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ABSTRACT

This PhD research project was aimed at the devedapaf new biocatalytic processes to produce
natural sugars by selection and characterisation nefv enzymes able to produce
fructooligosaccharides. Biochemical studies werafopmed to obtain information on the
mechanism of action and understand the structuemhents that define the activity. After the
development of the biotransformation conditionspatinuous production of FOS was studied and
a cheap separation method of the transformatiodyats was also assessed, in order to obtain FOS
in purified form. Mass spectrometry studies werafgened on the purified enzymes after
purification from wild-type strains.

After a screening for FOS production from sucrose tmicroorganisms were chosen for their
activity up to 30 % (w/w) conversion and differeade FOS mixture production:

CR15 =Cladosporium cladosporioides
CK1 =Penicilium sizovae

CR:15 produce a mixture similar to the commercial micidActilight®, while CK1 produce for
almost kestose (GF3). Under the optimised biot@nsition conditions the maximum
accumulation of FOS was 56 % (w/w) and 31 % (w/er)€R15 and CK1 respectively. We were
able to isolate and characterise seven differenboteydrates such as 1-kestose, 1-nystose, 1-
fructofuranosylnystose, 6-kestose, neo-kestosenanenystose for CES while CK1 produce only
1-kestose, 1-nystose, 1-fructofuranosylnystosetakeistose. Another oligosaccharides was isolated
and fully characterised from @F5 mixture, named blastose (F}(2->6)-Glc). An immobilization
study was carried using the DALGEEs (Dried Algindetrapped Enzymes) method on the
mycelium of CE15 strain. The maximum accumulation of FOS usind BEEs mycelium was 51
% (w/w), reached in common buffer and seawater.hWitis cheap technique we develop a
continuous FOS production using the facilities dbwr chemistry. The reactor, filled with
DALGEEs and celite, was stable for months and tleimum accumulation of FOS was 52%
(w/w). At this flow stream of FOS mixture we addadatch step to purify the FOS from glucose
that represent the 26 % (w/w) of entire mixtureuddlse Oxidase from Novozynfesiamed
Glyzyme® MONO 10.000 BG was employed and the result wasataction of glucose from 26 %
(w/w) to 3% (w/w). This purification step was addfe two reasons: to obtain a cheap and fast
method for FOS purification from glucose and to @ify the blastose purification by preparative
HPLC. 56 mg of purified blastose were obtained atilised to perform a preliminary study of
blastose prebiotic action. The growth of 5 différé&actobacillus strainsL@ctobacillusparacasei
DG, LactobacillusrhamnosusGG, Lactobacillus paracasei SHIROTA, Lactobacillus johnsonii
LC1 and Lactobacillus reuteriATCC55730) were followed with the addiction of fdifent
carbohydrates as only carbon source (glucose,idiuff, inulin, blastose). The best results were
reached withLactobacillusjohnsonii LC1 where the Vmax using 0.5 % (w/v) of blastosasw
higher than glucose 0.5 % (w/v) (1.125 £ 0.0234dd 0.521 + 0.054 1/h respectively).



In the second part of this PhD project the purtfara of the enzymes involved in FOS formation
was achieved after several chromatographic steps.nfolecular weight (MW) of the two proteins
was~50 kDA for the enzyme fronCladosporium cladosporioide@nonomeric) and75 kDa for
the one fromPenicilium sizovae(monomeric). The enzyme fron€. cladosporioideswas
biochemically characterised and shown a Km of 1Z2mM, Vmax of 2.83 + 0.04 U/mL, Kcat of
2.88 £ 0.04 1/s and a Kcat/Km of 22.3 + 1.4 1/M*stmsucrose and a Km of 268 + 6 mM, Vmax
of 0.0328 + 0.003 U/mL, Kcat of 0.0334 + 0,003 arsl Kcat/Km of 0.124 + 0.014 1/M*s with 1-
kestose. A mass spectrometry MALDI-TOF analysisigtwas performed on the protein, showing a

MW of 61178 Da. A trypsin digestion was performeddahe fragments analysed showed no
homology with known proteins.



RIASSUNTO

Questo progetto ha avuto lo scopo di svilupparevnuotetodi biocatalitici per la produzione di
dolcificanti alternativi mediante la selezionest@lamento e la caratterizzazione di nuovi enzimi
(fruttofuranosidasi) capaci di produrre fruttoolgecaridi (FOS) da saccarosio. Sono stati fatti
studi per ottenere informazioni sul processo priautdei FOS e migliorare la produzione anche
mediante la progettazione di un processo in coatinsli enzimi, inoltre, sono stati isolati e
caratterizzati per permettere I'elucidazione de#tguenza e un futuro studio di ingegneria proteica
per migliorare la capacita dei catalizzatori.

Al termine di uno screening volto alla scopertandbve fruttofuranosidasi, 2 ceppi di eumiceti
filamentosi sono stati isolati ed identificati iwanto risultati migliori catalizzatori in terminii d
quantita di FOS prodotti e varieta nella misceldrditooligosaccaridi prodotti: GE5 indentificato
comeCladosporium cladosporioides CK1 identificato com@enicilium sizovae.

Nella prima parte del progetto di dottorato le daimhi di biotrasformazione sono state ottimizzate
portando ad un massimo accumulo di FOS del 56 %)(pér CR15 e 31 % (w/w) per CK1. | FOS
identificati nelle miscele sono stati: 1-chestosienistosio, 1-fruttofuranosilnistosio, 6-chestgsio
neo-chestosio e neo-nistosio, per, G e 1-chestosio, 1-nistosio e 1-fruttofuranosibs®o per
CK1. Un altro oligosaccaride non convenzionaleatostsolato, dalla miscela prodotta dal ceppo
CR:15, ed identificato come blastosio ((2—>6)-Glc). Evidenziate queste differenze tra i ceqpi

e deciso di concentrare I'attenzione sul ceppgl&8FUno studio di immobilizzazione del micelio &
stato sviluppato usando l'innovativa tecnologia O3¥Es (Dried Alginate Entrapped Enzymes).
L'utilizzo del micelio immobilizzato ha portato agh buon riciclo del catalizzatore, utilizzando
tamponi convenzionali o acqua di mare, e ad unaimasproduzione di FOS del 51 % (w/w). Per
guesto motivo i DALGEEs sono stati utilizzati petilgppare una metodologia di produzione in
continuo di FOS sfruttando i vantaggi offerti datéenica di Flow chemistry. Questo approccio ha
portato ad una produzione in continuo di FOS de¥b@v/w) con una composizione della miscela
di reazione simile a questa osservata con celhttré o DALGEES. La suddetta miscela é stata
utilizzata come base di partenza per sviluppareatodo economico di purificazione dal glucosio,
il quale rappresenta un prodotto della reazionesittbrato e costituisce il 26 % (w/w) della miscela
di reazione. Una preparazione di glucosio ossigasidotta da Novozymé&schiamata Gluzynie
10000 MONO BG, e stata usata per ossidare il glaces ottenere una miscela purificata di FOS.
Questo processo ha anche avvantaggiato la puitivazdi 56 mg di blastosio mediante HPLC.
Con la quantita di blastosio ottenuta & stato g0 uno studio pionieristico circa I'attivita
prebiotica del disaccaride. Mediante I'impiego didbersi ceppi di lattobacilli Lactobacillus
paracaseiDG, LactobacillusrhamnosusGG, Lactobacillus paracaseiSHIROTA, Lactobacillus
johnsonii LC1 e Lactobacillus reuteriATCC55730), la crescita & stata valutata in preset un
solo carboidrato come unica fonte di carbonio (ghie, Actilight®, inulina, blastosio). | risultati
pit interessanti si sono avuti con il ceppactobacillusjohnsonii LC1, il quale ha mostrato una
Vmax superiore con blastosio 0.5 % (w/v) (1.125.62@ 1/h) che con glucosio 0.5 % (w/v) (0.521
+ 0.054 1/h).



Nella seconda parte del progetto di dottorato gieéiso di purificare gli enzimi coinvolti nella
biotrasformazione di saccarosio in FOS. Dopo al@assaggi cromatografici siamo riuscititi ad
ottenere una frazione purificata contenete unaalteina, controllata mediante elettroforesi su ge
di poliacrilammide. Una singola banda é stata atea circa 50 KDa per GI5 e 75 KDa per CK1.
L'attenzione quindi, & stata focalizzata sulla phod proveniente dal ceppo £5, il quale si &
rivelato il miglior catalizzatore. Utilizzando heima proveniente da GE (C. cladosporioidesé
stato effettuato uno studio biochimico. | valorneiici sono stati calcolati con saccarosio e 1-
chestosio. | risultati hanno mostrato: Km di 126 mM, Vmax di 2.83 + 0.04 U/mL, Kcat di 2.88 +
0.04 1/s, Kcat/Km di 22.3 + 1.4 1/M*s con saccasosiKm di 268 + 6 mM, Vmax di 0.0328 +
0.003 U/mL, Kcat di 0.0334 = 0,003 1/s, Kcat/Km@iL24 + 0.014 1/M*s con 1-chestosio. Un
conseguente studio di spettrometria di massa Hatpall'identificazione del peso molecolare della
proteina pari a 61178 Da. L'analisi dei frammenttenuti dopo digestione tripsinica, non ha pero
portato ad una identificazione della sequenza piandella proteina, la quale rimane ancora da
elucidare.



PREFACE

A vast number of microorganisms inhabit the mamamaljut, and their symbiotic and mutualistic
relationship with the host (host-bacteria and bé&ctbacteria interactions) determines a complex
and dynamic ecosystem.

The human intestinal microbiota is composed off 16 10* microorganisms whose collective
genome (“microbiome”) contains at least 100 tinassmany genes as our own genome.

Molecular analysis of microbial composition of feead mucosal samples using 16s ribosomal
DNA and RNA have increased previous culture-basgdations to as high as 36000 individual
species (Frank D. N. et al 2007).

There is a clear variability of specific compogitim terms of species considering different zone of
the gut, different ages and even different hostsaer than 99% of the gut microbiota is composed
of species within four bacterial divisiong=irmicutes, Bacteroidetes, Proteobacteriand
Actinobacteria

It is widely acknowledged that the commensal gutrobiota plays vital roles, although not yet
fully understood, in the normal digestive functiminthe host, maturation of human immunity, brain
development, and natural defence mechanism agattsbgenic bacteria.

A healthy gut microbiota (i.e. properly balancedctieaial groups) is normally required for
human/animal health. This guarantees host immuneehsetasis and nutrient intake. Accordingly, a
balanced gut microbiota composition confers beséditthe host, whereas gut microbiota imbalance
may disturb the physiological homeostasis, leatlingarious diseases such as inflammatory bowel
diseases, obesity, colon cancer, neonatal necrgtienterocolitis, irritable bowel syndrome, and
cardiovascular diseases (Li T., Lu X., and Yan@®13).

Therefore, the modulation of the microflora throwtiétary ingredients offers promises for reducing
disorders that may be mediated by deviations fromngicrobiota equilibrium. As the Nobel Prize
recipient, Eli Metchnikoff suggested in 1907 “thepgndence of the intestinal microbes on the food
makes it possible to adopt measures to modify lbva in our bodies and to replace the harmful
microbes by useful microbes”. This theory resulbsvadays in the development of two kinds of
functional food: prebiotics and probiotics.

