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Abstract






This PhD thesis research project was aimed at tsajedhe most appropriate
immobilisation carrier (i.e., Euper§itC 250 L and chitosan beads, named Chitopearls
BCW-3001, BCW-3003, BCW-3010, and HP-3020) for aaigase in terms of the
specific activity of immobilised enzyme under diffat operating conditions, such as
immobilization time, enzyme- or activating reagemearrier ratios, pH of the
immobilization buffer, and storage stability for deng as 30-170 days. The
performance of immobilised acid urease in modelewgnlutions with or without grape
seed tannins and real wines was assessed in bemdtale stirred bioreactors and
mathematically described by resorting to a conwerati diffusion-reaction model.

In particular, at the optimal glutaraldehyde-totokan bead ratio (Yacr)) of 0.625 g
g’ the specific activity (#;) of acid urease immobilised covalently onto porous
chitosan beads decreased from circa 300 to 70°iusef support as the bead average
diameter () increased from 0.14 to 2.2 mm. Generally; Aeduced less than 5% after
preservation in the wet form at 4°C for 150-170 da@nly the biocatalyst prepared
using the Chitopearl BCW-3001 lost about 40% ofinitial activity. The activity of
acid urease immobilised onto Eupergit® C 250L wamlker (19+3 IU ¢ ws) and
unstable. In fact, in the same storage conditiogsréduced to 6815% of the initial
activity after about 34 days.

The kinetics of urea degradation in the model wingiag these biocatalysts was of the
pseudo-first order with respect to the urea comaéinh in the liquid bulk, the apparent
pseudo-first order kinetic rate constanf)(kanging from about two thirds to one fifth of
that (kf) pertaining to free acid urease. In the operatiogditions tested, the reaction
kinetics was estimated as unaffected by the cartab of the external film and
intraparticle diffusion mass transfer resistand&hen the model wine solution was
enriched with the high-inhibitory tannins extractiedm grape seeds, at the maximum
level tested (37442 g GAE M) k; reduced to no more than (58+9)% qf khis proving
quite a higher protective action against such camge for the chitosan-based
biocatalysts towards free or Eupefgi€ 250 L-immobilised acid urease.

The kinetics of urea degradation in two targetidtal white (i.e., Grechetto and
Sauvignon Blancwines by using acid urease immobilised onto Egip®rC 250 L or
glutaraldehyde-crosslinked chitosan-derivativesdbe@hat is, Chitopearls BCW-3003



and BCW-3010), was confirmed to be of the pseudk-&tirder with respect to the urea
concentration in the liquid bulk, and not limiteg lrea mass transfer.

In Grechettoand Sauvignon Blanavines the apparent pseudo-first order kinetic rate
constants, when using Eupergit® C 250 L-, BCW-30@8- BCW-3010-based
biocatalyst, were quite similar, even if they reeldido about 7, 18 or 17% of that
observed for free enzyme in the model wine solytieapectively.

The chitosan-based biocatalysts resulted to be ri@e twice less sensitive to the
phenolic content of the wines tested than the Ei®rC 250 L-based ones, this
making the former potentially employable in the malp of packed-bed cartridges to

remove continuously urea from commercial wines.



Riassunto






Questa tesi di dottorato ha riguardato la selezidak supporto commerciale piu
appropriato (Euperdit C 250 L e sferette di chitosano, denominate Chiolg) per
immobilizzare ureasi acida valutando I'attivita sifiea dell’enzima immobilizzato al
variare di diversi parametri operativi, come il fond’'immobilizzazione, i rapporti
enzima:supporto (¥g) e reagente attivante:supportocpér), il pH del tampone
d’'immobilizzazione e la stabilita operativa per@Q70 giorni.

La cinetica d’idrolisi dell’'urea tramite i biocatz¢atori cosi ottenuti &€ stata determinata
sia in soluzioni modello con o senza polifenoliraitt da vinaccioli, sia in vini reali in
bioreattori ad agitazione meccanica da banco, mescola con il modello
convenzionale di diffusione-reazione.

In particolare, in corrispondenza del rapportonadie Yeacn=0.625 g & , I'attivita
specifica (i) dell'ureasi acida immobilizzata covalentementdlesuChitopearls
decresceva da circa 300 a circa 70 Udj supporto umido (ws) allaumentare del
diametro medio (g) della particelle di supporto da 0,14 a 2,2 mm.

