesting catalytic features, a fine-
tuning of TtGalA enzymatic properties, through genetic
engineering, will be attempted to make it even more suit-
able for industrial applications.

Methods

Bacterial strains and growth conditions

Thermus thermophilus HB27 strain was purchased from
DSMZ. A frozen (—80 °C) stock culture was streaked on a
Thermus Medium (TM) solidified by the addition of 0.8%
Gelrite® (Sigma) and incubated at 70 °C overnight [58]. T.
thermophilus HB27::nar strain, kindly provided by Prof. J.
Berenguer (Universidad Auténoma de Madrid) was used
for the homologous expression of TtGalA. E. coli strains
were grown in Luria—Bertani (LB) medium at 37 °C
with 50 pg/ml kanamycin, 33 pg/ml chloramphenicol as
required. E. coli DH5a and BL21-CodonPlus (DE3)-RIL
(Stratagene, La Jolla, CA, USA) strains were used for
DNA manipulations and for the heterologous expression
of the recombinant a-galactosidase, respectively.

Cloning and sequencing of TTP0072 gene

A single colony of T. thermophilus HB27 was inoculated
into TM liquid medium and genomic DNA was isolated
using DNeasy® 124 Tissue kit, (Qiagen), according to the
instruction manufacturer. TTP0072 gene, encoding for
a putative o-galactosidase, was amplified by PCR from
T. thermophilus HB27 genomic DNA using the primers
5’GGAGGGCATATGAGGCTGAA3' (Ndel site under-
lined) and 5’CGGTGGAAGCTTTTATAGAAGG3' (Hin-
dIII site underlined) and Phusion Taq Polymerase (NEB).
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The amplification was carried out at 94 °C for 1 min, 58 °C
for 1 min and 72 °C for 1 min, for 35 cycles. The PCR
product was purified with QIAquick PCR purification kit
(Qiagen Spa, Milan, Italy) and cloned in pCR4-TOPO_vec-
tor using the TOPO TA CLONING Kit (Invitrogen). The
identity of the cloned DNA fragment was confirmed by
DNA sequencing (BMR Genomics). Then, the insert was
sub-cloned into the Ndel/HindIIl digested pET28(b) and
for pMKE2 [34] vectors for E. coli and T. thermophilus
HB27::nar expression, respectively.

Expression and purification of recombinant EcGalA

and TtGalA

The recombinant a-galactosidases expressed in E. coli
(EcGalA) and T. thermophilus HB27::nar (TtGalA) bear
an His-tag at their N-terminus. To express EcGalA, E.
coli BL21-CodonPlus (DE3)-RIL was transformed with
the recombinant plasmid pET28(b)-EcgalA. Protein
expression was induced by adding 0.5 mM of isopropil-
B-p-1-thiogalactopyranoside (IPTG) to exponentially
growing cells (0.5 ODy;) and culturing them for 12 h.
Since EcGalA was poorly expressed, different approaches
were attempted to achieve a sufficient amount of solu-
ble recombinant protein: (1) varying the induction time
(2, 4, 6, and 8 h and overnight induction); (2) lowering
the temperature during induction (down to 20 °C); (3)
decreasing the IPTG concentration (0.01-0.1 mM). At
every conditions, the expression levels were monitored
by SDS-PAGE and enzymatic assays. However, none of
these strategies turned out to reasonably increase the
final amount of the recombinant protein.

For the homologous expression 200 ng of pMKE2-
TtgalA plasmid were added to exponentially grow-
ing (0.4 ODgyonm) T. thermophilus HB27::nar cells and
transformants were selected on TM plates at 70 °C
containing 50 pg/ml kanamycin [59]. The induction
of TtGalA expression was performed as previously
described [34].

Crude extracts from both E. coli BL21-CodonPlus
(DE3)-RIL and T. thermophilus HB27::nar cells were pre-
pared following a similar procedure. Cell pellets were col-
lected from 1-L cultures by centrifugation at 4000x g for
15 min at 4 °C and resuspended in buffer A (50 mM Tris—
HC], pH 7.5 and 500 mM NaCl) for EcGalA and in buffer
B (50 mM Tris—HCIl, pH 7.5) for TtGalA purification,
respectively. Protease inhibitor cocktail tablets (Roche)
were added in both cases. The cells were homogenized by
sonication (Sonicator:Heat System Ultrasonic, Inc.) for
5 min, alternating 30 s of pulse-on and 30 s of pulse-off
and clarification of the cell extract was obtained by cen-
trifugation at 40,000 x g for 20 min at 4 °C. Purification of
EcGalA from the soluble fraction was performed through
a two-step procedure, ie. (1) thermal precipitation at
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70 °C for 10 min followed by centrifugation at 5000x g for
20 min at 4 °C; (2) affinity chromatography on a His-Trap
column (1 ml, GE Healthcare) connected to an AKTA
Explorer system (GE Healthcare). The affinity chroma-
tography was equilibrated with buffer A and the EcGalA
was eluted with the same buffer A supplemented with a
linear gradient of imidazole (0-250 mM).

TtGalA was purified through a similar procedure,
except that the first thermal precipitation step was sub-
stituted with an anionic exchange chromatography on a
Hi-trap Q HP column (5 ml, GE Healthcare). The column
was equilibrated in buffer B and elution was performed
in the same buffer through a linear gradient from 0 to
500 mM NaCl. The affinity chromatography was carried
out under the same conditions described above. Protein
identity was further verified by Western blot analysis
using anti-His antibodies and LC—MS/MS analysis.

Protein concentration was estimated by using bovine
serum albumin as standard according to Bradford [60].
Protein fractions displaying a-galactosidase hydrolys-
ing activity toward p-nitrophenyl-a-p-galactopyranoside
(herein named pNP-a-D-galactopyranoside, Sigma) were
pooled, dialyzed against 20 mM Tris—HCl pH 7.5 and
analysed by 12% SDS-PAGE [61]. The TtGalA activity
was detected through zimography in 12% SDS-PAGE
under not reducing conditions. After electrophoresis,
the gel was soaked in 2.5% Triton X-100 for 30 min at
4 °C and then was incubated with 20 mM of pNP-a-D-
galactopyranoside solution at 90 °C for 10 min.

Molecular weight determination

The native molecular weight of the purified TtGalA was
analysed by gel-filtration chromatography connected to
Mini DAWN Treos light-scattering system (Wyatt Tech-
nology) equipped with a QELS (quasi-elastic light scat-
tering) module mass value and hydrodynamic radius
(Rh) measurements [62]. Five hundreds micrograms of
protein (1 mg/ml) were loaded on a S200 column (16/60,
GE Healthcare) with a flow-rate of 0.5 ml/min and
equilibrated in buffer A. Data were analysed using Astra
5.3.4.14 software (Wyatt Technology).

Determination of the a-galactosidase activity

The TtGalA standard assay was performed by using pNP-
a-D-galactopyranoside as substrate (2.0 mM) in 50 mM
sodium phosphate buffer (pH 6.0) at 90 °C in 160 pl of the
reaction mixture using 50 ng of the enzyme. All assays were
performed in triplicate in a 96-well microplate reader (Syn-
ergy H4, Biotek), on at least 3 different enzyme prepara-
tions. The reaction was stopped, after 10 min, by addition
of 1 volume of cold 0.5 M Na,COj and the concentration
of the released p-nitrophenol (molar extinction coefficient,
18.5/mM cm) was determined by measuring A,.,.. One
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unit of enzyme activity (U) was defined as the amount of
enzyme required to release 1 pmol p-nitrophenol per min-
ute, under the above assay conditions.

Catalytic and stability properties

The optimal pH and temperature were determined by per-
forming the pNP-a-D-galactopyranoside assay between pH
3.0-9.0 using the following buffers (each 50 mM): citrate
phosphate (pH 3.0-5.0), sodium phosphate (pH 6.0-9.0).
Thermal inactivation assays were performed by incubating
50 ng of enzyme at different temperatures (70, 80, 90 °C)
in buffer sodium phosphate at pH 6.0 and taking aliquots
at regular time intervals to measure the residual enzyme
activity under standard assay conditions (90 °C for 10 min,
pH 6.0). To test enzyme stability to pH, the assays were
performed by incubating TtGalA at 70 °C in various buff-
ers (pH 4.0-8.0). The residual activity was measured at dif-
ferent time intervals following the a-galactosidase standard
assay.

Inhibition of activity

The effect of MgCl,, CaCl,, CuCl,, LiCl, ZnSO,, MnCl,,
CoSO, on the a-galactosidase activity was studied over a
range of concentrations (0.5-5.0 mM) by pre-incubating
the enzyme (50 ng) for 5 min at room temperature with the
specific metal ions and by measuring the residual activity
under standard assay conditions.

The influence of reducing (DTT, B-mercaptoethanol) and
chelating (EDTA) agents as well as of sugars (p-galactose,
sucrose, L-arabinose, and D-fucose), each tested at 5 mM
concentration, was studied under the same pre-incubation
and assay conditions as above.

Substrate specificity

TtGalA was tested for the hydrolysis of pNP-a-substituted
hexoses (D-glucose, D-mannose, L-rhamnose) and of
PNP-B-substituted hexoses (D-galactose, D-glucose, and
D-mannose) at a concentration of 2 mM under stand-
ard conditions (90 °C and pH 6.0 for 10 min). The kinetic
parameters were determined using different pNP-a-D-
galactopyranoside concentration (ranging from 0.0125 to
2 mM) with 50 ng of TtGalA for 3 min. The Michaelis con-
stant (K,) and V,,, were calculated by non-linear regres-
sion analysis using GraphPad 6.0 Prism software.

Additional file

Additional file 1: Table S1. Purification table of £cGalA. Table S2.
Purification table of TtGalA.
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Abstract

The full utilization of hemicellulose sugars (pentose and exose) present in lignocellulosic
material, is required for an efficient bio-based fuels and chemicals production. Two
recombinant thermophilic enzymes, an endo-1,4-B-mannanase from Dictyoglomus turgidum
(DturCelB) and an a-galactosidase from Thermus thermophilus (TtGalA), were assayed at
80°C, to assess their heterosynergystic association on galactomannans degradation,
particularly abundant in hemicellulose. The enzymes were tested under various combinations
simultaneously and sequentially, in order to estimate the optimal conditions for the release of
reducing sugars. The results showed that the most efficient degree of synergy was obtained
in simultaneous assay with a protein ratio of 25% of DturCelB and 75% of TtGalA, using Locust
bean gum as substrate. On the other hand, the mechanism of action was demonstrated
through the sequential assays, i.e. when TtGalA acting as first to enhance the subsequent
hydrolysis performed by DtfurCelB. The synergistic association between the thermophilic
enzymes herein described has an high potential application to pre-hydrolyse the lignocellulosic
biomasses right after the pretreatment, prior to the conventional saccharification step.

Keywords: Synergy; Dictyoglomus turgidum; Thermus thermophilus; Thermophiles; o-
galactosidase; endo-1,4-p-mannanase.

1.Background:
Lignocellulose is the most abundant available feedstock produced every-day on the
Earth and it is constituted by cellulose (35-50%), hemicellulose (26-35%) and lignin
(14-21%), as well as by other minor components [1]. Lignin provides the structural
integrity of the plant, encapsulating the microfibrils of hemicellulose and cellulose, to
withstand the herbivores and pathogens attacks. Hemicellulose is the second most
abundant biopolymer present in lignocellulosic-feedstocks [2]. Unlike cellulose, a linear
homopolymer of (1,4)-linked D-glucose residues, hemicellulose is a branched
heteropolymer composed by pentoses (i.e. xylose and arabinose), hexoses (i.e.
glucose, galactose, mannose) and also by sugars in acidified form (glucuronic acid and
galacturonic acid) [3]. During the detrital food webs, the polysaccharides hydrolysis is
carried out by saprophytes and detritivores, as the natural process for the
deconstruction of biomasses [4]. Since lignocellulosic feedstock is clean and available
in large amount, the biomass is currently used to produce value added-products such
as bio-fuels and -chemicals [1, 5]. In the industrial processes, the deconstruction is
performed using chemical and physical pretreatments upon which the lignin is
disarrayed [6]. The resulting polysaccharides (i.e. cellulose and hemicellulose) are
subsequently hydrolyzed by enzymatic mixture to produce fermentable sugars. This
latter process, also named saccharification, involves an array of (hemi)cellulases,
auxiliary enzymes and proteins to obtain an effective hydrolysis [7].

Mannans are the major source of secondary cell wall found in hemicellulose
fraction of conifers (softwood) and leguminosae. On the basis of their sugars

37



components they are classified in: mannans, glucomannans, galactomannans and
galactoglucomannans [8]. To achieve an efficient hydrolysis of galactoglucomannans,
the presence of multiple hydrolases such as B-glucosidases (EC 3.2.1.21), endo-
mannanases (EC 3.2.1.78), mannosidases (EC 3.2.1.25) and a-galactosidases (EC
3.2.1.22), is needed [9]. Therefore, studies of synergistic association among these
enzymes pave the way to establish an efficient enzymatic cocktail to achieve the
complete hydrolysis of mannans. Since the pretreatment step is performed at high
temperature (90°-120°C), the development of thermophilic enzymatic mixtures which
could operate at high temperature is needed to reduce the whole process cost [10].

The main objective of this work has been to study the synergistic effect of the
thermophilic endo-1,4-p-mannanase (DturCelB) from Dictyoglomus turgidum and o.-
1,6-galactosidase (TtGalA) from Thermus thermophilus on galactomannan substrates
from Locust bean gum, Carob and Guar.

2. Methods

2.1. Substrates

Locust bean gum was purchased from Sigma-Aldrich. Galactomannans (Carob, Low
viscosity and Guar, Medium viscosity) were purchased from Megazyme.

2.2 Expression and purification of recombinant enzymes

DturCelB was expressed from a culture of Escherichia coli BL21 (DE3), transformed
with the recombinant plasmid pET30b-DturCelB and purified by nickel affinity
chromatography [18]. T. thermophilus HB27::nar strain transformed with the
recombinant plasmid pMKE2-TtGalA was used for the homologous expression of
TtGalA and the purification was performed according to Aulitto et al [11].

2.3 Substrate specificity determination of DturCelB and TtGalA towards
galactose- containing-polymers

DturCelB and TtGalA activities were determined using Locust bean gum, Carob and
Guar as polymeric substrates. The reaction mixtures (1 mL) containing one of the
purified enzymes (1 ug) were assayed using 1 % galactomannan substrates dissolved
in 50 mM citrate-phosphate buffer pH 6.0. The reaction was carried out at 80 °C for 30
min and the concentration of reducing ends was determined following the Nelson-
Somogyi (NS) method, using mannose as standard [12]. All enzyme assays were
performed in triplicate. One unit of enzyme activity was defined as the amount of
enzyme required to release 1 pmol of product per min, under the above assay
conditions.

2.4 DturCelB and TtGalA synergistic action
To evaluate the degree of synergy between DturCelB and TtGalA the enzymes were
tested simultaneously and sequentially using 1.0 % of galactomannan substrates
(Locust bean gum, Carob and Guar) dissolved in 50 mM citrate-phosphate buffer pH
6.0. For the simultaneous assay, various ratios of DturCelB and TtGalA were tested
(50% DturCelB-50% TtGalA; 25% DturCelB-75% TtGalA; 75%DturCelB -25% TtGalA) for
a total amount of 2 ug. The assays were carried out as described above through NS.
For the sequential assay 1 pg of DturCelB or TtGalA was incubated at 80°C for
30 min in the reaction mixture described above. Afterwards, the mixture was boiled for
10 min to inactivate the first enzyme. After ice-cooling, the second enzyme (1 ug) was
added to the mixture and the reaction was carried out under the same conditions (80°C
for 30 min). Reactions containing only one of the heat-inactivated enzyme were used
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as a negative control. All the samples were analyzed for the concentration of reducing
ends by NS method using mannose as standard. All enzyme assays were run in
triplicate.

2.5 Synergy studies

To investigate the interaction between two or more enzymes, synergism is calculated
as ratio between the observed activity of the enzyme mixture and the theoretical sum
of individual specific activity of the same enzymes. The degree of synergy (DS),
between DturCelB and TtGalA, was determined by the following equation:

Y,
P o2
r; +Y3)

where Y .2, indicates the yield (ug) of reducing sugars achieved by the two enzymes
working simultaneously or sequentially, Y4 and Y3 indicate the yields (ug) of reducing
sugars achieved by each enzyme when working separately.

3. Results and discussion

In nature plant biomass degradation is accomplished by the complex action of
various glycosyl hydrolases (GH) enzymes. Therefore, the optimization of enzymatic
mixtures to improve the conversion of biomasses into fermentable sugars is needed
for biorefinery purposes. Nevertheless, a major issue in this context is to set up the
right reaction conditions to achieve a synergistic interaction among enzymes that act
on the same complex substrate. Moreover, enzymes belonging to diverse families can
display synergistic and/or antisynergistic interaction due to their own substrate
specificities. A synergistic association between two or more enzymes is present when
the degree of synergy (DS) is greater than 1.0 and therefore produces a degradation
yield greater than those obtained from enzymes acting separately. Synergy among
mannanolytic enzymes is classified in two types: i) homosynergy between two main-
chain enzymes or two side-chain enzymes; ii) heterosynergy between side- and main-
chain enzymes [8].

Previous studies showed that galactomannans could be effectively degraded by
the combined action of a main-chain-cleaving mannanase and a side-chain-cleaving
galactosidase compared to when mannanases or galactosidases were used alone
[13]. However, knowledge about thermophilic enzymatic cocktails is scarce. Therefore,
it is interesting to study the synergistic action of enzymes derived from different “hot”
sources that can be employed in biomasses hydrolysis right after the pretreatment.

3.1 Determination of specific activity of DturCelB and TtGalA on different
galactomannans

The recombinant enzymes DturCelB and TtGalA were previously characterized
for their biochemical catalytic features [18, 21]. In this study, the hydrolytic endo-
mannanase activity of DturCelB was assayed at 80°C and pH 6.0 towards Locust bean
gum (44.0 U mg™), Carob (40.3 U mg™") and Guar (2.8 U mg™) (Tab.1).
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DturCelB TtGalA

Substrate Specific ac}ivity Specific ac_ﬁivity
(U-mg ) (U-mg )
Locust bean gum (G/M:1/4) 44.0 4.4
Carob (G/M:1/3.5) 40.3 1.4
Guar (G/M:1/2) 2.8 0.33

Table 1. Specific activity of DturCelB and TtGalA on different galactomannan substrates. Abbreviations:
Galactose (G) and Mannose (M).

The different catalytic efficiency can be explained by the increasing number of
galactose residues (Guar > Carob> Locust bean gum) branching out from the linear
mannan backbones and causing steric hindrance to the enzyme (Fig.1).

Mannose Galactose

Locust bean gum

Carob

Guar

Figure 1. Graphical representation of the galactomannans used in this study: Locust bean gum, Carob
and Guar.

A similar behaviour was also demonstrated for Clostridium thermocellum Man5A [14].
Therefore, one way to improve the DturCelB hydrolysis of galactomannans is to
combine its catalytic activity with an a-galactosidase acting on the branched glycosidic
1,6-a-bounds between galactose and mannose. As potential partner, it was chosen
TtGalA, an a~galactosidase from Thermus thermophilus performing its highest catalytic
activity at 90°C and pH 6.0 on pNPG synthetic substrate [11]. Assays conditions for
the two enzymes were set at 80°C and pH 6.0 because TtGalA retained 98% of its
catalytic activity at 80°C. In this work TtGalA was assayed towards Locust bean gum
(44 U mg"), Carob (1.4 U mg") and Guar (0.33 U mg"’) galactomannans and
displayed a specific activity lower than that detected on pNPG substrate (338 U mg™).
The different specific activities are in agreement with the preference of TtGalA towards
galactose-oligosaccharides over -polysaccharides, as for other GH36 members [13].
Nevertheless TtGalA catalytic activity on polymeric substrates is not negligible (Tab.
1), indeed it is higher if compared to that of a GH36 AgIC (1.0 U mg™) from Aspergillus
niger and very similar to that of a GH27 Aga27A from Cyamopsis tetragonolobus (3.7
U mg™) [13]. Therefore, the synergistic association between these two thermophilic
enzymes might be functional to improve the hydrolysis of hemicellulose as already
demonstrated in other systems [8, 13].
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3.2 Synergistic studies of TtGalA and DturCelB towards three galactose
containing-polymers

The aim of this study was centred on the setting up of reaction conditions
suitable to achieve heterosynergy between TtGalA and DturCelB to ameliorate the
galactomannans hydrolysis. The synergistic interaction between the recombinant
enzymes was assessed through the quantification of the reducing sugars released
during the degradation of the three galactomannan substrates. These contained a
different ratio of galactose- versus mannose- residues to assess how the activity and
synergistic interactions of TtGalA and DturCelB were influenced by the extent of
galactose substitution on the mannan backbone (Figure 1). In simultaneous assays
the enzymes were added to the reaction mixture at the same time, varying their relative
ratio (50% TtGalA -50%DturCelB; 75%DturCelB-25% TtGalA and 25%DturCelB-75%
TtGalA), while in sequential assays it was used the same ratio (50%DturCelB -50%
TtGalA).

Locust bean gum is the mostimportant galactomannan used as stabilizing agent
in food and non-food industries [15], it is purified from endosperm of carob tree seeds
[16] and is the lowest galactose containing polymer (G/M: 1/4) among the substrates
tested (Figure 1). All the conditions led to an increase of the release of reducing sugars
compared to that achieved by the two enzymes alone (Figure 2).
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Figure 2. Simultaneous (A) and sequential (B) assays of TtGalA and DturCelB using 1 % Locust bean gum. Various
combinations of recombinant enzymes were tested and protein ratio was expressed in percentage form. The degree
of synergy is highlighted with an asterisk. Values were presented as mean values + S.D. (n = 3).