The World Health Organization's 2001 definition prbbiotics is “live micro-organisms which,
when administered in adequate amounts, confer Bhhieanefit on the host”. Many commercial
preparations are available on the market. Now whe dpecies of microorganisms widely use are
Lactobacillus (e.gL. johnsoniiin the LCP preparation from Nestle) aifidobacterium

The term prebiotic means a “non-viable food compbrikat confers a health benefit on the host
associated with modulation of the microbiota”. “Gmonent” means not an organism or drug, but a



substance that can be characterised chemicallypobt cases, this will be a food grade component.
“Health benefit” refers to measurable and not doeabsorption of the component into the

bloodstream or due to the component acting alohtadtlation” means that the presence of the
component in the formulation in which it is beinglidered changes the composition or activities of
the microbiota in target host. Mechanisms of moaiilutes might include fermentation, receptor

blockage or others (Fernandez R. C. et al 2007).

On the other hand, the term prebiotic refers to mmmds able to improve the quality and the
guantity of the human microbiota.

In this contest, the term “synbiotic” has been t@dareferring to nutritional supplements obtained
by the combination of probiotics and prebiotics.eTRood & Agriculture Organization (FAO)
recommends that the term “synbiotic” is used ohihé net health benefit is synergistic (Guida B.
2004; Asp N. 2007).

A significant expansion of the potential market fmebiotics and probiotics has led to deeper
investigations by scientific groups that are deplvith new methods for the synthesis of prebiotic
compounds, the preparation of better probiotic petgl and the isolation of new beneficial strains
of microorganisms

The most important prebiotics belong to a largaeparof dietary carbohydrates such as starch,
dietary fibres, and some non-digestible oligosaddea (NDOs). Inulin-type fructans or
fructooligosaccharides (FOS), galactooligosacclearidand lactulose are some of the most
important NDOs.

FOS are linear oligosaccharides of fructose coimgira single glucose (G) moiety in which
fructosyl units (F) are bound at thé€->1) position of a sucrose molecule (GF). Among 1-FOS
kestose (GF2), 1-nystose (GF3), anf-ftuctofuranosylnystose (GF4) represent the masdist
and used compounds. Other FOS families foundeammneercial functional foods are 6-FOS and
neo-FOS with the linkage between the fructose dndoge moiety in positiofs(6>2) B(2->6)
respectively (Fernandez R. C. et al 2007).
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STATE OF THE ART

Inulin-type fructooligosaccharides (1F-FOS) arecfose oligomers with a terminal glucose unit in
which 2-4 fructofuranosyl moieties are linked f{2->1) bonds (Antosova M., Polakovic M. 2001;
Kelly G. 2008). 1F-FOS are used as food ingredietis to their properties, such as prebiotic
action favouring the development of bifidobacteara lactobacillus, low caloric intake (2 kcal/g),
low glycemic index, improved gut absorption of?Cand Md*, lowering of blood lipid levels,
prevention of urogenital infections and reduced aécolon cancer (Huebner J. et al 2007;Scholz-
Ahrens K.E. et al 2007). 1F-FOS are commonly olet@iby controlled hydrolysis of inulin or other
fructans (typically using inulinases, EC 3.2.1.Rggyen Q.D. et al 2011). or by enzymatic
transfructosylation of sucrose catalysed bf-fructofuranosidases (EC 3.2.1.26) or
fructosyltransferases (EC 2.4.1.9) (Kurakake M.akt2010). Short-chain 1F-FOS (1-kestose,
nystose, 1F fructosylnystose, and so on) are cilyrproduced at multi-ton scale from concentrated
sucrose solutions using fungal transfructosylatemgymes fromAspergillus niger, Aspergillus
oryzaeor Aureobasidium pullulangSangeetha P.T. et al 2005; Plou F.J. et al 200®)er FOS
containingB(2->6) linkages between two fructose units (6F-FOS) ahlled levan-type FOS, such
as 6-kestose or 6-nystose (Alvaro-Benito M. €2@07; 2012; de Abreu M. et al 2011; 2013) or
between a fructose and a glucose (6G-FOS, alsedcaloFOS, such as neokestose or neonystose)
have also been described and are commonly prodicedzymes from yeasts (Linde D. et al 2009;
2013; Lafraya A. et al 2011). Levan-type FOS andFR@S are reported to exhibit improved
prebiotic properties and chemical stability complate inulin-type FOS (Hayashi S. et al 2000;
Kilian S. et al 2002; Lim J.S. et al 2007), althbugore studies are required to elucidate 1 the
bioactivity of the different FOS series. Industréalale production of FOS is commonly performed
by either soluble enzymes in batch reactions (Hiddket al 1987) or by entrapped cells in alginate
gel beads using continuous fixed-bed reactors (YW et al 1995; Park M.C. et al 2005;). Several
immobilised enzymes for FOS synthesis have beanddseloped (Alvaro-Benito M. et al 2007;
Smaali I. et al 2011; Fernandez-Arrojo L. et al 20Alvarado-Huallanco M.B. et al 2010). The use
of biomass (e.g. mycelia) or immobilised biocattdysninimizes the loss of activity during
operation and allows establishing a continuousgssc

Two industrials processes are involved for FOS petidn, based on sucrose modification:

e Beghin-meiji process (French-Japanese): FOS primtugtith a fructofuranosidase from
Aspergillus niger commercial product named Actiligh{GF2 37% / GF3 53% / GF4
10%) (Hidaka H., et al 1988).

* Cheil Foods process (Korean): FOS production withmobilised cells from
Aureobasidium pullulans(mixture composition GF2 56% / GF3 44%). (ShiT Het al
2004).
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Enzymatic process is characterised by the folloveiritical points:

1. The reaction catalysed by FF is an equilibrium tieacin which the enzyme can catalyse
both the formation and hydrolysis of FOS.
2. The accumulation of glucose in the reaction meddetermines phenomena of enzyme
inhibition.
3. The final purification step. Separation of FOSnfrglucose and other molecules is
archived by:
a. Chromatography, using SMB (simulating moving bed}thwcationic resins
(Gomes, P. S. et al 2006).
b. Nanofiltration (Li W. et al 2004).

The identification of novel microbial strains witligh transfructosylation activity and/or producing
a distinctive FOS pattern is currently being inigeted (Ganaie M.A. et al 2013).
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AIMS OF THE STUDY

In this work, we will screen different microorgamis able to grow on sucrose-rich substrates, such
as molasses or jams, with the aim of identifyingvfefructofuranosidases able to produce FOS
with different composition compared with alreadytum biocatalysts.

The proteins of the best microorganisms will belassd and characterised to elucidate the
sequences and the elements that define the fruatadsidase activity.

The mains topics of this PhD project will be:

- Study of biotransformation
- Study of thermodynamic/kinetic of reaction
- Characterisation of products: HPLC, MS and NMR gsial
- Enzymatic activity study
- Activity/stability
- Enzymatic immobilization
- Best technology from immobilisation
- Ease of use and recycling
- Continuous fructooligosaccharides production
- Development of parameter for continuous productibROS
- Extraction methods
- Cheapest method for FOS in high-purity yields.
- Study of prebiotic action of the most interestir@3-isolated
- In-vitro studies with different lactobacillus strains
- Isolation and characterisation of the best protim® wild-type strains
- Mass spectrometry studies
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RESULTS AND DISCUSSION
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Production of fructooligosaccharides by mycelium-band
transfructosylation activity present in Cladosporium
cladosporioides and Penicilium sizovae
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Materials and methods
Materials

Sucrose, glucose, fructose and p-anisaldehyde fr@me Sigma-Aldrich. Nystose and 1-kestose
were from Fluka. 1F-fructosylnystose was from Megae. 6- Kestose, heokestose and neonystose
were synthesised as previously described (AlvanmoitBeM. et al 2007; Linde D. et al 2009; 2012).
Yeast extract was from Difco and barley malt flineam Diagermal. All other reagents and solvents
were of the highest available purity and used ashaised.

Isolation and screening of microorganisms with trasfructosylating activity

The fungal cultures employed in the study wereaisal from molasses or from commercial and
home-made kiwi and fig jams. The contents of earhpe were uniformly mixed, and a sample
(1.0 mL) was aseptically withdrawn, mixed with %l of sterile water, and then diluted for
isolation purposes. The inoculum was transferreBdtato Dextrose Agar (PDA) plates containing
chloramphenicol (0.05 g/L) to inhibit bacterial gith. Plates were repeatedly incubated at 28°C
until obtaining homogenous morphological colonigentification of the best performing strains
was carried out at CBS (Centraal Bureau voor Schilouaftures, Baarn, Holland) using standard
molecular techniques. The microorganisms were melyti maintained on MYA slants (Barley malt
flour 100 g/L, yeast extract 5 g/L, agar 15 g/L, pI3$) at 4°C. The screening for FOS production
was performed by inoculating the strains into flalsks containing 100 mL of liquid MY medium
(Barley malt flour 100 g/L, yeast extract 5 g/L, pkb) containing 200 g/L of sucrose. The growth
was carried out on a reciprocal shaker (150 rpm283iC. Sugar composition was analysed by
HPLC during the growth after filtration of the myicen.

Biotransformations with Cladosporium cladosporioides and Penicillium sizovae

Studies were carried out with mycelium obtaine@ragrowth on MY medium for different times
(with and without 200 g/L sucrose) under the candg described above. Mycelia with the highest
activity were found when cultures were grown on khédium in absence of sucrose after 96 h on a
reciprocal shaker (150 rpm) at 28°C. After cengiétion, cells were washed with sodium acetate
buffer (20 mM, pH 6.0), lyophilised and used footbansformations.

The activity of mycelium-bound and extracellulazgmes was independently assayed (Gandolfi R.
et al 2000). Experiments with mycelium free suptant were accomplished using the liquid
fraction obtained after centrifugation of the whatelture and ultrafiltration using a stirred
ultrafiltration cell (Model 8050 Amicon, Milliporecapacity 50 mL) with a 10 kDa cut-off
membrane. The extracellular fraction containinglOgiL of total protein (Bradford assay) was
used for biotransformation, started by incubatimg mixture at 50°C in an orbital shaker at 90 rpm
after addition of 200 g/L of sucrose. Freshly susjgal (40 g dry weight/L) and lyophilised
mycelium (40 g/L) were added to 200-600 g/L suersslutions in 20 mM sodium acetate (pH 6.0)
in a total reaction volume of 2 mL. The mixturesrgvéncubated at 50°C in an orbital shaker at 90
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rpm. At different times, aliquots (50 pL) were wdtwn, diluted 1 with 200 pL of water, incubated
for 10 min at 90°C to inactivate the enzymes, amalygsed by HPLC to determine the total FOS
yield and by HPAEC-PAD to identify the synthesis&ds.

