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Alla mia famiglia 



The genes are master programmers […]. 
They are judged according to the success of their programs in coping 

with all the hazards that life throws at their survival machines. 
[cit. Richard Dawkins ] 
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Abstract 
The hydrolysis of lignocellulosic biomasses to obtain fermentable sugars is 

complex process which requires multiple and synergistic enzymes such as 
cellulases, hemicellulases (xylanases) and accessory enzymes (e.g. 
arabinofuranosidases and pectinases). The improvement of the hydrolysis yield and 
the reduction of the needed amounts of the enzymes involved in the process and 
thus their costs represent the main challenges of second generation ethanol 
production. To meet these necessities, different strategies can be adopted such as 
the isolation and identification of new microorganisms producing high levels of 
(hemi)cellulase activities and the development of new tailor-made enzymes with high 
specific activity and high resistance at the conditions used in the hydrolysis process. 

In this project, compost obtained from agro-industrial wastes was investigated 
as a source of new bacteria producing new accessory enzymes. The Paenibacillus 
xylanolyticus 2-6L was isolated from agro-industrial wastes based compost and its 
pectinolytic activity was characterized. A pectate lyase (Paenxyl Pel) was identified, 
purified and characterized. Paenxyl Pel exhibits an optimum temperature of 60-70°C 
and optimal pH value of 9.0 for its pectinase activity on pectin from citrus fruit. 
Paenxyl Pel shows high thermoresistance and pH resistance and it follows a 
Michaelis–Menten kinetic towards pectin from citrus fruit, pectin from sugar beet pulp, 
high ester pectin extracted from citrus peel (>50% esterified) and polygalacturonic 
acid (PLA). These results suggest that pectate lyase from P. xylanoliticus shows an 
unusual activity combining traits of pectate lyase and pectin lyase.  

The development of tailor made arabinofuranosidase was carried out by using 
directed evolution of PoAbf, the α-L-arabinofuranosidase produced by fungus 
Pleurotus ostreatus. The best evolved variant of the first generation library, rPoAbf 
F435Y/Y446F, was recombinantly expressed in Pichia pastoris, purified and 
characterized. It exhibited a Kcat of 7.3*103 ± 0.3 min-1, around 3-fold higher than that 
of the wild-type and a KM (0.54 ± 0.06 mM), 30% lower than that of the wild-type 
towards towards p-nitrophenyl-α-L-arabinofuranoside. The mutant showed also 
improved catalytic properties towards pNP-β-D-glucopyranoside (Kcat of 50.85 ± 0.21 
min−1 versus 11.0 ± 0.6 min−1) and it was shown able to hydrolyze larch 
arabinogalactan that is not recognized by the wild-type. The mutant was also more 
active than the wild-type towards arabinoxylan and was able to hydrolyze arabinan 
that was not transformed by the wild-type. Even if the mutant rPoAbf F435Y/Y446F 
was selected for its higher activity, it showed also a higher resistance to temperature 
and pH than the wild-type and it was shown to be a versatile enzyme. 

The biocatalysts rPoAbf wild-type and its evolved variant and rCelStrep from 
Streptomyces sp. G12 recombinantly expressed in Escherichia coli, were tested in 
the hydrolysis of lignocellulosic biomasses by using these enzymes in combination 
with other enzymatic activities involved in the hydrolysis of lignocellulose. The data 
suggest that the investigated biocatalysts act synergistically with bacterial and fungal 
enzymes. Moreover, rPoAbf and its evolved variant improved xylan and arabinan 
conversion of tested lignocellulosic biomasses highlighting the importance of 
accessory enzymes to obtain high xylan hydrolysis.  
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Riassunto 
 
Combustibili da fonti rinnovabili 
Il progressivo esaurimento delle risorse fossili e le emissioni di gas a effetto 

serra derivanti dal loro utilizzo hanno suscitato, nel corso degli anni, l’interesse per 
la ricerca di fonti di energia rinnovabili. Nell’ottica di una bioeconomia sostenibile, la 
conversione di biomasse in carburanti, tra cui il bioetanolo, si prospetta come una 
valida alternativa ai carburanti fossili, offrendo maggiore sicurezza energetica, 
riducendo le emissioni di CO2 e contrastando l’innalzamento della temperatura del 
pianeta a seguito dell’effetto serra (Balat, 2011). 

In ambito Europeo, la Direttiva 2009/28/CE, promuove la produzione e 
l’uso dei biocombustibili, stabilendo che questi dovranno sostituire del 10% i 
carburanti fossili (benzina e diesel) entro il 2020. Tra i biocarburanti di nuova 
generazione, il bioetanolo suscita maggiore interesse. Il bioetanolo è ottenuto dalla 
fermentazione alcolica degli zuccheri e dei polisaccaridi preventivamente idrolizzati 
(e.g. amido, cellulosa). Il bioetanolo, e gli altri biocarburanti, sono classificati in 3 
generazioni sulla base della biomassa dalla quale vengono prodotti: i) i 
biocarburanti di prima generazione sono prodotti dalla fermentazione di zuccheri 
ottenuti da materie prime agroalimentari; ii) i biocarburanti di seconda generazione 
sono generati da materie prime che non hanno impatto sulla filiera alimentare, 
ovvero da biomasse lignocellulosiche; iii) i biocarburanti di terza generazione sono 
ottenuti dalle alghe. 

 
Il processo di produzione del bioetanolo di seconda generazione 
Circa il 60% del bioetanolo nel mondo è prodotto a partire dalla canna da 

zucchero mentre il 40% è prodotto da altre colture quali grano e mais (Dufey, 
2006). I paese leader nella produzione di bioetanolo di I generazione sono USA e 
Brasile che insieme producono il 90% del bioetanolo del mondo. Tuttavia, il 
bioetanolo di I generazione suscita diverse problematiche, come la quantità di 
materia prima disponibile e la competizione tra uso di colture agricole per 
l’alimentazione e il loro uso per produzione di biocarburanti. Per il superamento dei 
suddetti limiti, particolare attenzione si sta rivolgendo alla produzione di bioetanolo 
di II generazione. In particolare, con la produzione di bioetanolo di II generazione si 
elimina il problema della competizione per i terreni agricoli, in quanto materie prime 
sono rappresentate da residui delle colture agricole e forestali, da frazioni cartacea 
ed organica dei rifiuti urbani, da scarti delle lavorazioni industriale e da colture 
dedicate che andrebbero ad occupare terreni marginali. Dei principali componenti 
della biomassa lignocellulosica (cellulosa, emicellulosa e lignina), soltanto la 
cellulosa e l’emicellulosa sono costituite da zuccheri fermentabili, pertanto solo 
queste possono essere utilizzate per la produzione dell’etanolo. Uno dei punti 
critici che caratterizza perciò la produzione di bioetanolo di II generazione è la 
separazione fisica dei polisaccaridi dalla lignina. Per questo motivo, l’attuale 
processo adottato per la produzione di bioetanolo di seconda generazione 
prevede una prima fase di pretrattamento, volta a rimuovere la lignina. Questo 
può essere effettuato mediante trattamenti chimico–fisici (il più comune è la 
steam explosion), chimici (attraverso l’impiego di acidi), o meccanici. Una volta 
liberate dalla lignina, la cellulosa e l’emicellulosa sono quindi sottoposte ad un 
processo di idrolisi che potrà realizzarsi o per via chimica o enzimatica, da cui si 
ottengono i monosaccaridi che potranno così essere fermentati in bioetanolo. 

L’idrolisi enzimatica, che ha minore impatto ambientale rispetto all'idrolisi 
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acida, prevede l’azione cooperativa di diversi enzimi: cellulasi, emicellulasi ed 
enzimi accessori che agiscono sulle catene laterali di xilani e mannani. I costi di 
produzione degli enzimi coinvolti in questo processo risultano ancora molto 
elevati, incidendo fortemente sui costi totali del processo di conversione della 
biomassa in bioetanolo. 

Le principali problematiche relative alla produzione competitiva di bioetanolo 
di II generazione sono pertanto rappresentate dall’incremento dell’efficienza/resa 
dell’idrolisi delle componenti polisaccaridiche della biomassa e dalla riduzione dei 
costi di produzione degli enzimi. 

 
Strategie per migliorare il processo di produzione del bioetanolo di II 

generazione 
Una delle strategie adottate per il miglioramento della competitività del 

processo di idrolisi enzimatica è la ricerca nuovi enzimi accessori, cruciali per la 
completa idrolisi delle componenti polisaccaridiche (pectinasi, feruloil esterasi, 
arabinofuranosidasi, mannanasi) a partire da microrganismi isolati da ambienti 
naturali, fonti di biocatalizzatori per la conversione di cellulosa ed emicellulosa. 
Un’ulteriore strategia riguarda il miglioramento delle proprietà dei biocatalizzatori 
mediante mutagenesi. Infine, data la complessità delle biomasse lignocellulosiche, 
lo sviluppo di nuove formulazioni (cocktail) di enzimi ad hoc per la conversione di 
tutte le componenti polisaccaridiche, può rappresentare una strategia per il 
miglioramento della resa di idrolisi e la riduzione dei costi del processo. 

 
Identificazione di nuovi enzimi accessori per la conversione delle 

biomasse lignocellulosiche 
Nell’ambito del progetto ENERBIOCHEM (Progetto di Ricerca Industriale 

“Filiere agroindustriali integrate ad elevata efficienza energetica per la messa a 
punto di processi di Produzione Eco-compatibili di Energia e Bio-chemicals da fonte 
rinnovabile e per la valorizzazione del territorio, PON01_01966, responsabile 
scientifico Vincenza Faraco), questo lavoro di dottorato ha previsto l’identificazione 
di nuovi enzimi ad attività pectinasica a partire da due microrganismi, 1-5H6 e 2-
6L3, isolati da compost ottenuto da scarti agro-industriali dal gruppo della 
Professoressa Pepe del dipartimento di Agraria dell’Università di Napoli “Federico 
II”. I due microorganismi sono stati identificati come Paenibacillus xylanilyticus 
mediante l’analisi molecolare, condotta attraverso l’amplificazione della regione 
16S del DNA ribosomiale (rDNA). Di entrambi i microrganismi sono stati seguiti 
gli andamenti di produzione dell’attività pectinasica, attraverso dosaggio 
enzimatico in mezzo liquido con il substrato pectina da agrumi. 

P. xylanilyticus 2-6L3 è risultato il ceppo più produttivo con un massimo di 
produzione di attività pari a 1.16 UmL-1 tra la ventisima e ventiquattresima ora di 
crescita. Al fine di identificare le proteine responsabili dell’attività pectinasica, è 
stata messa a punto la procedura di zimografia accoppiata ad analisi di proteomica, 
in collaborazione con il gruppo della Professoressa Birolo del dipartimento di 
Scienze Chimiche dell’Università di Napoli “Federico II”, che ha condotto 
all’identificazione di tre putative proteine coinvolte nell’idrolisi della pectina. In 
dettaglio sono state identificate una α-N-arabinofuranosidasi da Bacillus pumilus 
SAFR-032 (NCBI: gi 157693268); una β-galactosidasi da Bacillus pumilus ATCC 
7061 (NCBI: gi 194016271), e una pectato liasi da Bacillus sp. (NCBI: gi 4589753). 
Questi risultati hanno suggerito che le pectinasi prodotte dal microrganismo 
selezionato non sono ancora state depositate in banca dati. 
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Al fine di caratterizzare la pectinasi prodotta da P. xylanilyticus 2-6L3 
(Paenxyl Pel), è stato messo a punto un protocollo di purificazione consistente in 
una precipitazione in solfato d’ammonio, seguita da cromatografia ad interazione 
idrofobica e concentrazione mediante ultrafiltrazione. Il peso molecolare della 
proteina in condizioni denaturanti è stato stimato intorno ai 37,000 Da, un dato simile 
a quello di altre pectinasi purificate da ceppi del genere Bacillus. L’enzima ha una 
temperatura ottimale di reazione in un range, compreso tra 50 e 70°C ad un pH 
ottimale di 9. L’enzima mostra un’ emivita di a 48h a 60°C e di 24h a 70 °C; a 40°C 
e 50°C l’enzima mantiene l’80% di attività dopo 96 ore di incubazione. Inoltre ha una 
resistenza al pH di circa 15 giorni a pH 8.0. 