Using this substrate, the enzymes exhibited synergism under all combinations
with a DS of 1.8, 1.3 and 1.1 using a ratio of 25%DturCelB-75% TtGalA, 75%DturCelB-
25%TtGalA and 50%DturCelB-50% TtGalA, respectively (Figure 2A). To get further
insight into the observed synergistic action, we performed sequential assays. When
DturCelB was added as first, the DS=1.1-turned out to be identical to that obtained with
simultaneous assays (Figure 2A). Conversely, the DS raised up to 1.4 when TtGalA
was added as first (Figure 2B). These results demonstrate that TtGalA significantly
supported DturCelB activity by removing galactose branches on the polymer that would
have sterically hindered DturCelB.

Locust bean gum and Carob are both isolated from Ceratonia siliquia. These
galactomannan polymers display different chemical and rheological properties
depending on their geographic origin [17]. The reported G/M ratio of Carob is slightly
lower (1/3.5) than Locust bean gum (Figure 1) and our data indicate that the specific
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activity of TtGalA on Carob is 30% of that on Locust bean gum (Table 1). Therefore,
we resolved to perform a comparative synergy study of the two thermophilic enzymes
also using this substrate. In fact, when DturCelB and TtGalA were assayed in
combination of 50%-50% no synergy was exhibited (DS =0.8) (Figure 3A).
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Figure 3. Simultaneous (A) and sequential (B) assays of TtGalA and DturCelB using 1% Carob. Various
combinations of recombinant enzymes were tested and protein ratio was expressed in percentage form. The degree
of synergy is highlighted with an asterisk. Values were presented as mean values + S.D. (n = 3).

This result might be explainable with a complex nature of the Carob substrate
(purity degree, extent of galactose ramifications) that renders the binding of TtGalA not
completely productive, thus in turn inhibiting the DturCelB hydrolysis when they are
present in the enzymatic mixture in a similar amount. However, a similar degree of
synergy (DS=1.4 on Carob vs DS=1.3 on Locust bean gum) was achieved when the
enzymes were assayed simultaneously, with a protein ratio of DturCelB to TtGalA
75%-25% and the total amount of reducing sugars released was also comparable (467
ug vs 454 ng) (Figure 3A and 2A). Yet, the highest DS obtained on Carob (DS=1.4)
was indeed lower than that measured on Locust bean gum (Figure 2A, DS=1.8),
indicating that the two enzymes performed their synergistic catalytic activity, less
efficiently on this substrate (Figure 2A and 1A). This result can be only explained by
the low specific activity of TtGalA on Carob, since the affinity of DturCelB on Carob
and Locust bean gum is almost the same (Table 1). Our data highlighted the role of
TtGalA, that plays a major function in enhancing the DturCelB activity, improving the
linear mannan chain accessibility. Accordingly, results from the sequential assay show
clearly that also on Carob the synergistic association, between the two enzymes,
benefits (DS=1.5) by the previous action of the debranching enzyme.

The Guar backbone is composed of a linear chain of mannose residues (Figure
1), where the galactose resides branch at every second mannose residue. The specific
activity of DturCelB and TtGalA on Guar was lower than that obtained on Locust bean
gum (Table 1), due to the higher extent of galactose substitutions (Figure 1).
Accordingly, the total yield of reducing sugars obtained on this substrate was much
lower than that on Locust bean gum and Carob (Figure 2, 3 and 4).
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Figure 4. Simultaneous (A) and sequential (B) assays of TtGalA and DturCelB using 1% Guar. Various
combinations of recombinant enzymes were tested and protein ratio was expressed in percentage form. The degree
of synergy is highlighted with an asterisk. Values were presented as mean values + S.D. (n = 3).

Nevertheless, in simultaneous assays our data clearly indicate that the synergistic
interaction between the two enzymes occurred also using Guar as substrate (i.e
DS=21.0) under all the conditions tested (Figure 4A). The sequential assays further
confirmed that the prior action of TtGalA by removing galactose substituents, increases
the release of reducing sugar by DturCelB (Figure 4).

4.0 Conclusions

One of the major factor contributing to increase the yield of the efficient lignocellulose
biomass conversion yield, resides in understanding how different enzymes may
cooperate to degrade complex polymeric substrates. Both the new isolated
thermophilic DturCelB and TtGalA enzymes performed a better catalytic activity
working in synergy rather than alone, preferring the low galactose-polysaccharides
than the highly galactose decorated polymers used in this study. In fact, a good degree
of heterosynergy relationship with each other on galactomannan degradation was
clearly demonstrated on all the substrate tested at high temperature (80°C) and in a
relatively short time (30 min) compared to other studies [13]. Based on the sequential
assays, the synergy was a result of TtGalA activity, which removes galactose branches
from the galactomannan polymers, then improving the accessibility of the linear
mannan backbone to DturCelB. Our finding also revealed that the 75%-25% ratio of
DturCelB and TtGalA is the best combination to attain a compromise between a good
degree of synergy and the highest yield of reducing sugars released. The strength
point of this enzymatic cocktail resides in the thermophilicity and thermostability of both
the TtGalA and DturCelB enzymes [11] that allows to foresee their employment during
the gradual cooling right after the pretreatment of lignocellulosic material. The addition
of thermophilic enzymes earlier in this step would result in time savings and improved
conversion efficiency of the whole process, compared to the use of
mesophilic/moderate thermophilic enzyme cocktails.
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folobus spindle-shaped virus 1 is a model of UV-inducible
viruses infecting Crenarchaeota. Previous works on SSV1
UV induction were bases on empirically determined param-
eters that have not yet been standardized. Thus, in many
peer reviewed literature, it is not clear how the fluence and
irradiance have been determined. Here, we describe a pro-
tocol for the UV induction of SSV1 replication, which is
based on the combination of the following instrumentally
monitored parameters: (1) the fluence; (2) the irradiance;
(3) the exposure time, and (4) the exposure distance. With
the aim of finding a good balance between the viral repli-
cation induction and the host cells viability, UV-irradiated
cultures were monitored for their ability to recover in the
aftermath of the UV exposure. This UV irradiation proce-
dure has been set up using the well-characterized Sulfolo-
bus solfataricus P2 strain as model system to study host—
virus interaction.
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Introduction

Sulfolobus spindle-shaped virus 1 (SSV1), isolated from
the native host Sulfolobus shibatae in Beppu (Japan), is the
prototype and the best characterized member of the Fusell-
oviridae family (Prangishvili 2013; Martin et al. 1984).
SSVI can propagate only in few hosts (Ceballos et al.
2012), among which a strain of S. solfataricus isolated
from the solfataric field of Pisciarelli near Naples (Italy),
turned out to be suitable for carrying out genetic (Stedman
et al. 1999; Clore and Stedman 2007; Iverson and Sted-
man 2012), biochemical (Kraft et al. 2004a, b; Menon et al.
2008; Zhan et al. 2012; Eilers et al. 2012) and physiologi-
cal studies (Reiter et al. 1987; Schleper et al. 1992; Zillig
et al. 1980; Frols et al. 2007a; Fusco et al. 2013).

The genome of SSV1 is a double-stranded DNA mol-
ecule of 15 Kbp, which has been found both as inte-
grated (provirus) and as episomal form into the host cells
(Schleper et al. 1992; Yeats et al. 1982). Its complete
sequence has been determined (Palm et al. 1991), and as
for other fuselloviruses (Stedman et al. 2003; Wiedenheft
et al. 2004; Redder et al. 2009; Contursi et al. 2007, 2010,
2014a), it encodes for a number of quasi-orphan proteins,
which do not have detectable homologues in the databases
other than in related hyperthermophilic viral genomes
(Contursi et al. 2013). This has led to the necessity of per-
forming structural and functional analyses to unravel their
functions. For instance, the structure of several SSV1
transcription factors (TFs) has been solved revealing that,
despite the lack of homology, most of these viral TFs are
bacterial like (Kraft et al. 2004a, b; Menon et al. 2008;
Zhan et al. 2012; Eilers et al. 2012; Contursi et al. 2013;
2011;2014b).

Insights about the role of some SSV1 proteins have been
derived from genetic analyses that revealed some of the
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essential SSVI1 genes (Stedman et al. 1999; Iverson and
Stedman 2012). Furthermore, its genome has been used as
template for the construction of replicative and expression
vectors, which have been employed for heterologous gene
expression as well as for studying viral ORFs essentiality
(Contursi et al. 2014a; Stedman et al. 1999; Iverson and
Stedman 2012; Jonuscheit et al. 2003; Albers et al. 2006;
Cannio et al. 1998; Cannio et al. 2001).

Pioneering studies on SSV1 helped shedding light on
how gene expression is regulated in Archaea. In particular,
the elucidation of the SSV1 transcriptional map as well as
the identification of all the transcriptional start sites (TSSs)
(Reiter et al. 1987; Frols et al. 2007a; Fusco et al. 2013),
led to the discovery of two conserved sequence motifs
that resemble those of the eukaryotic basal gene promot-
ers recognized by the RNA polymerase II (Reiter et al.
1988). Therefore, the bacterial-like transcription regulators
encoded by Archaea operate in a eukaryal-like transcrip-
tional context (Contursi et al. 2013).

Upon infection, one copy of the viral genome site spe-
cifically integrates into the host chromosome at an arginyl-
tRNA gene (Schleper et al. 1992), whereas the episomal
form (~5 copies per cell) is maintained in host cells in three
isoforms, i.e. (1) as positively or negatively supercoiled and
(2) as relaxed double-stranded DNA (Snyder et al. 2003).
Intriguingly, so far SSV1 is the only member of the Fusell-
oviridae family that shows an UV-inducible life cycle.
Upon UV light exposure a well-characterized gene expres-
sion pattern is triggered and involves the expression of a
short UV-inducible transcript, namely T, ,, followed by:
(1) the time-coordinated expression of all the other viral
transcripts, (2) the induction of the SSV1 genome replica-
tion (Frols et al. 2007a) and (3) a steep increase of the viral
titre. Only recently efforts have been made to get insights
into the molecular switch from the lysogenic state to the
replication induction (Fusco et al. 2013). Nevertheless,
mechanisms underpinning these processes are still murky.

So far, in peer reviewed published literature, it is not clear
how the fluence (or UV dose) and the irradiance have been
measured. Indeed, the fluence (J m~2) administered to the
cells has been only empirically determined and no atten-
tion has been paid to monitoring the irradiance (J m=2 s~")
(Martin et al. 1984; Reiter et al. 1987; Schleper et al. 1992;
Frols et al. 2007a). Furthermore, the negative effect on the
host viability, that the UV treatment implies, has been under-
estimated. Since an essential parameter such as the irradi-
ance has not been taken into account elsewhere (Martin et al.
1984; Reiter et al. 1987; Schleper et al. 1992; Frols et al.
2007a) and the nomenclature may be misleading, important
definitions need to be discussed. The irradiance is a proper
term used when a surface is irradiated by UV light com-
ing from all directions above the aforementioned surface.
Indeed, the irradiance is the total radiant power incident from
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all upward directions on an infinitesimal element of surface
having area dA and containing the point under considera-
tion divided by dA, as defined by Bolton (Bolton and Linden
2003). When the irradiance is constant (as herein described),
the fluence is derived multiplying the irradiance by the expo-
sure time (in seconds). The term UV dose, so far used to refer
to the fluence, is confusing since the word “dose” describes
a total energy adsorbed by a surface (e.g. the skin). In UV
irradiation of microbial suspensions, the major amount of
the incident UV light crosses the sample with only a small
percentage being adsorbed by the cells. For this reason, flu-
ence is a much more appropriated term since it is related to
the incident UV energy, rather than to the adsorbed fraction
(Bolton and Linden 2003).

Herein, we describe a protocol that has been developed
with the purpose of: (1) standardizing all the parameters
needed for performing an UV induction experiment on
SSVI lysogens and (2) finding a good balance between
the viral induction and the host viability. Indeed, we show
that by tuning fluence and irradiance, cells viability can be
improved and, in turn, the viral induction reaches highest
values determined so far.

Materials and methods
Growth conditions and UV irradiation

Cells of the S. solfataricus P2 lysogenic strain (SSV1-P2)
were revitalized by depositing few microliters of culture
onto the soft layer of an SCVYU-Gelrite plate and incubat-
ing at 75 °C for 3-5 days, as described elsewhere (Contursi
et al. 2006). Subsequently, local growth areas (spots) were
inoculated into 50 ml of SCVY medium, i.e. a glycine-
buffered Brock’s basal salt solution, supplemented with
0.2 % sucrose (wt/vol), 0.2 % casamino acids (wt/vol),
1 x vitamins (Wolin et al. 1963) and 0.005 % yeast extract
(wt/vol); the pH was adjusted to 3.5 with concentrated
H,SO,. Cells cultivation was conducted in a 250-ml Erlen-
meyer flask with a long neck, at 75 °C with a shaking rate
of 180 rpm using a MaxQ™ 4000 Benchtop Orbital Shaker
(Thermo Scientific). The cell growth was spectrophotomet-
rically monitored at 600 nm (ODg,) by means of a Varian
Cary® 50 Bio UV/Visible Spectrophotometer (McKinley
Scientific). Once the culture reached the logarithmic phase
of growth (0.4-0.6 ODg,), it was diluted to a value of 0.05
ODyg, in 50 ml of fresh SCVY medium and let to grow up
to 0.8 ODgy.

Before performing UV irradiations, the SSV1-P2 culture
was diluted in 400 ml of SCVY medium to 0.08 ODy, into
a 1-L Erlenmeyer flask and let to grow up to the mid-loga-
rithmic growth phase (0.5 ODg,). Aliquots of this culture
were then UV-irradiated or mock treated. In detail, 40 ml of

47



Extremophiles (2015) 19:539-546

541

culture was transferred into a 150 x 25-mm Petri plate (BD
Falcon™) and UV irradiation was carried out at room tem-
perature in a dark room under red light, by carefully hand
shaking the plate under a germicidal lamp G15T8 (254 nm,
15 W, Sankyo Denki). Differently from previous reports
(Martin et al. 1984; Reiter et al. 1987; Schleper et al. 1992;
Frols et al. 2007a), the fluence and the irradiance were
instrumentally measured by means of a Quantum-photo-
radiometer HD9021, equipped with an LP9021 UVC probe
(Delta Ohm). The fluence was of 30, 45 and 60 J m~2 (with
an irradiance of 1.0 I m~2 s™') or of 45, 60 and 75 J m~2
(with an irradiance of 0.5 ] m? s7h (Fig. 1). The irradiance
was tuned by changing the exposure distance, which was of
70 cm (for an irradiance of 0.5 J m™2 s™!) or of 50 cm (for
an irradiance of 1.0 J m~2 s~!), whereas the desired fluence
was achieved by changing the exposure time to the UV light
source. As control, a mock-treated sample was subjected
to the same procedure except for the UV light exposure.
Treated samples were separately collected in 250-ml Erlen-
meyer flasks, which were wrapped with aluminium foil to
protect the culture from further light exposure, and incu-
bated at 75 °C with a shaking rate of 180 rpm.

To check cells viability immediately after the treatment,
serial dilutions of the cultures were plated on SCVYU-Gel-
rite and incubated at 75 °C for 7-10 days. Colonies were
counted (100-300 cells per plate) and a survival percentage
was calculated. Moreover, cell growth was spectrophoto-
metrically monitored throughout the post-treatment incuba-
tion and samples were taken after 8 and 24 h, because a
peak in the amount of SSV1 DNA and in the viral titre was
expected, respectively (our unpublished data). Cellular pel-
lets as well as cell-free supernatants were obtained through
centrifugation at 3,000x g for 15 min using the Centrifuge
5810R (Eppendorf). The procedure was carried out in trip-
licate and average (Avg) as well as standard deviation (SD)
were calculated for the data reported below.

Quantitative plaque assay

SSVI1 viral titre was determined for cell-free superna-
tants by quantitative plaque assays using the uninfected S.

1.0 J'm2s?
\ — B8 8 8

30 J'm? 45 J:m?2 60 Jm?

=
SSV1-P2

0.5 ODjgggm / \ ~

0.5 J'm2st

— BB 8

45 J'-m2 60 J'm? 75 J-m?

Fig. 1 Schematic illustration of the UV irradiation procedure. Cells

were grown exponentially until 0.5 ODg, before being irradiated
with an irradiance of 0.5 or 1.0 Jm=2 57!
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solfataricus strain P2, as lawn. This strain was first revi-
talized on SCVY-plate and then transferred into 50 ml of
SCVYU medium, as described above. Cell density was
monitored spectrophotometrically at 600 nm until the late
logarithmic phase of growth (0.6 ODgy).

Lower layers of SCVY-Gelrite were prepared by pouring,
in 100 x 15 mm plastic plates (Falcon), 30 ml of 1 x SCVY
mixed with Gelrite® (Sigma Aldrich) at the final concentra-
tion of 0.8 % (w/v). Subsequently, 100 pl of serial dilutions
(from 107* to 107%) of cell-free supernatants (containing
SSV1 viral particles) were added to a mix composed of: (1)
1 x SCVY medium, (2) Gelrite® at the final concentration
of 0.4 % (w/v) and (3) 0.5 ml of the 0.6 ODy, S. solfatari-
cus P2 culture (about 0.5 x 10® cells). Each mix (the upper
layer) was poured onto the lower layer of a pre-warmed
SCVY-Gelrite plate. After a short incubation at room tem-
perature to allow gelification of the upper layers, plates
were transferred to 75 °C for 5-7 days. Growth inhibition
areas (turbid halos), which appeared onto the upper layer as
consequence of local growth retardation, were counted (up
to 100 plaques per plate) and the viral titre (PFU/ml) was
calculated considering the dilution factor.

Although quantitative plaque assay of SSV1 viral parti-
cles is notoriously challenging, we have noticed that a critical
point for obtaining clearer halos depends on the physiologi-
cal state as well as on the number of the cells used as lawn.
Indeed, when about 0.5 x 103 cells of a not-freshly diluted
culture are used, clear halos appear on the plate surface upon
infection (Supplementary material, S1). Conversely, if the
culture is freshly diluted with pre-warmed medium before
plating, halos appear turbid and difficult to be counted.

Semi-quantitative PCR analysis

SSV1-P2 pellets, collected 8 h post-irradiation, were treated
for total DNA extraction using the DNeasy tissue kit (Qia-
gen), following the manufacturer’s instructions. The con-
centration of the DNA samples was spectrophotometrically
measured by means of a Nanodrop 2000 Spectrophotom-
eter (Thermo Scientific). To detect variations of the viral
DNA content, total DNA samples from mock-treated and
UV-irradiated cells were analysed by semi-quantitative PCR
assays. With this aim, two primer couples were designed
(Fusco et al. 2013) using Primer3 software (available at the
website: http://bioinfo.ut.ee/primer3-0.4.0/), to amplify: (1)
a 155-bp region of the SSV1 single-copy gene vp2 and (2)
a 108-bp region of the host single-copy gene orcl (Table 1).
A PCR master mix was prepared as follows: 1 x Taq buffer,
2.5 mM MgCl,, 0.2 mM dNTP mix (Thermo Scientific),
0.6 uM orcl-fw, 0.6 pM orcl-rv, 0.6 uM vp2-tw, 0.6 pM
vp2-rv and 0.1U/u1 of Tag DNA Polymerase (Thermo Scien-
tific). Aliquots of the master mix (60 1 each) were dispensed
into 200-1 tubes (Eppendorf) and 100 ng of total DNA from
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Table 1 Sequences of oligonucleotides used for the semi-quantita-
tive PCR assays

Name  Sequence (5'-3) Length (nt)

orcl-fw TATAAATTGTTATAGACATAGAACGCTGTA 30

orcl-rv. TTAAATACTTCTTGTGCCGATAGTCC 26
vp2-fw  GGAGGGTACATCGCTACCTTATGA 24
vp2-rv. CAGTAGGGCTGACAGTAAACTACG 24

mock-treated or UV-irradiated cells were added. Each aliquot
was then split into three sub-aliquots (20 w1 each), to collect
the tubes at the 20th, 25th and 30th cycle of amplification.
The thermal cycling protocol was carried out into a Master-
cycler Personal (Eppendorf®) as follows: an initial denatura-
tion step of 5 min at 95 °C, followed by 30 cycles of 40 s at
95 °C, 40 s at 62 °C, and 1 min at 72 °C. After collecting the
samples at the 30th cycle, a final step at 72 °C has been car-
ried out for 10 min. PCR products were run on a 2 % agarose
gel in 1 x TAE buffer (40 mM Tris, 20 mM acetic acid and
1 mM EDTA) for 1 h. Pictures were taken by means of a Gel
Doc XR System (Biorad) and DNA bands quantified using
the Quantity One Software (Biorad).

Results

The UV irradiation has a dose-dependent effect on the host
cell viability

The UV irradiation not only induces the viral replication in
SSV1-lysogens, but affects metabolism and survival of the
host as well. In fact, major changes in growth rate and gene
expression have been observed in the aftermath of UV irra-
diation of S. solfataricus cells.

Nevertheless, discrepant data have been produced about
the UV-dependent gene regulation in this crenarchaeon,
probably because the equipment and the procedure used,
have not been standardized (Frols et al. 2007b, 2009; Gotz
et al. 2007; Salerno et al. 2003).

Likewise most of the bacteriophages and viruses known,
the SSV1 development seems to be sensitive to the physi-
ological state of the host (Prangishvili 2013; Contursi et al.
2006; Bondy-Denomy and Davidson 2014). Therefore, a
suitable protocol for SSV1 induction requires taking into
account the host response in regard of cell viability and
ability to recover upon UV exposure.