HPLC analysis

The screening of transfructosylation activity amé tmeasurement of the FOS production were
carried out analyzing the corresponding reactionxtunés using hydrophilic interaction
chromatography (HPLC-HILIC) with a Delta 600 quatetly pump (Waters). The chromatographic
column used was a 5-um Luna-DNHOOA (4.6 x 250 mm) from Phenomenex and the HPLC
detector was a refraction index 2410 from Watere Tmobile phase was acetonitrile/water 78/22
(v/v) at 1 mL/min. The temperature of the columnsvget at 30°C. Under these conditions the
following retention times were observed: Fructosg min, Glucose 8.8 min, Saccharose 11.7 min,
Blastose 13.4 min, Neo-kestose 16.5 min, 1-kest9sk min, 6-kestose 23.2 min, Neo-nistose 25.2
min, 1-nistose 27.5 min, 1-Fructofuranosylnisto8e33nin

Analysis of FOS by HPAEC-PAD

Analysis of FOS composition was carried out by kigiformance anion exchange chromatography
coupled with pulsed amperometric detection (HPAEADP on a Dionex ICS3000 system
consisting of an SP gradient pump, an electrochandietector with a gold working electrode and
Ag/AgCIl as reference electrode, and an autosanfpledel AS-HV). All eluents were degassed by
flushing with helium. A pellicular anion-exchange<250 mm Carbo-Pack PA-1 column (Dionex)
connected to a 4 x 50 mm CarboPac PA-1 guard coluamused at 30°C. Eluent preparation was
performed with Milli-Q water and NaOH. The initiatobile phase (at 0.5 mL/min) was 100 mM
NaOH. A gradient from 0 to 200 mM sodium acetate warformed in 50 min at 0.5 mL/min, and
200 mM sodium acetate was maintained 1 for 25 fire chromatograms were analysed using
Chromeleon software. The identification of the eliéfnt carbohydrates was done on the basis of
standards commercially available or purified in mioratory.

Isolation of an unknown carbohydrate

The biocatalytic reaction with the. cladosporioide€R15 enzymatic preparation was scaled up to
10 mL. At the point of maximum concentration of tineknown oligosaccharide, the reaction was
stopped by inactivation at 100°C (10 min) followmdfiltration. The mixture was purified by semi-
preparative HPLC using a system equipped with aevgabelta 600 pump coupled to aub
Kromasil-NH column (10 x 250 mm; Analisis Vinicos). A threeywdlow splitter (model
Accurate, Dionex) and a refraction index detecWafers, model 2410) equilibrated at 30°C were
used. Acetonitrile/water 70:30 (v/v), degassed \ighium, was used as mobile phase at 4.7 mL/min
for 40 min. The column temperature was kept consgan30°C. After collecting the different
oligosaccharides, the mobile phase was eliminajetbtary evaporation using a R-210 rotavapor
(Buchi).
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Mass Spectrometry

The unknown carbohydrate was analysed by MALDI-T@Rss spectrometry (Bruker, model
Ultraflex Ill TOF-TOF) using 2,5-dihydroxybenzoicid doped with Nal as matrix, in positive
reflector mode.

Nuclear Magnetic Resonance (NMR)

The structure of the unknown carbohydrate was @ated using a combination of 1H, 13C and 2D-
NMR (COSY, TOCSY, NOESY, HSQC, HMBC) techniques.eT$pectra of the sample (ca. 10
mM), dissolved in deuterated water, was recorded @druker AVANCE DRX500 spectrometer
equipped with a tuneable broadband 1H/X probe witiradient in the Z axis, at a temperature of
298 K. Chemical shifts were expressed in ppm witkpect to the 0 ppm point of DSS, used as
internal standard. COSY, NOESY, HSQC, HSQC-TOCS¥PD-HSQC and HMBC sequences
were provided by Bruker. COSY, TOCSY (80 ms mixiimge), and NOESY (500 ms mixing time)
experiments were performed with 8, 32, and 64 scesspectively, with 256 increments in the
indirect dimension and with 1024 points in the asitjon dimension. The spectral widths were 5
ppm in both dimensions. The HSQC and related exymaris (16 scans) also used 256 increments in
the indirect dimension and 1024 points in the agitjah dimension. The HMBC (64 scans) used
384 increments in the indirect dimension and 10&#tp in the acquisition dimension. The spectral
width for the heteronuclear correlations was 12éhpp the indirect dimension and 5 ppm in the
acquisition one.
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Result and discussion
Screening of transfructosylation activity

Filamentous fungi (45 strains), isolated from sgerdch environments (jams and molasses), were
firstly grown on a MY medium (see Experimental $&tt containing 200 g/L sucrose, and FOS
production was followed during the growth. The admdrate composition of the supernatant was
analysed by HPLC-HILIC, showing that five 14 stsifTable 1) were able to produce FOS in
different concentration (referred to the total amtoaf sugars in the sample) composition (indicated
in the table by the kestose/nystose ratio, K/N).oTstrains (CFL5 and CK1, identified as
Cladosporium cladosporioidesand Penicillium sizovag respectively) gave maximum FOS
production in shorter times (48 h) and were setbdte their ability to synthesize FOS with
different K/N ratios (0.8 and 6.0, respectively}, the point of maximum FOS concentration.
Notably, Cladosporium cladosporioidegave the highest production of total FOS, whereas
Penicillium sizovaevas very selective, furnishing kestose as the paduct.
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Table 1. Initial screening of FOS-synthesizing mdcganisms in fruit jams and molasses.
Experimental conditions: biotransformations withtogiing cells in MY medium (including 200 g/L
sucrose), 28°C, 150 rpm. Carbohydrates: F, fruct@@eglucose; S, sucrose; K, total kestoses; N,
total nystoses; FN fructosylnystose; K/N, kestosdse ratio.

Strain Time (h)? Composition (%)° KIN

F (%) G (%) S(%) K(%) N(%) FN (%) ratio
CR3V 96 2 33 9 32 24 - 1.3
CRAV 96 8 43 9 12 18 9 0.7
CR15 48 5 34 6 23 27 5 0.8
CK1 48 12 25 35 24 4 - 6.0
M1A 96 4 30 13 36 17 - 2.1
Chl 72 2 18 50 21 9 - 4.4
CF2 48 11 14 69 3 - - -
CR7 96 3 12 67 13 7 - -
CR9V 48 48 47 3 3 - - -
CR11 72 3 5 87 4 - - -
CR12 96 8 20 57 10 5 - 2.0
CR14 96 6 31 43 18 4 - 4.0
CR16 48 2 24 47 12 5 - 2.4
SD4 96 5 26 58 16 5 - 3.2

aTime of maximum FOS production

b\Weight percentage referred to the total amountigéss in the mixture

23



Total FOS production with lyophilised mycelium of C. cladosporioides and P.
Sizovae

The extracellular and cell-bound transfructosylgetivity of P. sizovaeandC. cladosporioideso
produce FOS was evaluated using cultures growngoidlMY medium. Cell-free supernatant and
washed mycelium were independently assayed to dotta transfructosylating activity. The
supernatant gave conversions into total FOS lowan t5% for both strains, showing that the
activity was mostly mycelium-bound. No significadifferences were observed in the activity of
mycelium grown in the medium with or without suao3 herefore, mycelium of cultures grown in
liquid MY medium without sucrose was used for fertlexperiments aimed at optimization and
product characterization. Mycelia did not lose aignificant activity upon lyophilisation (data not
shown). It is well reported that Iyophilised myeebif fungi are easy-to-handle biocatalysts often
showing remarkable long-term stability (Gandolfi Bt al 2000; Converti A. et al 2002).
Lyophilised mycelia of the two strains were used F®S production using various initial sucrose
concentrations (200-600 g/L), and the highest gialfitotal FOS were obtained with 600 g/L of
sucrose (data not show).

The time course of total FOS formation wih sizovaeand C. cladosporioidesusing 600 g/L
sucrose was followed by HPLC-HILIC and is represdnin Figs. 1A and 1B, respectivell.
sizovaemycelium produced 184 g/L of total FOS (31% w/wtatl sugars, after 24 h), which was
obtained at 53% sucrose conversion, wheteasladosporioidesnycelium synthesised 339 g/L of
FOS (56% wi/w, after 72 h) at 93% sucrose conversitie fact that maximum FOS concentration
with C. cladosporioidesenzyme was obtained when only 7% of initial suerosmains in the
mixture indicates that the transglycosylation talioyysis ratio of this enzyme is notable (Plou F.J.
et al 2009). The FOS vyield obtained with cladosporioideds close to the maximum values
reported (around 60%) for the industrial processéls Aspergillusor Aureobasidiunsp. enzymes
(Plou F.J. et al 2009; Fernandez R.C. et al 2084g&etha P.T. et al 2005).
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Figure 1. Time course of the reaction of sucrogh Wi sizovae (A) and C. cladosporioides (B)
mycelia. Reaction conditions: 600 g/L sucrose, AOlgpphilised mycelium, 20 mM sodium acetate
buffer (pH 6.0), 50°C. Standard deviations weredpthan 5%.

25



Characterization of synthesised FOS

HPAEC-PAD was employed for the characterizatiothef FOS synthesised in the reactions With
sizovaeandC. cladosporioidesising 600 g/L sucrose. According to the chromatoty presented

in Figure 2, we detected at least 13 different chydrates in the reactions mediatedrbysizovae
(Fig.- 2A) andC. cladosporioidegFig. 2B) mycelia. Peaks 1, 2, and 3 correspondegdlucose,
fructose and sucrose, respectively. As illustratetthie chromatogram 2B, the main products present
in the reaction mixture wit. cladosporioidesvere peaks 4 (1-kestose) and 9 (nystose). Pedks 7,
and 10 were identified as 6-kestose, neokestosenaodystose, respectively, using standards
previously purified in our laboratory as descrin@dvaro-Benito M. et al 2007; Linde D. et al
2009). Peak 12 was the pentasaccharide 1F-frucigstglse. The oligosaccharides corresponding to
peaks 6, 11 and 13 could not be identified soRaure 3 illustrates the structures of the différen
carbohydrates obtained in these reactions. The congpcorresponding to peak 5 was purified by
semi-preparative HPLC. Its mass spectrum showetittheas a disaccharide. The 1D and 2D 1H
NMR spectra displayed two anomeric signals, arigiog the typicald/p equilibrium and a signal
pattern recognizable as fructose and glucose residerom the combination of the signals from
COSY, TOCSY, NOESY, HSQC and HMBC spectra, fuligissent of the 1H and 13C resonance
signals belonging to the different residues wasieasld. The glycosylation position 1 was
determined from the existence of a crosspeak betwlee H6 from glucose and the quaternary
carbon C2 from fructose in the HMBC spectrum. ThBIR data unequivocally permitted to
identify the compound as blastose [B(2—>6)-Glc] (Figure 4), a sucrose isomer member of the
neoFOS series. Despite it is a non-conventionahcdisaride, the isolation and chemical
characterization of blastose was first describedubmerged cultures and honeydew of Claviceps
africana and Clavicesshorgi (Flieger M. et al. 20B2sides forming polyfructans, the levansucrase
from Bacillus megaterium also synthesised five aliht oligosaccharides including blastose
(Homann A et al 2007).
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Figure 2. HPAEC-PAD analysis of the reaction ofrese with P. sizovae (A) and C.
cladosporioides (B) mycelia at the point of maxinit@5 concentration. Peaks: 1: glucose; 2:
fructose; 3: sucrose; 4: 1-kestose; 5: blastose6-Kestose; 8: neokestose; 9:1- nystose; 10: neo-
nystose; 12: 1F-fructosylnystose; 6, 11, 13: unkmow
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'F-Fructosyinystose

Figure 3 Structure of the fructooligosaccharides producedPbgizovae and C. cladosporioides
transfructosylating activity.
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Figure 4. 2D-NMR DEPT-HSQC spectra of blastose [B{2>6)-GlIc]. The signals are assigned
and labelled. The key points for identifications atso shown.
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Production of the different FOS