Si è dimostrato che la pectinasi da P. xylanilyticus segue una cinetica di 
Michaelis–Menten nell’idrolisi di diversi substrati come riportato in tabella 1. Sulla 
base dei risultati ottenuti, è possibile evidenziare che l’enzima PaenxylPel presenta 
una duplice attività enzimatica come pectato liasi e pectin liasi, agendo su 
substrati altamente metilati e non metilati. 

 
 
Substrato 

 
KM (gL-1) 

 
Vmax(gL-1min-1) 

pectina da agrumi 0.10±0.03 1,953±0.08 
pectina da polpa di barbabietole 0.36±0.06 0.79±0.07 
pectina altamente metilata estratta 
dalla buccia degli agrumi(>50% esterificazione) 

1.07±0.05 0.22±0.05 

acido poligalatturonico (PLA)  0.20±0.05  0.74±0.05 
  

Tabella 1: Valori delle costanti cintetiche di Michaelis–Menten dell’enzima 
PaenxylPel verso diversi substrati 

 
 
Evoluzione guidata dell’arabinofuranosidasi PoAbf prodotta dal fungo 

Pleurotus ostreatus 
Sempre nell’ambito del progetto ENERBIOCHEM, le attività svolte durante 

questo dottorato hanno riguardato l’evoluzione guidata -mediante mutazione 
casuale- dell’ arabinofuranosidasi (PoAbf) in Saccharomyces cerevisiae al fine di 
crearne varianti dotate di migliorate proprietà catalitiche e resistenza alle condizioni 
operative di interesse per la sua applicazione industriale. L’evoluzione guidata 
riproduce, in vitro, il naturale processo di evoluzione molecolare ed è in grado 
di generare una pletora potenzialmente infinita di varianti proteiche con nuove 
funzioni e proprietà. La facilità di manipolazione di S. cerevisiae, insieme all’alta 
frequenza di ricombinazione, e alla disponibilità nel nostro laboratorio di un sistema 
di evoluzione guidata basato sul suo utilizzo e applicato con successo ad altri 
enzimi (Festa et al., 2008, Miele et al., 2010 a e b), ci hanno indotto ad utilizzare il 
suddetto sistema nella realizzazione di questo tipo di esperimenti. Per ottenere le 
varianti cDNA codificante PoAbf sono stati realizzati esperimenti di polimerizzazione 
a catena a bassa fedeltà (Error-prone PCR) utilizzando pSAL4-poabf come stampo. 
Per la collezione di prima generazione sono stati allestiti due set di esperimenti 
utilizzando quantità di DNA tali da avere rispettivamente un alto (HMF) e un medio 
tasso (MMF) di mutazioni. Le due collezioni di cDNA mutati ottenute sono state 
clonate nel vettore di espressione pSAL4 mediante esperimenti di 
ricombinazione omologa in vivo. Le colonie ottenute a seguito della trasformazione 
del lievito sono state analizzate su terreno selettivo SD-medium che consente la 
produzione dell’enzima ricombinante grazie all’utilizzo del solfato di rame come 
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induttore. Si sono ottenuti circa 6000 ceppi producenti proteine variamente mutate: 
3300 per medio tasso di mutazione (MMF) e 3100 con alto tasso di mutazione 
(HMF). È stato quindi effettuato un primo screening su mezzo solido contenente il 
substrato cromogenico 4-methylumbelliferyl-α-L-arabinofuranoside (MUA). Da 
questo primo screening sono stati selezionati 1100 cloni MMF e 1000 cloni HMF. 
Inoltre, per la successiva selezione dei mutanti in coltura liquida, è stata messa a 
punto una metodologia di high-throughput screening, mediante allestimento di 
colture liquide dei mutanti in piastre multipozzetto. Come primo criterio di selezione 
si è scelto di cercare i mutanti dotati di maggiore attività sul substrato p-nitrofenil-α-L-
arabinofuranoside (pNPA) rispetto all’enzima wild-type. L'high-throughput screening 
è stato eseguito utilizzando un sistema automatizzato (Biomek® Workstation 
Laboratory Automation 3000, Beckman Coulter). Il saggio di attività 
arabinofuranosidasica è stato effettuato secondo il protocollo Yanay e Sato (2000), 
con opportune modifiche, al primo giorno di crescita. I rapporti trai volumi di tutti i 
componenti della reazione sono stati variati fino ad individuare le condizioni 
ottimali di saggio. Questo secondo screening ha permesso di selezionare 6 
mutanti MMF e 18 mutanti HMF con attività più alta del wild-type di 7 volte per 
ulteriore screening in beuta. A tal fine sono state effettuate colture liquide in beuta 
dei 24 mutanti ed è stata valutata la produzione dell’enzima rPoAbf mediante saggio 
di attività secondo il protocollo Yanay e Sato (2000) a 24, 48, 72 e 96 ore di 
crescita. Questi esperimenti hanno consentito di selezionare 1 mutante MMF e 6 
mutanti HMF con attività arabinofuranosidasica 2-3 volte maggiore rispetto 
all’enzima wild-type. Questi 7 mutanti sono stati sottoposti ad analisi di sequenza 
per identificare le mutazioni presenti. L’analisi di sequenza ha mostrato che 3 dei 
cloni selezionati presentano le stesse sostituzioni amminoacidiche per cui sono 
stati selezionati 4 mutanti (1 MMF e 3 HMF) per le successive analisi. È risultato 
che due mutazioni, F435Y e Y446F sono conservate in tutti i mutanti il che 
farebbe ipotizzarne un ruolo importante. L’enzima PoAbf recante le mutazioni 
F435Y/Y446F, ottenuto mediante mutagenesi sito diretta dell’enzima wild-type, è 
stato espresso in forma ricombinante in Pichia pastoris per la over-produzione e 
caratterizzazione. Le caratteristiche della variante sono state analizzate 
paragonandole a quelle dell’enzima wild-type. L’attività specifica dell’enzima 
ricombinante rPoAbf F435Y/Y446F, adoperando il pNPA come substrato, è 
risultata essere maggiore di 2 volte rispetto a quella dell’enzima wild-type sia a 
20°C (36.8±1.8 versus 16.7±0.0 mU/O.D.600nm) che a 28 °C (8.0±0.3 versus 4.8±0.4 
mU/O.D. 600nm). 

Il mutante segue la cinetica di Michaelis-Menten con una Kcat 7273.75± 
331.09 min-1 circa 3 volte più alta di quella del wild-type (Kcat 2249.25±207.77 min-

1), ed una KM (0.54±0.06 mM) più bassa di quella del wild-type (0.76±0.04 mM). Il 
mutante mostra un range di valori di pH ottimali (3-6) diversamente dall’enzima 
wild-type che mostra un valore di pH ottimale pari a 5. D’altra parte come osservato 
per il wild-type la temperatura ottimale del mutante è di 40°C. È stata inoltre valutata 
la capacità dell’enzima PoAbf F435Y/Y446F di idrolizzare altri substrati sintetici: pNP-
β-D-xilopiranoside, pNP-α-D-glucopiranoside, pNP-β-D-glucopiranoside e oNP-β-D-
galattopiranoside; tra questi l’enzima mostra attività solo verso il pNP-β-D-
glucopiranoside, con una cinetica di Michaelis-Menten, con KM e Kcat simile a quelle 
dell’enzima wild-type (KM 5.25±0.07 mM versus 4.07±0.15 mM e Kcat 50.85±0.21 
min−1 versus 11.0±0.6 min-1. È stata valutata, inoltre, la capacità dell’enzima 
mutato di idrolizzare substrati naturali, i risultati sono mostrati in Tabella 2. 
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Substrato Quantità di zucheri rilasciati (µg/mL) 

rPoAbf wild-type rPoAbf F435Y/Y446F 
Larch rabinogalactan - 205.4±13.8 

CM-linear arabinan 240±8 288.7±4.6 
Arabinotrioso 112.7±2.9 111±4 
Arabinoesoso 107.4±8 132.06±18.61 

 
Tabella 2: Quantità di zuccheri rilasciati dagli enzimi rPoAbf wild-type e 

rPoAbf F435Y/Y446F 
 
Inoltre l’enzima rPoAbfF435Y/Y446F mostra un’ attività endo-1,4-β-

xilanasica quando incubato in presenza di AZO-wheat arabinoxylan più alta rispetto a 
quella dell’enzima wild-type (0.81±0.03 UmL−1 versus 0.63±0.03 UmL−1). Le analisi 
sulla resistenza a pH e temperature ha mostrato che il doppio mutante possiede un 
più alta resistenza alle temperature testate (40, 50 and 60 °C), in particolare una 
T1/2 di 23 ore invece di 17 h a 50°C e una T1/2 di 24 giorni invece di 14 giorni a 
40°C. Per quanto riguarda il pH, l’enzima rPoAbfF435Y/Y446F mostra una 
resistenza simile o più alta dell’enzima wild-type, in particolare a pH 3 ha una T1/2 di 
35 giorni rispetto ai 21 dell’enzima wild-type, mentre a pH 8 ha una T1/2 di 50 giorni 
rispetto ai 28 dell’enzima wild-type e a pH 7 ha una T1/2 di 50 giorni rispetto ai 40 
dell’enzima wild-type. È stata inoltre valutata la capacità dell’enzima ricombinante 
PoAbfF435Y/Y446F, di idrolizzare substrati insolubili. L’enzima PoAbfF435Y/Y446F 
è in grado di idrolizzare l’AZCL-Arabinoxilano con un’attività pari a 3.0 ± 0.2 mU/mL, 
circa 2 volte maggiore dell’enzima wild-type; inoltre il mutante è in grado di 
idrolizzare l’AZCL-Arabinano (1.28 ± 0.05 mU/mL) che non viene idrolizzato 
dall’enzima wild-type. Il suddetto mutante è stato quindi adoperato come stampo 
per la costruzione della library di evoluzione guidata di seconda generazione, 
mediante mutazione casuale. Per la collezione di seconda generazione è stato 
allestito un unico set di esperimenti utilizzando quantità di DNA tali da avere un 
medio tasso (MMF) di mutazioni. A seguito della Error Prone PCR, i cDNA mutati 
ottenuti sono stati clonati nel vettore di espressione pSAL4 mediante esperimenti di 
ricombinazione omologa in vivo come precedentemente effettuato per la library di 
mutanti di prima generazione. Si sono ottenuti circa 6000 varianti, di cui è stato 
quindi effettuato un primo screening su mezzo solido contenente il substrato 
cromogenico MUA. Da questo primo screening sono stati selezionati circa 3000 
cloni attivi. Per la successiva fase di selezione in liquido è stata adoperata la 
metodologia di high-throughput screening messa a punto per la library di mutanti 
di prima generazione. Anche in questo caso, come criterio di selezione si è scelto di 
cercare i mutanti dotati di maggiore attività sul substrato pNPA rispetto all’enzima 
rPoAbfF435Y/Y446F adoperato come stampo per la costruzione di questa 
collezione. Questo screening ha permesso di selezionare 76 mutanti con attività 
almeno 3 volte più alta dell’enzima rPoAbfF435Y/Y446F. Tra i 76 mutanti ne sono 
stati selezionati 19, con attività 4-5 volte più alta dell’enzima rPoAbfF435Y/Y446F di 
riferimento, per effettuare la valutazione della produzione dell’enzima rPoAbf in 
mezzo liquido. Questi esperimenti hanno consentito di selezionare 6 mutanti con
attività arabinofuranosidasica 2 volte maggiore rispetto all’enzima 
rPoAbfF435Y/Y446F che sono stati sottoposti ad analisi di sequenza per 
identificare le mutazioni presenti. Sono stati, quindi, selezionati di 2 mutanti 
recanti, oltre alle sostituzioni amminoacidiche del mutante adoperato come stampo, 
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la mutazione K533N in un caso e F434L nell’altro. È stata effettuata la sovra-
produzione del doppio mutante dell’arabinofuranosidasi PoAbf recante le 
sostituzioni amminoacidiche F435Y/Y446F in S.cerevisiae mediante allestimento di 
colture in fermentatore e del triplo mutante recante le sostituzioni amminoacidiche 
F435Y/Y446F/K533N al fine di accumulare i quantitativi di enzima necessari per 
la caratterizzazione degli enzimi in questo ospite. Sono stati effettuati diverse prove 
di purificazione dell’enzima che non hanno consentito di ottenere un campione 
omogeneo. Ulteriori prove sono quindi necessarie finalizzate all’ottenimento di 
enzimi sufficientemente puri per la loro successiva caratterizzazione. 