With the aim of setting up the best conditions for the
induction of the SSV1 replication, cells were UV-irradiated
by combining a set of different parameters: (1) the fluence
ranging from 30 to 75 J m~2, (2) the irradiance of 0.5 or
1.0 J m~2 s7'; (3) the exposure times ranging from 30 to
150 s, and (4) the exposure distance of 50 or 70 cm.
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Fig. 2 Growth curves of SSVI1-P2 pre- and post-UV treatment. The
ODgypnm Values were measured over a time window of ~55 h. Cells
were grown exponentially until 0.5 ODgg,., value (21st h of incu-
bation) before being mock or UV treated (green area of the graph).
Afterwards, the samples were split into seven flasks, incubated back
to 75 °C and further monitored (red area of the graph). The growth
retardation is related to the fluence and irradiance administered

As shown in Fig. 2, cell growth is slowed down by the
treatment with a dose-dependent trend. The highest UV flu-
ency levels, i.e. 60 J m™2 and 75 J m~2, resulted in heavy
growth retardation, probably as consequence of an impaired
activation of the DNA lesions repairing system(s). Con-
versely, cell growth was only partially delayed when the
fluence and irradiance were progressively reduced down
(Fig. 2). Furthermore, cells viability determined by plating
aliquots of the cultures, revealed that the survival percentage
upon UV irradiation gradually increased by reducing both the
fluence and irradiance (Table 2). To compensate for effects
related to temperature changes, control cultures were sub-
jected to the same procedure except for the UV irradiation.

Interestingly, our data indicate that the fluence (J m™2) is
not the only parameter affecting the cell survival (Table 2)
and their ability to recover after the treatment (Fig. 1).
Indeed, the irradiance (J m2 s is crucial to preserve
cells viability. In fact, using a milder irradiance reduces
cells lethality and, in turn, improves the viral replication
(see below), which relies on the host machinery. Indeed,
the same fluence provided with two values of irradiance
(0.5 0r 1.0 J m™2 s7!) led to different percentage of viabil-
ity. For all the values of fluence tested, the percentage of
survival cells is higher when they are treated with a lower
irradiance (0.5 J m~2 s~!; Table 2).

A suitable UV fluence for the induction of the SSV1
replication

The effect of UV irradiation on the SSV1 replication has
been evaluated by monitoring the relative amount of the
SSVI1 DNA in the mock-treated and UV-irradiated cultures
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Table 2 Cells viability after UV treatment

Total fluence CFU/ml Avg + SD (n =3)  Survival
(Jm?) percentage (%)"
0 8.63 x 107 +0.26 x 107 100

30° 6.07 x 107 £ 0.30 x 107 70.33

45¢ 3.17 x 107 £ 0.08 x 107 36.73

45b 1.87 x 107 £ 0.08 x 107 21.67

60° 0.60 x 107 £ 0.06 x 107 6.95

60° 0.23 x 107 £ 0.02 x 107 2.67

75¢ 0.51 x 10° £ 0.01 x 10° 0.59

* Survival percentages calculated considering the mock-treated sample
as 100 %

b Cells irradiated with an irradiance of 1.0 J m?s™!
¢ Cells irradiated with an irradiance of 0.5 J m?s™!

by semi-quantitative PCR assays. Cells were irradiated
with a set of different conditions as described above and
collected 8 h post-irradiation. Two single-copy genes on the
host and viral chromosomes (orc! and vp2, respectively)
were chosen to provide an estimation of the viral genome
content under all the conditions tested. As shown, the PCR
products were analysed for each sample on agarose gel at
the 20th, 25th and 30th cycle of amplification (Fig. 3).
Densitometric analysis, performed by means of the soft-
ware Quantity One (BioRad), revealed that the vp2/orcl
fluorescence ratio increases in all the UV-irradiated sam-
ples compared to the mock-treated ones (when the same
amplification cycle is considered). Notably, the highest
value was detected for the sample treated with an irradiance
of 0.5 m™2 57! and a fluence of 45 J m~2, which, there-
fore, is the most suitable condition among the several tested
(Fig. 3). For this latter sample, the fluorescence intensity
of vp2 at the 20th amplification cycle is comparable to its
intensity at the 25th amplification cycle of the mock-treated
sample (lysogenic culture). Under the best conditions, at
each amplification cycle the amount of a specific amplicon

increases by a factor of 2", where »n is the number of cycle.
Since the same amount of vp2 (fluorescence intensity) is
reached 5 cycles in advance in the irradiated sample, the
copy number of SSV1 in this latter is ~32-fold higher (2%
than in the mock-treated one. Being the SSV1 copy num-
ber ~5 episomes per cell, the total viral amount reaches 160
copies per cell.

Worth of note is that, using the QIAprep Spin Miniprep
Kit (Qiagen), about 20 g of SSVI DNA (~1.2 x 10"
SSV1 episomal genomes) were isolated from independent
preparations, by processing 50-ml pellets of cells harvested
8 h post-irradiation (0.75 ODg). If it is assumed that 1
0Dy, culture contains about 2 x 10% cells/ml (as calcu-
lated by plate efficiency), 50 ml of a 0.75 ODg, culture
contains ~7.5 x 10° cells. According to the data already
measured by the densitometric analysis, the initial SSV1
copy number increases of 32-fold.

The SSV1 viral particles accumulate in the culture
supernatant after the irradiation

Performing quantitative plaque assay to determine the
SSV1 viral titre is notoriously challenging. However, we
have noticed that using a not-freshly diluted culture as
lawn, the resulted halos appeared clearer and easier to be
counted than those obtained when a freshly diluted culture
was plated. Therefore, the growth retardation induced by
SSV1 infection is more pronounced when the culture is
harvested from an exhausted medium.

Viral titre was determined for the culture supernatants
harvested at the 8th and the 24th h post-irradiation. These
two time points were chosen because after 8 h of incu-
bation the amount of viral DNA in the cells reaches its
maximum, while subsequently decreases (10-24 h), prob-
ably as consequence of the viral particles extrusion into
the culture medium (our unpublished data). The highest
amount of viral particles (5 10° PFU/ml) was produced
from cells treated with a fluence of 45 J m~ (irradiance of

1.0 J'm2s? 0.5 J-m2s
Mock ’—'—|
treated 45 J-m= 60 J-m?2 45 J'-m? 60J-m2  75J-m?

30 .Jl‘m'2

I | | | 1 ]| 1| 1| |
M 20th 25t 30th 20t 25t 30t 20t 25t 30t 20t 25t 30t 20t 25t 30th 20t 25t 30th 20t 25t 30t

1000 bp—y s
=

500 bp—> s
200bp—y
100 bp—>

Fig. 3 Semi-quantitative PCR analysis on DNA from mock- and UV-
treated SSVI -P2 cultures. Agarose gel electrophoresis of PCR prod-
ucts collected at the 20th, 25th and 30th amplification cycle. Black-
straight arrows point out to molecular weight markers as well as to host
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(orcl = 108 bp) and viral (vp2 = 155 bp) PCR products. Densitomet-
ric analysis detected a maximum amount of SSV1 DNA for the sample
irradiated with a fluence of 45 J m~2 and an irradiance of 0.5 J m~2 s~
(dashed frame)

@ Springer



544

Extremophiles (2015) 19:539-546

0.5 J m~2 s ') and harvested 24 h post-irradiation. Whilst,
the same fluence (45 J m~2), provided using an irradiance
of 1.0 Jm™?s™", led to a lower viral titre (6 10° PFU/ml).
This difference is due to the fact that, in the former case, a
larger fraction of the cell population is viable (37 vs 22 %,
Table 2), thus better supporting viral replication and virions

extrusion.

Discussion

Three decades have passed since the discovery of SSV1 and
it still represents a valid model to study the host—virus inter-
action in harsh environments (Martin et al. 1984; Ceballos
et al. 2012; Schleper et al. 1992; Frols et al. 2007a; Fusco
et al. 2013). Moreover, so far it is the only member of the
Fuselloviridae family showing a UV-inducible life cycle
(Prangishvili 2013; Contursi et al. 2014a). Interestingly,
the first proof of the existence of a UV-specific response in
Sulfolobus was just derived from the transcription analysis
of SSV1. In particular, the primary reaction after UV treat-
ment of the host cells is the expression of a small transcript
T,,g» Which either acts as primer for viral replication and/
or encodes for a UV-responsive transcription factor (Frols
et al. 2007a).

However, the UV irradiation exerts effect not only on the
SSV1 induction but also on the host metabolism and vital-
ity as well. Indeed, the transcriptional response in Sulfolo-
bus cells is paralleled by a phase of marked growth retarda-
tion with DNA replication and cell division slowing down
(Frols et al. 2009). Exposure of cells to UV light causes
the formation of two prevalent DNA lesions, i.e. cyclobu-
tane pyrimidine dimers (CPDs) and 6—4 photoproducts, the
former of which has been detected in UV-irradiated cells
of S. solfataricus (Salerno et al. 2003). The best charac-
terized UV-damage repair system is the nucleotide exci-
sion repair (NER) pathway. Noteworthy, the genome of
S. solfataricus encodes for homologues of the eukaryal
NER system, which were found to be transcriptionally

Table 3 Viral titre at 8th and 24th hours after UV treatment

up-regulated upon UV irradiation (Salerno et al. 2003).
In Eukarya the contribution of the NER pathway to the
removal of UV-induced DNA lesions is dependent on the
magnitude of the UV exposure used, i.e. on irradiance and
fluence (Lee et al. 2004). Similarly, it has been shown that
these two parameters represent key factors in the activa-
tion of the c-Jun N-terminal kinase (JNK), which is medi-
ated by DNA lesions in mammalian cells. In particular, a
prolonged activation of JNK was revealed when the UV
fluence was administered using a lower irradiance (Adler
et al. 1996). Notably, studies on UV response in Eukarya
have evidenced that conflicting data are produced when dif-
ferent experimental procedures are used (Lee et al. 2004).
Similar discrepancies in S. solfataricus (Frols et al. 2007b,
2009; Gotz et al. 2007; Salerno et al. 2003) might be attrib-
uted to the lack of a standardized protocol. Indeed, in previ-
ous literature the fluence has been only empirically deter-
mined, whist the irradiance has not been taken into account
(Martin et al. 1984; Reiter et al. 1987; Schleper et al. 1992;
Frols et al. 2007a).

In this manuscript, we describe a suitable UV irradia-
tion procedure, which is based on instrumentally meas-
ured parameters, i.e. the fluence and irradiance. A clear
dose-response relationship between the UV irradiation and
the host survival percentage is shown. Interestingly, cells
lethality was significantly reduced through the tuning of the
irradiance (0.5 or 1.0 J m~2s™") (Table 2). By analogy with
eukaryal systems, this effect might be due to an improved
functionality and/or activation of the DNA-damage repair
systems (Lee et al. 2004; Adler et al. 1996).

A fluence of 45 ] m_z, in combination with an irradiance
of 0.5 7 m~2s™!, turned out to be not only suitable to pre-
serve host viability, but also to lead to the highest accumu-
lation of viral DNA and of viral particles (Fig. 2; Table 3).
Indeed, densitometric analysis of the PCR products showed
an increase of the SSV1 copy number of about 32-fold, i.e.
of ~160 viral genome copies per cell in the irradiated cul-
ture collected 8 h post-irradiation. Moreover, the viral titre
determined under the same irradiation conditions (about

Total fluence (J m™2) PFU/ml 8th Avg & SD (n = 3)

PFU/ml 24th Avg + SD (n = 3)

PFU/ml fold of increase 8th/24th

0 2.10 x 107 £0.12 x 107
30° 2.03 x 107 £0.16 x 107
45° 231 x 108 +£0.25 x 10®
45° 3.85 x 107 £0.15 x 107
60° 3.92 x 107 £0.11 x 107
60° 1.76 x 107 £ 0.16 x 107
75° 1.81 x 107 £ 0.08 x 107

245 x 107 £0.18 x 107 1.17
8.26 x 107 £ 0.13 x 107 4.07
491 x 10°+0.11 x 10° 21.26
6.35 x 108 £ 0.20 x 10® 16.49
5.03 x 108 +0.13 x 107 12.83
3.68 x 107 £ 0.17 x 107 2.09
2.94 x 107 £0.16 x 107 1.62

# Cells irradiated with an irradiance of 1.0 J m?s™!

b Cells irradiated with an irradiance of 0.5 J m?s™
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5 10° PFU/ml, Table 3), was one order of magnitude higher
than previously reported for S. solfataricus (Schleper et al.
1992). Therefore, the enhanced viability of the cell popu-
lation affects viral replication and virions extrusion, thus
influencing the increase of both copy number and viral
titre.

Altogether these data highlight the necessity of stand-
ardizing the irradiation procedure to better compare results
from different research groups.

Moreover, the establishment of a standardized protocol
for SSV1 induction might have biotechnological poten-
tialities since it allows the isolation of a huge amount of
viral DNA as well as of viral particles to be employed for
genetic manipulation and nanoparticles production, respec-
tively. In this regard, viral particles from hyperthermo-
philic Archaea have been demonstrated to be exploitable
for the fabrication of new nanoparticles. In particular, the
rod-shaped virus SIRV2 (Sulfolobus islandicus rod-shaped
virus 2) has been referred as a novel nanobuilding block
(Evans 2009). Similarly, the virion of SSV1 can be consid-
ered, by its nature, a stable nanoparticle that is resistant to
low pH and high temperature, and is, therefore, a good can-
didate for future biotechnological applications.
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Chapter lll:

Industrial application of thermophilic and cellulolytic lactic acid producer,
Bacillus coagulans

Lignocellulosic materials are indispensable for the carbon cycle and require numerous
time-consuming processes, including mechanical, chemical, thermal, and biological
treatments. In natural environments, the biodegradation of waste proceeds exclusively
through biological processes and involves microbial communities, that produce a
series of enzymes for the bioconversion process. In this context, the isolation of new
microorganisms from agricultural waste represents a reservoir of hydrolytic enzymes,
as well as a potential source of cell factories to be exploited in several industrial
processes.

The paper 3-1 “Bacillus coagulans MA-13: a promising thermophilic and
cellulolytic strain for the production of lactic acid from lignocellulosic
hydrolysate” describes the isolation of a novel thermophilic and cellulolytic strain MA-
13 from canned beans manufacturing residues. MA-13 is a facultative anaerobic
bacterium with an optimal temperature of growth at 55°C, able to secrete soluble endo-
1,4-B-glucanase enzymes into the culture supernatant. MA-13 was also characterized
for the production of lactic acid from lignocellulose-derived sugars and in presence of
lignocellulose hydrolysate inhibitors. For this reason, the manuscript 3-11 “Seed culture
pre-adaptation improves lactic acid production of Bacillus coagulans MA-13 in
Simultaneous Saccharification and Fermentation” illustrates the setting up of
simultaneous saccharification and fermentation (SSF) process based on the MA-13.

95



Paper 3-I:

Aulitto et al. Biotechnol Biofuels (2017) 10:210

DOI 10.1186/513068-017-0896-8 Biotech n0|0gy for Biofuels

RESEARCH Open Access

Bacillus coagulans MA-13: a promising @
thermophilic and cellulolytic strain for the
production of lactic acid from lignocellulosic
hydrolysate

Martina Aulitto'2, Salvatore Fusco''®, Simonetta Bartolucci', Carl Johan Franzén? ® and Patrizia Contursi' ®

Abstract

Background: The transition from a petroleum-based economy towards more sustainable bioprocesses for the
production of fuels and chemicals (circular economy) is necessary to alleviate the impact of anthropic activities on the
global ecosystem. Lignocellulosic biomass-derived sugars are suitable alternative feedstocks that can be fermented
or biochemically converted to value-added products. An example is lactic acid, which is an essential chemical for the
production of polylactic acid, a biodegradable bioplastic. However, lactic acid is still mainly produced by Lactobacillus
species via fermentation of starch-containing materials, the use of which competes with the supply of food and feed.

Results: A thermophilic and cellulolytic lactic acid producer was isolated from bean processing waste and was
identified as a new strain of Bacillus coagulans, named MA-13. This bacterium fermented lignocellulose-derived sugars
to lactic acid at 55 °C and pH 5.5. Moreover, it was found to be a robust strain able to tolerate high concentrations of
hydrolysate obtained from wheat straw pre-treated by acid-catalysed (pre-)hydrolysis and steam explosion, especially
when cultivated in controlled bioreactor conditions. Indeed, unlike what was observed in microscale cultivations
(complete growth inhibition at hydrolysate concentrations above 50%), B. coagulans MA-13 was able to grow and
ferment in 95% hydrolysate-containing bioreactor fermentations. This bacterium was also found to secrete soluble
thermophilic cellulases, which could be produced at low temperature (37 °C), still retaining an optimal operational
activity at 50 °C.

Conclusions: The above-mentioned features make B. coagulans MA-13 an appealing starting point for future devel-
opment of a consolidated bioprocess for production of lactic acid from lignocellulosic biomass, after further strain
development by genetic and evolutionary engineering. Its optimal temperature and pH of growth match with the
operational conditions of fungal enzymes hitherto employed for the depolymerisation of lignocellulosic biomasses to
fermentable sugars. Moreover, the robustness of B. coagulans MA-13 is a desirable trait, given the presence of micro-
bial growth inhibitors in the pre-treated biomass hydrolysate.

Keywords: Lactic acid, Bacillus coagulans, Thermophilic, Fermentation, Robustness, Cellulolytic enzymes,
Wheat straw hydrolysate, Enzymes secretion
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Background

Given the finite nature of fossil-derived fuels and chemi-
cals as well as their negative impact on the environment,
it is important to develop technologies for the use of
alternative and more eco-friendly feedstocks [1]. For
instance, lignocellulosic biomasses from municipal, agri-
cultural and forestry origins are continuously being gen-
erated by several anthropic activities [2]. Therefore, they
are relatively inexpensive and abundant carbon sources
that can be exploited for the production of biofuels and
biochemicals, without giving a net contribution to the
emissions of CO, into the atmosphere. Conversely, they
can negatively contribute to the environmental pollution
if not properly disposed of, recycled or valorised [3].

Currently, the global renewable biochemicals market
is growing in size and importance, with polylactic acid
(PLA) being one of the main shares among bioplastics
[4]. PLA is a polymer of p- and L-lactic acid (LA), the lat-
ter of which can be obtained by fermentation of renew-
able feedstocks [5, 6]. Currently, several carbohydrates
and nitrogenous materials are commercially used for the
production of lactic acid, e.g. sucrose-containing syr-
ups, juices and molasses; lactose from whey, maltose,
glucose and mannitol [7]. Moreover, several Lactobacil-
lus species have been recently employed for the produc-
tion of LA from starch-containing materials. However,
the use of such biomasses may compete with the supply
of foods and feeds [8]. To overcome this conflict, non-
food sources of fermentable sugars, i.e. lignocellulosic
biomasses, are suitable alternatives [9]. The major com-
ponent of these residues is cellulose (35-50%), which
occurs together with hemicellulose (20-40%) and lignin
(10-30%) at varying compositions that depend on the
plant source [10]. Cellulose is a homopolymer consisting
of B-1,4-linked D-glucose monomers. Unlike starch, it is
not directly accessible as a carbon and energy source for
the majority of microorganisms.

In nature, biodegradation of lignocellulose is an
extremely slow and complex process that involves the
concerted action of many microbial decomposers [11].
However, a more effective deconstruction process has
been set up at industrial scale and includes three steps:
(1) pre-treatment [12]; (2) enzymatic or chemical sac-
charification and (3) fermentation [13]. In this context, a
major bottleneck is represented by the formation of toxic
compounds during chemical and thermal pre-treatments
[14]. These inhibitory compounds are classified into three
major groups: furaldehydes (e.g. furfural and 5-hydroxy-
methylfurfural), weak acids (e.g. acetic acid, formic acid
and levulinic acid) and phenolics (e.g. vanillin, syrin-
galdehyde and coniferyl aldehyde) [15]. Such chemicals
hamper microbial growth and affect the fermentation
fitness, thus profoundly impacting the economy of the
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whole process [16]. One strategy to remove the inhibitors
is to include a detoxification step [17] but that, in turn,
can lead to an increase of production costs [18]. In order
to overcome this drawback, an alternative approach is
to exploit the natural and/or induced tolerance of fer-
menting microorganisms (bacteria and yeasts) [16, 19].
In this perspective, it is important to isolate and charac-
terise robust microorganisms for the production of eco-
friendly chemicals, such as lignocellulose-based LA for
PLA manufacturing [9, 20].

Besides being employed for fermentation, some fungal
and bacterial strains are also sources of carbohydrate-
active enzymes [21]. The use of biocatalysts for the sac-
charification of lignocellulosic biomass represents a more
sustainable approach than the chemical counterparts
[22]. Moreover, if the reaction conditions of both pre-
treatment and saccharification are taken into account
(i.e. temperature, pH, pressure and presence of inhibi-
tory chemicals), thermostable enzymes are appropriate
candidates [23]. Indeed, their operational stability at high
temperature allows reducing the enzymes loading for
the saccharification and, in turn, makes the production
process more economically feasible [24]. In this regard,
bacteria of the genus Bacillus are well-known to secrete
various hydrolytic enzymes such as proteases, amylases
and cellulases [25-27]. Therefore, thermophilic Bacillus
strains might represent reservoirs of novel and robust
cellulolytic enzymes.

The saccharification and fermentation phases can be
carried out sequentially in a set-up known as separate
hydrolysis and fermentation (SHF). Here, the plant cell
wall polymers are first hydrolysed by lignocellulolytic
enzymes to monomeric sugars which are then fermented
by the microbial cells in a separate process [28]. However,
the enzymes can be inhibited by the high concentrations
of the hydrolysed products (monomeric sugars) achieved
during saccharification [29]. For this reason, simultane-
ous saccharification and fermentation (SSF) has been
developed to combine these two processes in the same
batch, in order to alleviate the enzymatic inhibition [30].
Recently, consolidated bioprocessing (CBP), a one-step
conversion of lignocellulosic biomass into the desired
final product, is becoming a commercially attractive
alternative [31]. In CBDP, a native or genetically engineered
microbial strain is used both for enzyme production,
leading to hydrolysis of the complex carbohydrates, and
at the same time, for fermentation of the released sugars
into valued-added products [31, 32].