The FOS formation was analysed in detail using HEAEAD. Figure 5 illustrates the profile of the
biotransformation with lyophilised mycelium df. cladosporioidesstarting from 600 g/L of
sucrose. At the point of maximum FOS concentraf@g@ h), the FOS fraction was mainly
composed of 1-kestose (158 g/L) and nystose (97, @flth formation of lower amounts of the
disaccharide blastose (34 g/L), 1F-fructosylnystd$eg/L), 6-kestose (12 g/L) and neokestose (10
g/L). Neonystose was only slightly detected at &mel of the reaction (96 h). Such a complex
mixture of 1F-FOS, 6F-FOS and 6G-FOS has only estribed with thg- fructofuranosidase
from Rhodotorula dairenensis (Gutierrez-Alonso Pale2013 ). The concentration of neokestose
never surpassed 10 g/L throughout the reaction;eliew blastose concentration was significantly
higher (> 30 g/L) after 48h. This result suggesiat tblastose i 1 s not formed by hydrolysis of
neokestose, but by the transfer of fructosyl motetyhe released glucose in the medium. In fact,
the biosynthetic activity detected in ti& cladosporioidesmycelium is not very efficient to
hydrolyze theB(2->6) linkages between a fructose and a glucose,easgbFOS concentration is
not diminishing throughout the process, in contvéithh 1F-FOS (Fig. 5).
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Figure 5. Kinetics of FOS formation using 600 gicese catalysed by lyophilised C.
cladosporioides. Reaction conditions: 40 g/L lydigbd mycelium, 20 mM sodium acetate buffer
(pH 6.0), 50°C. Standard deviations were lower tB&6

Figure 6 shows the formation of the different FOighvyophilised mycelium oP. sizovaeAt the
point of maximum FOS vyield (24 h), 156 g/L out dfettotal FOS concentration (184 g/L)
corresponded to 1-kestose. The FOS fraction waplated with nystose (11 g/L), neokestose (6
g/L) and neonystose (11 g/L). The sizovaeenzyme displays a more typical profile with major
formation of 1F-FOS. However, its transglycosylatto hydrolysis ratio is less favourable than that
of C. cladosporioidesit is interesting to note the negligible preseatblastose with th®. sizovae
enzyme, which indicates its much lower tendencyuse glucose as acceptor to fofi{2->6)
linkages. (Gutierrez-Alonso P. et al 2009)
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Figure 6. Kinetics of FOS formation using 600 glicrose catalysed by lyophilised P. sizovae (40
g/L). Reaction conditions: 40 g/L lyophilised myael, 20 mM sodium acetate buffer (pH 6.0),
50°C. Standard deviations were lower than 5%.
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Conclusions

The main enzymes used for industrial productiofF©S generally provide a mixture of molecules
with the inulin-type structure, 1F-FOS, whereassthdrom yeasts usually form levan-type FOS
(6F-FOS) or neoFOS (6G-FOS). In this work, two rfientous fungi Cladosporium
cladosporioidesandPenicilium sizovaeshowing mycelium-bound transfructosylating adyiwwere
isolated. Maximum FOS vyields were 56% and 31% @r cladosporioidesand P. sizovae
respectively. InterestinghyG. cladosporioidesynthesised a mixture of 1F-FOS, 6F-FOS and 6G-
FOS, including the presence of a non-conventiomsdatharide (blastose). Considering that the
FOS vyield with C. cladosporioidesis close to that obtained with typica\spergillus or
Aureobasidiunenzymes, the formation of a mixture of FOS witHeatdnt glycosidic linkages could
give rise to certain benefits regarding their btoaty.
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Materials and methods
Chemicals

Sucrose, glucose, fructose, 3,5-Dinitrosalicylidda¢DNS) and were from Sigma Aldrich. 1-
Kestose ND 1-nystose were from Fluka. 1-Fructofasyinystose was from Megazyme. Actilifht
was from Beghin Meiji. Yeast extract was from Difand barley malt flour from Diagermal. Malt
extract was from Merck. All reagents and solvengsenof the highest available purity and used as
purchased.

Seawater (pH 7.5) was collected from the Camogéiche(ltaly) and maintained at 4°C after
microfiltration; water salinity of 35 PSU (Practic®alinity Units) was reported by ARPA (Agenzia
Regionale Prevenzione e Ambiente) website forahis.

Culture production

C. cladosporiumwas previously isolated (Zambelli et al., 2014)d admas been deposited at
Mycotheca Universitatis Taurinenesis (MUT) as stliUT 5506.C. cladosporiumwas routinely
maintained on MYA slants (Barley malt flour 100 g/east extract 5 g/L, agar 15 g/L, pH 5.6) at 4
°C. The strain, grown on MYA slants for 96 h at°8 were inoculated into 1 L Erlenmeyer flasks
containing 100 mL of the liquid medium MY and inaibd on a reciprocal shaker (150 spm) for 96
h at 28 °C. Mycelia were recovered by centrifugatmd lyophilised.

Calculation of the T/H index
The T/H index was calculated, using the followirgation:

T/H = ([glucose] — [fructose])/[fructose].

Assays of fructofuranosidase activity

The enzymatic activity was assayed using sucroselastrate by measuring the release of reducing
sugars by the dinitrosalicylic acid (DNS) methodyated to a 96-well microplate scale (Rodriguez
et al., 1995). A calibration curve was performethgdructose as standard (linearity range between
0.6 and 3 g/L of fructose). Lyophilised mycelia §@ were incubated with 1 mL of a sucrose
solution (100 g/L) in acetate buffer (20 mM pH 6f6) 20 min at 50°C and 90 rpm. HQ of the
solution conveniently diluted to fit into the cahiion curve, were added to each well. ThenpbO

of 10 g/L DNS were added. Plates were incubate@®min at 80°C to develop colour with a seal
plate tape (GeneMate). After cooling 1B of water were added to each well, and the absméa
measured at 540 nm using a microplate reader (méetslamax, Molecular Devices). One unit (U)
of activity was defined as that catalysing the fdromaof 1 umol reducing sugar per minute under
the above conditions. Lyophilised mycelia were letted in the range of pH 3-9 and temperature
25-80 °C to evaluate the maximum of activity. Realdactivity of lyophilised mycelia was
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measured after 24 h of incubation, before substdtktion, at pH and temperatures in the range of
3-9 and 40-80°C respectively. The residual activias measured at pH 6.0 acetate buffer 20 mM,
50°C as described above.

Dried alginate entrapped (DALGEE) mycelium

The gel beads were prepared by ionotropic gelasdescribed elsewhere (Fernandez-Arrojo et al.,
2013) with some variations. A 4% (w/v) sodium algin solution was prepared in distilled water
and stirred until a homogeneous clear solution exerved. The solution was let to settle for 2 h in
order to eliminate all air bubbles. The alginatkison was then gently mixed in a ratio 1:1 (w/w)
with 40 g/L of lyophilised mycelia in 20 mM sodiuacetate buffer 6.0 after 5 cycle of sonication at
15 kHz for 1 min (Soniprep 150, MSE). The resultimycelia—alginate mixture was used as
previously described (Fernandez-Arrojo et al., 301@mobilisation efficiency - estimated with
DNS test — was calculated as the ratio betweenathi@ity of DALGEEs and the total U/g of
enzyme utilised in the immobilisation process. Réeytests were carried out by repeated DNS-
reactions using double washed immobilised mycél@m@ncentration of sucrose of 600 g/L.

Biotransformation with DALGEE mycelium

40 g/L of DALGEESs were added to a solution of 60D of sucrose in seawater or sodium acetate
buffer 20 mM pH 6.0 in a final volume of 2 mL, ifzated at 50°C in an orbital shaker at 90 rpm.
Biotransformations were followed for 144 h and gsatl with HPLC.

HPLC analysis

The samples were analysed by HPLC with a quatenmamyp Delta 600, Waters coupled to a 5 um
Luna-NH 100 A column 4.6*250 mm (Phenomenex) with an iabcrelution in acetonitrile:water
78:22 at 1 mL/min. The detector was a refractiahein2410, Waters. Under these conditions the
following retention times were observed: Fructosg min, Glucose 8.8 min, Saccharose 11.7 min,
Blastose 13.4 min, Neo-kestose 16.5 min, 1-kest®sk min, 6-kestose 23.2 min, Neo-nistose 25.2
min, 1-nistose 27.5 min, 1-Fructofuranosylnisto8e33min.
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Results and Discussion
Activity of the mycelium-bound p-fructofuranosidase

The use of lyophilised mycelium dfladosporium cladosporioideMUT 5506 in freshwater
allowed for the production of FOS with maximum dielof 57% starting from 600 g/L of sucrose
(Zambelli et al. 2014). Interestinglg,. cladosporioidesynthesised a mixture 8fFOS 6-FOSgnd6c-
FOS including the presence of a non-conventional atisaride (blastose)Vith the aim to explore
the possibility to use “alternative” water sourcege decided to implement the whole FOS-
production bioprocess in sea-wat€r: cladosporioidesvas grown in MY medium (Zambelli et al.
2014) substituting deionised water with seawated dhe activity of mycelium-bound3-
fructofuranosidase was evaluated using differenbuarts of Iyophilised mycelium in seawater
(Table 1), using 600 g/L of sucrose as substratg0a€C. Maximum FOS production was always
registered after 96 h.

Table 1. Maximum FOS production and fructofuranasél activity. FOS production calculated
after 96 h of biotransformation with different acmbwf Cladosporium cladosporioides lyophilised
mycelium in seawater (pH 7.5), with a initial suseoconcentration of 600 g/L.

Amount of Maximum FOS
mycelium (g/L) production (g/L)
10 108
20 164
30 188
40 208
50 194

The highest yields were obtained using 40 g/L of ohycelium (208 g/L), and this biocatalyst
concentration was used in the following experimexiised at evaluating the effects of temperature.
The reaction rates increased up to 60°C and theredged rapidly due to thermal inactivation
(Figure 1). Thermal stability in seawater was deteed by measuring the residual activity after 24
h of incubation over a temperature range from 280%C (Figure 1). Mycelium-bound activity was
fully maintained up to 50 °C, above which a graddetrease of stability was observed, with
significant inactivation (40 % of lost activity) aemperatures above 80°C. Thus, the best
compromise between activity and stability was foah80°C.
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Figure 1
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Figure 1. Effect of temperature on activity andodlity of lyophilised mycelium of Cladosporium
cladosporioides in seawater (pH 7.5). Stabilitgéfined as residual activity determined at 50°C
after pre-incubation of the lyophilised mycelia #3F h in seawater at different temperatures.

The time-course of FOS production carried out urgfgimised conditions (40 g/L of lyophilised
mycelium, 50°C, 600 g/L of sucrose) in seawatareorted in Figure 2. It should be pointed out
that in all the experiments seawater was merely rafiitered with no further
optimization/modification (pH, salt composition).
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Figure 2. Time-course of FOS production with lydigled mycelium of C. cladosporioides.
Reaction conditions: 600 g/L sucrose, 40 g/L lybgbid mycelium, seawater (pH 7.5), 50°C.
Results are the average of three triplicates, wtdndard deviations lower than 5%.