L’evoluzione guidata è risultata essere una buona strategia per ottenere 
mutanti con proprietà catalitiche migliorate rispetto all’enzima di partenza. Inoltre, 
sebbene il mutante rPoAbfF435Y/Y446F fosse stato selezionato per la sua attività 
maggiore rispetto all’enzima wild-type, ha mostrato anche una più alta resistenza a 
temperatura e pH dell’enzima wild-type. 

 
Biotrasformazione delle biomasse lignocellulosiche cellulosa in 

zuccheri fermentabili 
In collaborazione con il gruppo del Dott. La Cara del Consiglio Nazionale 

delle Ricerche-Istituto di biochimica delle proteine (CNR-IBP) di Napoli sono state 
effettuate diverse prove di bioconversione di biomasse lignocellulosiche corn cobs, 
Arundo donax e brewer’s spent grains (BSG). Le prove di biotrasformazione 
effettuate sono state allestite utilizzando sia mix di enzimi commerciali, sia i nuovi 
biocatalizzatori sviluppati nel laboratorio dove questo progetto di dottorato è stato 
svolto (rPoAbf wild-type, rCelStrep), che l’enzima rPoAbfF435Y/Y446F prodotto in 
questo progetto di dottorato. La capacità dell’enzima rPoAbf di idrolizzare le 
biomasse pretrattate, è stata valutata in combinazione con mix enzimatiche 
commerciali e con rCelStrep, cellulasi prodotta da un ceppo del genere 
Streptomyces, prodotta in Escherichia coli. I risultati ottenuti hanno dimostrato la 
capacità delle arabinofuranosidasi rPoAbf wild-type e rPoAbfF435Y/Y446F di 
migliorare l’efficienza dell’idrolisi delle biomasse lignocellulosiche adoperate negli 
esperimenti. Le migliori rese di conversione si sono ottenute adoperando il 
mutante dell’enzima PoAbf in combinazione con gli enzimi commerciali. Ulteriori 
prove di bioconversione sono state effettuate durante lo stage presso il laboratorio 
Biomass Conversion Research Laboratory (BCRL) del Dott. Balan della Michigan 
State University. Durante questo periodo la biomassa A. donax è stata sottoposta 
ad un pretrattamento mediante tecnologia Ammonia Fiber Expansion (AFEX) e sono 
state effettuate prove di biotrasformazione delle biomasse A. donax e corn 
stover, quest’ultimo adoperato come biomassa di riferimento essendo la 
tecnologia AFEX già stata ottimizzata per questa biomassa (Gao et al., 2011). Per 
la biomassa A. donax sono state testate tre condizioni di pretrattamento AFEX ed è 
stata determinata la migliore condizione per le successive prove di 
biotrasformazione valutando, la quantità di glucosio e xilosio rilasciati nella fase di 
idrolisi. Selezionata la migliore condizione di pretrattamento, sono state messe a 
punto reazioni di biotrasformazione con enzimi purificati forniti dal gruppo del Dott. 
Balan seguendo il protocollo riportato da Gao et al., 2011. Sono state effettuate 
prove di idrolisi sostituendo l’arabinofuranosidasi purificata con l’arabinofuranosidasi 
rPoAbf o il suo mutante rPoAbfF435Y/Y446F e sostituendo la endoglucanasi 
purificata con rCelstrep. I risultati ottenuti dimostrano la capacità delle 
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arabinofuranosidasi rPoAbf e rPoAbfF435Y/Y446F di migliorare l’efficienza 
dell’idrolisi incrementando le rese di xilosio e arabinosio. I risultati ottenuti a 
seguito dell’aggiunta dei nuovi biocatalizzatori alle mix enzimatiche commerciali 
dimostrano che, per quanto riguarda A. donax, le migliori rese di conversione si 
ottengono quando il mutante di rPoAbf è aggiunto alle mix commerciali. Per 
quanto riguarda il corn stover, le migliori rese di idrolisi di ottengono con l’aggiunto 
di rPoAbf wild-type. I dati ottenuti dimostrano che le emicellulasi sono necessarie per 
l’ottenimento di altre rese di xilosio e arabinosio. 
 

Conclusioni 
In sintesi questo progetto di dottorato ha previsto: 
- lo sviluppo di un nuovo biocatalizzatore, una pectinasi batterica da 

P.xylanolyticus, di cui sono state studiate le proprietà catalitiche. L’enzima ha 
mostrato di agire come pectato liasi e pectin liasi agendo su pectine con diverso 
grado di esterificazione; 

- lo sviluppo di due collezioni di mutanti di evoluzione guidata dell’  
α-L-arabinofuranosidasi da fungo e la messa a punto di un high-throughput screening 
per la selezioni di varianti con migliori proprietà; 

- lo sviluppo di un nuovo biocatalizzatore ottenuto dalla library di prima 
generazione di mutanti dell’arabinofuranosidasi, di cui sono state studiate le proprietà 
catalitiche rispetto all’enzima wild-type; 

- la valutazione delle abilità idrolitiche dei nuovi biocatalizzatori nella 
conversione di biomasse lignocellulosiche. 
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Chapter 1 - Introduction 

1.1 BIOETHANOL AS BIOFUEL 

There has been increasing worldwide interest towards research of new 
sustainable and limitless energy resources due to the finite nature of fossil fuels and 
its inevitable depletion, alarm over environmental impact, especially related to 
greenhouse gas emissions (GHGs), global warming and energy security (Balat, 
2011; MacCracken, 2008).  

Demand for energy in the Mediterranean Basin has more than doubled in the 
last 30 years, due to population growth and economic development (Faraco & Hadar, 
2011). The growing demand for energy exceeds the available sources, including 
fossil fuels, whilst the available renewable sources of energy can meet only 7% of 
energy demand (Parliamentary Assembly of the Mediterranean, 2008). World fuel 
consumption is predicted to increase from 87 MMbbl/d in 2010 to 119 MMbbl/d in 
2040 according to the EIA (International Energy Outlook, 2014).  

To meet these necessities, the European Parliament promoted the production 
and use of biofuels in substitution of petroleum-based fuels, establishing a target of 
10% reduction of conventional fuels by 2020 with the formulation of "Climate - Energy 
package 20-20-20" (DIRECTIVE 2009/28/CE).  

As described by Meher et al., (2006), an alternative fuel must be economically 
competitive, environmentally acceptable, and readily available (Meher et al., 2006). 
Numerous potential alternative fuels have been proposed, such as methanol, 
bioethanol, natural gas, biodiesel, hydrogen and solar fuels (Table 3) (Balat, 2011); 
and they represent an attractive substitution of petroleum-based fuels. Biofuel usually 
refers to solid (bio-char), liquid (ethanol, biodiesel and vegetable oil) and gaseous 
(biogas, biosyngas and biohydrogen) fuels derived from biomass (Demirbas, 2008). 

 
 
 
 
 
 
 
Table 3: Biofuel alternatives to fossil fuels 

 
Biomass is an attractive renewable resource for production of a wide range of high 
added value products. Biofuels offer several advantages over fossil fuels (Table 4).  

 
 ADVANTAGES 
Economic impact Agricultural development 

Reducing dependence on foreign oil 
Energy security Reducing use of fossil fuels 

Renewability  
Environmental impact Reducing greenhouse gas emissions 

Reducing air pollution 
Biodegradability 

Table 4: Main advantages of biofuels 
 
The main advantages of biofuels is that their use does not increase CO2 levels 

so they can contribute to mitigate GHG emissions (Balat, 2011). Moreover, biofuels 

BIOFUEL FOSSIL FUEL 
Biobuthanol  Gasoline/butane 
Ethanol Gasoline  
Biodiesel Diesel  
Biogas Natural gas 
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are renewable energy source and reduce dependence on foreign oil (Prasad et al., 
2007). 

The two most promising biofuels are bioethanol and biodiesel. Bioethanol 
exhibits several advantages, such as high octane number, low cetane number and 
high heat of vaporization (Balat et al., 2008). Unlike fossil fuels, it is a renewable 
energy source produced by the action of microorganisms on the fermentable sugars 
present in the raw material and it is used as transportation fuel in a few countries of 
the world. A variety of biomass feedstock has been explored for ethanol production 
and they can be classified into three types: i) lignocellulosic materials such as woody 
biomass, herbaceous perennials and various wastes; ii) starch-rich crops such as 
maize and grain sorghum; iii) sucrose-rich crops such as sugarcane and sugar beet 
(Balat et al., 2008). Based on feedstock bioethanol and the other biofuels, are 
classified into three generations: 

 First generation biofuels, also called conventional biofuels. They are 
made from feedstock used for human food too; 

 Second generation biofuels, produced from sustainable feedstock that 
is not edible and does not compete with food production;  

 Third generation biofuels, produced using algae (Dragone et al., 2010). 

1.2 FROM FIRST TO SECOND GENERATION BIOETHANOL  

First generation bioethanol is produced from traditional agricultural crops, 
mainly represented by corn and sugarcane. In particular, Brazil utilizes sugarcane for 
bioethanol production, USA use starch from corn and Europe utilizes wheat. The 
world production of ethanol is reported in Table 5. Brazil and USA are the world 
leaders of bioethanol production, together accounting for about 90% of the world 
bioethanol production (Renewable Fuels Association (RFA), 2013). It is worth of note 
that Brazil is the only country that uses ethanol, produced exclusively from 
sugarcane, as a full substitute for gasoline (Soccol et al., 2011; Dufey, 2006).  

 
Continent   

 
Years 

Africa Asia Australia Europe North and 
Central 
America 

South 
America 

2007 - 627,2 26.4 570.3 6,749.5 5,111.9 
2008 - 657.7 26.4 733.6 9,237.27 6,551.4 
2009 - 1,069.4 56.80 1,039.52 11,906.99 6,661.1 
2010 43.59 785.91 66.04 1,176.88 13,720.99 7,121.8 
2011 38.31 889.7 87.2 1,167.64 14,401.34 5,771.9 
2012 42 952 71 1,139 13,768 5,800 

 
Table 5: Global Ethanol Production (Millions of Gallons) 
Data source: Ethanol industry outlook RFA, 2013. F.O. Licht 
 
First generation ethanol production systems pose a concern about competition 

with food and feed supplies because the production of food and biofuels is 
dependent on the same resources: land, water, and energy. The U.N. Food and 
Agriculture Organization, reports that using food grains for biofuels production is 
increasing food deficit (Pimentel et al., 2008). Moreover, bioethanol production from 
corn has high environmental impact due to use of nitrogen fertilizer and insecticides, 
high carbon dioxide production, release of greenhouse gases (Pimentel et al., 2008). 
As regards Europe, the current production of first generation ethanol is less than its 
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consumption and the potential of its future yield is not sufficient to achieve the 
prefixed European goals, leading to an increase of ethanol importations.  

These limitations can be overcome by the use of non-edible biomass sources 
such as agricultural and forest crop residues, grasses, agro-industrial wastes and 
organic fraction of municipal solid wastes (OFMSW) (Prasad et al., 2007). Second 
generation bioethanol production from non-food renewable feedstock known as 
lignocellulosic biomass is attracting keen interest. Lignocellulosic biomasses are the 
most abundant renewable resources on Earth, so their use for second generation 
ethanol production minimizes the conflict between land use for food (and feed) and 
energy production. Moreover, these raw materials are not expensive and they 
present a more even geographical distribution than the conventional agricultural 
feedstock. Second generation bioethanol would represent the key response to the 
need of increasing renewable energy production particularly in the Mediterranean 
Basin (Faraco & Hadar, 2011). It is worth noting that only small amounts of cellulose, 
hemicellulose and lignin composing agricultural residues are currently exploited, the 
majority being considered wastes. Moreover, second generation ethanol production 
and use show lower green-house gas emissions (<86%) than the first generation 
fuels, reducing environmental impact, particularly on climate change. 