Here, we report the isolation and characterisation of
a new thermophilic and cellulolytic Bacillus coagulans
strain (MA-13), which is able to (1) secrete cellulolytic
enzymes, (2) ferment lignocellulose-derived sugars to
lactic acid and (3) withstand the toxicity of inhibitors
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present in the liquid fraction (hydrolysate) of wheat straw
pre-treated by acid-catalysed hydrolysis and steam explo-
sion. The above-mentioned features, together with the
possibility to implement new traits through genetic engi-
neering of B. coagulans [33], make this microorganism
a potential workhorse for the production of lactic acid
from lignocellulosic raw materials.

Methods

Isolation and screening of cellulolytic microorganisms

The biological sample used in this study was in the
form of an agricultural residue from a canned beans
manufacturing process. In order to isolate cellulolytic
microorganisms, a few grams of this waste residue were
resuspended in 100 ml of sterile double-distilled water
(ddH,0), placed in a 250-ml Erlenmeyer flask with a
long neck and incubated at 60 °C with a shaking rate of
180 rpm for 30 min, using a MaxQTM 4000 Benchtop
Orbital Shaker (Thermo Scientific). The waste suspen-
sion was serially diluted (tenfold) using sterile ddH,O
and 150 pl from each dilution was spread on plates of
solid carboxymethyl-cellulose (CMC; Sigma-Aldrich)
containing screening medium (CMC-SM, Additional
file 1: Table S1). After overnight incubation at 60 °C in a
dry oven, microbial colonies appeared on the surface of
the plates. Hundreds of these colonies were picked using
sterile needles, transferred into tubes containing liquid
CMC-SM and incubated at 60 °C with a shaking rate of
180 rpm. Microbial growth was spectrophotometrically
monitored at an optical density of 600 nm (ODg,) over a
time span of 18 h. Only the colonies able to propagate in
this liquid medium were also tested for the capability to
metabolise filter paper (FP), using the screening medium
FP-SM (Additional file 1: Table S1). To test if modifica-
tions of the FP texture could occur only as consequence
of the stirring and high temperature applied, a control
flask containing FP-SM without cells was incubated for
the same time span at 60 °C.

Identification, physiological characterisation

and phylogenetic analysis of a new cellulolytic Bacillus
coagulans strain

The best-performing isolate was identified as a strain of
B. coagulans by 16S rRNA-encoding gene sequencing
and cellular fatty acid analysis performed by a certified
laboratory (DSMZ), and it is hereafter referred to as B.
coagulans MA-13. Furthermore, the 16S sequence (Gen-
Bank accession number; MF373392) was used to search
the GenBank database by means of BLASTn [34]. 16S
rRNA sequences of several representative B. coagulans
strains were retrieved, aligned with T-COFFEE and a
phylogenetic tree (1000 bootstrap replicates) was con-
structed with the MEGAG6 software using the Maximum
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Likelihood method based on the Tamura—Nei model
[35]. The 16S sequence from Bacillus circulans strain 555
was used as an outgroup to root the tree.

To further characterise this strain, standard physi-
ological and biochemical tests were performed including:
(1) motility assay; (2) Gram staining; (3) the Voges—
Proskauer (VP) test; (4) catalase, oxidase, lecithinase,
phenylalanine deaminase and arginine dihydrolase activ-
ity assays; (5) nitrate reduction test; (6) indole produc-
tion; (7) citrate and propionate utilisation as well as (8)
organic acids and gas production from glucose. Addition-
ally, the strain was tested for its ability to hydrolyse dif-
ferent biopolymers, such as casein, gelatine, starch and
Tween 80.

Determination of the optimal temperature of growth

To assess the effect of the temperature on the growth of B.
coagulans MA-13, a pre-culture was cultivated using LB
medium in a 250-ml Erlenmeyer flask at 60 °C and shaking
speed of 180 rpm for 4 h (up to an ODg, value of 1.5). This
latter was used to seed 50-ml aliquots of CMC-SM medium
(Additional file 1: Table S1) at an initial ODg, of 0.08.
These cultures were then incubated at 37, 50, 55 and 60 °C,
in 250-ml Erlenmeyer flasks with a long neck (to avoid
evaporation) in a rotary shaker at 180 rpm. Optical den-
sity was measured regularly over a time span of 15 h. The
steepest part of the In (ODyg,) curves, assessed by at least
four measurement points, was used to calculate both the
maximum specific growth rates (4,,,,) and the coefficient
of determination (R?). Three independent replicates of the
experiment were performed using different precultures.

Determination of endoglucanase activity in the culture
supernatant and soluble proteins detection

The strain B. coagulans MA-13 was cultivated in liquid
CMC-SM (Additional file 1: Table S1) at 55 °C up to the
stationary phase (about 15 h) and harvested by centrif-
ugation at 3000xg for 15 min. Proteins secreted by B.
coagulans MA-13 were precipitated by gradually adding
(NH,),SO, into the cell-free culture supernatant, reach-
ing a final concentration of 90% (w/v). After stirring
for 1 h, the supernatant was centrifuged at 5000xg for
15 min (4 °C) and the obtained protein pellet was resus-
pended and dialysed in 50 mM Tris—HCI pH 7.0 (Appli-
Chem). Protein concentration was determined according
to Bradford assay [36], using serial dilutions of bovine
serum albumin as standards. A preliminary detection of
endoglucanase enzymes in the cell-free culture super-
natant was performed by means of the CMC-hydrol-
ysis spot assay. The concentrated and dialysed culture
supernatant was spotted (5 pg of total proteins) on agar
plates containing 1% (w/v) CMC and incubated at 55 °C
for 30 min. In parallel, a positive control of degradation
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was performed, by spotting the same amount of a com-
mercially available enzyme solution (Cellulases from
Trichoderma reesei ATCC 26921; Sigma-Aldrich). After
staining with 0.1% (w/v) Congo Red (Sigma-Aldrich),
degradation haloes were revealed by washing the plate
surface with 1 M NaCl (AppliChem) and fixing with 5%
(v/v) acetic acid (Carlo Erba).

To confirm the presence of soluble proteins, the con-
centrated and dialysed cell-free culture supernatant was
subjected to a two-step purification procedure through
cation-exchange and size-exclusion chromatography.
To achieve this aim, the sample was loaded onto a 1-ml
cation-exchange Resource S column (GE Healthcare)
connected to a fast-performance liquid chromatography
system (AKTA Explorer; GE Healthcare). The column
was equilibrated with 50 mM Tris—HCI pH 7.0 and the
elution was performed with a linear gradient of NaCl
from 0 to 800 mM. Chromatography fractions were
tested for endo-1,4-p-glucanase activity, using Azo-CMC
as substrate (Megazyme) and following the supplier’s
instructions. All positive fractions were pooled together
in the same tube, dialysed against 50 mM Tris—HCI and
200 mM NaCl, pH 7.0 and concentrated to a final vol-
ume of approximately 0.2 ml, using a Centricon® mem-
brane with a 3-kDa cut-off (Millipore). The concentrated
sample was subjected to size-exclusion chromatography
using a Superdex PC75 column (3.2 by 30 cm; GE Health-
care) equilibrated with 50 mM Tris—HCl pH 7.0 and
eluted at a flow rate of 0.04 ml/min. Protein fractions dis-
playing Azo-CMCase activity were pooled and analysed
by 12% SDS-PAGE [37].

Time course of the enzyme secretion into the culture
supernatant

To set up a cultivation medium for the induction of
enzymes secretion, B. coagulans MA-13 was grown at
55 °C in media containing: (1) glycine-buffered Brock’s
basal salt solution [38—41]; (2) 0.2% (w/v) nitrogen source
[either (NH,),HPO,, tryptone or yeast extract] and (3)
0.5% (w/v) CMC. Among the nitrogen sources, tryptone
was found to better induce the secretion of enzymes and
the corresponding medium was named carboxymethyl-
cellulose induction medium (CMC-IM, Additional file 1:
Table S1). CMC-IM was used to investigate if B. coagu-
lans MA-13 was able to secrete endoglucanases at a
lower temperature, by performing a time course analy-
sis at 37 °C. In particular, 50 ml of CMC-SM was seeded
with a glycerol stock of B. coagulans MA-13 and incu-
bated under constant shaking (180 rpm) at 55 °C for 4 h
(up to 1.5 ODyy). This pre-culture was then used to inoc-
ulate a 50-ml aliquot of CMC-IM at an initial ODg, of
0.08. This second phase of cultivation was carried out at
37 °C and 180 rpm. In parallel, LB medium was used as a
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negative control of enzyme secretion. Aliquots were reg-
ularly withdrawn to measure the optical density as well
as to obtain cell-free supernatants though centrifugation
at 4000xg for 10 min. Endo-1,4-B-glucanase activity of
the cell-free supernatants was assayed at three different
temperatures (37, 50 and 60 °C), using Azo-CMC as sub-
strate (Megazyme) and following supplier’s instructions.
Three independent replicates of this experiment were
carried out using different precultures.

Comparison of Bacillus coagulans MA-13 growth

on different sugars and hydrolysate concentrations

The growth of B. coagulans MA-13 was monitored in
microscale conditions (145 pl) at 55 °C and pH 5.5, using
the Bioscreen C MBR equipment (Oy Growth Curves Ab
Ltd). Although the bacterium shows an optimal growth
at pH 6.0, it is also able to propagate well at pH 5.5 (Addi-
tional file 1: Figure S1). Therefore, subsequent characteri-
sations were carried out at pH 5.5, since acidic conditions
are commonly used for the microbial production of LA
at industrial scale. To test lignocellulose-derived sugars
utilisation, media supplemented with trace metals and
vitamins [42] and containing different sugars were used
(Additional file 1: Table S1).

The strain robustness was tested by cultivations in the
liquid fraction (hydrolysate) of a wheat straw slurry, pre-
treated by sulfuric acid-catalysed hydrolysis and steam
explosion as described elsewhere [43] and containing
inhibitors such as 3.8 g/l of acetic acid, 4.0 g/ of furfural
and 1.4 g/l of 5-hydroxymethylfurfural (HMF); concentra-
tions were determined by HPLC (see below). The pH of the
hydrolysate was adjusted to 5.5 using concentrated NaOH,
before being mixed with the above-mentioned medium
and molasses as a source of sucrose [43] to achieve con-
centrations of hydrolysate ranging from 10 to 80% (v/v).
Prior to microscale cultivations, B. coagulans MA-13 was
grown into the stationary phase in LB medium at 55 °C
and shaking speed of 180 rpm. To remove nutrients lefto-
ver from the LB medium, the culture was centrifuged at
3000xg for 10 min at room temperature and the cell pellet
was resuspended in 1% (w/v) NaCl to an ODg, value of
about 3.0. This suspension was used to seed each well of
the Bioscreen C plate at an initial ODy, of about 0.1. To
avoid sample evaporation, the multi-well plate was sealed
with a transparent adhesive tape. Then, it was placed into
a Bioscreen C MBR apparatus set at high amplitude and
fast speed. At 20-min intervals, mixing was stopped for 5 s
prior to each optical measurement (ODy).

The recorded cell density values were converted to
equivalent ODyg, using the following Eq. (1):

ODbioscreen
Pathlength (cm) x 1.32°

ODobserved =

(1)
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The non-linear correlation between optical density and
cell density was corrected using Eq. (2) [40]:

ODcorrected = ODgbserved + 0.449 X oD?

observed

+0.191 x OD3 (2)

observed*

The steepest part of the In (OD_,, eceq) CULVE, using
12 measurement points, was used to calculate both the
maximum specific growth rate (y,,,,) and the coefficient
of determination (R%). For each experimental condition,
a minimum of nine technical replicates were included
in the plate. Moreover, two independent replicates were
carried out using different starting seed cultures (for a
total of 18 replicates).

Fermentation

Fermentations were performed in 3.6 | bioreactor vessels
(INFORS HT), autoclaved at 121 °C for 20 min before
usage. Inoculum cultures were grown in 500 ml of LB
medium in a 2.0 | flask at 55 °C and shaking speed of
180 rpm for 3—4 h (up to an ODgy, value of about 1.0-
1.3). Culture aliquots (about 100 ml) were centrifuged
at 4000xg for 10 min and the obtained bacterial pellets
were resuspended using 20 ml of sterile medium col-
lected from each bioreactor vessel. Fermentations were
initiated by inoculating the cell suspension into the bio-
reactors through a sterile rubber septum at an initial
ODy, of about 0.1. The composition of the batch fer-
mentation media is reported in the Additional file 1:
Table S1. Each batch fermentation was carried out in
1 I medium at 55 °C at a stirring speed of 500 rpm, until
complete sucrose consumption. Nitrogen was sparged at
1 VVM (volume of gas/volume of medium/minute), and
pH was kept at 5.5 by adding 3 M NaOH. Antifoam 204
(Sigma-Aldrich) was added as required. Optical density
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was spectrophotometrically measured at 600 nm and the
steepest part of the In(ODg,) curves, estimated by linear
regression over five points, was used to calculate both the
maximum specific growth rates (4,,,,) and the coefficient
of determination (R?). The concentrations of sucrose and
fermentation products (lactate, acetate and acetoin) were
determined by HPLC analysis of the culture supernatant,
as described below.

HPLC analysis

Culture samples were centrifuged at 4000xg for 5 min
and supernatants were filtered using 0.2 pum sterile fil-
ters (VWR®). High-performance liquid chromatography
(HPLC) and quantification of sucrose, lactate, acetate
and acetoin was performed by means of an UltiMate
3000 HPLC system equipped with a variable wavelength
absorbance detector set at 210 nm (Dionex) and an
IR-101 refractive index detector (Shodex), using a Rezex
ROA column (Phenomenex). The analysis was carried
out at a column temperature of 80 °C, using 5 mM H,SO,
as the mobile phase at a flow rate of 0.8 ml/min through-
out the analysis.

Results

Isolation, identification and characterisation of a new
Bacillus coagulans strain

Hundreds of colonies from CMC-SM plates, seeded with
an agricultural waste suspension, were tested for the abil-
ity to grow in liquid medium. In this condition, only five
isolates could propagate in CMC-SM, thus confirming
their ability to metabolise the polymeric carboxymethyl-
cellulose substrate. These cellulolytic isolates were cul-
tivated also in liquid FP-SM medium (Fig. 1a). Among
these, the one named MA-13 achieved the highest optical
density (ODg) in a time span of 24 h, when cultivated in

Fig. 1 Isolation of the cellulolytic strain MA-13. a Bacillus coagulans MA-13 culture after overnight growth in FP-SM (right side) and negative control
without cells (left side). b Light microscope observation of B. coagulans MA-13 cells when cultivated in CMC-SM (Additional file 1: Table S1)
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both CMC-SM and FP-SM media. Subsequently, MA-13
was identified as a strain of B. coagulans through 16S
rRNA-encoding gene sequencing and cellular fatty acids
profiling (DSMZ). The phylogenetic tree based on 16S
rRNA sequences showed two main branches (Group I
and Group II) that included a similar number of B. coagu-
lans strains. Although B. coagulans MA-13 clustered in
Group I, it appears more phylogenetically distant from
the other members of the same branch, similarly to the
strain ATCC7050 (Fig. 2).

Bacillus coagulans MA-13 turned out to be a faculta-
tive anaerobic, spore-forming, Gram-positive, motile,
rod-shaped bacterium (Fig. 1b; Table 1), which hydro-
lyses biopolymers such as gelatine, starch and casein
(Table 1). Moreover, like other Bacillus species, MA-13
is capable of denitrification, the respiratory reduction of
nitrate and nitrite to N,O (Table 1). To assess its opti-
mal temperature of growth, B. coagulans MA-13 was
cultivated in liquid CMC-SM at different temperatures
(Fig. 3a) and it showed the highest relative growth rate at
55 °C (Fig. 3b).
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Bacillus coagulans MA-13 secretes cellulases

into the culture supernatant

The ability of B. coagulans MA-13 to utilise both CMC
and FP as carbon sources suggested that this bacterium
might produce cellulolytic enzymes for the hydrolysis of
these substrates. To understand whether these enzymes
were secreted into the medium, the cellulolytic activity
of the cell-free supernatant was assayed. To this end, B.
coagulans MA-13 was cultivated at 55 °C in liquid CMC-
SM for 15 h, and the concentrated cell-free supernatant
was spotted on CMC-agar plates. The appearance of a
degradation halo after Congo Red staining proved the
presence of cellulases in the culture supernatant (Fig. 4a).
To further confirm the secretion of soluble enzymes,
the concentrated cell-free supernatant was dialysed and
partially purified through cation-exchange and size-
exclusion chromatography. All the fractions were assayed
for endo-1,4-B-glucanase activity and the positive ones
were pooled, concentrated and analysed on SDS-PAGE
(Fig. 4b). Although several protein bands were visible
on the gel, the predominant one migrated in the range

67
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60
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Fig. 2 Phylogenetic relationship between MA-13 and other B. coagulans strains based on 165 rRNA sequences. The evolutionary history was
inferred by using the Maximum Likelihood method based on the Tamura—-Nei model [35]. The tree with the highest log likelihood (—1664.1025) is
shown. The percentage of trees in which the associated taxa clustered together is shown next to the branches. Initial tree(s) for the heuristic search

approach. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site (0.01). The analysis involved 24 nucleo-
tide sequences. All positions containing gaps and missing data were eliminated. There was a total of 745 positions in the final dataset. Evolutionary
analyses were conducted in MEGAG6, using the 165 sequence from Bacillus circulans 5S5 as an outgroup to root the tree. For all strains, the GenBank

irwise distances estimated using the Maximum Composite Likelihood
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Table 1 Physiological and biochemical properties of Bacil-
lus coagulans MA-13

Features Reaction Carried out
Gram staining + by DSMZ
Voges-Proskauer reaction - by DSMZ
Gas from glucose - by DSMZ
Spores + by DSMZ
Motility + by DSMZ
Denitrification
NO, — NO, + by DSMZ
Indol reaction by DSMZ
Oxidase - by DSMZ
Growth
30°C + by DSMZ
37°C + in this work
40°C + by DSMZ
50°C + by DSMZ and in this work
55°C + in this work
60 °C + in this work
Growth in medium pH 4.5 + in this work
pH5.0 + in this work
pH5.5 + in this work
pH 5.7 + by DSMZ
pH6.0 + in this work
pH7.0 + in this work
NaCl 2% + by DSMZ
NaCl 5% - by DSMZ
Lysozyme-broth + by DSMZ
Aerobic + in this work
Anaerobic + by DSMZ and in this work
Acid fermentation of
p-glucose + by DSMZ and in this work
D-mannose + in this work
p-galactose - in this work
p-arabinose by DSMZ and in this work
L-arabinose - in this work
p-xylose - by DSMZ and in this work
p-mannitol by DSMZ
o-fructose + by DSMZ and in this work
p-melibiose + in this work
p-cellobiose + in this work
Lactose + in this work
Hydrolysis of
Casein + by DSMZ
Gelatine + by DSMZ
Starch + by DSMZ
Carboxymethyl-cellulose + in this work
Filter paper + in this work
Tween 80 - by DSMZ
Enzymes production
Phenylalanine deaminase - by DSMZ
Arginine dihydrolase — by DSMZ
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Table 1 continued
Features Reaction Carried out
Lecithinase — by DSMZ
Catalase + by DSMZ
Endo-1,4-B-glucanase + in this work

-+, positive reaction; —, negative reaction

of 40-50 kDa, which is consistent with the molecular
weight of other bacterial cellulases [29, 45, 46].

To assess the production of enzymes at a lower tem-
perature, B. coagulans MA-13 was cultivated at 37 °C in
both CMC-IM and in LB medium; this latter as a nega-
tive control of secretion (Fig. 5a). As expected, the LB
medium culture supernatant did not show any endo-
1,4-B-glucanase activity when tested by Azo-CMC assay
(data not shown). When the bacterium was grown in
CMC-IM, no Azo-CMCase activity was detected during
the first 7 h of cultivation (data not shown). Neverthe-
less, after a short stationary phase (Fig. 5a, 6-8 h), endo-
1,4-B-glucanase activity was observed in the culture
supernatant (Fig. 5b, 8 h). The enzymes secretion was
accompanied by the onset of an additional short expo-
nential growth phase (Fig. 5a, 8—10 h) and the highest
enzymatic activity was detected after 15 h of cultivation
(Fig. 5b). Furthermore, the enzymes in the supernatant
were found to be active at three different temperatures
(i.e. 37, 50 and 60 °C), although they performed better at
50 °C (Fig. 5b). Interestingly, when B. coagulans MA-13
was cultivated at its optimal temperature of growth
(55 °C), the secretion of enzymes into the culture super-
natant was comparable to that of cells cultivated at 37 °C
(data not shown).