The highest amount of FOS was 344 g/L after 96thth point the main reaction products were
mostly1~FOSderivatives (1-kestose 168 g/L, 1-nystose 96 giil &-fructofuranosylnystose 20 g/L);
concentrations below 3% of 6-kestose (12 g/L), kestose (12 g/L), and neo-nystose (6 g/L) were
also observed. The presence of the non-conventisatcharide blastose was estimated in 30 g/L.
The ratio between transfructosylating and hydrolgitivity varied from 4.5 (48 and 72 h) to 3.8 (at
96 h). Biotransformations were also carried outsymthetic seawater for comparison, showing

similar results to the ones obtained in real seem(@ata not shown).
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Immobilisation studies

With the aim to further improve the system produitti C. cladosporioidesvas immobilisedby
employing a modification of the classical calciulgimate entrapment technique to overcome some
of the limitations of the typical alginate-base@datalysts, i.e., the effect of non-gelling cations
occurring in seawater (mostly Naon the stability of the alginate beads. Driedredte entrapped
(DALGEE) mycelium was obtained by dehydrating aatai alginate gel beads containing the
entrapped mycelium, following the optimised proaedpreviously reported (Alcalde et al., 2013).
The initial specific activity of the mycelium-bourdfructofuranosidase of. cladosporioidesvas
25.1 U/g, while, after the immobilisation, the sifiecactivity was 16.4 U/g, with an apparent
immobilisation efficiency of 65%. The highest ambwifi FOS (307 g/L) was observed after 96 h
(1-kestose 139 g/L, 1-nystose 96 g/L and 1-fructniosylnystose 15 g/L; blastose 30 g/L; 6-
kestose 9 g/L; neo-kestose 12 g/L and neo-nystagé)é Recycling of DALGEE-mycelium was
studied in a batch reactor measuring the activithe beads in a sequence of reaction cycles; reuse
was carried out in seawater and in conventionafebubr comparison. Figure 3 illustrates the
operational stability of the DALGEE-mycelium in $8bsequent reaction cycles of 20 min each.

@ seawater Bfreshwater

100—!
SR EEERE R
70 - §§

60 - §§§

0 * %4,

Realative activity (%)

0 1 2 3 4 5 6 7 8 9 10 11 12
n° of cycles

Figure 3. Reuse assay of DALGEE-mycelium of C.odpdrioides in successive batch reactions.
After each reaction cycle (20 min), the DALGEE-riyoe was separated from the reaction
medium and washed.
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After 12 cycles of reutilisation, the DALGEE myagi in seawater showed 46-48% of initial
activity, whereas 78-80% residual activity was fdumhen the beads were employed in acetate
buffer. Although the DALGEE system partly prevefrtsm the dissolution of the Ca-alginate beads
due the non-gelling ions occurring in seawater,ciwhalso helps to prevent re-swollen of beads, a
gradual loss of activity was observed, while thévig in a conventional buffer was very stable
after the activity lost in the first re-use. Netheless this technology, given its characteristics
terms of cheapness, easiness of production andbiligl seems a promising strategy for the
exploitation ofC. cladosporioideas biocatalyst in continuous processes.
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Conclusions

The prospect to perform bioprocesses avoiding #eeaf drinkable water seems a noticeable way
for a sustainable use of natural resources. Wiih ith mind in this work we reported the first
production of alternative sweeteners entirely aqdshed in seawater. Mycelium o€.
cladosporioidesMUT 5506,grown in a seawater-based medium, was able to geothe formation

of 344 g/L (57% w/wpf total FOS from 600 g/L of sucrose in seawateth werformances slightly
better than what observed in conventional buffshgcelium immobilization in dry alginate beads
and recycle studies in repeated-batch mode wecestiglied, laying the groundwork for a future
continuous process.
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An efficient continuous flow process for the synthas of a
non-conventional mixture of fructooligosaccharides
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Materials and methods
Materials

Sucrose, glucose, fructose and p-anisaldehyde pveahased from Sigma-Aldrich. Standards of 1-
Nystose and 1-kestose were purchased from Flukd. (®Btandard of 1-F-fructofuranosylnystose
was purchased from Megazyme. Actilight® was kindlgnated by Beghin Meiji. Gluzyme
MONO10000 preparation was kindly donated by NovoagnYeast extract was from Difco (Difco,
MD, USA) and barley malt flour were purchased frbagermal (IT). Alginate beads of mycelia of
MUT5506 were prepared as previously reported (Zdimbeal., submitte}

Flow chemistry equipment

A commercially available R2+/R4 combination flowaotor commercially available from
Vapourtec was used.

Growth and maintaining of the microorganisms

C. cladosporiumpreviously isolated and deposited at Mycothecevéfsitatis Taurinenesis (MUT)
as strain MUT 5506, was routinely maintained in Niedium at 28°C for 96h as previously
described (Zambelli, et al., 2014).

Five probiotic Lactobacillusstrains Lactobacillus paracaseDG, Lactobacillus rhamnosu&G,
Lactobacillus paracasei SHIROTA, Lactobacillus johnsonii LC1, Lactobacillus reuteri
ATCC55730) usedh this study were cultivated in MRS broth (Difcand incubated at 37°C for 24
hours. The strains were inoculated in triplicate aatfinal inoculum concentration of 4*10
bacteria/mL (with the bacteria from cultures grosurernight to the stationary phase). The bacterial
cell concentration of the overnight culture wasedained microscopically with a Neubauer
improved counting chamber (Marienfeld GmbH, Laudarigshofen, Germany). The medium used
to test the growth with different sugars was APl GHL medium without glucose, prepared at
different dilutions. The medium was added with &%9.concentration of different sugars (di- and
oligosaccharides): glucose (as positive contraiylim, blastose and a commercially available
mixture of FOS (Actilight®) (Taveriniti et al., 2@). In vitro experiments were carried out in 384
well plates, filled by means of an automated pipgttsystem epMotion 5070 (Eppendorf,
Germany). The microbial growth was monitored withsgectrophotometer (MicroWave RS2,
Biotek, USA) programmed for 145-290 readings (OD 6fn) every 10 min for 24-48 h at 37°C. At
the end of the incubation, the Vmax and the finBl & 600 nm were calculated using the software
Gen5 (Biotek, USA) and reported as the mean of inekependent measurements + standard
deviation (Arioli et al., 2014).
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Analytical HILIC-HPLC

The samples were analysed by HPLC with a quateqmamyp Delta 600, Waters coupled to a 5 um
Luna-NH 100 A column 4.6*250 mm (Phenomenex) with an isticrelution in acetonitrile:water
78:22 at 1 mL/min. The detector was a refractiatein2410, Waters. Under these conditions the
following retention times were observed: Fructoseriin, Glucose 8.8 min, Saccharose 11.7 min,
Blastose 13.4 min, Neo-kestose 16.5 min, 1-kest9sk min, 6-kestose 23.2 min, Neo-nistose 25.2
min, 1-nistose 27.5 min, 1-Fructofuranosylnisto8e33min.

Semi-Preparative HILIC-HPLC

The semi-preparative purifications were performethva commercially HPLC system composed
by a Hitachi LaChrom L-7100 pump available from kleequipped with a Sedex 75 evaporative
light scattering detector (ELSD) available from &exd The chromatographic separation of products
was performed with a Luna NHO00 A column (250 x 10 mm, particle sizeuB, Phenomenex,
Aschaffenburg, Germany) kept at ambient temperature

The following gradient of was used:

- 0’-30’ acetonitrile/water (80:20 v/v);

- 30’-35’ switching to acetonitrile/water (50:504y/

- 35’-40’ acetonitrile/water (50:50 v/v)

- 40’-45’ switching to acetonitrile/water (80:20vy/

- 45’-60’ acetonitrile/water (80:20 v/v)

The flow rate was set to 4.7 mL/min. The temperif detection was set to 52 °C. EZ Chrome
Elite software by Agilent was used for data manag@m

Calculation of the T/H index
The T/H index was calculated, using the followirgation:
T/H = ([glucose] — [fructose])/[fructose].

Eq. 1. Transfructosylation number (T.N.)
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Productivity

The productivities for batch and flow biotransfotimoas were calculated at the same degree of
conversion using the following equations: (Tambiokiret al 2012)

(pmol/ min g)

np
Tbatch = t x mg

EQ. 2. kaen batch productivity; np: amount of the productird&rest (umol); t: reaction time (min);
me: mass of the catalyst used (g).

[P] = f

mg

Tow = (lmol/ming

Eq. 3. fow: flow productivity; [P]: concentration of the proct of interest (umol/uL); f: flow rate
(uL/min); me: mass of the catalyst packed in the reactor (g).

Continuous flow biotransformation using dry alginate mycelia in a packed bed
column

Dry Alginate beads (2 g) and celite (1:1 v/v) weeeked into an Omnifit® glass Column (15 mm
id x 150 mm length). Each gram of alginate beadsethwith the same volume of celite, can fill
about 6 mL of the inner volume of the column. Theling of the dried beads was achieved with
an acetate buffer solution (20 mM, pH 6) beforermmting the column. A flow stream of 600 g/L
sucrose solution in 20 mM sodium acetate buffer @Hwvas pumped through the packed bed
column, at different flow rates, in order to obta@sidence times from 5 hours to 30 hours. The
appropriate temperature was set by the R4 bloctehe& 100 pL aliquot of the exiting flow stream
was diluted with water (1:3), the sample was fédteon a 0.45 pum nitrocellulose filter and analysed
by HLIC-HPLC.

Glucose oxidation with Gluzyme MONO 10000 BG

The mixture obtained under optimised conditionsra®0 hours of residence time has been exposed
to the biocatalytic activity of a Glucose Oxidaseparation from Novozymes (Gluzyme MONO
10.000 BG) in batch (Dey Chyi Sheu et al 200b)a 600 g/L mixture (20 mL) in acetate buffer 20
mM (pH 6) Gluzyme powder (800 mg, 400 U/mL) and ©8@800 mg) were added. The resulted
suspension was stirred at 35 °C insufflating aia #ibw rate of 7 mL/min. The produced gluconic
acid precipitated as calcium salt in the reactiaslki. At different times, aliquots (100 pL) were
withdrawn, diluted with water (1:3) and incubatext 10 min at 90 °C to inactivate the enzyme.
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Each sample was filtered on a 0.45 pum nitrocelkilbiter and analysed. After 24 h the whole
suspension was centrifuged at 14000 rpm for 30 fiti@red on a cellulose filter paper and used for
preparative HPLC purification.
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Results and discussion

The use of lyophilised mycelium dfladosporium cladosporioideMUT 5506 in freshwater
allowed the production a high variety of FOS: ksst¢1-, 6- and neo-), nystose (1-, 6-, and neo-),
1-fructofuranosylnystose and, interestingly, blastaZambelli et al 2014; Zambelli P. et al 2014).
We were interested to implement the productionhef new mixture of FOS using the mycelium
into a meso-flow reactor. Whole microbial cells da@ packed into a glass column reactor as
suchref or, in the case of difficult-to-handle naicrganisms, they can be immobilised to avoid an
excessive increase of flow resistance. Using mga&liC. cladosporioideswe found necessary to
immobilize the cells. Dried alginate entrapped (OB¥E)-mycelium was identified as the
appropriate kind of immobilization because it appdato be suitable for the application in a
continuous flow reactor, due to the good stabititier the time and during subsequent cycles of
biotransformations (Tamborini L. et al 2012). Moven alginates are economic and ease to prepare
(Fernandez-Arrojo et al., 2013). However, in thécbhgprocess, the higher conversion (total FOS
amount ~ 54% (w/w)) was achieved after a prolongedtion time (96 hours) and blastose appears
only after 48 hours with a maximum (4.9% (w/w))1&8 hours. In this contest, the use of a packed
bed reactor could increase the speed and the graitiiof the biotransformation

Optimization of reaction parameters in a packed beatontinuous flow reactor

To rapidly optimize the reaction parameters, wesaered the transfrucosylation/hydrolysis ratio
(T/H index), which indicates the transglycosylatimte. A glass column (10 mm id x 100 mm
length) was packed with the DALGEE-beads and a @§Q0sucrose solution in 20 mM acetate
buffer (pH 6.0) was flowed through it (Scheme lpaifiborini L. et al 2012). To avoid any
unwanted and uncontrolled increase of the presa@lde (alginate beads: celite = 1:1 v/v) was
mixed to the alginates before the packaging. Ia ty, no over-pressure was observed over the
time.