1.3 COMPOSITION OF LIGNOCELLULOSE FOR SECOND GENERATION 
BIOETHANOL PRODUCTION  

Lignocellulose consists of three types of polymers, cellulose, hemicellulose 
(both referred as carbohydrate polymers) and lignin (aromatic polymer), bonded by 
both non-covalent and covalent cross linkages (Figure 1) (Pérez et al., 2002; 
Sánchez, 2009). Cellulose is a highly crystalline linear polymer that is composed of 
D-glucose units linked by β-1,4-glycosidic bonds (Pérez et al., 2002). Hemicellulose 
is also a polysaccharide, accounting for 25-35% of dry wood (Balat et al., 2008). It is 
a very heterogeneous and ramified polymer, consisting of a mixture of different 
monosaccharides, such as hexoses (glucose, mannose, and galactose), pentoses 
(xylan, arabinose), and glucoronic acid. Lignin is present in the cellular wall to give 
structural support, mechanical resistance, impermeability and defense against 
microbial attack and oxidative stress. It is an amorphous heteropolymer formed from 
phenylpropane units joined together by non-hydrolyzable linkages (Sánchez, 2009). 
The composition of lignocellulosic biomasses depends on plant species and upon 
growth conditions (Prasad et al., 2007). 
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Figure 1: Structure of lignocellulose material 

 

1.4 THE SECOND GENERATION BIOETHANOL PROCESS: COMPONENTS AND 
PHASES  

In general, the process of ethanol production from lignocellulosic materials 
includes the following key steps (Figure 2): i) pretreatment of lignocellulosic biomass 
to break lignin barrier; ii) chemical or enzymatic hydrolysis of cellulose and 
hemicellulose fractions to generate fermentable sugars (saccharification); iii) 
fermentation of mixed hexose and pentose sugars to ethanol, which include SHF 
(Separate Hydrolysis and Fermentation) or SSF (Simultaneous Saccharification and 
Fermentation) or CBP (Consolidated Bioprocessing),iv) recovery and v) distillation 
(Balat & Balat, 2009).  

Figure 2: Schematic representation of process steps involved in the 
production of ethanol from lignocellulosic biomass 

The following paper “The second generation ethanol production” (Paper I), 
reviews main steps of second generation ethanol process and enzymes. 
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1.4.1 PAPER I:  THE SECOND GENERATION ETHANOL PRODUCTION 
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The following paper “Consolidated Bioprocessing for Improving Cellulosic 
Ethanol Production” (Paper II) reviews recent efforts aimed at developing category 
II CBP process, which involved genetic manipulation of yeasts naturally able to 
ferment sugars. 
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1.4.2 PAPER II :  CONSOLIDATED BIOPROCESSING FOR IMPROVING 
CELLULOSIC ETHANOL PRODUCTION 
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1.5 M AIN CHALLENGES OF SECOND GENERATION ETHANOL PRODUCTION  

The success in the commercial development of second generation biofuel 
requires to overcome the cost barriers of current technologies (Sims et al., 2010).  

As described by Binod et al. (2011), the main factors that influence the 
enzymatic hydrolysis of lignocellulosic biomasses are substrate-related and enzyme-
related factors. 

The enzymatic hydrolysis of lignocellulosic biomass is affected by the nature 
of the substrate (Gao et al., 2013) such cellulose structure, accessible surface area, 
particle size and presence of lignin. In particular, the amount of lignin in the biomass 
plays an important role due to the fact that cellulases can irreversibly bind the lignin 
and consequently the release of monomeric sugars during enzymatic hydrolysis is 
low. Hence, the modifications occurring in the lignocellulosic biomass during 
pretreatment have a significant effect on sugar release and the enzymatic hydrolysis. 
Since lignocellulosic biomasses have different compositions depending on their 
source, an efficient and ad hoc pretreatment method is required to achieve their 
conversion into fermentable sugars.  

Others important factors are related to the nature of the enzymes involved in 
enzymatic hydrolysis such as enzyme concentration, thermal and pH resistance and 
stability, synergistic action of enzymes and their irreversible binding to lignin. In the 
process of enzymatic hydrolysis, enzymatic have to work simultaneously towards the 
different components of lignocellulose; the synergism between the enzymes and their 
ratio/combination can increase the hydrolysis rate.  

At present, the costs of (hemi)cellulolytic enzymes required to hydrolyze the 
polysaccharides account for more than 20% of the ethanol production costs. Due to 
high costs of enzymes involved in biomass hydrolysis, the use of tailor made enzyme 
cocktail, which contain all necessary activities with an optimal dosage of enzymes, is 
a possible strategy to decrease the cost of hydrolysis process (Gao et al., 2011; Gao 
et al., 2010).  

Improving both the effectiveness of (hemi)cellulolytic enzymes and the yield of 
the hydrolysis process, while reducing the needed amounts and their costs, are the 
main challenges that must be faced to make second-generation ethanol production 
commercially viable (Sun et al., 2002).  

1.6 AIMS OF THE THESIS  

This PhD is funded by the Industrial Research Project “Integrated agro-
industrial chains with high energy efficiency for the development of eco-compatible 
processes of energy and biochemicals production from renewable sources and for 
the land valorization (EnerbioChem)” PON01_01966 (having Prof. Vincenza Faraco 
as scientific responsible). The research project EnerbioChem is aimed at the 
exploitation of no-food biomasses as raw-materials for industrial production of 
renewable energy and bio-chemicals, developing a new model of less dissipative 
system economy. A variety of investigations will be carried out on agronomic aspects 
for production of lignocellulosic and oleaginous biomasses and on optimization of 
processes for their transformation, minimizing waste production and optimizing 
energy efficiency and environmental/socio-economic impacts. 

The activities of this project are mainly related to the work-package (WP) 3 of 
EnerbioChem “Definition of processes with high energetic efficiency for 
transformation of lignocellulosic biomasses at industrial level (including valorization of 
byproducts)”. The lignocellulosic biomasses for EnerbioChem are cultured on lands 
that are not suitable for food production such as hilly areas liable to erosion, high 
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salinity soils and polluted areas and they include Arundo donax, Sorghum 
(herbaceous), Eucalyptus, Populus, Robinia pseudoacia (woody) and Cardoon, 
Tobacco, Sunflower (agricultural residues). The main task of WP3 is the 
development of new biocatalysts for the optimization of bioprocesses for conversion 
of (hemi)cellulose into fermentable sugars to produce second-generation ethanol. 
This WP also includes the optimization of pretreatment of the lignocellulosic 
biomasses to remove lignin and improve accessibility of (hemi)cellulose. These 
activities will contribute to overcome the current constraints presently forbidding the 
industrial competitiveness of ethanol production, toward the concept of sustainable 
development. 

The overall aim of this project is to improve the conversion of lignocellulosic 
biomass into sugars through i) identification of novel accessory enzymes (e.g. 
pectinases), ii) development of tailor made enzymes for transformation of 
(hemi)cellulosic fractions by directed evolution of selected hemicellulose, iii) 
definition of tailor made enzymatic mixture for biomass transformation. 

As far as accessory enzymes are concerned, the strategy of this work was the 
selection of new microorganisms isolated from mature compost obtained from agro-
industrial wastes.  

The main goals concerning this task are: 
1) Selection of new pectinolytic bacteria; 
2) Evaluation of time courses of production of pectinolytic enzymatic 

activities involved in conversion of cellulosic biomass; 
3) Identification and characterization of the pectinolytic enzymes produced 

by the selected bacteria in native form. 
As regards the development of tailor made hemicellulases, the strategy of this 

work was the directed evolution of the enzyme α-L-arabinofuranosidase PoAbf 
produced by fungus Pleurotus ostreatus (Amore et al., 2012a). 

The main goals concerning this task are: 
1) Construction of libraries of randomly mutated forms of PoAbf in the 

yeast Saccharomyces cerevisiae by Error Prone PCR (EP-PCR); 
2) Set up of a rapid high-throughput screening method to identify the 

mutants with beneficial mutations. The high-throughput screening was performed in 
multiwell plates by using an automated apparatus (Biomek® 3000 Laboratory 
Automation Workstation, Beckman Coulter); 

3) Purification and characterization of the best PoAbf directed evolved 
mutants. 

The last task of this study was aimed at definition of synergistic enzymes 
necessary for lignocellulosic biomass transformation.The main purpose concerning 
this task are following reported: 

1) Pretreatment and following saccharification of different lignocellulosic 
biomasses;  

2) Evaluation of Ammonia Fiber Expansion (AFEX) as pretreatment 
method for A. donax biomass; 

3) Evaluation of the ability of the cellulase CelStrep from Streptomyces sp. 
G12 recombinantly expressed in Escherichia coli (Amore et al., 2012b) and α-L-
arabinofuranosidase PoAbf from the fungus Pleurotus ostreatus recombinantly 
expressed in Pichia pastoris (Amore et al., 2012a) and its evolved variant rPoAbf 
F435Y/Y446F (Giacobbe et al., 2014) to hydrolyze lignocellulosic biomasses.  
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2.1 INTRODUCTION  

This chapter concerns the selection of new microorganisms producing 
accessory enzymes important for a complete saccharification of all the 
polysaccharides components of lignocellulose such as pectinases and mannanase. 
Among the accessory enzymes, pectinases have an important role in the 
bioconversion of agro-industrial cellulosic wastes (Adeleke et al., 2012; Van Dyk 
&Pletschke, 2012).  

Pectin is a complex heteropolysaccharide presents in plant cell wall. D-
galacturonic acid is the backbone of long pectin chains and it can be esterified with 
methyl/acetyl groups. The side chains branch are often arabinose, xylose and 
galactose. Pectic substances are classified in three groups: i) homogalacturonan, 
consisting in linear chains of α-(1–4)-linked D-galacturonic acid esterified with methyl 
or acetyl groups; ii) rhamnogalacturonan I, consisting in α-(rhamno)galacturonic 
acids; iii) rhamnogalacturonan II consisting in homogalacturonan chain with side 
chains attached to the galacturonic residues (Pedrolli et al., 2009). Pectic 
polysaccharides can be hydrolysed by several pectinase enzymes such as 
hydrolases, lyases and esterases (Pedrolli et al., 2009). Studies demonstrated that a 
mixture of pectinases with cellulases increased cellulose conversion (Bhatia et al., 
2012).  

The following paper “Identification and characterization of a pectinolytic 
enzyme from Paenibacillus xylanolyticus” describe results achieved starting from 
bacteria isolated from mature compost obtained from agro-industrial wastes by 
screening performed by team of Professor Olimpia Pepe of Department of Agriculture 
(DIA) of University of Naples “Federico II”. 
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2.1.1 PAPER I I I:  IDENTIFICATION AND CHARACTERIZATION OF A 
PECTINOLYTIC ENZYME FROM PAENIBACILLUS XYLANOLYTICUS 
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  Chapter 3- Development of tailor made enzymes by directed evolution 

3.1 INTRODUCTION 

This chapter concerns the directed evolution of the enzyme α-L-
arabinofuranosidase from Pleurotus ostreatus (PoAbf) previously identified and 
characterized in recombinant form, in the laboratory where this PhD project was 
performed (Amore et al., 2012a). 

Directed evolution mimics the Darwinian processes of evolution, since this 
approach reproduces, in vitro, the natural process of molecular evolution and it is 
able to generate a potentially infinite plethora of protein variants with new functions 
and properties (Valetti & Gilardi, 2004). Molecular diversity can be created by various 
methods such as combinatorial cassette mutagenesis, combinatorial saturation 
mutagenesis by in vivo overlap extension (IVOE) (Alcalde et al., 2006, in vivo DNA 
shuffling combined with random mutagenesis, in vivo assembly mutagenesis (IVAM) 
and error prone polymerase chain reaction (EP-PCR). EP-PCR, by far the most used 
approach to produce random mutants, uses a low fidelity polymerase to introduce 
random point mutations at each round of amplification. The EP-PCR method has the 
advantage to be simple and easy to use, moreover it does not require previous 
information on structure-function relationships. Yeasts were largely used as hosts for 
the directed evolution experiments, among these the yeast S. cerevisiae offering 
significant advantages for recombinant enzymes expression and directed evolution 
experiments (Bulter et al., 2003; Festa et al., 2008). 