Bacillus coagulans MA-13 is able to metabolise
lignocellulose-derived sugars

Several Gram-positive bacteria are able to ferment sug-
ars to a wide palette of organic acids [47]; among these,
B. coagulans is a well-known LA producer [9, 24, 48, 49].
For this reason, the ability of the strain MA-13 to utilise
different sugars and to produce LA was tested. In par-
ticular, this bacterium was cultivated on several lignocel-
lulose-derived monosaccharides (p-glucose, b-mannose,
D-fructose, L-arabinose, D-xylose and D-galactose) and
disaccharides (D-melibiose, D-cellobiose and lactose).
Except for D- and r-arabinose, D-xylose and D-galac-
tose, B. coagulans MA-13 was found to grow using all
the sugars tested (Fig. 6a). Since glucose was the pre-
ferred carbon source, yielding the highest maximum spe-
cific growth rate (4,,,,), it was used as reference (100%)
to calculate the relative y ., for the other saccharides.
Compared to D-glucose, the yu,. . for D-fructose was
about 30% lower, whereas for p-mannose, pD-melibiose,
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Fig. 4 Detection of secreted endoglucanase enzymes. a CMC-hydrolysis spot assay. Positive control (P): cellulase from Trichoderma reesei ATCC
26921 (5 pg of total proteins; determined by Bradford assay). Negative control (N): 90% (w/v) (NH,),SO, solution. Concentrated supernatant (S): B
coagulans cell-free supernatant concentrated by adding 90% (w/v) (NH,),SO, (5 ug of total proteins; determined by Bradford assay). b SDS-PAGE of
Azo-CMCase positive fractions obtained by cation-exchange (CEC) and size-exclusion chromatography (SEC). Molecular mass markers (M)
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D-cellobiose and lactose it was reduced by about 50%
(Fig. 6b). B. coagulans MA-13 was also cultivated using
the commonly used and relatively inexpensive carbon
source, molasses, which contains primarily sucrose [43].
Interestingly, in this case, the relative x4, was even
higher than that showed for p-glucose (Fig. 6b).

To assess the presence of organic compounds typi-
cally produced either aerobically (acetate and acetoin)
or anaerobically (lactate), an end-point HPLC analysis
was carried out for all the tested conditions. However
at rather low concentration these compounds were pro-
duced from all the sugars analysed (Additional file 1:
Table S2), except for D-cellobiose that yielded only
acetate and acetoin. The lack of control over impor-
tant parameters such as aeration, pH and proper mix-
ing under microscale conditions can explain the low
concentration of the organic compounds. On the other
hand, their concomitant presence can be accounted to
the microaerophilic environment of the plate, which may
allow both aerobic and anaerobic metabolism.

The new isolate is tolerant to a steam-exploded wheat
straw hydrolysate

The microscale cultivation at increasing concentration of
steam-exploded wheat straw hydrolysate [43] was per-
formed to test the inhibitory effect on the bacterium propa-
gation (Fig. 7a) and on the production of LA (Additional
file 1: Table S3). The relative y,,,, was reduced compared
to the control, but in a non-linear fashion (Fig. 7b). Only
a slight reduction of the relative 4,,,, to about 80% was
observed at low hydrolysate concentrations (10 and 20%,
Fig. 7b). However, at both 30 and 40% concentrations of
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hydrolysate, a drop in the 4, by about 50% was detected
(Fig. 7b). Only a further 10% reduction of the p_,. was
observed at 50% hydrolysate (Fig. 7b), whilst the growth
was completely inhibited at 60% hydrolysate (data not
shown). Moreover, the end-point HPLC analysis showed
that the production of lactate was negatively affected by the
presence of hydrolysate (Additional file 1: Table S3).

Bacillus coagulans MA-13 is less inhibited by the
hydrolysate in a controlled batch fermentation set-up
Although microscale cultivation using Bioscreen C allows
assessing several conditions simultaneously, this system
suffers from the lack of regulation of crucial parameters
such as aeration and pH control. For this reason, both
bacterial growth and lactic acid production were studied
in controlled bioreactor conditions (Fig. 8). When anaer-
obically cultivated in a hydrolysate-free medium (Fig. 8a),
B. coagulans MA-13 consumed all the sucrose in 16
hours, with a yield of 0.92 g, .ie/€sucrose- The average and
maximum volumetric productivities of LA were 1.40 and
2.55 g/l/h, respectively, whereas the average and maxi-
mum specific productivities were 0.28 and 0.50 g/1/h/OD,
respectively (Table 2).

Unlike what was observed in microscale cultivations
(Fig. 7b), the pu,,, was only slightly reduced in 30 and
50% hydrolysate media (Table 2) when grown under
controlled bioreactor conditions (Fig. 8b—d). Inter-
estingly, the microbial growth was never completely
inhibited, but was only reduced by about 40% even at
the highest hydrolysate concentration (Table 2). On the
other hand, the increase in the hydrolysate concentra-
tion in the fermentation medium was accompanied by
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decreased average and maximum volumetric LA pro-
ductivities (Table 2). Although this had an effect on the
process time, the variation of the LA yield appeared to
be negligible. Interestingly, both the average and maxi-
mum biomass-specific LA productivities increased
proportionally to the hydrolysate concentration in the
medium (Table 2).
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Discussion

Lignocellulosic biomasses, such as municipal, agricul-
tural and forestry residues, are attractive renewable
sources for the eco-friendly production of biofuels and
chemicals. Nevertheless, to be sustainably used they
need to be processed in order to release monomeric
sugars that can be fermented or otherwise converted to
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value-added products [2]. In this context, microorgan-
isms represent both reservoirs of hydrolytic enzymes [21,
22] as well as potential cell factories for several biocon-
version processes [47]. In nature, decomposition of lig-
nocellulosic materials requires complex processes, with
the participation of several lignocellulolytic microorgan-
isms. The best biological niches for the isolation of such
microorganisms are those where cellulose-containing
substrates are present [50]. Therefore, thermophilic and
cellulolytic microorganisms were isolated from an agri-
cultural residue, and were screened for their ability to
grow at high temperature using FP and CMC as carbon
sources (Figs. 1a, 3a). The isolate B. coagulans MA-13
stood out for its rapid utilisation of these complex sub-
strates, and when tested at different temperatures in a
CMC-containing medium, 55 °C was found to be its opti-
mal temperature of growth (Fig. 3).

The ability of several Bacillus species to secrete a wide
range of hydrolytic enzymes [51, 52], together with the
evidence that the strain MA-13 metabolises both CMC
and FP, suggests that this bacterium might secrete ligno-
cellulolytic enzymes. Moreover, thermophilic microor-
ganisms are of huge interest since they are endowed with
more stable enzymes [23]. For these reasons, the pres-
ence of soluble cellulases in the cell-free culture super-
natant of B. coagulans MA-13 was preliminary tested
by CMC-hydrolysis spot assay. Interestingly, the result-
ing degradation halo was comparable to that generated
by a commercially available enzyme cocktail (Fig. 4a).
Besides being tested by spot assay, the occurrence of cel-
lulolytic enzymes in the bacterial supernatant was con-
firmed by partial purification (Fig. 4b) and Azo-CMC
assay. To test if B. coagulans MA-13 could be a source
of endoglucanases, even when cultivated at lower tem-
perature, the time course of secretion was investigated
at 37 °C. In the presence of CMC this bacterium showed
a biphasic growth curve, with enzymes secretion occur-
ring only after a first short stationary phase (Fig. 5a,
6-8 h), hinting that the shortage of some nutrients in the
medium might trigger the production of cellulases. It is
worth noting that, despite the low temperature of culti-
vation (37 °C), the secreted enzymes performed better at
50 °C (Fig. 5b), which overlaps the optimal operational
temperature of commercial hydrolytic enzyme cocktails
(50-55 °C) used for the saccharification of lignocellulosic
biomasses [24]. Unlike the B. coagulans strain PFH N7
that showed a decreased enzyme secretion at tempera-
tures higher than 37 °C [53], the secretion of endo-1,4-
B-glucanase enzymes by the strain MA-13 appears not to
be influenced by the temperature of growth. Indeed, the
enzyme activity in the supernatant was comparable when
this bacterium was cultured at both 37 and 55 °C (data
not shown).
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Many strains of B. coagulans are generally regarded as
safe (i.e. GRAS) by the U.S. Federal Drug Administra-
tion (FDA) [54-56]. Therefore, besides being used as a
chemical for PLA manufacturing, the LA produced by
this bacterium might be potentially used as an additive
in pharmaceutical and cosmetic applications as well as in
food industries [7]. Moreover, B. coagulans is one of the
model organisms used for the production of LA from lig-
nocellulose biomasses [8, 23, 45, 46]. For this reason, the
strain M-13 was tested for the consumption and fermen-
tation of different cellulose- and hemicellulose-derived
sugars. Since B. coagulans MA-13 was selected for its
capability to degrade cellulose, it was not surprising to
observe that, besides D-mannose, it could not metabo-
lise other hemicellulose-derived sugars (i.e. p- andL-
arabinose, D-xylose and D-galactose). On the other hand,
the utilisation of cellulose-derived sugars was expected
(Fig. 6; D-glucose and D-cellobiose). The highest relative
Mmax Was observed when molasses was provided as car-
bon source (Fig. 6b). This is of particular interest because
molasses is a renewable, easily available and relatively
inexpensive source of sugars that is often used at indus-
trial scale [57, 58]. The improved growth in molasses has
already been observed for other Bacillus species [59, 60]
and might be related to the presence of growth promot-
ers such as vitamins, organic compounds and minerals.

Another desirable feature of microorganisms employed
for the production of eco-friendly fuels and chemicals is
the tolerance towards inhibitors released during the pre-
treatment of the lignocellulosic biomass [14—16]. To this
end, the robustness of B. coagulans MA-13 was investi-
gated by cultivation in the liquid fraction (hydrolysate) of
an acid and steam-exploded wheat straw slurry [43]. Cell
growth in media containing 10 and 20% hydrolysate was
only slightly affected compared to the growth in hydro-
lysate-free medium, but the relative g, ,, dropped sig-
nificantly at 30-50% of hydrolysate (Fig. 7). Cell growth
was completely inhibited at concentrations above 50%.
Interestingly, these data show that B. coagulans MA-13
is indeed a robust bacterium able to withstand hydro-
lysate concentrations higher than those tolerated in batch
cultivations by Saccharomyces cerevisiae using the same
hydrolysate [43], i.e. a model organism widely used for lig-
nocellulosic ethanol production. Moreover, B. coagulans
MA-13 appears to better tolerate furfural than what is
shown for the thermophilic Bacillus spp. IFA 119. Indeed,
whereas in microscale cultivation MA-13 showed a 60%
reduction of its relative y,. in the medium containing
50% hydrolysate (about 2.0 g/l of furfural), the growth of
the strain IFA 119 was inhibited by 96% when cultivated
in a medium containing only 0.8 g/l of furfural [61]. On
the other hand, the growth of B. coagulans MXL-9 was
not inhibited by furfural up to 2.5 g/l [62], although its
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behaviour was never tested in the presence of a complex
mixture of inhibitors, such as the acid and steam-exploded
wheat straw hydrolysate used in this work.

To study the behaviour of B. coagulans MA-13 in a
more controlled experimental set-up, batch fermentations
were carried out in high-performance bioreactors using
hydrolysate-free medium as well as at concentrations of
hydrolysate exceeding those tolerated in the microscale
cultivations. Under strict anaerobic conditions the bac-
terium produced only LA, thus confirming its homo-fer-
mentative nature. Moreover, the better mixing, together
with stringent anaerobic condition and pH control
throughout the cultivation in bioreactors, alleviated the
detrimental effect of the hydrolysate inhibitors on the bac-
terial growth. In fact, compared to what was observed in a
hydrolysate-free medium, in the presence of 95% hydro-
lysate the bacterial growth was reduced only by about 50%
(Fig. 8; Table 2). This indicates that B. coagulans MA-13
is more robust than B. coagulans IPE22 (Fig. 2, Group
1I), the growth of which was reduced by about 75% when
cultivated in a medium containing only furfural (3.0 g/l)
as inhibitory compound [49]. Therefore, MA-13 might
be an even more suitable strain for lignocellulosic LA
production (Fig. 8; Table 2) than previously indicated by
the microscale cultivation data (Fig. 7). Concerning the
fermentation performance, it is noteworthy that the LA
yield was similar in all the tested conditions. In contrast,
the volumetric productivities were reduced in the hydro-
lysate-containing media (Table 2). These results show that
the inhibitory compounds present in the hydrolysate [43]
had no effect on the final lactate yield, whilst they affected
the bacterial growth and, in turn, the volumetric LA
productivities (Table 2). These data suggest that the fer-
mentation rate is linked to the bacterial growth. Indeed,
the time to complete the fermentation was extended
from 18 h in the hydrolysate-free medium to 48 h in the
95%-hydrolysate-containing medium (Table 2). However,
the specific LA productivities increased with the hydro-
lysate concentration (Table 2). This can be explained by a
higher cellular requirement of energy to be used in stress
responses and for detoxification of inhibitors at increased
hydrolysate concentrations. Since sugar fermentation is
the only way to produce energy (i.e. reducing power and
ATP) in anaerobic conditions, this will in turn stimulate
the production of LA.

Interestingly, once again, B. coagulans MA-13 was
shown to be more robust than other strains such as B.
coagulans J112 (Fig. 2, Group I) and NLO1; in fact, these
latter showed a fermentation time of 48 h at lower con-
centration of furfural (1.4 and 0.18 g/l) and HMF (0.3
and 0.37 g/l), respectively [63, 64]. Altogether the fea-
tures displayed by B. coagulans MA-13, ie. (1) the
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secretion of thermophilic cellulases; (2) the utilisation
of lignocellulose-derived sugars and (3) the tolerance
towards lignocellulose hydrolysate inhibitors, make this
bacterium an appealing candidate for the production of
LA from lignocellulosic biomasses. Nonetheless, given
the presence of 20-40% of hemicellulose in lignocellu-
losic biomass, further development of the MA-13 strain
is required to provide this strain with the ability to fer-
ment hemicellulose-derived sugars (e.g. xylose). Indeed,
this is a desirable trait for LA production strains, since it
allows exploiting the full polysaccharide composition of
the biomass and, in turn, to increase the final LA titre.
Moreover, the future design of a consolidated bioprocess,
via genetic and evolutionary engineering of MA-13, can
be envisaged since genetic accessibility has already been
reported for B. coagulans [33].

Conclusions

In the present work, a novel thermophilic and cellulolytic
strain of B. coagulans MA-13 was isolated from canned
beans manufacturing residues for its ability to metabo-
lise both CMC and FP. MA-13 is a facultative anaerobic
bacterium showing an optimal temperature of growth
of 55 °C, which is able to secrete soluble endo-1,4-p-
glucanase enzymes into the culture supernatant, even
when cultivated at a lower temperature (37 °C). Although
the secreted enzymes are active in a wide range of tem-
perature (37—60 °C), they perform better at 50 °C. MA-13
was also characterised for the production of lactic acid
in media containing a hydrolysate derived from the pre-
treatment of wheat straw by acid-catalysed hydrolysis
and steam explosion. Whereas the fermentation process
was completed within 18 h in a hydrolysate-free medium,
the process time was extended to 48 h at the highest
hydrolysate concentration tested (95% v/v). However,
the lactic acid yield was always higher than 0.9 g/g and
was not influenced by the hydrolysate concentration in
the fermentation medium. The secretion of cellulolytic
enzymes and the ability to ferment lignocellulose-derived
sugars to lactic acid in the presences of inhibitors make
this bacterium a suitable starting point for the develop-
ment of a consolidated bioprocess for the production of
lactic acid from lignocellulosic biomass.

Additional file

Additional file 1: Table $1. Media composition. CMC= carboxymethyl-
cellulose; SM= Screening Medium; FP= Filter Paper; IM= Induction
Medium; BM= Bioscreen Medium; FM= Fermentation Medium. Figure S1.
Assessment of the optimal pH of growth. Table S2. HPLC analysis of
filtered microscale cultures with different sugars. Table $3. HPLC analysis
of filtered microscale cultures in the presence of hydrolysate from acid
and steam-exploded wheat straw.sssss
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Abstract

One of the main barriers to the production of lactic acid (LA) from
lignocellulosic biomass is the susceptibility towards biomass-derived growth inhibitors
of the bacterial strains used for fermentation. Therefore, step of detoxification (i.e.,
water washing) to alleviate growth inhibition is required.

In this study, we assessed efficient strategy to overcome bacterial growth
inhibition by performing pre-adaptation of the seed culture. Specifically, the seed
medium was supplemented with different amounts of the liquid fraction obtained by
filtration of pre-treated wheat straw by acid-catalysed (pre-)hydrolysis and steam-
explosion. Afterwards, pre-adapted seed cultures were used to produce lactic acid in
high-gravity simultaneous saccharification and fermentation (SSF).

The best results were obtained when the 30%-hydrolysate pre-adapted seed
was used at a cell/biomass ration of 0.01 geei/gwis. Indeed, the process time was
reduced from 36 (not preadapted) to 15 hours with average and maximum volumetric
productivities of 1.7 and 2.8 g/L-h, respectively. Noteworthy, the strength points of
this strategy are: i) the use of a cheap carbon source (i.e., molasses); ii) the
improved LA productivity upon physiological adaptation and iii) the saving of clean
water that would have been otherwise used for biomass washing.
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1. Introduction

Lactic acid (LA) is one of the most important carboxylic acid occurring in
nature and exists in two optically active forms, i.e., L(+)- and the D(-)-lactic acid. LA is
widely used in food, cosmetic, pharmaceutical and chemical industries, as well as for
the production of bioplastics, such as poly-lactic acid (PLA) [1]. LA can be
manufactured either by chemical synthesis or by microbial fermentation. However,
petroleum-based synthesis produces always a racemic D/L-lactic acid solution. Bio-
production via fermentation provides significant advantages over the chemical
synthesis, such as reduced environmental impact and lower raw material costs [2].
Although lignocellulosic biomasses represent eco-friendly, abundant and inexpensive
sources of feedstock, their utilization is still limited by several technical barriers [3]. At
industrial scale, the biomass must be first chemically and physically pre-treated to
deconstruct its complex structure, mainly to make cellulose and hemicellulose more
accessible to the subsequent enzymatic hydrolysis (saccharification). After pre-
treatment and saccharification, the fermentability of the biomass is generally
hampered by toxic compounds, such as furfural, 5-hydroxymethyl furfural (HMF), and
soluble phenolic compounds, which are released during the pre-treatment. Indeed,
these chemicals inhibit the growth of the fermenting microorganisms and, in turn,
affect the rate of biomass conversion to the end-product. One strategy to reduce the
level of toxic compounds is the detoxification of the pre-treated hydrolysates, but this
implies additional cost [3, 4]. Therefore, robust and tolerant microorganisms are
required to keep the process economically feasible.

Saccharification is performed after the pre-treatment and consists in the
depolymerisation of cellulose and hemicellulose to monomeric, fermentable sugars.
This hydrolysis is commonly carried out by means of fungal hydrolytic enzyme
cocktails either as a stand-alone phase (SHF: separate hydrolysis and fermentation)
or in combination with the fermentation process (SSF: simultaneous hydrolysis and
fermentation) [5]. The main benefit of performing the production in a SSF
configuration is the reduced product inhibition experienced by the enzymes, because
the sugar concentration is kept low by the microbial consumption [6]. On the other
hand, the presence of a solid residue in the fermentation tank makes trickier the
stirring of the medium. However, in many cases the operational conditions (i.e.,
temperature and pH) are not optimal neither for the enzymes and nor for the
fermenting microorganism; thus, affecting the efficiency of these parallel processes
[6]. Nowadays, several commercial bacterial strains, such as Lactobacillus helveticus
and Lactobacillus caseii, are already used to produce LA. However, high
contamination risks make these mesophilic strains not suited for industrial production
of LA [3]. For this reason, some studies have addressed to the use of a moderate
thermophilic lactic acid bacteria (Bacillus coagulans), which is a facultative anaerobic
bacterium able to grow in a range of temperatures from 37 to 55°C [7-10]. Recently,
a new strain of B. coagulans, namely MA-13, was isolated from canned beans
manufacturing residues and found to secrete soluble endo-1,4-B-glucanase enzymes
into the culture supernatant. Noteworthy, MA-13 showed temperature (55°C) and pH
(5.5) optima for cell growth that are compatible with those required by the fungal
hydrolytic enzymes used for the biomass saccharification. Moreover, MA-13 showed
to tolerate well the toxicity of biomass-derived growth inhibitors when cultivated in the
presence of high concentration of pre-treatment hydrolysate (up to 95%). The
abovementioned features make this strain an attractive biocatalyst for the conversion
of lignocellulosic residues into valuable chemicals [11] .

In this study, B. coagulans MA-13 was used as microbial cell factory for the
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production of LA in high-gravity SSF from wheat straw pre-treated by acid-catalysed
(pre-)hydrolysis and steam-explosion. By adding the pre-treatment hydrolysate into
the medium used for the propagation of the seed culture, we show that the strain MA-
13 develops a certain tolerance towards to the biomass-derived growth inhibitors;
therefore, performing better LA fermentation in high-gravity SSF than the control (not
adapted) seed culture.

2. Material and Methods
2.1. Raw material

Pre-treated wheat straw used throughout this study was obtained from SP
Biorefinery Demo Plant (Ornskéldsvik, Sweden). The lignocellulosic biomass was
pre-treated by acid-catalysed hydrolysis with 1% (w/v) H2SO4 and steam-explosion,
as previously described [12]. After pre-treatment, the biomass slurry was separated
by filtration into a water-insoluble solid (WIS) fraction (in SSF experiments) and a
liquid hydrolysate, hereinafter referred to as pre-treatment hydrolysate (in seed
cultivation). This latter, contains microbial growth inhibitors such as acetic acid (3.8
g/L), furfural (4.0 g/L) and hydroxymethylfurfural (1.4 g/L) [12].

For WIS saccharification Cellic CTec Il enzymes (Novozymes) were used.
Enzyme activity, expressed in filter paper units (FPU), was determined according to
the NREL protocol TP-510-42628, with reduced reaction volume [13].

2.2. Strain and media

The recently isolated thermophilic and cellulolytic B. coagulans MA-13 [11]
was used for the production of LA in high-gravity SSF configuration. The MA-13
strain was inoculated from a frozen glycerol stock, at an initial optical density (ODsggo)
of 0.1, in 500 ml of LB medium: 1% (w/v) tryptone (AppliChem), 1% (w/v) NaCl
(AppliChem) and 0.5% (w/v) yeast extract (VWR). The pre-culture was incubated at a
temperature of 55°C and at a shaking rate of 200 rpm using a KS 4000i incubator
shakers (IKA™) up to the early stationary phase (1.0-1.3 ODeqo), prior to subsequent
seed cultivations (see below).