Immobilized CF,15
+ celite
packed bed

HPLC pump

FOSs mixture
600 g/L sucrose solution

pH = 6 Acetate buffer 20 mM

Scheme 1. Schematic representation the continystsns configuration used for pressure and
temperature optimization. BPR: back pressure retgula
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First, the temperature effect on the T/H index exaluated (Figure 2). The residence time was kept
constant at 5 h and the temperature was variedeeet®5 °C and 70 °C. The highest T/H index
was obtained at 35 °C, with a value of 4.0 £ 0.2.
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Temperature °C
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Figure 2. T/H index in function of the temperatu@@nditions: [sucrose]: 600 g/L in acetate buffer
20 mM (pH 6); alginate beads: 1 g; celite: 1 g;idEnce time: 5 h; atmospheric pressure.

Then, the effect of the pressure on the biotransition was evaluated, keeping the temperature
constant at 35 °C. Pressurization of the system eamily achieved applying in-line different
backpressure regulators (40, 75, 100 and 250 eikignificant differences in the T/H index were
observed (Figure 3) and, for this reason, we delcid# to use any back pressure regulator to avoid
any negative influence of the prolonged pressudmabn the stability of the enzyme and/or

alginates over the time
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Figure 3. T/H index in function of the pressuren@itions: [sucrose]: 600 g/L in acetate buffer 20
mM (pH 6); alginate beads: 1 g; celite: 1 g; reside time: 5 h; T = 35 °C.

Stability of the packed bed alginate beads over tim

To evaluate the stability of the packed bed algna¢ads over time, the conversion at 5 h of
residence time was evaluated during 7 days of goatis work. The reaction outcome was firstly
checked after 5 hours of residence time and, teeary 24 hours. A similar concentration of

residual sucrose was observed in the monitorediosatime (Figure 4). The same packed column
was then washed with the acetate buffer 20 mM anderved at 0 °C for two months. The column
was used again under the same reaction conditimha aimilar conversion was obtained.
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Figure 4. Sucrose residual concentration duringayslof continuous work. Conditions: [sucrose]:
600 g/L in acetate buffer 20 mM (pH 6); alginatels: 2 g; celite: 2 g; T = 35 °C; atmospheric
pressure.

Kinetic profile of the packed bed continuous-flow Iotransformation

In our previous works, we elucidated the kinetiofie of the biotransformation catalysed by
lyophilised mycelia ofC. cladosporioidesn conventional buffer and by the correspondirgreltes
both in buffer and in seawater (Zambelli P. et@l4). Considering the biotransformation catalysed
by DALGEE-mycelium in acetate buffer (pH 6), theimaroducts were 1-kestose, 1-nystose, 1-
fructofuranosylnystose and blastose, with a maxincamcentration of 138 g/L (72 h), 97 g/L (96
h), 15 g/L (96 h) and 30 g/L (168 h), respectivélieo-kestose, neo-nystose and 6-kestose were
found in later stage of the biotransformation (a#8 h of reaction time), with a concentration
below 12 g/L (Zambelli P. et al 2014).

In flow, working at atmospheric pressure and arapgerature of 35 °C, we considered the residence
time and we evaluated the conversion in terms t#l tamount of FOS formed (Figure 5). The
maximum amount of FOS (52.3 % (w/w)) was reache@®th of residence time and remains
constant up to 30 h. At 20 h of residence time cthrecentration of FOS was 313 g/L, as represented
in figure 5, with a concentration of 1-kestose,yktnse and 1-fructofuranosylnystose of 139 g/L, 86
g/L, 39 g/L, respectively and a concentration af-kestose, 6-kestose and neo-nystose of 9 g/L, 6
g/L and 6 g/L, respectively. It is worth noting thim only 10 h of residence time, a 47.4 % (w/\f) o
conversion was reached and that the total amouQ$ slightly increases in the following 10
hours. A similar conversion (48% (w/w)) was obtairie batch after 72 hours of reaction (Zambelli
P. et al 2014).
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Figure 5: Total FOS amount at different residenioges using a packed bed continuous flow
reactor. Conditions: [sucrose]: 600 g/L in acetdteffer 20 mM (pH 6); alginate beads: 2 g; celite:
2 g; T = 35 °C; atmospheric pressure. The maximurowarof FOS was 310 g/L in 20 h.

After only 5 hours (residence time), blastose caidentified in the reaction flow stream (Figure 6)
After 20 hours, it reaches a concentration (28 gihbjilar to the higher obtained in batch (30 g/L)
after 96 hours. Moreover, in the following ten ®off residence time (30 hours total), the amount
increases up to 31 g/L of the total solution. Nestkse, neo nystose and 6-kestose were formed in
a concentration below of 12 g/L.
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Figure 6. FOS composition at different residenogets using a packed bed continuous flow reactor.
Conditions: [sucrose]: 600 g/L in acetate buffer2® (pH 6); alginate beads: 2 g; celite: 2 g; T =
35 °C; atmospheric pressure.

Productivity

To compare the batch and flow efficiencies for @S production, we determined the productivity
values (Tamborini L. et ak012) for both total FOS and blastose, at differgaiction times, in
these two different environments. We calculated gheductivity for the batch biotransformation
after 72 hours (total FOS ~ 48% (w/w)). In thesaditions, we obtained a complex mixture of
different FOS, with different degree of polymeripat and structures, with a productivity of 1.82
mg/g*min. In flow, a similar FOS concentration (4%) was reached with a residence time of 10
hours. In these conditions, the productivity vales equal to 3.07 mg/g*min, about 1.7 times the
productivity obtained in batch. Considering blastothe maximum value (30 g/L) in batch was
reached after 168 hours. This corresponds to auptivity 0.08 mg/g*min. In flow, a similar
concentration of blastose was obtained after 10<hofiresidence time: the productivity is 0.18
mg/g*min, about 2.3 times the productivity obtainedatch.

Continuous production of FOS using the packed bedontinuous-flow system

After the optimisation of reaction parameters, weleited the packed bed flow system for the
continuous production of the new mixture of FOS. $kected a residence time of 20 h because the
higher amount of total FOS is formed, including .6%4 (w/w) of blastose, and we followed the
production over 7 days of continuous work, as repnéed in figure 7. It is important to note that,
using the flow system, once fixed the residence timconstant mixture of FOS is produced. This
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feature represents a good implement compared tbatwd biotransformation in which the reaction
needs to be stopped before the hydrolysis stamse¢ocome the transfructosylation. The total FOS
amount remains in a range of 51.7-53 % (w/w) dutimgmonitored reaction time..

100 - )
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90 —a& — Glucose
80 —&— Sucrose
< 70 ==»=-FOS
g 60
'§ 50 X"*"'X‘"*"JE’"*"%"*"‘Z
< ’
8 40
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Figure 7. Continuous production of FOS under opgidli conditions. Conditions: [sucrose]: 600
g/L in acetate buffer 20 mM (pH 6); alginate bea®g); celite: 2 g; T = 35 °C; atmospheric
pressure.

Removal of glucose from the FOS mixture and blastespurification

Glucose is the (undesirable) by-product in the Hwsis of FOS catalysed by
transfructofuranosydases (Dey Chyi Sheu et al 20@1the exiting flow stream, glucose represents
the 26% (w/w) of the mixture and it complicates tharification of the FOS mixture, and, in
particular, of blastose. Therefore, we exploited emzymatic method for glucose removal by
oxidazing it to gluconic acid using a commerciadlyailable glucose oxidase; gluconate can be
precipitated as calcium salt ans easily removedy (Dkyi Sheu et al 2001). A 600 g/L mixture,
obtained under optimised flow conditions, contagnFOS (53% (w/w)), sucrose (11% (w/w)) and
by-products (glucose 26% (w/w) and fructose 10%n\/in acetate buffer (20 mM, pH 6), was
exposed to the biocatalytic activity of a Gluzymregaration in batch (Gluzyme® mono 10000 BG,
from Novozymes). The biotransformation was followddring 24 hours and, after that time,
glucose shows to be less than 5% of the mixturesreds the absolute amount of the other
saccharides remains unvaried. The reaction mixttas centrifuged at 14000 rpm for 30 min to
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recover the supernatant without calcium glucon@ke obtained solution was filtered and purified
by semi-preparative HPLC. From 3 mL of solution,rB§ of blastose was obtained in 97% purity.

First in vitro evaluation of blastose prebiotic effect

In the last decade the concept of “prebiotic”, swdis that selectively stimulate the growth and
activity of health-promoting Lactobacilli and Bifidacteria, has assumed much interest in terms of
improving human host health (Gimeno-Perez et &142. In order to investigate the ability of
probiotic strains to use blastose as sole carbamcsoand thus its suitability for a potential
application in symbiotic-prebiotic mixtures, anvitro fermentation study was carried out on 5 well
characterised probiotic Lactobacillus strains, exath cultivate than Bifidobacterid:. paracasei
DG (Ferrario et al, 2014),. rhamnosusGG (Segers and Leeber, 2014);paracaseiSHIROTA
(Aoki et al., 2014)L. johnsoniiLC1 (Isobe et al., 2012);. reuteri ATCC55730 (Di Nardo et al,
2014). In detail, the growth of the Lactobacillusags in presence of glucose (considered as
positive control) was compared to that obtainedprasence of blastose or other well known
prebiotic substrates, such as inulin and FOS, tpkitto consideration their growth kinetic
parameters (Vmax values) and the final OD. Thelt®sne summarised in Table 1:
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Table 1Growth parameters (OD 600nm and Vmax) of probiadiegng the in vitro prebiotic assay

L. paracasei L. rhamnosus L. paracasei L. johnsonii L. reuteri
DG GG SHIROTA LC1 ATCC55730
Vmax Vmax Vmax Vmax Vmax
oD oD oD oD oD
Carbohydrate (2/h) (2/h) (a/n) (2/h) (a/n)
Glucose 0.63 0.78 0.63 0.99 0.63 0.72 0.52 0.5 1.50.1
FOS 0.74. 0.84 nd nd 0.24 0.13 0.39 0.35 0.15 0.21
Inulin 0.76 0.79 0.30 0.32 0.25 0.21 0.24 0.25 nd d n
Blastose 0.78 1.20 0.32 0.60 0.37 0.57 0.47 1.13 ndnd

nd: not detected growth after 48h of incubatioB&C

Standard deviation below 5%
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All the Lactobacillus probiotics were able to grbvim presence of blastose as carbon source, except
for L. reuteri strain, unable to growth even in presence of mudind showing a poor efficient
growth on FOS, as clearly deduced by the OD andX/madues. Among the probiotics testéd,
paracaseiDG showed the most efficient growth in presenc¢hefnon-conventional disaccharide,
with an increase of the final OD of 20% and a higtimax (>36%) respect to the positive control
glucose, thus suggesting a growth stimulation &féthe blastose. Analogous result was obtained
for L. johnsoniiLC1, but in this case only the Vmax value was pedy affected, suggesting an
efficient intake and catabolism of the sugar, bithva lower efficiency compared to the glucose.
The growth of the other microorganisms in presesfddastose was generally less efficient than the
growth of the positive control, but comparable wiitle other prebiotic substrates, in terms of final
biomass produced and Vmax reached during the groWtkese positive results provide a first,
preliminary evidence on the potential in vitro poele effect of the newly isolated blastose.
Neverthless, further in vitro and in vivo studigs aeeded in order to assess the effect of the new
compound on other probiotic microorganisms angdssible use in prebiotic formulations.
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Conclusions

A continuous production of a new mixture of frudigosaccharides was performed exploiting the
innovative combination of immobilised whole cellgtwa continuous flow chemistry reactor. The
non-conventional disaccharide blastose was prodaced isolated by HPLC in a pure form to
preliminary evaluate the in vitro prebiotic effe€he technological transfer operated moving from a
classical batch system to an innovative flow enwinent allows the obtainment of significant
improvement, in terms of FOS (1.7 times) and bkest{@.3 times) productivities.