The following paper “Development of an improved variant of GH51 α-L-
arabinofuranosidase from Pleurotus ostreatus by directed evolution” describes  
the construction of the first generation library of directed evolved mutants of PoAbf in 
S. cerevisiae, the selection of the best directed evolved variant and its recombinant 
expression and characterization.  
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3.1.1 PAPER IV:  “DEVELOPMENT OF AN IMPROVED VARIANT OF GH51 A-L-
ARABINOFURANOSIDASE FROM PLEUROTUS OSTREATUS  BY DIRECTED 
EVOLUTION”  
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3.1.2 SECOND GENERATION LIBRARY OF ARABINOFURANOSIDASE FROM 
PLEUROTUS OSTREATUS  

This section is related to a second generation library of directed evolved 
variant of PoAbf. The cDNA coding for PoAbf F435Y/Y446F was used as template to 
create a new library of variants. Mutated cDNAs library with medium mutation rate 
was created, and homologous recombination experiments were performed.  

 
3.1.2.1 RESULTS 

-Construction and screening II generation library 
To develop novel improved variants of PoAbf, EP-PCR experiments with 

medium mutation frequence (MMF) were performed to introduce random mutations 
into poabf F435Y/Y446F cDNA. Mutated cDNAs were cloned into the expression 
vector pSAL4 by using the in vivo homologous recombination system of S. cerevisiae 
and a total of 5500 transformants were obtained. The library was subjected to a high-
throughput screening to catch mutants exhibiting higher arabinofuranosidase activity 
towards p-nitrophenyl-α-L-arabinofuranoside (pNPA) as substrate than the PoAbf 
F435Y/Y446F as described in Giacobbe et al., 2014. The first screening, performed 
on MUA-containing solid growth medium led us to select around 3000 mutants. 
These were further subjected to a high-throughput screening in liquid medium within 
multiwell plates allowing the selection of 76 mutants, exhibiting at least 3-fold higher 
activity values towards pNPA than the mutant PoAbf F435Y/Y446F used as template. 
Among these 76 mutants, 19 clones, showing 4 or 5-fold higher activity values 
towards pNPA were selected and further analyzed in liquid medium in shaken flasks 
monitoring time course of growth and activity production for 4 days. Six out of these 
19 mutants, exhibiting 2-fold higher activity values than the wild type at 48h, were 
chosen for sequence analyses (Figure 3). The sequence analysis showed that three 
out of selected clones have not new aminoacid substitutions, while the other three 
clones showed the aminoacid substitutions reported in the Table 6. 

 

 
 
Figure 3: Arabinofuranosidase activity towards pNPA at 72 h of growth 
 
 
 

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

ar
ab

in
of

ur
an

os
id

as
e 

ac
tiv

ity
 

(m
U

/O
.D

.) 

Time (72h) 

101 
 



  Chapter 3- Development of tailor made enzymes by directed evolution 

Library Screening in 
mutiwell plates 

Screening in 
shaken flasks 

Aminoacid sobstiitution 

3100 
mutants 

76 mutants 
 

6 mutants 
 

3 mutants 
M30B2 (T22S/F435Y/Y446F) 

M30D8 (F435Y/Y446F/K533N) 
M3C10 (F434L/F435Y/Y446F) 

  
Table 6: summary of II generation library screening 
 

-Production of mutated PoAbfF435Y/Y446F/K533N and PoAbfF435Y/Y446F 
In order to characterize the variant PoAbfF435Y/Y446F/K533N, this mutant 

was over-produced using Techfors-S 7L fermenter. Moreover, growth cultures in 
fermenter of the mutant PoAbfF435Y/Y446F were performed to compare the activity 
production levels.  

A batch cultivation technique was adopted for the production of both enzymes 
expressed in S. cerevisiae. The cells were grown at 28°C using selective medium as 
described in Piscitelli et al. (2005). The highest arabinofuranosidase activity, 6mU/mL 
and 10 mUmL-1 for PoAbfF435Y/Y446F and PoAbfF435Y/Y446F/K533N respectively, 
was reached after two days of growth. The arabinofuranosidase activity reached  in 
fermentation was about 2 times higher than in shaken-flask culture (around 3 mUmL-1 
for PoAbf with two aminoacid substitutions and 6 mUmL-1 for PoAbf with three 
substitutions) and was obtained 1 day before than in shaken-flask culture. 

Utrafiltration was used to concentrate fermentation broths. After this step, 
different purification strategies were exploited for rPoAbfF435Y/Y446F/K533N and 
rPoAbf F435Y/Y446F. In the first strategy culture supernatant was dialyzed using 
20mM Tris-HCl pH 7.5 containing 1.2M (NH4)2SO4. Hydrophobic interaction 
chromatography was sequentially tested to purify the enzyme rPoAbfF435Y/Y446F. 
The SDS-PAGE of active fraction, showed no homogeneity sample (Figure 4).  

 

Figure 4: Electrophoretic analysis of recombinant PoAbf F435Y/Y446F (5 µg). 
Lane 1 molecular weight standards; lane 2 PoAbf F435Y/Y446F before HIC; lane 3 
HIC active fraction. 
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In the second strategy culture supernatant was dialyzed using 20mM Tris-HCl 
pH 7.5 containing 200mM NaCl. Size exclusion chromatography was sequentially 
tested to purify the enzyme rPoAbf F435Y/Y446F. Also in this case no homogeneity 
sample was obtained (Figure 5). 

Further purification strategies are needed to purify and sequentially 
characterize recombinant PoAbfF435Y/Y446F and its evolved variant. 

 

 

Figure 5: Electrophoretic analysis of recombinant PoAbf F435Y/Y446F (5 µg). 
Lane 1 molecular weight standards; lane 2 Size exclusion chromatography active 
fraction. 

 
 

3.1.2.2 MATERIALS AND METHODS 

-Strains and culture media 
The Escherichia coli strain Top 10 (F-mcrA D (mrrhsdRMS-mcrBC) 

f80lacZDM15 DlacX74 deoR recA1 araD139 D (ara–leu) 7697 galU galK rpsL (StrR) 
endA1 nupG) was used in all DNA manipulations. E. coli was grown in Luria–Bertani 
(LB) medium (in g L−1: 10 bacto tryptone, 10 NaCl, 5 yeast extract), supplemented, 
when required, with 100 μg mL−1 of ampicillin. 

The S. cerevisiae strain and the plasmid (pSAL4) used for heterologous 
expression of the random mutants are described in Giacobbe et al. (2014). S. 
cerevisiae was grown on a selective medium (SD) as described in Piscitelli et al. 
(2005). 

 
-Random mutagenesis and construction of a mutant library 

Random mutagenesis of poabf cDNA was performed by Error Prone PCR 
(EP-PCR) with Medium mutation frequencies, using pSAL4-poabfF435Y/Y446F as 
template and Gene Morph II Random Mutagenesis Kit (Agilent, La Jolla, CA). 
Primers and PCR condition used in amplification experiments are the same that used 
previously for the first generation library (Giacobbe et al., 2014).  

The cDNAs resulting from EP-PCR were ligated in pSAL4 vector digested with 
EcoRI/HindIII restriction enzymes, using homologous recombination expression 
system of S. cerevisiae as previously described for the first generation library 
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(Giacobbe et al., 2014). The cells were spread on SD medium and the plates 
incubated for 4 days at 28°C. 

 
-Library screening 

Agar plate assays on SD medium supplemented with the chromogenic 
substrate 4-methylumbelliferyl-α-L-arabinofuranoside (MUA) (Carbosynth, Compton, 
Berkshire, UK) were used to select transformants expressing α-L-
arabinofuranosidase activity as described in Amore et al. (2012a). The high-
throughput screening developed in Giacobbe et al., (2014) was used to assay α-L-
arabinofuranosidase activity with p-nitrophenyl-α-L-arabinofuranoside (pNPA) as 
substrate, following the method reported in Amore et al. (2012a) with some 
modifications. Cultures in shaken flasks and using Techfors-S 7L fermenter were 
also performed for selected mutants. Pre-cultures were grown in selective medium at 
28°C on a rotary shaker (150 rpm). A volume of suspension sufficient to reach a final 
OD600 value of 0.5 was then used to inoculate 250 mL Erlenmeyer flasks containing 
50 mL of selective medium or fermenter containing at least 3L of selective medium. 
Optical density and arabinofuranosidase activity were daily assayed. 

 
-DNA sequencing 

Sequencing by dideoxy chain-termination method was performed by the 
Primm sequencing Service (Naples, Italy) using specific oligonucleotide primers. 

 
-Arabinofuranosidase activity assays 

α-L-Arabinofuranosidase activity was measured by spectrophotometric method 
with p-nitrophenyl-α-L-arabinofuranoside (pNPA) (Gold Biotechnology, St Louis, MO, 
USA) as substrate as described in Amore et al. (2012a).  

 
-PoAbf purification  

S.cerevisiae culture media expressing rPoAbf F435Y/Y446F and rPoAbf 
F435Y/Y446F/K533N were harvested on the optimal arabinofuranosidase production 
day, cells were sedimented by centrifugation at 7000 rpm at 4°C for 15 min. 1 mM 
PMSF was added to culture supernatant. After this step, different purification 
strategies were exploited for purification.  

S.cerevisiae supernatant expressing rPoAbf F435Y/Y446F was dialyzed using 
0.02 M Tris-HCl pH 7.5 containing 1.2M (NH4)2SO4, and loaded on HiTrap Phenyl 
FF high sub (GE Healthcare, Uppsala, Sweden) equilibrated in buffer A (0.02M Tris-
HCL, 1.2M (NH4)2SO4, pH 7.5), and the proteins were eluted isocratically with buffer 
B (0.02M Tris-HCL pH 7.5). Fractions containing activity were combined and 
concentrated on an Amicon PM-10 membrane and analyzed by SDS-PAGE.  

S.cerevisiae supernatant expressing rPoAbf F435Y/Y446F was dialyzed using 
0.02 M Tris-HCl pH 7.5 containing 200mM NaCl, and loaded on HiLoadTM 16/60 
SuperdexTM 75pg (GE Healthcare, Uppsala, Sweden) equilibrated in buffer 0.02 M 
Tris-HCl, 200mM NaCl, pH 7.5. Fractions containing activity were combined and 
concentrated on an Amicon PM-10 membrane and analyzed by SDS-PAGE.  

 
-Protein concentration determination 

Protein concentration was determined by the method of Lowry et al. (1951), 
using the BioRad Protein Assay (BioRad Laboratories S.r.l., Segrate, MI - Italy), with 
bovine serum albumin as standard. 
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4.1 INTRODUCTION 

This chapter concerns the enzymatic hydrolysis of lignocellulosic biomasses 
for bioethanol or bioproducts production. As described in many studies, enzymatic 
breakdown of lignocellulosic biomass is a complex process which requires 
synergistic/cooperative catalytic activities (e.g. cellulases, hemicellulases and 
accessory enzymes). Enzymes involved in biomass degradations have to work 
simultaneously towards different components of lignocellulosic matrix. Moreover, a 
pretreatment process is required to improve accessibility of substrates to enzymes  
involved into the enzymatic hydrolysis (Sweeney & Xu, 2012; De Vries & Visser., 
2001; Yang et al., 2011). Synergistic action of enzymes are widely observed in 
cellulose hydrolysis and it depend on many factors such as enzymes sources, 
enzymes specificity and substrates structure and composition. It must be note that 
enzymes combination/ratio and kind of pretreatment depend on biomass composition 
(Yang et al., 2011).  

The following paper “The effect of Pleurotus ostreatus 
arabinofuranosidase and its evolved variant in lignocellulosic biomasses 
conversion” (Paper V) describes the effect of PoAbf, its evolved vatriant and 
Celstrep on saccahirifiaction of different lignocellulosic biomasses. 
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4.1.1 THE EFFECT OF PLEUROTUS OSTREATUS ARABINOFURANOSIDASE 
AND ITS EVOLVED VARIANT IN LIGNOCELLULOSIC BIOMASSES CONVERSION 
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4.1.2 ENZYMATIC SACCHARIFICATION OF ARUNDO DONAX AFTER OF 
AMMONIA FIBER EXPANSION (AFEX) PRETREATMENT  

This section concerns the work carried out during the research experiences in 
foreign laboratories. The work was carried out in the laboratory of Dr. Venkatesh 
Balan at the Biomass Conversion Research Laboratory (BCRL) (Michigan State 
University). (Conversion of AFEX pretreated Arundo donax to Fermentable Sugars 
using a combination of Commercial and Research Enzymes. Manuscript in 
preparation). 