The seed medium (SM) contained 5% (v/v) molasses, 1% (w/v) yeast extract,
1% (w/v) peptone, 1x CBS [0.75% (w/v) (NH4)2S04, 0.35% (w/v) KH2PO4, 0.07%
(w/v) MgS0O4-7H,0], 1x trace metals and 1x vitamins [14]. For the pre-adaptation of
the seed cultures, the pre-treatment hydrolysate was added at different
concentrations to the medium (i.e., 30, 40, 50, 70 and 95% v/v). The SSF medium
was composed of 10% WIS (w/w, dry basis) supplemented with 1% (w/v) yeast
extract, 1% (w/v) peptone and 0.05% (w/v) (NH4);HPO4. For both seed and SSF
media, the pH was adjusted to 5.5 using 3M NaOH.

2.3. Optimization of lactic acid production from steam-exploded wheat straw
2.3.1. Anaerobic seed pre-adaptation

MA-13 seed cultures were propagated in anaerobic batch fermentation in 3.6
L bioreactor vessels (INFORS HT), previously autoclaved at 121 °C for 20 min before
usage. Pre-cultures were cultivated in 500 ml of LB medium in 2.0 L flasks at 55°C
and 180 rpm, up to an ODgg value of about 1.0-1.3 (approximately 3-4 h). In order to
remove the LB components, pre-culture aliquots (about 100 ml) were centrifuged at
4000 x g for 10 min to pellet the cells. Afterwards, 20-ml aliquots of sterile seed
medium were collected from each bioreactor vessel and used to resuspend the
bacterial pellets. At each round of experiments, at least three parallel anaerobic seed
cultivations were started by injecting the cell suspensions into the bioreactors through
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sterile rubber septa at an initial ODgg of about 0.1. For pre-adaption experiments, the
seed medium was supplemented with increasing concentrations of pre-treatment
hydrolysate (see above) in order to allow the cells to adapt to the biomass-derived
growth inhibitors present in the fermentation medium used for the downstream high-
gravity SSF process. All seed cultivations were carried out in 1 L medium at 55 °C at
a stirring speed of 500 rpm. Nitrogen was sparged at 1 VVM (volume of gas/volume
of medium/minute), and pH was kept at 5.5 by automatic addition of 3 M NaOH.
Antifoam 204 (Sigma-Aldrich) was added as required.

Samples were regularity withdrawn to measure ODgyo as well as to obtain cell-
free culture supernatant (through centrifugation and filtration) for HPLC analysis of
sucrose and fermentation products (lactic acid, acetic acid and acetoin) content.
Once the seed cultures reached the early stationary phase (18-20 h), cells were
collected through centrifugation at 4000 x g for 15 min, the supernatant was
discarded and the pellets were resuspended in 0.9% w/v NaCl before being used for
SSF fermentations.

2.3.2. LA production in open SSF configuration

Batch SSF experiments were carried out in 3.6 L BioEtOH jacketed flat-bottom
vessels (INFORS HT), autoclaved at 121 °C for 20 min before usage. An enzyme
loading of 10 FPU-(gws)" was applied to the SSF medium. The biomass pre-
hydrolysis was carried out at 55°C with a stirring rate of 100 rpm for 30 minutes,
before adding MA-13 at a cells/biomass ratio of either 0.005 or 0.01 gcens/Qwis.
Samples were regularity collected to measure glucose, fermentation products and
cell concentration (colony forming unit, CFU). The fermentation process was
monitored until complete glucose consumption.

2.4. Analytical procedures

2.4.1. HPLC

After centrifugation and filtration, seed and SSF samples were analysed by high
performance liquid chromatography (HPLC) to quantify glucose and fermentation
products (lactic acid, acetic acid and acetoin). Concentrations were quantified with a
refractive index and an UV detector (both Dionex) at 210 nm after separation with a
Rezex ROA H+ (8%) (Phenomenex) column in an HPLC set to a flow rate of
0.8 mL/min and an oven temperature of 80 °C. For all calculations concentrations
were converted into weights by multiplication with their corresponding volume.

2.4.2. Cell concentration

To monitor cell growth during pre-culture and seed cultivations, optical density
was spectrophotometrically measured at 600nm (ODggy) after appropriate dilution
and zeroing using sterile medium. For seed cultures, cell concentration was also
measured by dry weight determination. In brief, 5 ml of culture was filtered through a
pre-weighted 0.2 ¥ m filter paper (PESU-membrane), washed three times with
deionized water (ddH,0O), dried at 105°C for 24 h and subsequently weighted.

Culturable cells concentration was assayed for seed and SSF fermentations
by manual counting of colony forming units (CFU). For seed cultivations, the
withdrawn samples were serially diluted (10-folds) with 0.9% w/v NaCl and 0.1 ml of
each sample was spread on LB plates in triplicate. Given the high-solid content of
SSF medium, prior serial dilution, collected samples were weighted (5 g) and 0.9%
w/v NaCl was added up to a final volume of 50 ml. Plates were incubated at 55°C for
12-16 hours.
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2.4.3. Yield and productivity calculations

The glucose content of WIS samples was measured according to the NREL
method for the determination of structural carbohydrates in biomass (Sluiter et al.,
2008). After two-step hydrolysis, the glucose concentration was quantified by HPLC
as described above (see 2.4.1). Yields were calculated as lactate produced per
glucose consumed [g/g] according to equation (1), where mg. s is the amount of
glucose released during two-step hydrolysis, mg,.; the amount of glucose in the
liquid phase, m;,.; the amount of lactate in the liquid phase and Y my; the sum of
the amount of lactate or glucose removed by sampling. For calculations, following
assumptions were made: (i) the concentration of glucose in the liquid phase before
enzymatic hydrolysis is equal to the glucose concentration in the liquor fraction; (ii) all
changes in the WIS occur upon cellulose depletion and (iii) the final volume is only
dependent on sampling and not on evaporation and base titration which are assumed
to equal out.

Lactateproduced __ MiacL(t=tong) ~ MLacLt=0)* LmMmpqcs

Yi 6=

Glucoseconsumed (mGlc,WIS(t=tend) = Mgewis(t=0)) + MaGic,L(t=0) ~ MGic,L(t=teng) + X Mgic,s

Cell specific lactate productivities were calculated according to equation (2).
The productivity is estimated by calculating the slope of lactate concentration over
time. To account for unequal sampling intervals a weighing function was introduced.
For calculations biomass measured as CFU/g was converted into CFU by
multiplication with the mass of the reactor content.

(t—tr—1) _(CLac,t+1_CLac,t) +(CLac, _CLac,t—l). (te41-t) )' 1
(te41—te-1) (te41—t) (t=t-q) (te41—te-1)/ cxp

Arac = (
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3. Results and Discussion
3.1. Overall scheme of the pre-adaptation strategy and SSF

The underlying hypothesis of this work was that the fermentation performance
of the bacterium used for the SSF depends on its physiological status after seed
cultivation. Therefore, we have tested if B. coagulans MA-13 seed cultures could be
pre-adapted to the presence of the pre-treatment hydrolysate. To do so, anaerobic
seed propagations were performed in a medium supplemented with different
amounts of hydrolysate as well as in a hydrolysate-free medium (Fig. 1). Pre-adapted
and not pre-adapted seed cultures were used to inoculate high-gravity SSF
bioreactors containing the WIS fraction of the wheat straw biomass mixed with a
hydrolytic enzymes cocktail (Fig. 1). To evaluate the fermentation performance of the
different seed cultures, cell culturability as well as LA productivity and yield were
determined.

<3
© o == WHEAT STRAW =
- ' " ~-
0.7
Pre-treatment hydrolysate WIS fraction

B. coagulans MA-13

—

High gravity SSF

\_‘_’/
Not pre-adapted seed  Pre-adapted seed
Figure 1. Schematic illustration of the pre-adaptation strategy and SSF

3.2. Effect of pre-treatment hydrolysate supplementation on the seed cultures

Given the proved tolerance of MA-13 towards lignocellulose-derived growth
inhibitors [11], this bacterium was pre-cultured in a molasses-based medium
supplemented with different amounts of pre-treatment hydrolysate, in order to
attempt a physiological pre-adaptation of the strain prior SSF. The LA maximum
specific productivity resulted to be improved from 0.34 g/(L-h-OD) in the hydrolysate-
free medium (Fig. 2, 0%) up to 0.51 g/(L-h-OD) at a hydrolysate concentration of
50% (Fig. 2, 50%); whereas higher concentrations resulted of hydrolysate resultated
in a detrimental effect (i.e., a reduction of the LA maximum specific productivity and
of the relative umax) (Fig. 2). The stimulated LA productivity in the hydrolysate-
containing medium can be explained by a higher cellular requirement of energy
needed for stress-response mechanisms. Indeed, under anaerobic conditions, cells
can overproduce energy (i.e., ATP and reducing power) only by enhancing sugar
fermentation, which results in the increase of LA production.

Compared to other B. coagulans strains [4, 10, 15-18], MA-13 turned out to be
particularly robust towards growth inhibitors. In fact, most of the B. coagulans strains
employed for the production of LA in high-gravity SSF have been cultivated in
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hydrolysate-free rich media, because of their susceptibility to the biomass-derived
growth inhibitors (Table 1). For this reason, a detoxification step consisting in the
water washing of the biomass, is added prior the SSF to remove additional inhibitors
inherently present in the WIS fraction of the biomass (Table 1). Conversely, the use
of hydrolysate-containing medium provides a certain advantage over the
conventional seed cultivation, because it allows reducing the amount of water to be
used already at the stage of microbial propagation. Another important aspect
affecting the economy of the whole LA production process is the cost of the carbon
source used during cell propagation. In this regard, unlike other studies [4, 10, 15-
18], the used of molasses (i.e., a renewable, easily available and relatively
inexpensive source of sugars) for seed propagation makes the whole process more
economically feasible.

o) L -0.6
_ — 0.5
80+ T _ - I
[ _ 0.4 T
x 604 | |L o =
0.3 T
o)
40+ 0.2 =]
20+ -0.1
c 1 || | 1 0-0

1 L
N R I
[ Relative umax
] LA maximum specific productivity
Figure 2. Seed cultures behavior upon supplementation of pre-treatment hydrolysate.
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3.3. Lactic acid production by pre-adapted seed cultures in SSF

After filtration, the solid residue used for the production of LA in high-gravity
SSF retains a certain content of pre-treatment hydrolysate. Therefore, it still contains
growth inhibitors (see above, 2.1.) that can interfere with the microbial metabolism,
thus affecting the fermentation performance during SSF. To test if pre-adaptation of
the seed culture could alleviate the detrimental effect of these inhibitors, a control
seed culture (i.e., pre-cultivated in hydrolysate-free medium) as well as pre-adapted
ones (pre-cultivated in hydrolysate-containing media) were used to inoculate high-
gravity SSF of unwashed WIS (see below, 3.3.1 and 3.3.2.). This experimental set-up
gives the advantage of saving clean water that would otherwise be used for water-
washing of the biomass prior SSF, as reported in several studies (Table 1). For all
tested hydrolysate concentrations, the high-gravity SSF was carried out at 55°C and
pH 5.5. These conditions were chosen because they are optimal for both the
enzymes used for the saccharification (Cellic CTec IlI) and the microbial strain (B.
coagulans MA-13) used for the fermentation [11]. Since a short pre-saccharification
step (30 minutes) was performed for all the experiments, an initial glucose
accumulation in the SSF medium was observed before the microbial cells started
producing LA, as described below.

3.3.1. High-gravity SSF using a cell/WIS ratio of 0.005g/g

For the control culture (not pre-adapted), when a cell/biomass ratio of 0.005
g/gwis was used to inoculate the SSF an initial lag phase of about 12 h was observed
for the LA production. In the same time frame, the total CFU increased of about two
orders of magnitude (from 10° to 10" CFU) reflecting an active cell growth (Fig. 3A).
Thereafter, a quite rapid lactate fermentation was detected with average and
maximum volumetric productivities of 0.8 and 1.9 g/L-h, respectively (Table 2).
Although this result confirms that the strain MA-13 can be used for LA production in
high-gravity SSF configuration, this bacterium could not ferment all the released
glucose from cellulose to LA (Fig. 3A). For this reason, the achieved LA yield was
only of 0.8 g/g (Table 2).

To understand if pre-adaptation could improve LA production in high gravity
SSF, pre-adapted seed cultures (propagated in 30%- and 40%-hydrolysate
containing media) were used to inoculate the SSF bioreactors with the same
cell/lbiomass ratio (i.e., 0.005 g/gwis). For both pre-adapted seed cultures, a similar
fashion of cell growth (from 10” to 10" CFU) was observed, as for the control seed
culture (Fig. 3). On the other hand, as it concerns LA production, the 30%-
hydrolysate pre-adapted seed culture was able to ferment glucose to LA already
upon inoculation (Fig. 3B), without any apparent lag phase. Thus, indicating that the
pre-adaptation strategy gives a clear advantage over using not pre-adapted cells.
Indeed, the total process time was reduced from 36h (of the control seed) to 24h,
with both average and maximum volumetric productivities increased up to 1.2 and
2.4 g/L-h, respectively (Table 2). Moreover, the yield increased from 0.8 of the control
to 1.0 g/g of the 30%-hydrolysate pre-adapted seed culture (Table 2). This effect is
due to the fact that, in this latter case, all the released glucose from cellulose was
fermented to LA, unlike what observed for the not pre-adapted seed culture (Fig.3A
and Table 2). Although a similar yield was achieved by the 40%-hydrolysate pre-
adapted seed, the occurrence of a lag phase in the LA production, as for the control
seed (Fig. 3A and C), led to an increase of the total process time from 24 to 30h
(Table 2). This result could be attributed to a more detrimental effect of the higher
hydrolysate concentration (i.e., 40%) in the seed medium, compared previous
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described condition. Nevertheless, altogether these results show that the strain MA-
13 is well-suited for LA production in high-gravity SSF, given the shorter total time of
the fermentation process (24 h), compared to what has been reported so far for other
B. coagulans strains (i.e., from 55 up to 120 h; see Table 1).
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Figure 3. High-gravity SSF performed with B. coagulans MA-13 at a cell/biomass ration of
0.005 g/g. Seed were cultivated in hydrolysate-free medium (A) as well as in 30%- (B) and
40%-hydrolysate (C) containing medium. Glucose consumption (blue circle), lactic acid
production (green triangle) and total CFU (black circle) are reported.

Table 2. Effect of the pre-adaptation on the lactic acid production by MA-13 in high-

_gravity SSF
Hydrolysate in Cell Prociis LA Avg. Vol. LA Max. Vol. Yield
seed medium  concentration in time (h) productivity productivity (g/g)°
(%) SSF (g/g)® (g/L-h) (g/L-h)
0 0.005 36 0.8 1.9 0.8
0 0.01 30 1.0 1.9 1.0
30 0.005 24 1.2 24 1.0
30 0.01 15 1.7 2.8 0.9
40 0.005 30 1.2 2:3 1.0
40 0.01 24 1.2 1.9 0.8
50 0.01 24 1.2 2.0 0.7

g of cells / g of WIS (water insoluble solid)
®g of lactic acid / g of glucose released from cellulose
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3.3.2. High-gravity SSF using a cell/WIS ratio of 0.01g/g

In the attempt to improve the fermentation process, SSF experiments were
carried out increasing the cell/biomass ratio to 0.01 g/gwis. When the control seed
culture (not pre-adapted) was inoculated into the SSF bioreactor, no lag phase was
observed at the beginning of the process and the total cell biomass was stable (about
10" CFU) throughout the entire fermentation process (Fig. 4A). Unlike what was
observed when a cell/biomass ratio of 0.005 g/gwis was used (Fig. 3A), this time the
strain managed to ferment all the glucose released from cellulose (Fig. 4A) in a
shorted time frame (30 h), achieving a yield of 1.0 g/g (Table 2).

As it concerns the pre-adapted seed cultures (propagated in 30%-, 40%- and
50-hydrolysate containing media), a reduction of the total process time was observed
for all the cases (Fig. 4). However, for the 40%- and 50%-hydrolysate pre-adapted
seed cultures, once again the detrimental effect of hydrolysate concentrations higher
than 30% (see above, 3.3.1) is confirmed by both the longer total time of the
fermentation process (24 h, Fig. 4C-D) and the reduction of the average and
maximum volumetric productivities (Table 2). For this reason, seed -cultures
propagated in 70%- and 95%-hydrolysate containing media were not tested for LA
fermentation in SSF.

Conversely, the 30%-hydrolysate pre-adapted seed performed better since it
converted all the glucose released from cellulose to LA in half the time (15 h, Fig. 4B)
compared to the control seed culture (30 h, Fig. 4A). Moreover, it showed the highest
average and maximum volumetric productivities of 1.7 and 2.8 g/L-h, respectively
(Table 2). So far, several strains of B. coagulans have been used for the production
of LA from lignocellulosic biomasses in SSF configuration (Table 1). In most of these
cases, the detoxification of the solid residue (i.e., water washing) is performed prior
SSF, in order to remove the growth inhibitors inherently present in the pre-treated
biomass and to get a better fermentation performance. This is even more evident
when the same strain (i.e., LA204) was used for SSF with both washed and
unwashed corncob [18]. Indeed, LA204 showed higher LA average volumetric
productivity (1.32 g/L-h) and yield (0.74 g/g) when the biomass was subjected to
water washing (Table 1). However, this approach is not industrially sustainable,
because of the huge amount of clean water that would be required for the
detoxification.

81



354 ° 10" 354
.——.\ -
¢ — e Ny
- — 0 I/I? 10" 301
/
25+ /I 10" 25+
= Q of
B 207 .__I I/I 10° 8 3 207
15 \¥,< 10° 154
104 / l\ 107 104
L J
: 54
5 /I \. 106
o e s, A o o
T T Ll L 1
0 3 6 9 12 15 18 21 24 27 30 0
Hours
C D
40 40
12
35:' ’ /.—.\,_ - 354
e ~ L1011
30 \..—o / a 30’\./
10
251 > fod 254
. o
S 201 P 10° 3 g 201
=
154 >< 10° 159
10 /‘ " 107 101
-
5 /l \.\ 10!
v L L Ll o L o : IU‘
0 3 6 9 12 15 18 21 24 0
Hours Hours

Figure 4. High-gravity SSF performed with B. coagulans MA-13 at a cell/biomass ration of
0.01 g/g. Seed were cultivated in hydrolysate-free medium (A) as well as in 30%- (B), 40%-
(C) and 50%-hydrolysate (D) containing medium. Glucose consumption (blue circle), lactic
acid production (green triangle) and total CFU (black circle) are reported.

4. Conclusions

By-products released from lignocellulosic biomass during thermo-chemical
pre-treatments, act by hampering microbial growth and, in turn, affecting the
fermentation performance. The main objective of this study was to test whether the
pre-exposition of B. coagulans (strain MA-13) to the biomass-derived inhibitors could
lead to the pre-adaptation of this microbial strain, prior production of lactic acid in
high-gravity SSF configuration of pre-treated wheat straw. In our study, we have
resolved to overcome the toxicity of B. coagulans towards inhibitors with a different
strategy; i.e., by adapting the microbial strain to the biomass-derived growth
inhibitors at the stage of cell propagation. This strategy has the advantage of saving
additional clean water during cell propagation, because the pre-treatment hydrolysate
represents a significant portion of the seed medium. Moreover, the use of a cheap
carbon source (i.e., molasses) further decreases the cost of seed propagation.
Noteworthy, this approach allows not only a cost-effective propagation of the seed
culture compared to what reported for other B. coagulans strains (i.e., propagation in
synthetic media), but it provides a pre-adapted seed culture that performs better in
high-gravity SSF in terms of total fermentation time and LA productivity. This finding
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could help to pave the way to the set-up of a low-cost solution by reducing the SSF
process time and costs. However, a further development of the strain via genetic
and/or metabolic strategies is envisaged to further increase the competitiveness of
the SSF process at industrial scale.
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CONCLUDING REMARKS

Long-term scenarios resulting in a sustainable economic growth compulsorily rely on
an increased utilization of renewable materials to satisfy the needs of our society, at
the expenses of fossil resources that have a high environmental impact. Over the last
years, several studies have established that lignocellulosic feedstocks (mainly
composed of cellulose, hemicellulose and lignin) are an eco-friendly and relatively low-
cost source for the production of non-fossil based fuel energy. In this context, my PhD
thesis deals with the setting up of thermophilic biorefineries by exploiting the
robustness of thermophilic microorganisms and their enzymes for the production of
added value products from renewable resources.

With this aim an extremely thermoactive and thermostable a-galactosidase
from T. thermophilus HB27 (TtGalA) and potentially involved in lignocelluloses
conversion into fermentable sugars, has been characterized. TtGalA can be used in
the pre-saccharification step, when the temperature is still too high for the fungal
enzymes currently used for the hydrolysis of the biomass. Indeed, this enzyme
exhibited an optimal hydrolysis at 90°C and pH 6.0, retaining a significant activity in a
wide range of pH and temperatures. The exceptional flexibility in its catalytic properties
allows to foresee the employment of TtGalA in combination with other GHs for
achieving an efficient hydrolysis of hemicellulose under a wide range of chemical-
physical conditions. For instance, this enzyme proved to perform efficiently its catalytic
activity also in heterosynergystic association with a thermophilic mannanase from
D. turgidum (DturCelB), this latter one exhibiting an optimal hydrolytic activity at lower
temperature (70°C) and different pH optimum (5.4). This novel synergistic association
between DturCelB and TtGalA has high potential application to pre-hydrolase the
biomass right after the pretreatment, prior to the conventional saccharification step.
Moreover, enzymatic thermophilic cocktails represent an interesting alternative to the
conventional mesophilic counterparts to improve the yield of hydrolysis and the cost of
the whole process. A more complex enzymatic cocktail including xylanases, cellulases,
pectinases, suitable to achieve a complete degradation of lignocellulose biomass can
be designed through mining of genomic and metagenomic data of thermophiles.