Blastose presents prebiotic properties similan@nebetter than that of the reference prebioties, i
inulin and a commercialised FOS mixture (Actilighthis result represents the first indication that
blastose has an influence on the growth of nongughic microorganisms and this can justify in
vivo assays conducted on animal models or humamteérs to ensure its prebiotic properties.
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Purification and biochemical characterisation off3-
fructofuranosidase from C. cladosporioides
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Materials and methods
Chemicals

Sucrose, glucose, (D-)fructose, DEAE Cellulose DES2phadex G50, Tetrazolium chloride
(TTC), 3,5-Dinitrosalicylic acid (DNS) and Protedséibitor Cocktails were from Sigma Aldrich.
1-kestose, 1-nystose were from Fluka. 1-Fructofosgimystose was from Megazyme. Actili§ht
was from Beghin Meiji. Yeast extract was from Difand barley malt flour from Diagermal. Malt
extract was from Merck. All other reagents and entg were of the highest available purity and
used as purchased.

Culture production

C. Cladosporiumwas routinely maintained on MYA slants (Barley tftdur 100 g/L, yeast extract
5 g/L, agar 15 g/L, pH 5.6) at 4 °C. The straimpvgn on MYA slants for 96 h at 28 °C, were
inoculated into 1 L Erlenmeyer flasks containin@ 10L of the liquid medium MYA and incubated
on a reciprocal shaker (150 rpm) for 96 h at 28 Ader centrifugation, the cultures were
lyophilised.

Test of activity

The enzymatic activity was measured toward sucbysmeasuring the release of reducing sugars
by the dinitrosalicylic acid (DNS), method adapteda 96-well microplate scale (Heyer G. and
Wenderburg R., 2001). A calibration curve was penfed with a 3 g/L fructose solution.
Lyophilised mycelia 10 g/L were incubated with 1 mE a sucrose solution 100 g/L in buffer
acetate 20 mM pH 6.0 for 20 min at 50°C and 90 pdnuL of the solution conveniently diluted to
fit into the calibration curve, were added to eaeii.virhen, 50uL of 10 g/LDNS were added. The
plate was incubated for 20 min at 80°C to develdpwr with a seal plate tape (GeneMate). Then,
the microplate was cooled, 110 of water added to each well, and the absorbarezsared at 540
nm using a microplate reader (model Versamax, MadéecDevices). One unit (U) of activity was
defined as that catalysing the formation ofirhol reducing sugar per minute under the above
conditions.

Cellular extract preparation
40 g (wet weight) of mycelia were diluted 1:10 (Jwnvith buffer TRIS 50 mM pH 7.4 with 30 mM

of NaCl and 1 mg/L of Protease Inhibitor Cocktadlfier homogenisation a cycle of French press at
37 Kpsi was performed to extrapolate the maximurowarhof the total proteins.

Protein purification

The resin utilised for the purification of enzymesvDEAE Cellulose DE52 anionic exchange;
equilibrated with TRIS 50 mM pH 7.4 and eluted watlstep gradient (0-10%-25%-50%-100%) of
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TRIS 50 mM 1 M NaCl. The HPLC chromatography foe thurification was performed with pump
waters 600 E and Waters double U.V. detector 248@. columns used were a Mono Q/S 5/50
Amersham Bioscience anionic exchange equilibratéd WRIS 50 mM pH 7.4 and eluted with a
linear gradient (0-100%) of TRIS 50 mM 1 M NaCl aad Superose 12 GE Healthcare Life
Sciences gel filtration eluted with isocratic TRES mM pH 7.4 0.15 M NaCl. The active fraction
was dialysed and stored at -20 °C. Coomassie Itdireesl sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE) of the samples omefil the purity of th@-fructofuranosidase.
Full range protein markers (Bio-Rad) were used asrdrol. The samples were concentrated using
the Ultracel Ultrafiltration Disc (Millipore) 76,4 23 mm 10 kDa cut off3-fructofuranosidase
activity was detected in situ by native electragsts 8% polyacrylamide gels, using Tetrazolium
chloride (TTC) method as described previously (BRadez-Arrojo L, et al 2013). Invertase fr@n
cerevisiaewas used as positive control. The native molecwight of the purified enzyme was
estimated by gel filtration HPLC with Superose 1E Glealthcare Life Sciences eluted with
isocratic TRIS 50 mM pH 7.4 0.15M NaCl. Ferritin5@tkDa), aldolase (158 kDa), ovoalbumine
(44 kDa) and cytochrome c (12.5 kDa) were useat®&uwmn calibration.

Kinetic analysis

The Michaelis—Menten kinetic constants were deteedhiusing purified protein with sucrose (0—
1.2M) and 1-kestose (0-0.8 M). The plotting andlgsia of the curves was carried out using the
SIGMAPLOT program (version 10.0). Kinetic paramsterere calculated by fitting the initial rate

values to the Michaelis—Menten equation V= VmaX¥&j[1/S].

Mass spectrometry analysis

The unknown carbohydrate was analysed by MALDI-T@ERss spectrometry (Bruker, model
Ultraflex Il TOF-TOF) using 2,5-dihydroxybenzoicid doped with sodium iodide as matrix, in
positive reflector mode. The identification of tharified protein was carried out on a PerSeptive
Biosystems (Framingham, MA, USA) Voyager DE-PRQrimsent equipped with anNaser (337
nm 3 ns pulse width). The sample was loaded oaialass steel plate together with 1 mL of CHCA
matrix (10 mg in 1 mL aqueous 50% ACN). Mass speetcquisition was performed in both
positive linear and reflectron mode.
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Results and Discussion

Protein purification

The initial concentration of proteins was 0.55 g¢gfi a final volume of 0.4 L, with &-
fructofuranosidase activity of 3 U/L (1200 totalitsh The first purification step was an anionic
exchange gravimetrical chromatography with a DEEr, the U/L was 78 in a volume of 12 mL
and the total enzymatic units were 978. Two stép$Ri_C with column anionic exchange Mono Q
5/50 were performed, these results in an activity2as U/L in a volume of 2 mL, the total units of
enzyme were 252. The last step was a HPLC withneolsize exclusion Superose 12. The total
units were 51 with an activity of 3 U/L in 17 mL fifial volume. Purified fractions of enzyme from
C. cladosporioideshown a single homogenous peak by analytical sizkigon chromatography,
which corresponds to an estimated molecular maé8 &bDa as show in Figure 1.

0 5 10 15 20 25 30

retention time (min)

Figure 1: Cladosporium cladosporioides estimatidmative enzyme size. Purifige
fructofuranosidase, was analysed by gel filtratidALC isocratic TRIS 50 mM pH 7.4 0.15 M
NaCl. Chromatograms indicates UV absorbance (Algrred to time. Peaks eluted at 20.1 min
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Table 1: purification steps and quantification atiaity and proteins

I Bradford Total volume Total proteins
Purification step (mg/mL) (mL) (r%g) U/mg U/mL U tot
French press 0.55 400 220 1.11 3 1200
DEAE 2.33 12 29 33.71 78 936
HPLC Mono Q 1 1.32 12 17 48.23 63 756
HPLC Mono Q 2 1.61 2 3 78.87 126 252
HPLC Superose 12 0.06 17 1 94.57 3 51

An electrophoresis SDS-PAGE was performed withpiinéfied fraction and only one band of about
50 kDa appeared with Blue Coomassie colorationufei@)

200 kDA ——
150kDA—

100 KDA ===
TH KDA =—==Sui—

S50KDA —— e

FTKDA e -

25 KDA == S

Figure 2 SDS-PAGE analysis of the purified enzyme. Aftefipation the active fracion was
subjected to SDS-PAGE 10 % polyacrylamide. Larelllrange protein markers (Bio-Rad). Line
2, active purified fraction: only a band about 50& was revealed (Coomassie)

Other invertases, such Béchia anomala(Rubio M.C. et al 2002) and. dendrorhougHeyer G.
and Wenderburg R., 2004d)e dimeric or multimeric enzymes, which have aerage molecular
weight of 60-65 kDa for the nonglycosylated-mondmeobrm. Several enzymes have been
described such as that froR. glutinis (around 47 kDa) (Boer E. et al, 2004) aAdxula
adeninivorangabout 100 kDa) (Sanjay G. et al 2005). The adtivens of these two enzymes exist
as a dimer (100 kDa), and a hexamer (600 kDa)ectisgly.
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Kinetic properties

The kinetic constant Km was calculated using suwcrasd 1-kestose as substrates. The results
shown a Km value with sucrose of 129 + 6 mM andmaX of 2.2307 + 0.04 U/mL. Data are
presented in Figure 2. The value of Kcat was catedl in 2.88 + 0.04 1&nd Kcat/Km 22.3 + 1.4
1/M's. A similar value (130 mM) of Km was obtained witke yeasiSaccharomyces cerevisiae
with immobilised enzyme, pH 5.0, 30°C (Rubio M.@daMaldonado M.C. 1995) whilgspergillus
niger shown a Km value 062.5 mMwith sucrose (Martel C.M. et al 2010). The othebtate
tested was 1-kestose and the Km valueColCladosporioidesvas calculated in 268 + 6 mM as
shown in figure 3.

2,8
2,6 1
2,4 1
2,2 1
2,0 °

1,8 A

U/mL

1,6
1,4
1,2 1
1,0

0,8 A

0,6 T T T T T T T
0,0 0,2 0,4 0,6 0,8 1,0 12 14

[sucrose] Mol/L

Figure 2: kinetic analysis of C. Cladosporioideshwéucrose [0-1.2 M]. Km 129 +6 mM, Vmax
2.2307 £0.04 U/mL and Kcat 2.88 £0.04 1/s and fi€m 22.3 +1.4 1/M*s
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Figure 3: kinetic analysis of C. Cladosporioidesiwl-kestose [0-0.8 M] Km 268 +6 mM, Vmax
0.0328 £0.0023 U/mL, Kcat was estimated in 0.08384003 1/sand Kcat/Km 0.124 £0.014 1/M*s

The values of Km fronbactobacillus paracaseandAureobasidium pullulanwith 1-kestose were
of 49 mM (Yoshikawa J. et al 2007) and 700 mM (Goo€£.et al 2007) respectively. We can
deduce from these data a pronounced variabilithenaffinity with 1-kestose. The Vmax calculated
result in 0.0328 + 0.0023 U/mL and the value of Keas estimated in 0.0334 + 0.003 1/s.
Kcat/Km results in 0.124 + 0.014 1/81 Table 2 resume the kinetic value.