 
 
 
4.1.2.1 INTRODUCTION 

Biofuels produced from renewable feed stock are a good alternative to fossil 
fuels and have several environmental benefits. Several “eco-friendly clean” 
processes are being perused to produce produce biofuels and value-added 
bioproducts (Kajaste, 2014). However, the incentive given to produce energy crops 
could has devastating effects on agricultural markets, as several food grain 
producing lands will be taken away, reducing food production and consequently 
increasing food prices (Scheidel & Sorman 2012).  

To avoid any competition for land between food and non-food crops, several 
efforts are under way to use cropland not suitable for the traditional food crops for 
growing dedicated energy crops. In Mediterranean environments, hilly areas are 
considered not sustainable for the traditional cereal production because of yield and 
gross income are very low and because of the traditional cropping system (deep soil 
tillage at the end of August and sowing at November) causes extreme vulnerability to 
soil erosion (Diodato et al., 2009, 2011; Fagnano et al., 2012). In these regions 
perennial biomass crops such as giant reed (Arundo donax L.) have proven to 
reduce soil erosion and to increase potential gross income of farmers (Fagnano et 
al., 2015) with favourable environmental impacts as assessed by LCA (Forte et al., 
2015). 

Giant reed is also suggested for other areas not suitable for growing food 
crops such as polluted soils and also act as a phyto-remediating agent (Ecoremed, 
2011; Fiorentino et al., 2010; 2013). 

Many studies in the past have shown that sugar polymers (cellulose and 
hemicellulose) present in  biomasses can be hydrolysed into fermentable sugars and 
then converted into fuels and chemicals (Kajaste, 2014; Wettstein et al., 2012; 
Kobayashi & Fukuoka, 2013). The Pacific Northwest National Laboratory (PNNL) and 
National Renewable Energy Laboratory (NREL) identified 12 building blocks 
produced through sugars conversions which could be used to obtain variety of high 
value biobased products. They include, succinic acid, glucaric acid, aspartic acid, 
glycerol, sorbitol, and xylitol/arabinitol (Werpy & Petersen, 2004; Hermann & Patel, 
2007). 

The production of bioproducts from lignocellulosic biomass requires several 
steps (Kumar et al., 2009), including an initial pretreatment step to break the lignin 
barrier and make cellulose and hemicellulose accessible to enzymes during 
hydrolysis to produce fermentable sugars. Since lignocellulosic biomasses is 
naturally recalcitrant, it requires a thermo-chemical pretreatment step to open up the 
cell wall for enzymes to efficiently produce fermentable sugars. Enzymatic hydrolysis 
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of sugar polymers using biomass degrading enzymes such as cellulase and 
hemicellulase are preferred over dilute acid hydrolysis due to higher conversion, less 
corrosive process. Due to the complex composition of the polysaccharides present in 
the pretreated biomass a tailor made enzyme cocktail is needed to achieve a more 
efficient hydrolysis process with higher sugar yield in short period of time (Gao et al., 
2011; Gao et al., 2010).  

This study was aimed at evaluating the potential of A. donax as feedstock for 
bioethanol or bioproducts production. This was performed by testing Ammonia Fiber 
Expansion (AFEX) as pretreatment method and investigating the ability of the 
cellulase CelStrep from Streptomyces sp. G12 recombinantly expressed in 
Escherichia coli (Amore et al., 2012b) and α-L-arabinofuranosidase PoAbf from the 
fungus Pleurotus ostreatus recombinantly expressed in Pichia pastoris (Amore et al., 
2012a) and its evolved variant rPoAbfF435Y/Y446F (Giacobbe et al., 2014) to 
improve the saccharification of AFEX pretreated A. donax.   

 
4.1.2.2 RESULTS 

-Characterization of biomasses  
Analyses of macromolecular composition of the biomasses A. donax and corn 

stover were carried out as described in Materials and methods. The results, shown in 
Table 7, revealed that A. donax contains 61.41% of structural polysaccharides, 
26.24% Klason lignin and 4.9% ash, while corn stover contains 63.23% of structural 
polysaccharides, 20.06% Klason lignin and 6.17% ash.  Both the analysed 
biomasses contain significant percentages of C5 sugars mainly represented by xylan 
(~20%) while arabinan represents only around 2% of total dry weight and the C6 
sugars consist mainly of glucan (>37%). These data are in agreement with data 
reported a previous studies (Caparrós et al., 2007; Li et al., 2011; Scordia et al., 
2012).  

 
COMPOSITION A. Donax 

(weight %,on 
dry basis) 

corn stover 
(weight %,on 

dry basis) 
MOISTURE CONTENT 

6.0±0.5 8.7±0.6 
ASH 4.9±0.6 6.7±1.0 

STRUCTURAL CARBOHYDRATE 
  

- Glucan 38.0±0.0 38.41±0.1 
- Xylan 21.0±0.1 19.9±1.0 
- Galactan 1±0.1 1.4±0.1 
- Arabinan 1.5±0.0 2.5±0.2 
- Mannan N.D. N.D. 

LIGNIN 
  

- Acid Insoluble Lignin 26.2±0.1 20.1±0.7 
- Acid Soluble Lignin 1.9±0.0 2.0±0.3 

 
Table 7: A. donax and corn stover composition before AFEX pretreatment 

(Average values of duplicates) 
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-Selection of AFEX pretreatment conditions  
AFEX pretreatment conditions were chosen based on the previous published 

worked on Miscanthus (Murnen et al., 2007). Table 8 summarized the pretreatment 
conditions reported for A. donax and their effect on biomass composition. Here, the 
composition of A. donax after different pretreatments is reported along with 
composition of untreated A. donax. A. donax from different sources showed similar 
structural polysaccharides composition, therefore only composition of one biomass is 
reported in the table. As shown in Table 8, most of the pretreatments solubilized 
large portions of xylan from A. donax. On the other hand, AFEX is a dry to dry 
process and able to preserve all the original carbohydrates (Gao et al., 2011 and 
2013; Li et al., 2011; Harun et al., 2013) without any loss. The composition of 
pretreated biomass is more or less similar to untreated biomass. Therefore, this 
pretreatment process was selected for this study.  

 
Pretreatment Pretreatment 

conditions 
Composition of pretreated solid (%) Reference 

Glucan Xylan Arabinan Klason 
Lignin 

Untreated    
 

35.15± 0.11 18.24±0.
04 

0.84±0.03 23.02±0.13 (Caparrós et al., 
2007) 

ACSEP  
(Water insoluble 

fraction) 

196°C + acid  36 ± 2  8.6 ± 0.6 0.69 ± 
0.06 

27.1 ± 1.1   
 
 
 

(De Bari et al.,  2013) 

200 °C + acid    35.1 ± 1.7  6.0 ± 0.5 0.50 ± 
0.04 

 25.7 ± 1.3 

205 °C + acid   36 ± 2  4.8 ± 0.4 0.52 ± 
0.04  

23.5 ± 0.7 

210 °C + acid 34 ± 2 3.5 ± 0.5 0.40 ± 
0.04 

23.0 ± 1.6 

ACSEP  
(after acid post 

hydrolysis) 

196°C + acid 1.70 ± 0.05 6.0 ± 0.7 0.55 ± 
0.05 

N.D. 

200 °C + acid 2.4 ± 0.2 9.5 ± 0.9 0.80 ± 
0.07 

N.D. 

205 °C + acid 2.5 ± 0.3 5.2 ± 0.4 0.63 ± 
0.06 

N.D. 

210 °C + acid 1.7 ± 0.2 4.3 ± 0.4 0.51 ± 
0.05 

N.D. 

Chemtex Chemtex 46.5 ± 1.1 10.8 ± 
0.8 

0.25 ± 
0.03 

35.5 ± 0.9 

Chemtex 45.4 ± 1.2 6.0 ± 0.4 0.14± 0.01 39.6 ± 0.7 

Chemtex 45.8 ± 0.9 12.5 ± 
0.9 

0.14 ± 
0.01 

35.6 ± 1.1 

Chemtex 45.1 ± 0.8 7.6 ± 0.6 0.25 ± 
0.02 

38.9 ± 0.8 

  1 day,20% 
HCl 

54 9 N.D. N.D. (Van Den Brink et al., 
2013) 

  3 min 200°C 35 13 N.D. N.D. 

AAS 
 

 

10% (v/v) 
aqueous 
ammonia 
solution soak 
at a solid 
loading of 5%, 
70°C, 22 h 

63.2 ± 1.5 26.0 ± 
0.7 

N.D. 10.7 ± 1.1  
 

(Marcolongo et al., 
2014) 

Steam 
explosion 

 38.2 ± 1.2 5.7 ± 0.9 N.D. 36.1 ± 0.6 

 
Table 8: Macromolecular composition of A. donax biomass before and after 

different pretreatment methods.   
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Corn stover was chosen as reference lignocellulosic biomass because AFEX 

pretreatment had been previously carried out on it in several works giving high yields 
of both glucose and xylose (Balan et al., 2009; Li et al., 2011). The yield of 
monosaccharides released during hydrolysis depends on various AFEX parameters 
such as moisture content, ammonia loading, and temperature. Therefore, in order to 
assess the best pretreatment conditions for A. donax, three different AFEX 
treatments were carried out (Table 9) and the samples of A. donax pretreated in the 
different conditions were then enzymatically hydrolysed for 168 hours using a 
commercial enzymatic preparation consisting of Novozymes Cellic® Ctec3 and 
Htec3. In Table 9, the glucan and xylan converison obtained after 24h, 72h and 168h 
of  enzymatic hydrolysis of A. donax after the three different AFEX pretreatments are 
reported in comparison to corn stover. Both glucan and xylan hydrolysis reached 
their maximum level with the AFEX pretreatment condition 2: 130°C, 1 kg ammonia/1 
kg dry biomass and 60% of moisture content. Based on these data, this condition 
was selected for further hydrolysis experiments. It is worthy of note that the selected 
AFEX condition is the same pretreatment condition used for corn stover (Gao et al., 
2011).  

 
ARUNDO  DONAX 

AFEX 
conditions 

Ammonia 
loading 
(Kg/Kg dry 
biomass) 

Temperature 
(°C) 

Moisture 
content 
 (%) 

Time 
(min) 

Glucan conversion (%) Xylan conversion (%) 
24h 
hydrolysis 

72h 
hydrolysis 

168h 
hydrolysis 

24h 
hydrolysis 

72h 
hydrolysis 

168h 
hydrolysis 

1 1:1 100 80 15 34.4 41.2 49.7 55.6 60.0 66.9 
2 1:1 130 60 15 39.0 

 
44.1 56.8 66.4 65.9 75.5 

3 2:1 160 233  
(water 
soak) 

15 22.4 
 
 

24.0 28.3 22.4 
 

24.5 29.6 

CORN STOVER 

 Ammonia 
loading 
(Kg/Kg dry 
biomass) 

Temperature 
(°C) 

Moisture 
content 
 (%) 

Time 
(min) 

Glucan conversion (%) Xylan conversion (%) 
24h 
hydrolysis 

72h 
hydrolysis 

168h 
hydrolysis 

24h 
hydrolysis 

72h 
hydrolysis 

168h 
hydrolysis 

 1:1 130 60 15 71.9 79.1 90.4 70.0 90.0 100.0 

 
Table 9: Experimental AFEX pretreatment conditions tested in this study and 

% of glucan and xylan conversion after 24 h hydrolysis of A. donax and corn stover 
by the commercial enzymatic preparation consisting of Novozymes Cellic® 60% 
Ctec3 and 40% Htec3 (15mg/g glucan). 
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-Saccharification of A. donax and corn stover using purified enzyme cocktail 
and commercial enzyme cocktail  

Previous work have shown that an optimal cocktail of cellulases (CBH I, CBH 
II, EGI, βG) and a set of accessory hemicellulases and accessory enzymes (LX3, 
LX4, LArb, LbX ) are necessary to enhance the hydrolysis of AFEX-treated corn 
stover (Gao et al., 2011; Gao et al., 2010). Based on these results, the enzymatic 
MIX-A (CBH I, CBH II, EGI, βG, LX3, LX4, LArb, LbX), previously optimized for corn 
stover (Gao et al., 2011) was used to hydrolyse A. donax biomass. The Figure 6 
shows the glucan, xylan and arabinan conversion from corn stover and A. donax 
after AFEX-treatment in the selected condition 2, by 24 h and 72 h long hydrolyses 
with MIX-A. 