To further reduce the cost of biomass hydrolysis, a possible strategy is the use
of immobilization carriers for recirculation of carbohydrate-active enzymes.
Thermophilic virus particles (VPs) are suitable scaffold to withstand harsh
conditions of industrial processes. Our long-term goal is to perform the immobilization
of TtGalA and DturCelB as well as of other CAZymes on viral particles to improve their
catalytic performance upon confinement on a nano-support. Since the VPs-based
immobilization requires a large number of viral particles, part of this PhD thesis has
been addressed to setting up an efficient irradiation protocol for Sulfolobus spindle-
shaped virus 1 (SSV1) to overproduce VPs. Some studies have been focused on the
use of virus particles as building blocks to engineer enzyme nano-carriers (ENCs). In
this context, the exploitation of viruses’ resistance to extreme acidic and thermophilic
environments paves the way to their applications in thermophilic biorefineries.

The production of value added products from renewable biomasses can be
achieved not only through enzymatic activities but also using whole cells. Specifically,
agricultural wastes represent suitable source of cellulolytic microbes. With the aim of
isolating new thermophilic microorganisms to be employed in biorefinery, we isolated
and characterized a new thermophilic and cellulolytic Bacillus coagulans strain (MA-
13) which is able to secrete cellulolytic enzymes and to ferment lignocellulose-derived
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sugars to lactic acid (LA). During my period of internship abroad at Chalmers University
of Technology, in collaboration with the Professor Carl Johan Franzén, the strain MA-
13 was also characterized for its ability to ferment in media containing a hydrolysate
derived from the pre-treatment of wheat straw by acid-catalyzed hydrolysis and steam
explosion. Moreover, B. coagulans MA-13 has been successfully used in high-gravity
SSF for the production of LA proving to be particularly resistant to biomass-derived
inhibitors. Wide sugar utilization is a desirable feature for LA production strains. Since
MA-13 is able to ferment only 6-carbon sugars (e.g., glucose), a further development
of the strain via genetic and/or metabolic strategies is envisaged to expand the palette
of sugars that this strain can ferment to LA (5-carbon sugars), thus increasing the
competitiveness of the SSF process at industrial scale.

The production of added-value products from renewable sources is a hot topic
in bioeconomy since lignocellulosic wastes cause serious environmental problems.
This project strongly supports the use of thermostable enzymes and thermophilic
microorganisms, as new biocatalysts in bioconversion of renewable raw materials into
value added-products and supplies alternative and ecofriendly strategies for waste
disposal. The results achieved during this PhD thesis will have an impact on multiple
research fields expanding knowledge in the areas of biotechnology, molecular biology,
biochemistry, microbiology, virology and process engineering of thermophiles.
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ARTICLE INFO ABSTRACT

Keywords: Background: The peptide VLL-28, identified in the sequence of an archaeal protein, the transcription factor Stf76

Antimicrobial peptide from Sulfolobus islandicus, was previously identified and characterized as an antimicrobial peptide, possessing a

Anticancer peptide broad-spectrum antibacterial activity.

i‘;lfl‘;'l"b”" Methods: Through a combined approach of NMR and Circular Dichroism spectroscopy, Dynamic Light
chaea

Scattering, confocal microscopy and cell viability assays, the interaction of VLL-28 with the membranes of both
parental and malignant cell lines has been characterized and peptide mechanism of action has been studied.
Results: It is here demonstrated that VLL-28 selectively exerts cytotoxic activity against murine and human
tumor cells. By means of structural methodologies, VLL-28 interaction with the membranes has been proven and
the binding residues have been identified. Confocal microscopy data show that VLL-28 is internalized only into
tumor cells. Finally, it is shown that cell death is mainly caused by a time-dependent activation of apoptotic
pathways.

Conclusions: VLL-28, deriving from the archaeal kingdom, is here found to be endowed with selective cytotoxic
activity towards both murine and human cancer cells and consequently can be classified as an ACP.

General significance: VLL-28 represents the first ACP identified in an archaeal microorganism, exerting a trans-
kingdom activity.

Peptide-membrane interactions

1. Introduction addition to a direct antimicrobial action, AMPs show a wide panel of
biological activities including anti-inflammatory, anti-viral, chemoat-
Antimicrobial peptides (AMPs) are short peptides endowed with tractive and pro-angiogenic activity [1,3-6]. AMPs are very hetero-

direct and broad-spectrum antimicrobial activity and represent essen- geneous in length, amino-acid composition, secondary structure and
tial components of the innate immune system of higher eukaryotes, mechanism of action; however, the majority of them shows a peculiar
being the first line of defense against microbial invasions [1,2]. In abundance of cationic and hydrophobic residues. These AMPs, also
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called Host Defence Peptides (HDPs) [7], kill bacterial cells through a
specific mechanism i.e. targeting bacterial membranes [2,6,8]: the net
positive charge drives the adsorption of the peptide onto the surface of
bacterial membranes which are richer in anionic lipids than eukaryotic
membranes, hence the hydrophobic residues mediate the insertion of
the peptide into the membrane. The accumulation of peptide molecules
in the membrane causes the alteration of its structure/permeability,
accompanied by a severe impairment of the membrane functions that
eventually lead to the death of bacterial cells, often by cell lysis [2,6,8].
Since eukaryotic plasma membranes show an asymmetric distribution
of negatively charged phospholipids, generally present only in the inner
leaflet of the membrane, HDPs are not able to effectively adsorb to
eukaryotic cells. The presence of cholesterol further prevents the in-
sertion into and the perturbation of the eukaryotic membranes. None-
theless, it is worth mentioning that at high concentration several HDPs
become toxic also for eukaryotic cells.

Intriguingly, several AMPs endowed with anti-cancer activity [9]
are defined as “anti-cancer peptides” (ACPs), because they show a much
stronger toxicity for cancer cells than that towards normal cells. This
differential toxicity has been attributed to the fact that transformation
of eukaryotic cells is often associated to alterations of the membrane
composition [10], such as: i) loss of the asymmetric distribution of
phospholipids with exposure of phosphatidylserine on the outer leaflet,
ii) increased production of anionic lipids (e.g. sulfated lipids), sialic
acid containing glycolipids and glycoproteins, and sometimes iii) de-
creased production of cholesterol. Altogether these events lead to an
augmented negative charge at the external surface of tumor cells that,
in turn, would favor the binding of ACPs. However, differently from
bacterial killing mechanisms, the death of tumor cells is not necessarily
due to accumulation of the peptide into the membrane followed by
their lysis. Indeed, in several cases it has been demonstrated that ACPs
are internalized and the cell death occurs upon the interaction with one
or more intracellular targets, such as mitochondria, DNA, cytoplasmic
and nuclear proteins (e.g. HSP70 [11] and DNA polymerase f [12],
respectively). Moreover, it is worth noting that these ACPs usually in-
duce apoptosis rather than necrosis [9].

Due to the severe side effects of conventional chemotherapeutic
agents and the ability of some tumor cells to develop the multidrug
resistant phenotype, ACPs have attracted considerable attention.
Indeed, these peptides could help to develop a new generation of anti-
cancer drugs with a mechanism of action well distinguished from those
of conventional chemotherapeutic agents.

As not all the HDPs are ACPs and the killing mechanism seems to
differ for each ACP and tumor cell line, the rationale development of
new antitumor agents based on CAMPs/ACPs requires further in-
vestigations. In particular, the identification and characterization of
new ACPs could help to better define the requirements for a strong and
selective antitumor activity.

Recently, we have developed an in silico tool allowing to identify
HDP-like peptides hidden into the sequences of proteins not necessarily
involved in host defense [13]. Using this tool we have already identified
three new human HDPs [14-16]. Furthermore, we have demonstrated
that DNA binding proteins can be a convenient source of new HDP-like
peptides by identifying the first HDP from an archaeal protein, the
transcription factor Stf76 encoded by the hybrid plasmid-virus pSSVx
from Sulfolobus islandicus [17]. This archaeal HDP, named VLL-28 from
its sequence [16], has a broad-spectrum antibacterial activity and ex-
hibits selective leakage and fusogenic capability on vesicles with a lipid
composition similar to that of bacterial membranes. Moreover, we have
shown that VLL-28 retains the ability of the parental protein to bind
nucleic acids (both single and double strand DNA). Using a fluorescent
derivative, we have demonstrated that VLL-28 localizes not only on the
cell membrane but also in the cytoplasm of Escherichia coli, thus sug-
gesting that it could target both membranes and intracellular compo-
nents of bacterial cells.

Here we report for the first time the characterization of the
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antitumor activity of VLL-28. By means of a multidisciplinary approach
including biochemical, cellular biology and spectroscopic techniques,
the action mechanism of VLL-28 has been elucidated. Intriguingly, it
has been proved to be an effective ACP able to selectively kill tumor
cells by inducing apoptosis.

2. Materials and methods
2.1. Peptide synthesis reagents

Polypropylene reaction vessels and sintered polyethylene frits were
supplied by Alltech Italia (Milan, Italy). NovaSyn TGR resin, 2-(1H-
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU), cyano-hydroxyimino-acetic acid ethyl ester (Oxyma) and all
amino acids were purchased from Novabiochem-Merck (Nottingham,
U.K.). N,N’-diisopropylethylamine (DIPEA), piperidine, Kaiser test, tri-
fluoroacetic acid (TFA), scavengers, fluorescein isothiocyanate (FITC)
and N-methylmorpholine (NMM) were purchased from Sigma-Aldrich
(Milan, Italy). N,N-Dimethylformamide (DMF) was purchased from
CARLO ERBA Reagents (Milan, Italy). Acetonitrile (ACN), di-
chloromethane (DCM) and diethyl ether were purchased from VWR
International (Milan, Italy). All aqueous solutions were prepared by
using water obtained from a Milli-Q gradient A-10 system (Millipore,
18.2 MQ-cm, organic carbon content = 4 ug/L).

2.2. Peptide synthesis

VLL-28 and FITC-VLL-28 (VLL-28 derivative with an additional
glycine residue at the C-terminus as spacer and a lysin residue for FITC
labeling) peptides were manually synthesized using the fluor-
enylmethyloxycarbonyl (Fmoc) solid-phase strategy (0.2 mmol). The
syntheses were performed on NovaSyn TGR resin (loading 0.24 mmol/
g), using all standard amino acids. The Fmoc protecting group was
removed by treatment with 30% piperidine in DMF (3 X 10 min). The
amino acids in 10-fold excess were pre-activated with HBTU
(9.8 equiv)/Oxyma (9.8 equiv)/DIPEA (10 equiv) in DMF for 5 min and
then added to the resin suspended in DMF. The reaction was performed
for 1 h and the coupling efficiency was assessed by the Kaiser test. In
the case of FITC-VLL-28 peptide, once synthesis was completed, the
ivDde protecting group of Lys(ivDde) residue was selectively removed
by treatment of the peptidyl resin with a solution of 2% hydrazine in
DMF (20 x 3 min). FITC labeling was then performed with 2 equiv of
fluorescein isothiocyanate and 4 equiv of NMM in DMF for 5 h.

The peptides were finally cleaved off the resins by treatment with a
mixture of trifluoroacetic acid (TFA)/water/triisopropylsilane
(95:2.5:2.5 v/v/v) for 3h at room temperature. The resins were fil-
tered, the crude peptides were precipitated with diethyl ether, dissolved
in H,O/ACN solution, and lyophilized. The products were purified by
preparative RP-HPLC on a Shimadzu system equipped with a
UV-visible detector SPD10A using a Phenomenex Jupiter Proteo
column (21.2 x 250 mm; 4 pm; 90 i\) and a linear gradient of H,0
(0.1% TFA)/ACN (0.1% TFA) from 10%-55% of ACN (0.1%TFA) in
15 min at a flow rate of 20 mL/min. The collected fractions containing
the peptides were lyophilized giving a final yield of about 35% of each
pure product. The identity and purity of the compounds were assessed
by the AGILENT Q-TOF LC/MS instrument equipped with a diode array
detector combined with a dual ESI source on a Agilent C18 column
(2.1 x 50 mm; 1.8 pm; 300 .5‘) at a flow rate of 200 pL/min and a linear
gradient of H,0 (0.01% TFA)/ACN (0.01% TFA) from 5%-70% of ACN
(0.01% TFA) in 15 min.

2.3. Cell culture
Malignant SVT2 murine fibroblasts (BALBc 3T3 cells transformed by

SV40 virus), parental BALBc 3T3 murine cells, and HEK-293 human
embryonic kidney cells were cultured in Dulbecco's Modified Eagle's
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Medium (Sigma-Aldrich), supplemented with 10% fetal bovine serum
(HyClone), 2 mM L-glutamine and antibiotics, in a 5% CO humidified
atmosphere at 37 °C. HRCE (Human Renal Cortical Epithelial) cells
(Innoprot) were cultured in basal medium, supplemented with 2% fetal
bovine serum, epithelial cell growth supplement and antibiotics, all
from Innoprot, in a 5% CO, humidified atmosphere at 37 °C [18].

2.4. Cytotoxicity assays

Cells were seeded in 96-well plates (100 pL per well) at a density of
5 x 10° per well (SVT2, HEK-293, and HRCE cells) or 2.5 x 10° per
well (BALBc 3T3 cells). VLL-28 peptide was added to the cells 24 h after
seeding for time- and dose-dependent cytotoxic assays. At the end of
incubation, cell viability was assessed by the MTT assay, as previously
described [19]. In brief, MTT reagent, dissolved in DMEM in the ab-
sence of phenol red (Sigma-Aldrich), was added to the cells (100 pL per
well) to a final concentration of 0.5 mg/mL. After a 4-h incubation at
37 °C, the culture medium was removed and the resulting formazan
salts were dissolved by adding isopropanol containing 0.1 N HCI
(100 pL. per well). Absorbance values of blue formazan were de-
termined at 570 nm using an automatic plate reader (MicrobetaWallac
1420, Perkin Elmer). Cell survival was expressed as percentage of vi-
able cells in the presence of the peptide, with respect to control cells
grown in the absence of the peptide. In all of the experiments described
in this paper, controls were performed by supplementing the cell cul-
tures with identical volumes of peptide buffer for the same time span.
Obtained data represent the mean ( = standard deviation) of at least 4
independent experiments, each one carried out with triplicate de-
terminations. Statistical analysis was performed using a Student's t-Test,
and significant differences were indicated as *(P < 0.05),
**(P < 0.01) or ***(P < 0.001).

2.5. Analysis of cell death

Cells were plated in 6-well plates (1 mL per well) at a density of
1 x 10° cells per well in complete medium for 24 h and then exposed to
20 pM VLL-28 for 6, 12 or 24 h to prepare cell lysates. Both untreated
and treated cells were scraped off in PBS, centrifuged at 1000 x g for
10 min and resuspended in lysis buffer (1% NP-40 in PBS, pH 7.4)
containing protease inhibitors. After 30 min of incubation on ice, ly-
sates were centrifuged at 14,000 x g for 30 min at 4 °C. Upon de-
termination of total protein concentration in the supernatant by the
Bradford assay, samples were analyzed by SDS-PAGE followed by
Western blotting using specific antibodies directed towards procaspase-
3 (Cell Signaling Technology) or p62 (Novus Biologicals) proteins. For
normalization to internal standard signals, antibodies against B-actin
(Sigma-Aldrich) were used. In parallel experiments, cells were treated
with puromycin (10 ug/mL) for 12h or with rapamycin (20 pM) for
24 h, which were used as positive controls for apoptosis and autophagy
induction, respectively.

For morphological analyses, cells were seeded on glass coverslips in
24-well plates and grown to semi-confluency. Cells were then incubated
for 72 h with 20 uyM VLL-28 peptide in complete medium, after which
cells were washed with PBS, fixed for 10 min at room temperature (RT)
with 4% paraformaldehyde in PBS and mounted in 50% glycerol in PBS.
Samples were then examined using a confocal laser-scanner microscope
Zeiss LSM 700. All images were taken under identical conditions.

2.6. Fluorescence studies

Fluorescence analyses were performed as previously described [20].
Briefly, cells were seeded on glass coverslips in 24-well plates, grown to
semi-confluency, and then incubated for 12 h with 20 uM FITC-labeled
VLL-28. Following incubation, cells were washed with PBS and then
fixed for 10 min at RT with 4% paraformaldehyde in PBS. Cell mem-
branes were labeled by incubating the cells with Wheat Germ
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Agglutinin (WGA, 5 ug/mL) Alexa Fluor®594 Conjugate (ThermoFisher
Scientific) for 10 min at RT. Cells were then washed twice in PBS fol-
lowing the manufacturer's instructions. Confocal microscopy analyses
were performed with a confocal laser-scanner microscope Zeiss LSM
700.

2.7. Circular dichroism analyses

Far-UV CD spectra were recorded on a Jasco J-810 spectro-
polarimeter (JASCO Corp) equipped with a PTC-423S/15 Peltier tem-
perature controller in the wavelength interval of 198-260 nm.
Experiments were performed using a 20 pM VLL-28 solution (in PBS
pH7.4) in a 0.1 cm path-length quartz cuvette as already reported in
Notomista et al. [16].

CD spectra in the presence of intact cells were registered using
8 x 10° BALBc 3T3 cells or SVT2 cells at different incubation times (0,
10, 30, 60 min and 24 h) in PBS buffer at 20 °C. The baseline was
corrected by subtracting the spectrum of the cells alone at the same
time of incubation [21-23].

2.8. Membrane preparation

Membranes used in NMR experiments were isolated from BALBc
3T3 or SVT2 cells and obtained as reported in Farina et al. [24]. In
details, cells were detached from the flask with trypsin and washed
twice with PBS. Then the cells were transferred into homogenization
buffer containing PBS and homogenized by means of a pellet pestle
(Sigma). Particulate matter was removed by centrifuging at 3500 rpm
for 15 min. The supernatant was then centrifuged at 28000 rpm for 1 h
at 4 °C. The pellet was washed and centrifuged at 28000 rpm for 30 min
at 4 °C. 180 pL of PBS plus 20 puL D,O were added to the pellet, and the
membrane was re-suspended by 20 passages through a 25 gauge needle.

2.9. NMR spectroscopy

All NMR experiments were carried out at 298 K using an Inova
600 MHz spectrometer (Varian Inc., Palo Alto, CA, USA), equipped with
a cryogenic probe optimized for *H detection.

NMR samples were prepared as follows. For chemical shift assign-
ment and conformational analysis, 1 mg of VLL-28 was dissolved either
in 500 pL sodium phosphate 20 mM pH 7.0 with 10% v/v D,0 or in
500 uL. of the same buffer containing 25% (v/v) TFE (2,2,2-tri-
fluoroethanol-D3 99.5% isotopic purity, Sigma-Aldrich). One-dimen-
sional (1D) 'H spectra were acquired with a spectral width of
7191.66 Hz, relaxation delay 1.03 s, 7k data points for acquisition and
16k for transformation. Bi-dimensional (2D) ['H, 'H] total correlation
spectroscopy (TOCSY) [25], double quantum filtered correlated spec-
troscopy (COSY) [26] and nuclear Overhauser effect spectroscopy
(NOESY) [27] were acquired with 32 or 64 scans per t1 increment with
a spectral width of 7191.66 Hz along both t1 and t2, 2048 X 256 data
points in t2 and t1, respectively, and recycle delay 1.0 s. Water sup-
pression was achieved by means of Double Pulsed Field Gradient Spin
Echo (DPFGSE) sequence [28,29]. TOCSY experiments were recorded
using a DIPSI-2 mixing scheme of 70 ms with 7.7 kHz spin-lock field
strength. NOESY spectra were carried out with a mixing time of 250 ms.
Data were typically apodized with a square cosine window function and
zero filled to a matrix of size 4096 x 1024 before Fourier transforma-
tion and baseline correction.

According to the procedure recently reported [24] for interaction
studies of VLL-28 with intact cells and isolated membranes of BALBc
3T3 and SVT2 cell lines, pellet of 18 x 10° cells and membranes from
18 x 10° cells, obtained as reported above, were re-suspended in
150 pL. of PBS buffer (pH 7.4) and 10% ?H,0, to obtain reference
spectra, or of VLL-8 (430 uM) in PBS buffer. STD spectra were acquired
with 10,000 scans with on-resonance irradiation at 0.2 ppm or 5.2 ppm
for saturation of membrane proteins or lipids resonances, respectively,
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and off-resonance irradiation at 30 ppm. A train of 40 Gaussian shaped
pulses of 50 ms with 1 ms delay between pulses were used, for a total
saturation time of 2's. STD spectra were obtained by internal subtrac-
tion of saturated spectrum from off-resonance spectrum by phase cy-
cling. STD spectrum of the only peptide was also acquired and did not
show any signal. 2D ['H, 'H] TOCSY and NOESY spectra of VLL-28 in
presence of isolated membranes were also acquired, similarly to those
of the peptide alone.

All NMR data were processed with the software VNMRJ 1.1.D
(Varian Inc.). 1D spectra were analyzed using ACD/NMR Processor 12.0
[www.acdlabs.com]. 2D TOCSY, COSY and NOESY spectra for proton
chemical shift assignment were analyzed using Homoscope, a tool
available in CARA (Computer Aided Resonance Assignment) software.
Chemical shift assignments of VLL-28 in the absence of TFE are referred
to residual water proton signals, (4.75 ppm), whereas in 25% TFE to
residual TFE proton signals (3.88 ppm). Chemical shift deviations from
random coil values for Ha were calculated wusing the
ChemShiftDeviationsFile script available in CARA.