Table 2: kinetic parameters with different substgat

Km Vmax Kcat Kcat/Km
(mM) (U/mL) (1/s) (2/M*s)
sucrose 129+6 2.83+0.04 2.88 £ 0.04 223+14
1-kestose 268 + 6 0.0328 + 0.003 0.0334 + 0,003 24+#0.014
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Mass spectrometry analysis

A mass spectrometry MALDI-TOF analysis study wasfqrened on the protein, showing a MW of
61178 Da. A trypsin digestion was performed and ftagments analysed but we did not found
match in databases. The molecular study of theeproivas stopped until protein sequence
elucidation.
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Title: Production of fructooligosaccharides by mycéum-bound transfructosylation activity
present in Cladosporium cladosporioides and Penicilium sizovae

Article Type: Full Length Article

Keywords:
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Corresponding Author: Dr Francisco J. Plou,

First Author: Paolo Zambelli
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Abstract:

Different filamentous fungi isolated from molassasd jams (kiwi and fig) were screened for
fructooligosaccharides (FOS) producing activity. olstrains, identified a$enicilium sizovae
(CK1) andCladosporium cladosporioidg€F:15), were selected on the basis of the FOS yiald an
kestose/nystose ratio. In both strains the actiwiag mostly mycelium-bound. Starting from 600
g/L of sucrose, maximum FOS vyield was 31 % w/w && % w/w for P. sizovaeand C.
cladosporioidesrespectively. Interestingly, the highest FOS emi@tion with Ccladosporioides
was reached at 93% sucrose conversion, which itedica notable transglycosylation to hydrolysis
ratio. The main FOS in the reaction mixtures welentified by HPAEC-PAD chromatograph§.
cladosporioidesynthesised mainly 1-kestose (158 g/L), nystoSeg(®), 1F-fructosylnystose (19
g/L), 6-kestose (12 g/L), neokestose (10 g/L) ardisaccharide (34 g/L) that after its purification
and NMR analysis was identified as blastose [K&2+6)-GlIc]. P. sizovaaevas very selective for the
formation of 1F-FOS (in particular 1-kestose) witinor contribution of neoFOS and negligible of
levan-type FOS.
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Sweet-and-salty biocatalysis: fructooligosaccharide production using Cladosporium
cladosporioides in seawater

Article Type: Full length article
Keywords:
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First author: Paolo Zambelli
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Corresponding author: Diego Romano,
Abstract:

The halophilic fungugladosporium cladosporioideBIUT 5506 was used for the preparation of
fructooligosaccharides (FOS) from sucrose in seawat

C. cladosporioidesvas grown in a seawater-based medium and mycdiiisplayed an optimal
activity at 50-60°C, being stable up to 60 °C. Urajgtimised conditions in seawater (50°C, sucrose
600 g/L, lyophilised mycelium 40 g/L¥;. cladosporioidegave a maximum FOS yield of 344 g/L
with a preponderance of"FOS derivatives (1-kestose 168 g/L, 1-nystose 96 ghd dl-
fructofuranosylnystose 20 g/L), with the noteworfingsence of the non-conventional disaccharide
blastose (30 g/L). An immobilisation study was pemied using Dried Alginate Entrapped
(DALGEE)-mycelium, showing 51% conversion of totaligars into FOS using DALGEE-
mycelium ofC. cladosporioidem seawater after 96 h.
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Abstract:

A sustainable and scalable process for the pragluatf a new mixture of fructooligosaccharides
(FOS) was developed by using a continuous-flow @agn based on an immobilised whole cells-
packed bed reactor. The technological transfer faootassical batch system to an innovative flow
environment allows the obtainment of a significanprovement, in terms of productivities. The

FOS mixture contains the unconventional disacckabthstose, which was isolated by semi-
preparative HPLC and tested on eight differeattobacillusstrains to preliminary evaluate its

prebiotic effect.
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Gordon research conference, 7-11 July 2014, Bryakitniversity, Rhode Island, MA, U.S.A.
Development of new Biocatalytic Processes for Frumbligosaccharides Production

Paolo Zambelli, Lucia Tamborini, Lucia Fernandez-Amojo, Diego Romano, Samuele
Cazzamalli, Martina Letizia Contente, Francisco JPlou and Francesco Molinari.

Abstract

Commercial fructooligosaccharides are a mixtureligfomers with units of fructose linked h2-1
position of sucrose: kestose with three monomarmitsyGF2), nystose with four monomeric units
(GF3) and fructo furanosyl nystose with five moneimenits (GF4) (Maiorano A. E., 2008). FOS
have shown interesting properties such as: lowricaiatake (2 kcal/g), low glycemic impact,
prebiotic action favouring the development of Bifixhcteria and Lactobacillus, promotion of the
absorption of C& and Mdg*, lowering blood lipid levels and reduction totahotesterol and
triglycerides (Katapodis P., 2004). Enzymes able pgmoduce FOS are mostly fungal
fructofuranosidase (FF) or fructofuranosyltranssesa(FT).
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VIl Workshop on Biocatalysis and Biotransformations Ferradura resort, Buzios, Brazil
September 28-26"

“Flowcells and flowzymes”:biocatalysis in flowchenstry reactors

Martina Letizia Contente, Paolo Zambelli, Lucia Tanborini, Andrea Pinto, Paola Conti,
Diego Romano, and Francesco Molinari.

Abstract

Biocatalys is has a number of advantages, buticgtijpins are often hampered by low productivity
and difficulties in scaling up. A logical step fomproving the performances of enzymes and/or
whole-cell systems is to use them in flow chemistggctors, where productivities can be largely
improved. Flow-based applications has potentiabathges, such as: increased mixing efficiency,
controlled scaling factors, improved safety ratiagsl continuous processing capabilities. In a flow
reactor, reaction conditions (flow rate, temperatysressure) can be independently varied and
precisely controlled. This leads to high reprodilitiband greatly facilitates optimization allowing
different conditions to be rapidly investigatedowlprocesses are readily scalable either by running
the flow reactor for an extended time or by empigyinulti-channel parallel reactors.

RESULTS AND DISCUSSION

We are developing flow-based bioconversions, whemaobilised enzymes and whole microbial
cells are employed. We suggest to naming theseepses as “flowzymes” and “flowcells”,
respectively. Immobilised lipase B fro@andida Antarctica(flowzyme) and dry mycelia of
Aspergillus oryzagflowcell) were used for the enantioselective cliresterification of racemic
flurbiprofen in organic solvent. The use of flowzgnand flowcell dramatically improved the
productivity of the batch biotransformation, witerteficial effects also on the enantioselectivity.
The overall process can be implemented by addingndime purification step of the exiting
solution, consisting in a catch and release prétadoich allows the easy separation and recovery
of (R)-flurbiprofenethyl ester and (S)-flurbiproferthe latter was racemised and recycled.
Production of fructooligosaccharides (FOS) was aguashed with a flowcell system using Dried
Alginate Entrapped (DALGEE) mycelium @ladosporium cladosporioidesmprovement of the
reaction rates was observedusing the flowcellsegsystith a maximum yield of FOS (52%) in 24h,
while in batch mode a similar conversion was obsgérgnly after96h. DALGEE-mycelium .
cladosporioidesvas stable over 4 months in the flowcell systerterastingly, the unconventional
disaccharide blastose ([Fp{2—6)-Glc]) was produced among nystose and kestosacoSé
oxidation using commercially available glucose asie was carried out in different flow reactors to
assess configurations enabling the more efficientr@nsfer to the biocatalyst, allowing for high
enzymatic activity. This system was exploited td e a continuous biotransformation for the
production of FOS, where the by-product (glucosa)lad be in situ removed by its oxidation.
Finally, multienzymatic catalysed processes usigrade reactions (including redox reactions)for
preparing prostaglandin intermediates are now urededy for fully exploit the potential of
flowzymes and flowcells for practical applications.
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CONCLUSION

The performances of biotransformations can be ing@oby employing flowzymes and/or
flowcells; operational requirements of differenzgme-catalysed processes (i.e., organic solvents,
oxygen availability, substrate/product solubility@ed to be adjusted for obtaining high rates and
productivity. Flowzymes and flowcells appear to lil@ optimal solutions for many biocatalytic
applications
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Prospettive in Chimica Farmaceutica (NPCF8), Parma9-11 Giugno 2014

Development of chemoenzymatic continuous flow prosses for the preparation of biologically
active compounds

Lucia Tamborini, Federica Mastronardi, Samuele Cazamalli S. and Paolo Zambelli.
Abstract

Flow reactor technology represents one of the rteategjies introduced in recent years to advance
the sustainability of organic synthesis and shovemynadvantages compared with the classical
batch methods, such as increased safety, high atoafr reaction parameters, possibility of
automation, reduced manual handling, in-line peatfions, reaction telescoping and increased
contact surface between phases in biphasic orasiplsystems.1

Over the last few years, one of our research lassbeen focused on devising efficient continuous-
flow synthetic procedures to generate chemical dexity and produce pharmaceutically and
nutraceutically relevant compounds, exploiting tiee of immobilised reagents, scavengers and
catalysts in flow reactors (Scheme 1). This stmatiegl to the obtainment of a small library of
variously decorated thiazoles and imidazoles,h¢onbulti-step synthesis of N-Boc-3,4-dehydro-L-
proline methyl ester, the precursor of a numbernoh-natural amino acids active on the
glutamatergic system,3 and to the obtainment afres of bicyclicA2-isoxazolines, intermediates
in the synthesis of novel DNA methyltransferasatihitors.4

Recently, we also explored the innovative combaratdf biocatalysis with the flow chemistry
facilities, using both immobilised enzymes (e.g.vbmyme 435) and whole cells.5,6 The
application of whole cells in a flow reactor comdénthe advantages of an easy to produce
biocatalyst, that can be employed even without imilimation, with a process-intensification
technology, that can dramatically improve the penfances of biotransformations, in particular in
terms of productivity. At present, we are studymglti-phase enzymatic reactions in presence of
immiscible liquids or gases (unpublished results).
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XVII Workshop on the Developmentsin the Italian PhD Research on Food Science Technology
and Biotechnology, University of Bologna, Cesena, 19-21 September, 201

Development of new Biocatalytic Processes for Frumbligosaccharides Production
Paolo Zambelli
Abstract

This PhD research project is aimed at the developroEnew biocatalytic processes to produce
natural sugars by selection and characterisation nefv enzymes able to produce

fructooligosaccharides. Molecular and biochemitatlies will be performed to obtain information

on the mechanism of action and understand thetstaicelements that define the activity. The
enzymes will be evolved to obtain more efficientatysts by protein engineering. Separation
methods of the transformation products will be sdssessed, in order to obtain FOS in purified
form.
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18" Workshop on the Developments in the Italian PhD Research on Food Science Technology
and Biotechnology, University of Padova, Conegliano veneto 25-27 septber 2013

Development of new Biocatalytic Processes for Frumbligosaccharides Production

Paolo Zambelli

Abstract

This PhD research project is aimed at the developmiEnew biocatalytic processes based on the
selection and characterisation of new enzymes #&bl@roduce fructooligosaccharides (FOS).
Molecular and biochemical studies will be performedobtain information on the mechanism of

action and understand the structural elementsdefihe the activity. Separation methods of the
transformation products will be also assessedrderao obtain FOS in purified form.
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19th Workshop on the Developments in the Italian PB Research on Food Science Technology
and Biotechnology, University of Bari, 24-26 septaber 2014

Development of new Biocatalytic Processes for Frumbligosaccharides Production

Paolo Zambelli

Abstract

This PhD research project aims at the developmémtews biocatalytic processes based on the
selection and characterisation of new enzymes tabproduce fructooligosaccharides (FOS) from
sucrose. Molecular and biochemical studies will gerformed to obtain informations on the

mechanism of action and to understand the strdctlieanents that define the activity. Separation

methods of the transformation products will be sdssessed, in order to obtain FOS in purified
form
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