 
 Figure 6: Glucan, xylan and arabinan converison after 24 h and 72 h of 

hydrolysis on AFEX treated corn stover and A. donax using the enzyme MIX-–A 
(15mg/g glucan). Cellulases (CBH I, CBH II, EG I) were loaded at 3.32 mg/g glucan 
each; βG was loaded at 2 mg/g glucan, endoxylanases (LX3 and LX4) and accessory 
hemicellulases (LArb and LbX) were loaded at 1.66 and  0.6 mg/g glucan each, 
respectively. 

 
 
As far as A. donax is concerned, although the enzyme MIX-A gave similar 

xylan hydrolysis (~63 % after 72 h) compared  commercial enzymatic preparation, 
Novozymes Cellic® (60% Ctec3 and 40% Htec3, reported in Table 9, lower glucan 
hydrolysis was achieved (less than 30% after 72h). As regards corn stover, the MIX-
A gave sugar conversion (Figure 6) similar commercial enzyme cocktail (Table 9). 

 
-Effect of the enzymes rCelStrep, rPoAbf and its variant on saccharification of 
A. donax and corn stover in comparison with the enzymes EGI or LArb  

The effect of the arabinofuranosidase from the fungus Pleurotus ostreatus 
recombinantly expressed in P. pastoris (rPoAbf), its evolved variant rPoAbf 
F435Y/Y446F and the cellulase from Streptomyces sp. G12 CelStrep recombinantly 
expressed in E. coli in  bioconversion of AFEX pretreated A. donax and corn stover 
was tested.  In these experiments, the enzyme MIX-A, containing cellulases (CBHI, 
CBHII, EGI and βG), endoxylanases (LX3, LX4) and accessory hemicellulases (LArb 
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and LβX), was used as reference enzyme MIX, and the effect of substituting EGI with 
CelStrep and LArb with rPoAbf or rPoAbfF435Y/Y446F was assessed. More in detail, 
the cellulase CelStrep was used instead of the endoglucanase EGI in the enzyme 
MIX-B while the arabinofuranosidases rPoAbf or rPoAbfF435Y/Y446F were used 
instead of the arabinofuranosidase LArb in the enzyme MIX-C and D, respectively. 
Moreover, CelStrep was also tested in combination with rPoAbf (MIX-E) or its variant 
(MIX-F) to check a possible synergism between them.  

Table 10 summarizes the conversion results of AFEX pretreated A. donax 
biomass using different purified enzymatic mixtures. 

 
Enzyme  
Mixture 

Purified Enzymes Cocktail Glucan 
Conversion 

(%) 

Xylan 
Conversion 

(%) 

Arabinan 
Converseion 

(%) 
24 hours  
MIX-A 
 
MIX-B 
 
MIX-C 
 
MIX-D 
 
 
MIX-E 
 
MIX-F 
 

hydrolysis 
CBHI-CBHII-bG-LX3-LX4-LBX+ EGI & Larb 
 

 
14.2 ±1.6 

 
45.4 ±0.5 

 
55.0 ±2.5 

CBHI-CBHII-bG-LX3-LX4-LBX + rCelstrep & LArb  
 
CBHI-CBHII-bG-LX3-LX4-LBX + EGI & rPoAbf  
 
CBHI-CBHII-bG-LX3-LX4-LBX + EGI & rPoAbf 
F435Y/Y446F 
 
CBHI-CBHII-bG-LX3-LX4-LBX + rCelstrep & rPoAbf  
 
CBHI-CBHII-bG-LX3-LX4-LBX + rCelstrep & rPoAbf 
F435Y/Y446F   

11.8 ±2.9 
 

16.9 ±0.2 
 

17.5 ±1.8 
 
 

16.6 ±0.3 
 

16.4 ±0.1 

43.7 ±2.5 
 

49.2 ±0.5 
 

52.5 ±4.2 
 
 

41.8±0.1 
 

46.1 ±0.8 

52.3 ±2.1 
 

56.1±4.0 
 

64.9 ±6.1 
 
 

19.9 ±0.3 
 

53.1 ±1.4 

72 hours 
MIX-A 
 
MIX-B 
 
MIX-C 
 
MIX-D 
 
 
MIX-E 
 
MIX-F 
 

hydrolysis 
CBHI-CBHII-bG-LX3-LX4-LBX+ EGI & LArb 

 
24.1±1.1 

 
61.8±0.9 

 
67.8±0.6 

 
CBHI-CBHII-bG-LX3-LX4-LBX+ rCelstrep & LArb  
 
CBHI-CBHII-bG-LX3-LX4-LBX+ EGI & rPoAbf  
 
CBHI-CBHII-bG-LX3-LX4-LBX+ EGI & rPoAbf 
F435Y/Y446F  
 
CBHI-CBHII-bX-LX3-LX4-LBX+ rCelstrep & rPoAbf  
 
CBHI-CBHII-bX-LX3-LX4-LBX+ rCelstrep & rPoAbf 
F435Y/Y446F  

 
28.5±2.6 

 
24.6±1.5 

 
61.6±0.4 

 
 

20.6±1.2 
 

22.1±1.2 

 
59.1±6.2 

 
61.5±0.9 

 
62.7±4.1 

 
 

48.5±0.7 
 

57.5±1.4 

 
56.3±0.3 

 
57.8±2.6 

 
78.2±8.2 

 
 

27.9±0.7 
 

60.9±4.0 

 
Table 10: A.donax sugars conversion in 50 mM citrate buffer pH 4.5, T = 50 °C, for 
24 and 72 h. 

 

The sugar conversion results reported in Table 10, showed that the  
substitution of EGI with Celstrep (MIX-B) gave higher glucan conversion (30%) after 
72 h, instead of 24.1% obtained with the enzyme MIX-A (a 18% increase in sugar 
conversion). These data suggest a synergistic role of bacterial cellulase (rCelstrep) 
when mixed with fungal cellulases (CBHI, CBHII and βG) on glucan conversion. On 
the other hand, the use of rCelstrep (MIX-B) decreased both xylan and 
arabinanhydrolysis, giving a xylane conversion around 4% lower than that obtained 
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with the enzyme MIX-A after both 24 and 72h, and an arabinanconversion 5% and 
17% lower than that obtained with the enzyme MIX-A after 24h and 72h, respectively.  

When the rPoAbf wild type was used instead of LArb (MIX-C) no increase in 
glucan hydrolysis was observed. In the case of MIX-C after 24 h, a xylan conversion 
of around 49% (7.7% higher than that obtained with the enzyme MIX-A) was 
observed. This sugar conversion, after 72h hydrolysis was 62% (similar to MIX-A). 
The use of  rPoAbf wild type decreased the arabinanhydrolysis (14% lower than that 
obtained with the Mix-A after 72h hydrolysis).  

The use of the rPoAbfF435Y/Y446Finstead of LArb (enzyme MIX-D  in 
comparison with the enzyme MIXA) and the wild-type rPoAbf (MIX-D  in comparison 
with the MIX-C) led to improvement in sugar conversion. The use of the MIX- D gave 
60% glucan conversion after 72 h (which 2.5 times higher than that obtained with the 
MIX-A and MIX-C). The use of the MIX-D gave 53% xylan conversion after 24 h, 
(which is 16% and 7.5% higher than that obtained with the MIX-A and MIX-C, 
respectively). Moreover, the xylan conversion after 72h hydrolysis with MIX-D was 
63% (similar to  MIX-A and MIX-C). The arabinan conversion was found to be 80% 
after 72 h (which is 15% and 26% higher than that obtained with the MIX-A and MIX-
C, respectively) (Figure 7).  

The effect of rCelstrep in combination with rPoAbf (MIX-E) and rPoAbf 
F435Y/Y446F (MIX-F) was also analysed (Table 10). Glucan conversion was found 
to be 16% after 24 h, for both MIX-E and MIX-F (14% higher than that obtained with 
the enzyme MIX-A). However, 21% glucan conversion was obtained after 72 h for 
both enzyme MIX-E and MIX-F (which is 12.5% lower than that obtained with 
enzyme MIX-A). For enzyme MIX-E , after 24 h hydrolysis, xylan conversion was 8% 
lower than that enzyme MIX-A; while after 72 h hydrolysis the xylan conversion was 
21.5% lower than enzyme MIX-A. For enzyme MIX-F, 46% xylan conversion was 
found after 24 h (similar to enzyme MIX-A). However, after 72 h hydrolysis, 57.5% 
xylan conversion was achieved (7% lower than enzyme MIX-A). 

Both enzyme MIX-E and MIX-F gave lower arabinan conversion. After 24 and 
72 h enzyme MIX-E gave 20% and 28%  arabinan conversion (64% and56% lower 
than enzyme MIX- A). While, MIX-F gave 53% and 61% arabinan conversion after 24 
h and 72 h respectively (4% and 10% lower than enzyme MIX-A).  
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Figure 7: Arabinan conversion after 24 h and 72 h hydrolysis of ammonia fiber 
expansion (AFEX)-treated A. donax. 

 
Hydrolysis of AFEX treated corn stover using purified enzyme cocktail 

mixtures showed that  no increase in sugar conversion was achieved replacing 
enzyme MIX-A with the mix B, E and F (Table 11). On the other hand,  enzyme MIX-
C and D gave 8% higher glucan conversion after 24 h when compared to enzyme 
MIX-A. However, the sugar conversion decrease after 72 h hydrolysis. Enzyme MIX-
C and D gave 57.4% and 63.2% arabinan conversion respectively after 24 h (which 
is 8.5% and 17% higher than MIX-A).  
 
Enzyme  
Mixture 

Purified Enzymes Cocktail Glucan 
Conversion 

(%) 

Xylan 
Conversion 

(%) 

Arabinan 
Converseion 

(%) 
24hour 
 MIX-A 
 
MIX-B 
 
MIX-C 
 
MIX-D 
 

 

MIX-E 

 
MIX-F 

hydrolysis 
CBHI-CBHII-bG-LX3-LX4-LBX+ EGI & LArb  
 
CBHI-CBHII-bG-LX3-LX4-LBX+ rCelstrep & LArb  
 
CBHI-CBHII-bG-LX3-LX4-LBX+ EGI & rPoAbf  
 
CBHI-CBHII-bG-LX3-LX4-LBX+ EGI & rPoAbf 
F435Y/Y446F 
 
CBHI-CBHII-bG-LX3-LX4-LBX+ rCelstrep & 
rPoAbf 
 
CBHI-CBHII-bG-LX3-LX4-LBX+ rCelstrep & 
rPoAbf F435Y/Y446F 

 
39.6±0.8 

 
32.7±0.1 

 
42.8±0.7 

 
 

42.7±0.2 
 

38.3±1.1 

 
39.2±0.7 

 
67.1±1.2 

 
67.5±0.1 

 
72.8±1.1 

 
 

73.6±0.4 
 

59.6±1.2 

 
65.5±1.1 

 
52.5±1.3 

 
53.5±0.1 

 
57.4±0.8 

 
 

63.2±0.2 
 

54.1±2.0 

 
16.4±1.2 

 
72hour 

 
hydrolysis 

   

MIX-A 
 

MIX-B 
 
MIX-C 
 
MIX-D 
 

MIX-E 

 

MIX-F 

CBHI-CBHII-bG-LX3-LX4-LBX+ EGI & LArb  
 
CBHI-CBHII-bG-LX3-LX4-LBX+ rCelstrep & LArb  
 
CBHI-CBHII-bG-LX3-LX4-LBX+ EGI & rPoAbf  
 
CBHI-CBHII-bG-LX3-LX4-LBX+ EGI & rPoAbf 
F435Y/Y446F 
 
CBHI-CBHII-bG-LX3-LX4-LBX+ rCelstrep & 
rPoAbf  
 
CBHI-CBHII-bG-LX3-LX4-LBX+ rCelstrep & 
rPoAbf F435Y/Y446F 
 

61.4± 1.2 
 

56.3± 0.7 
 
41.4±0.1 

 
42.2±0.6 

 

47.2±0.8 

 
48.7±1.2 

 

82.2± 1.5 
 

81.6±2.1 
 

77.0±1.2 
 

73.4±0.4 

 

57.9±0.2 

 
   5.5±0.5 

64.2±2.0 
 

14.4±0.2 
 

56.0±0.1 
 

63.5±0.2 

 

59.2±1.4 

 
27.2±0.2 

 
Table 11: corn stover sugar conversion in 50 mM citrate buffer pH 4.5, T =50 

°C 
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-Synergy between commercial enzyme cocktail and purified enzymes (PoAbf 
and/ or Celstrep) 

To understand synergy between Novozymes Cellic®, Ctec3 and Htec3 
commercial enzyme cocktail and purified enzymes (rPoAbf, its evolved variant 
rPoAbfF435Y/Y446F and CelStrep), hydrolysis of AFEX pretreated A. donax and 
corn stover were carried out using different enzyme mixture combinations. 