2.10. Zeta-potential measurements of bacterial and eukaryotic cells in the
presence of VLL-28

BL21 (DE3) E. coli cells were plated on Luria-Bertani agar overnight
at 37 °C. An isolated bacterial colony was used to inoculate Mueller
Hinton Broth (MHB; OXOID, Hampshire, UK), and the bacterial culture
was allowed to grow overnight at 37 °C. 100 pL of culture was used to
freshly inoculate 5 mL of MHB. The suspension was incubated at 37 °C
for ~2h, until a final bacterial concentration of ~3 x 10°® colony
forming units per mL (CFU/mL) was reached (ODggonm ~ 0.1). Bacterial
suspensions were diluted using fresh MHB to 3 x 107 CFU/mL for zeta-
potential studies. Afterwards, cells were centrifuged at 12,000 x g for
5 min, and washed three times using 20 mM sodium phosphates buffer,
pH 7.4. The zeta-potential of bacterial cells was determined at 25 °C
from the mean of 3 measurements (50 runs each), in the absence and
presence of different VLL-28 concentrations (0-10 pM). Zeta-potential
values were obtained by phase analysis light scattering (PALS) in a
Zetasizer Nano ZS (Malvern Instruments, Malvern, UK), using dis-
posable zeta cells with gold electrodes. Values of viscosity and re-
fractive index were set to 0.8872 cP and 1.330, respectively.

Confluent BALBc 3T3 and SVT2 cells were washed with PBS buffer
followed by trypsinization. Zeta potential measurements of eukaryotic
cells were performed using the Diffusion Barrier Technique (Malvern,
Application Note). 4 x 10° cells were dispensed into the disposable
zeta cells with gold electrodes in PBS with and without the peptide
(from 0 to 50 pM) and allowed to equilibrate for 30 min at 37 °C. One
measurement (~70 runs each) was performed with a constant voltage
of 40 V. The complete experiment was carried out at least two times
using independent cellular suspensions.

3. Results and discussion
3.1. Selective antitumor action of VLL-28 peptide

To assess whether VLL-28 was endowed with anti-cancer activity,
cytotoxicity assays were performed on malignant SVT2 mouse fibro-
blasts and parental non-malignant BALBc 3T3 mouse fibroblasts.
Interestingly, these studies have shown that the peptide VLL-28 exerts a
dose- and time-dependent inhibition of viability on malignant SVT2
murine fibroblasts (see Fig. 1a). Conversely, the peptide was found to
be inactive towards the non-malignant line of BALBc 3T3 fibroblasts
(Fig. 1b). This evidence was also confirmed by morphological analyses
through light microscopy, where a severe alteration of cell morphology
with the presence of cell debris was observed only in the case of SVT2
cancer cells, with an ICsg value of 10 pM at 72 h (Fig. S1). Remarkably,
this peptide was also found to be effective and selective against human
tumor cell lines, as demonstrated by MTT assays performed on
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transformed HEK-293 cells (with an ICso value of 10 uM at 72 h) and
human primary renal cortical epithelial (HRCE) cells (Fig. S2). In
agreement with these results, it has been previously reported that other
AMPs, which are toxic for bacteria but not for normal mammalian cells,
are instead cytotoxic for cancer cells [30].

3.2. Internalization of VLL-28 peptide

Most AMPs and ACPs share a common membranolytic mechanism
of action that results first either in the selective disruption or permea-
tion of the cancer cell membrane and then in the swelling of mi-
tochondria. Nonetheless, a non-membranolytic mechanism of action is
increasingly recognized as an alternative ACPs mechanism [31]. To test
whether the selective antitumor activity of VLL-28 was associated to a
membranolytic mechanism and/or to its internalization, we performed
experiments by using the peptide labeled with fluorescein iso-
thiocyanate (FITC). To this purpose, SVT2 and BALBc 3T3 cells were
incubated for 12 h with 20 yM FITC-labeled VLL-28, since this con-
centration of peptide turned out to be the most effective in terms of
cytotoxicity. As shown in Fig. 2a, in the case of SVT2 cells, VLL-28
fluorescent signal appears to be mostly intracellular already after 12 h
of incubation, thus indicating that the peptide is internalized into the
target cancer cells. On the other hand, the peptide (green) mainly co-
localizes with WGA (red) at the plasma membrane in BALBc 3T3 cells
(as indicated by arrows in Fig. 2b). The lack of VLL-28 internalization
into these latter cells is consistent with the absence of cytotoxicity
emerged from viability tests (Fig. 1b). Fluorescent staining was found to
be specific, as no fluorescent signals were observed in the absence of
FITC-labeled peptide (data not shown). Since the internalization has
been observed at a time point preceding the cell death (48-72 h), the
molecular target of VLL-28 might be a not yet identified intracellular
component.

3.3. VLL-28 CD analyses in the presence of intact eukaryotic cells

Since differences in the plasma membrane composition between
normal and cancer cells are supposed to contribute to the selective
permeability and toxicity of ACPs towards the latter, we resolved to
examine if the presence of the two different cell lines affects differently
the secondary structure of VLL-28. Interestingly, VLL-28 CD spectra
registered in the presence of either BALBc 3T3 or SVT2 whole cells
revealed a different behavior (Fig. 3). In particular, in the presence of
BALBc 3T3 cells, VLL-28 seems to gradually get structured over time
until a prevalence of helical structure is observed upon 1 h incubation
(Fig. 3a). Indeed, the spectrum shows two minima, at 208 and 222 nm,
typical of helical structure, in agreement with CD data obtained in the
presence of n-dodecyl-phosphatidylcholine (DPC), a well-known eu-
karyotic membrane mimetic agents [16]. Differently, in the presence of
SVT2 intact cells, a drop in the CD signal is observed suggesting a fast
internalization process of VLL-28, occurring already after 10 min
(Fig. 3b), as confirmed by confocal microscopy data (Fig. 2).

3.4. NMR conformational analysis of VLL-28

In order to gain insight into the mechanism of action of VLL-28 and
provide information on the basis of the different behaviors of VLL-28
with regard to the two studied cell lines, a NMR conformational ana-
lysis of the peptide in the absence and in the presence of TFE, a well-
known structuring solvent, has been initially carried out (Figs. S3 and
S4). According with what previously observed by CD analysis [16],
VLL-28 does not adopt a well-defined conformation in phosphate neu-
tral solution, as indicated by sharp and low-dispersed resonances in
both the amide/aromatic and the aliphatic regions (Fig. S3a). Upon
addition of TFE (25% v/v), amide, aromatic and aliphatic proton re-
sonances resulted significantly more dispersed (Fig. S3b). In particular,
the tryptophan side chain Hy, clearly distinguishable at 10.14 ppm in
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Fig. 1. Effects of the peptide VLL-28 on the SVT2 (a) and BALBc 3T3 (b) cell viability. MTT assays were performed on cells treated with increasing amounts of the peptide (5, 10 and
20 uM) for different time spans (24, 48 and 72 h). The viability of cell samples was expressed as the percentage of MTT reduction with respect to control cells, tested under the same
conditions but in the absence of the peptide. Data represent the mean ( + standard deviation, SD) of at least 4 independent experiments, each one carried out with triplicate de-

terminations. *P < 0.05, **P < 0.01, or *

a

Fig. 2. Internalization of VLL-28 peptide in SVT2 (a) and BALBc 3T3 (b) cells. Cells were
cultured on coverslips, incubated for 12 h with 20 pM VLL-28 peptide (green) and stained
with WGA (5 pg/mL, Alexa Fluor®594 Conjugate). Cells were analyzed by confocal mi-
croscopy.

the absence of TFE (Fig. S3a, left), exhibits up-field shift at 9.94 ppm
upon addition of TFE (Fig. S3b, left), possibly induced by an aromatic-
aromatic long-range interaction. Moreover, 2D ['H, 'H] NOESY spec-
trum of VLL-28 peptide contains a consistent higher number of cross-
peaks with respect of that recorded in the absence of TFE, indicating a
more structured conformation (Fig. S4). Almost complete assignment of
proton resonances of VLL-28 has been achieved in 25% TFE by using a
combination of TOCSY and NOESY spectra, according to the standard
procedures (Table S1).

To assess the secondary structure of VLL-28 in 25% TFE, analyses of
the H, chemical shift deviations from random coil values (A8H,) and of
the NOE patterns were performed. Interestingly, two regions encom-
passing residues V37-R*® and V°°-8° showed large negative deviations
(A8H, < —0.1 ppm), suggesting that the peptide mostly assumes a
helical conformation, which is lost in the last C-terminal amino acids.
(Fig. 4a). Accordingly, Hy-Hy NOEs, together with Hy;-Hy; + 3 and H;-
Hg; + 3 NOEs, were observed starting from residues V37 to §°° only in
the presence of TFE (Fig. 4b and c), further confirming the helical

P < 0.001 were obtained for control versus treated samples in the case of SVT2 cells treated with VLL-28 peptide for 48 and 72 h.

structure of that region in TFE.

3.5. STD NMR interaction studies of VLL-28 with tumor and normal cell
membranes and definition of its binding epitopes

To identify binding residues of VLL-28 saturation transfer difference
(STD) NMR binding experiments of the peptide in the presence of intact
SVT2 and BALBc 3T3 cells [32], as well as of their isolated membranes,
were performed. Unfortunately, 'H NMR VLL-28 proton resonances
vanish in the presence of each of the two cell lines, thus hampering a
detailed molecular analysis of the VLL-28 interaction with the cellular
membranes (data not shown).

Very recently, we described the use of native cell membranes to
overcome peptide cell internalization issues in “on-cell” NMR binding
experiments [24]. This approach provides a significant improvement of
NMR peptide spectra with respect to those acquired by using intact
cells. Particularly, in the presence of isolated membranes, the "H NMR
signals of the peptide are sharper and better resolved, the STD signals
appear significantly stronger, and background signals of the cellular
components result much weaker in both the 'H and the STD spectra
[24]. On the basis of the biochemical evidences of peptide inter-
nalization (see above), we carried out STD NMR experiments of the
VLL-28 peptide in the presence of isolated membranes.

Interestingly, "H NMR peptide signals resulted well visible in the
presence of both SVT2 and BALBc 3T3 cell membranes as in the sole
buffer (Fig. S5), thus allowing to perform STD NMR binding studies. In
particular, we evaluated the binding capability of VLL-28 to the two
different components of the cell membrane, proteins and lipids, ac-
quiring STD spectra at two different saturation frequencies, i.e. one to
selectively saturate proteins (0.2 ppm) and another one to saturate li-
pids (5.2 ppm) [33]. Remarkably, the 'H STD spectra showed that VLL-
28 receives a detectable saturation transfer in the presence of cell
membranes only when lipids are saturated (Fig. 5). This effect, which is
negligible in the absence of cell membranes (Fig. 5b), provides a direct
observation of the binding of VLL-28 to the lipid component of the cell
membranes. This finding is in agreement with previous results showing
that the peptide is able to interact with lipids mimicking bacterial
membranes [16]. It is worth of note that differences in the STD spectra
were observed for BALBc 3T3 and SVT2 cell membranes (Fig. 5). In
particular, a higher number of STD signals, with stronger intensities,
was observed in the presence of BALBc 3T3 cell membranes compared
with those of SVT2 (Fig. 6a). In particular, all the binding residues of
VLL-28 to the SVT2 cell membranes are in common with that of the
BALBc 3T3 cell membranes. Specifically, VLL28 residues involved in
both BALBc 3T3 and SVT2 interaction are G*°, Y>? and W*° (Fig. 6b,
highlighted in magenta). Moreover, one or both of the two threonine
residues, T*' and T*3, appear involved in the VLL-28 interaction with
both cell lines. On the other hand, Q*7, V*°, I>! and F°®, together with
the acetyl N-terminal, show protons that are saturated only in the
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Fig. 3. Far UV VLL-28 CD spectra (black) recorded in the presence of a) BALBc 3T3 cells and b) SVT2 cells at 0 (blue), 10 (green), 30 (orange), 60 (red) min and 24 h (magenta) of
incubation.

presence of BALBc 3T3 membranes (Fig. 6b, highlighted in red). Fur- peptide that assume helical conformation in presence of TFE. Specifi-
thermore, strong STD effects were observed for side-chains of arginine cally, the binding to both the cell membranes seems to be mainly
and lysine residues. However, due to the spectral overlap and to the mediated by aromatic and basic residues, as could be expected for
presence of a high number of basic residues in the peptide sequence peptide-lipid interactions.

they could not identified unambiguously. Moreover, methyl of leucine Different STD intensities of the peptide induced by the interaction
(L) and valine (V) localized in the N-terminal region, seem to be in- with BALBc 3T3 and SVT2 cell membranes are likely ascribed to a
volved as well. different interaction mechanism between the peptide and the two

Overall, these data indicate that the interaction of VLL-28 with cell membranes. In particular, stronger STD effects observed in the presence
membranes is mediated by the N-terminal and the central regions (V- of non-tumor BALBc 3T3 membranes indicates that a fast-exchange

F°®) (Fig. 6), which interestingly correspond to the portions of the equilibrium between the free form and a well-recognized bound
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Fig. 4. (a) Chemical shift deviation from random coil values of Ha backbone atoms (AHa) plotted as a function of residue number. Two segments with helical conformation encompassing
residues V37-R58, V50-859, as suggested from the AHas, are indicated above the plot. (b) and (c) Expansions of the Hy-Hy correlation region of the 2D ['H, 'H] NOESY spectra of VLL-28
in phosphate buffer pH 7.0 at 298 K in the absence and presence of TFE 25%, respectively. HN;-HN; . ; cross-peaks, observed only in (C), are labeled.

2160

96



R. Gaglione et al.

a
| A ]
b~ WMWY PO B [
4
b
c 1
’wh"’v

" sl iy s aabed o
! Mgt T b, Y q,_,\‘,'f/’ vy

d

1]

BBA - General Subjects 1861 (2017) 2155-2164

Fig. 5. Reference 'H (a) and (STD)-NMR spectra of VLL-28
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conformation occurs. Since fast-exchange regime is observed with
lower affinity interaction, this could explain the inability of VLL-28 to
penetrate these cell membranes. Differently, the reduced STD effects,
observed in the presence of SVT2 membranes, can be ascribed to a
stronger interaction with the cell membranes possibly being the first
step of an internalization process.

3.6. Effect of VLL-28 on zeta-potential of cell membranes

Zeta potential of cell membranes has been used as a possible marker
for the assessment of membrane damage and could be suitable to study
the permeabilizing property of the VLL-28 peptide [34]. Zeta potential
analyses were performed on E. coli, BALBc 3T3 and SVT2 cells. The

T
20

hid f‘ ‘\ \a)n "‘*‘
ottt S g

1.5

T T

10 0.5 0

measured zeta potential in our experimental conditions for the cells in
the absence of any peptide is —43.93mV for E. coli (Fig. S6),
—6.91 mV for BALBc 3T3 and — 11.2mV for SVT2 cells, respectively,
indicating that their surfaces are all negatively charged and, as already
known, that the surface of the bacterial membranes is more negatively
charged than mammalian cells [35,36]. This is due to both lipid com-
position and negatively charged cell surface macromolecules, as de-
scribed also for other systems [9]. Furthermore, Z-potential measure-
ments clearly demonstrated that the surface of SVT2 has a more
negative charge than BALBc 3T3 cells. The addition of VLL-28 caused
an increase of Z-potential values towards neutralization indicating that
the peptide is interacting with the surface of all the cells tested (Fig. 7a
and b and $6). Given the role of electrostatic interactions in driving the

Fig. 6. (a) Bar graphs of STD signal intensities (Isyp) for the
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Fig. 7. a) VLL-28 effect on the Z-potential of BALBc 3T3
cells. b) VLL-28 effect on the Z-potential of SVT2 cells. At
4 x 10° cells/mL cells were incubated and stabilized for
30 min with different peptide concentrations and the po-
tential was measured at 37 °C. Data represent the mean
( + standard deviation, SD) of 2 independent experiments.
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AMPs initial adsorption onto the extracellular surface, it is reasonable
to question if VLL-28, as ACP, exerts the same kind of action. In ac-
cordance with the general mechanism of action of AMPs, VLL-28 fully
neutralizes E. coli cell's surface potential to exert its antimicrobial action
(Fig. S6). Differently, on eukaryotic cells, VLL-28 is able to increase the
Z-potential but never reaching full neutralization even at con-
centrations = 20 uM thus indicating that total surface neutralization is
not necessary to elicit its anticancer action [37].

3.7. Cell death pathway activated by cell treatment with VLL-28

To elucidate cell death pathways selectively activated by cell
treatment with VLL-28, we performed western blot analyses by using
antibodies specifically recognizing pro-caspase 3 and p62 proteins. The
activation of procaspase-3 to caspase-3 is a key event in the apoptotic
execution phase, since caspase-3 is considered the most important
among executioner caspases and is activated by any of the initiator
caspases (caspase-8, caspase-9, or caspase-10) [38]. p62, instead, is
generally used as a marker to study the autophagic flux, since it accu-
mulates when autophagy is inhibited, whereas p62 decreased levels can
be observed when autophagy is induced [39].

To get insight into cell death pathway induced by VLL-28, western
blot analyses were performed on SVT2 cells in comparison with BALBc
3T3 (Fig. 8a—d). In SVT2 cells it was found a significant increase of p62
levels upon 6 h treatment with 20 pM VLL-28 (Fig. 8a, d), indicative of

a SVT2
1 2 3 4 5 6
Pro-caspase 3 - R — ‘ ’ 35kDa
B |~—-.—-—#‘" 85KkDa

p-actin

\_M AZKDa

BALBc 3T3
3 4 5

Pro-caspase 3 ‘ p. ‘ 35kDa
s Sk

“—w

B-actin 42kDa

30 40 50

[VLL-28] (uM)

a stress leading to cell death with a consequent block of autophagy flux
[40]. Accordingly, procaspase-3 levels appear lower than in control
cells upon 6 and 12 h treatment (Fig. 8a, b), indicating a significant
(about 30%) activation of procaspase-3 to caspase-3 associated to
apoptosis induction. This activation appears even stronger (about 50%)
after 24 h of treatment (Fig. 8a, b), and is associated to a significant
decrease of p62 levels (Fig. 8a, d), in agreement with a time-dependent
activation of apoptotic cell pathway.

In the case of non-malignant BALBc 3T3 cells, instead, no significant
effects on procaspase-3 levels were observed upon cell treatment with
20 uM VLL-28 peptide at different time intervals (6, 12 and 24 h)
(Fig. 8b, ¢), in agreement with the results reported above. This indicates
that these cells are not susceptible to VLL-28 peptide toxic effects.
Moreover, no significant effects were observed also when p62 levels
were analyzed, except for 72 h treatment, where a slight increase of p62
levels was observed (Fig. 8b, d). Since no effects on cell viability were
detected by MTT assays, this might be indicative of a slight cell per-
turbation counteracted by autophagy activation.

Hence, experimental data revealed that VLL-28 exerts its action
through a time-dependent activation of apoptotic cell pathways as de-
monstrated by the maturation of procaspase-3 to the caspase-3 [41].
This is in agreement with data reported in the literature indicating that
several potential ACPs are able to induce apoptosis in human cancer
cell lines of different origin, such as breast, uterine cervix, liver and
prostate [9]. Apoptosis induction, with some degree of selectivity
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Fig. 8. Analysis of cell death pathway activated by the treatment with 20 pM VLL-28 peptide of SVT2 (a) and BALBc 3T3 (c) cells. Lane 1, cell lysate of untreated cells; lane 2, lysate of
cells treated with rapamycin; lane 3, lysate of cells treated with puromycin; lane 4, lysate of cells treated with the peptide for 6 h; lane 5, lysate of cells treated with the peptide for 12 h;
lane 6, lysate of cells treated with the peptide for 24 h. Western blots were performed by using antibodies directed towards procaspase-3, p62, and endogenous B-actin used as an internal
standard (a, ¢). Densitometric analyses of protein bands specifically recognized by anti-procaspase-3 and anti-p62 antibodies are reported in b and d, respectively, where data represent
the mean ( + standard deviation, SD) of 3 independent experiments. *P < 0.05, **P < 0.01, or ***P < 0.001 were obtained for control versus treated samples.
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towards cancer cells, has been described also in the case of ACPs ef-
fective on metastatic tumor cells or on cancer endothelial cells [9].
Since metastases are the main cause of conventional therapy failure,
peptides able to specifically interfere with the process of metastases
formation by stimulating apoptosis induction in neoplastic cells re-
present valuable resources in cancer treatment [9]. These observations
associated to the strong and selective toxic effects exerted by VLL-28
peptide towards cancer cells open interesting perspective to future
applications of this peptide.

4. Concluding remarks

The cytotoxic activities of several AMPs turn this group of molecules
into an amazing pool of new templates for anticancer drug development
[42]. Accordingly, VLL-28, previously identified as an AMP [16], is
here found to be endowed also with selective cytotoxic activity towards
both murine and human cancer cells, thus pointing to VLL-28 as a po-
tential chemotherapeutic agent. Microorganisms belonging to the ar-
chaeal kingdom have been so far considered as source of biotechnolo-
gically relevant enzymes and proteins [43-51], but there are no reports
regarding potential ACPs isolated from this kingdom. This paper re-
presents the first evidence that archaeal microorganisms could bear also
an unexplored repertoire of such kind of molecules exerting a trans-
kingdom action. Given the intrinsic stability to physical and chemical
agents of Stf76, the parental source of VLL-28, it is foreseen that VLL-28
might be a promising “lead compound” for future development of novel
drugs, upon chemical modifications, i.e. p-amino acids, an all-hydro-
carbon bridge, and/or modified amide bounds to further increase its
stability to proteases [22].

Transparency document

The http://dx.doi.org/10.1016/j.bbagen.2017.06.009 associated
with this article can be found, in online version.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2017.06.009.
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