The glucan conversion commercial enzyme cocktail was found to be higher 
when compared to supplementing with wild-type rPoAbf or its evolved variant or 
rCelstrep or both enzymes (Figure 8A).  

Supplementing rPoAbf and its evolved variant gave 70% xylan conversion (7% 
higher than that obtained by the commercial preparation) (Figure 8B). After 6 days of 
hydrolysis 80% xylan conversion was achieved when rPoAbf F435Y/Y446F was used 
along with commercial enzymes. The arabinan conversion was also improved by 
supplementing rPoAbf or variant to the commercial enzyme cocktail by 27% and 36% 
respectively after 24h of hydrolysis (Figure 8C). The maximum arabinan conversion 
achieved was 80%, after 6 days of hydrolysis when rPoAbf was supplemented with 
commercial enzymes.  
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Figure 8: Glucan (A), xylan (B) and arabinan (C) conversion of AFEX-treated 

A. donax obtained by using commercial preparation with or without addition of 
rPoabf, its variant, Celstrep or a combination of these enzymes.  

 
 
 
In the case of corn stover, no appreciable increase in glucan conversion was 

noticed when commercial preparation was supplemented with wild-type rPoAbf or 
its  variant or rCelstrep or both enzymes (data not shown). However, 99% xylan 
conversion was achieved in 24 hours with rPoAbf wild-type was supplemented with 
commercial enzymes (Figure 9A). 

The same xylan conversion was achieved using commercial preparation, and 
commercial preparation in combination with rPoAbf F435Y/Y446F or  rCelstrep or 
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both enzymes after 6 days of hydrolysis. Supplementation of rPoAbf with 
commercial enzyme cocktail gave 70% of arabinan conversion after 24h of 
hydrolysis (40% higher than that obtained using commercial cocktail alone) (Figure 
9B). 

 
 

Figure 9: Xylan (A) and arabinan (B) conversion of AFEX-treated corn stover 
obtained by using commercial enzyme cocktail with or without addition of rPoabf, its 
variant, Celstrep or a combination of these.  
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4.1.2.3 MATERIALS AND METHODS 

-Feedstock 
Biomass used in this studies include, corn stover and giant reed (Arundo 

donax L.) for the doing saccharification experiments. A. donax was produced in 
marginal lands of Southern Italy with a low input cropping system (Forte et al., 2015) 
and corn stover was provided by Michigan State University (MSU). The biomasses 
were milled with a 2 mm diameter sieve and stored under dry conditions at room 
temperature until further use. The moisture content was measured using a moisture 
analyser (Sartorius MA35M, Elk Grove, IL). 

 
-Compositional Analysis 

Compositional analyses of corn stover and A. donax biomasses were 
performed following the National Renewable Energy Laboratory (NREL) standard 
protocols (Seling & Weiss, 2008; Sluiter et al., 2005a; Sluiter et al., 2005b), 
Laboratory Analytical Procedures (LAPs): ‘‘Preparation of samples for compositional 
analysis’’, ‘‘Determination of structural carbohydrates and lignin in Biomass”, 
“Determination of Total Solids in Biomass and Total Dissolved Solids in Liquid 
Process Samples”, “Determination of Ash in Biomass”. Monomeric sugars were 
quantified using a Biorad Aminex HPX-87H high-performance liquid chromatography 
(HPLC) column using 5mM sulphuric acid as mobile phase.  

 
-AFEX pretreatment  

Corn stover and A. donax was subjected to AFEX pretreatment by varying 
reaction temperature (100-160oC), moisture (60-233% on dry weight basis), ammonia 
to biomass ratio (1:1 and 2:1) and fixed residence time (15 minutes). AFEX was done 
in a high pressure stainless steel vessel. Biomass is first loaded in to the vest with 
appropriate moisture after taking in to consideration the moisture content of original 
biomass. Then the reactor is closed and vacuum applied to remove residual air in the 
reactor. Require amount of liquid ammonia is loaded in to the reactor using a 
ammonia delivery pump. The vessel is heated by external mantle and the biomass is 
mixed during AFEX process for 15 minutes. As the temperature of reactor is 
increased, the pressure in the vessel raised (between 200-400 psi) depending on the 
ammonia to biomass loading. The pressure is released from the vessel and ammonia 
is vented in the hood. The pretreated biomass is transferred to a tray and dried in the 
hood overnight to remove residual ammonia present in the biomass. Then dry AFEX 
treated biomass is stored in a sealed polythene bag in a refrigerator until further use. 

 
-Enzymatic hydrolysis 

The hydrolysis experiments were carried out in 5 vials at 1% (w/w) glucan 
loading in 50 mM citrate buffer (pH 4.8) with the desired enzymes. 0.5 mM sodium 
azide was used to prevent microbial and fungal growth. The enzymes mixtures were 
prepared separately and added simultaneously at a loading of 15 mg/g of glucan. 
The hydrolysis was carried out at 50 °C, 250 rpm in a shaking incubator. Sampling 
was done out every 24h to evaluate the sugar composition using sugar assay kit  or 
using High Performance Liquid Chromatography (HPLC) system. The commercial 
enzyme preparation Novozymes Cellic® (60% Ctec3 and 40% Htec3) was used for 
hydrolysis experiment to select the best pretreatment condition. The hydrolysis of 
pretreated lignocellulosic materials was carried out with the following enzymes. An 
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enzymatic mixture named MIX-A was prepared including: cellobiohydrolase I (CBH I; 
glycoside hydrolase (GH) family 7A), cellobiohydrolase II (CBH II; GH family 6A), 
endoglucanase I (EG I; GH family 7B) at a concentration of 3.32 mg/g glucan each, 
β-glucosidase (βG; GH family 3) 2 mg/g glucan,  xylanases (LX3, GH family 10; LX4, 
GH family 11) 1.66 mg/g glucan each, β-xylosidase (LβX; GH family 52), and α-
arabinofuranosidase (LArb, GH family 51) were loaded at 0.6 mg/g glucan each. In 
MIX-B, the EG I was replaced by cellulase CelStrep from Streptomyces sp. G12 
recombinantly expressed in E. coli (Amore et al., 2012b); in MIX-C the LArb was 
replaced by the α-L-arabinofuranosidase from P. ostreatus recombinantly expressed 
in P. pastoris (rPoAbf) (Amore et al., 2012a); in the MIX-D the LArb was replaced by 
mutant of rPoAbf indicated as rPoAbf F435Y/Y446F (Giacobbe et al., 2014); in the 
MIX-E both EGI and LArb were replaced by rCelStrep and rPoAbf; in MIX- F both 
EGI and LArb were replaced by rCelStrep and rPoAbf F435Y/Y446F. Moreover 
rCelStrep, rPoAbf and rPoAbf mutant were utilized in combination with the 
commercial preparations Novozymes Cellic®. 
-Glucose and xylose assays 

Monomeric glucose and xylose concentration was determined by using D-
glucose assay kit by r-biopharm (Roche) and D-xylose assay kit by Megazyme, 
respectively. All experiments were carried out in duplicates. 
-HPLC Sugar Analysis 

About 200 µl hydrolysate collected at different time points during enzyme 
hydrolysis were transferred to a centrifuge tube, heated to 100oC to 10 minutes (to 
denature the enzymes), then spin down at 8,000 rpm for 10 minutes to remove the 
precipitates and then stored in a HPLC vial at -20oC until further use. Monomeric 
sugars concentration in the hydrolysate were determined by HPLC using Biorad 
Aminex HPX-87P. All experiments were performed in duplicates. Shimadzu HPLC 
Prominence system (Columbia, MD, USA) with a refractive index detector (RID) were 
used for analysing the sugars. Water was used as the mobile phase at a fixed flow 
rate of 0.6 ml/min, with isocratic elution. The column temperature was maintained at 
60°C and the HPLC sample injection volume was 20 μl. Standard curves were 
generated using different concentrations of mixed sugars. A guard column with 
similar packing was used throughout the chromatography experiments. 
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CONCLUDING REMARKS 

This PhD project was aimed at the improvement of lignocellulosic biomasses 
conversion to release sugars which can be used to produce second generation 
ethanol and bioproducts. 

A novel pectate lyase, named Paenxyl Pel was identified from Paenibacillus 
xylanilyticus 2-6L3 isolated from mature compost obtained from agro-industrial 
wastes. The conditions for native Paenxyl Pel production and purification were 
investigated. The new native enzymes was partially purified and characterized from 
the catalytic point of view. The results on the ability to act on both PLA and highly 
methylated pectins, together with data about optimum pH (pH 5 and 9), suggest that 
pectate lyase from P. xylanoliticus shows an unusual activity combining traits of 
pectate lyase and pectin lyase. 

As far as the directed evolution of PoAbf is concerned, experiments of error 
prone Polymerase Chain Reaction were performed in order to obtain libraries of 
directed evolved variants. A first generation library of 7000 randomly mutated 
variants of PoAbf was obtained. The high-throughput screening of the library was 
developed by assaying the activity towards p-nitrophenyl-α-L-arabinofuranoside, and 
PoAbf F435Y/Y446 variant with higher activity than the wild-type was selected, 
recombinantly expressed in Pichia pastoris, purified and characterized. The mutant 
showed a Kcat towards pNPA around 3-fold higher than that of the wild-type. 
Moreover, analyzing the effect of pH and temperature on the activity of rPoAbf 
F435Y/Y446F towards pNPA it was shown that it exhibits a wide range of optimal pH 
values (3-6) differing from the wild-type. Furthermore, the hydrolyzing abilities of 
rPoAbfF435Y/Y446F were shown improved also toward all the other tested 
substrates. Interestingly, it is must be underlined that  the mutant rPoAbf 
F435Y/Y446F was selected for its higher activity but it showed also a higher 
resistance to temperature and pH than the wild-type. 

So, the potential of in vitro evolution of the α-L-arabinofuranosidase PoAbf as 
a strategy to achieve improved variants of this hemicellulase was demonstrated. 
Based on these data, this mutant was used as template for a new directed evolution 
library. A second generation library of 6000 randomly mutated variants of PoAbf 
F435Y/Y446F was obtained. Among these variants, the mutant PoAbf 
F435Y/Y446F/K533N, showing 2-fold higher activity towards pNPA than rPoAbf 
F435Y/Y446F, was selected, over-produced in S.cerevisiae using fermenter to be 
purified and characterized from a catalytic point of view. 

The biocatalysts rPoAbf wild-type and its evolved variant and rCelStrep from 
Streptomyces sp. G12 recombinantly expressed in Escherichia coli, were tested for 
their potential role in lignocellulosic biomass conversion by using these enzymes in 
combination with enzymatic activities involved in the hydrolysis of lignocellulose. As 
far as bioconversions are concerned, the work was carried out in collaboration with 
group of Dr. La Cara, of CNR-IBP of Naples and with Dr. Balan of the Biomass 
Conversion Research Laboratory (BCRL) at Michigan State University. The results 
reveled the importance of arabinofuranosidases in the hydrolysis of xylan present in 
the lignocellulosic biomasses. The rPoAbf and its evolved variant improved xylose 
and arabinose conversion of tested lignocellulosic biomasses (Arundo donax, corn 
stover, BSG and corn cobs). As far as rCelstrep is concerned, data suggest 
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Concluding remarks 

synergistic action of bacterial cellulase with fungal too in conversion of cellulose 
present in A.donax biomass. 

The results obtained in this project support the use of second generation raw 
materials as feedstock to produce fermentable sugars for ethanol and other 
bioproducts production.  
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