Per i biocatalizzatori conservati in soluzione aspua 4°C A si riduceva meno del
5% dopo 150-170 giorni. Solo il biocatalizzatorebase di Chitopearl BCW-3001
perdeva circa il 40% dell'attivita iniziale. Per mtoo, [lattivita ureasica del
biocatalizzatore a base di Eupergit® C 250 L resdt non solo nettamente inferiore
(19+3 IU g* ws), ma anche piu instabile, in quanto nelle miedescondizioni di
conservazione adottate per i biocatalizzatori imiiedati su Chitopearls I'attivita si
riduceva al 6815% di quella iniziale dopo appena 34 giorni.

La cinetica d’idrolisi dell’'urea nelle soluzioni diino modello promossa da tutti i
biocatalizzatori in esame e stata descritta conmadello di pseudo-primo ordine
rispetto alla concentrazione di urea nel mezzoedrione e da un costante cinetica
apparente di pseudo-primo ording)(kari al 66-20% di quella del'’enzima liberosjk
Nelle condizioni operative esaminate, la cineticarahzione non era limitata dalle
resistenze al trasferimento di materia all’estexradl’interno del biocatalizzatore.

In presenza di tannini estratti da vinaccioli (3Z4¢ GAE m°), k; si riduceva al
(58+9)% di ks e cio dimostrava che i biocatalizzatori immobiéiizsu chitosano
esercitavano una migliore azione protettiva neifrooni di questi polifenoli rispetto

all’enzima sia libero che immobilizzato su Eupef@i250 L.



La cinetica di idrolisi dellurea nei due vini biam italiani prescelti Grechettoe
Sauvignon Blankin presenza di ureasi acida, immobilizzata suegip® C 250 L o su
chitosano pre-attivato con gluteraldeide (Chitolze®CW-3003 e BCW-3010), era
anche essa descritta tramite un modello di pseudwmp ordine rispetto alla
concentrazione di urea ed anche in questo casoermdimitata dalle resistenze al
trasporto di urea nel film esterno e all'internd biecatalizzatore .

Nei vini Grechettoe Sauvignon Blancla costante cinetica apparente di pseudo-primo
ordine relativa ai biocatalizzatori immobilizzati &Eupergit® C 250 L-, BCW-3003- o
BCW-3010 era abbastanza simile, anche se si ridudspettivamente al 7, 18 0 17%
del valore relativo all’enzima libero in vino mottel

| biocatalizzatori immobilizzati su chitosano sonsultati almeno due volte meno
sensibili alla frazione polifenolica presente nenivesaminati rispetto all’'ureasi
immobilizzata su Eupergit® C 250 L, il che permeghdbe di impiegarli per realizzare
reattori a colonna impaccata per la detossificaziarcontinuo di vini chiarificati.



1. Introduction

Ethyl carbammate (urethane, EC) is a naturally oooy component in all fermented foods and
beverages, being spontaneously produced by théaedetween urea and ethanol (Ougtal,
1988). Because EC has shown a potential carcinogastivity when administrated in high
doses in animal tests (Schlat&ral,, 1990), there is a great deal of interest irucety EC
levels in food products. In particular, a safe lefel5 mg n? has been so far recommended in
wines (Butzkeet al,, 1997).

Besides the numerous preventive actions to red@cke¥els issued by the U.S. Food and Drug
Administration, the hydrolysis of urea to NEnd CQ by acid urease (E.C.3.5.1.5) seems to be
a suitable way to avoid EC formation from such ecprsor (Butzket al, 1997). However, the
effectiveness of this treatment is highly dependanthe type of wine, content of inhibiting
factors (that is, in order of importance, fluoridealate, ethanol, and phenolic compounds), and
usage conditions (Triokt al, 1989).

The kinetics of urea hydrolysis was described byalified Michaelis-Menten reaction rate
expression, incorporating pH dependent kineticdstate inhibition, and noncompetitive
product inhibition by NH (Moynihan et al 1989). In model and real wines for urea
concentrations (S) less than 1 mof,racid urease kinetics was safely regarded of #eiqio-
first order with respect to S (Est al, 2007; Fidaleaet al 2006). Moreover, in model wine
solutions the pseudo-first order kinetic rate canstvas found to be largely greater (Fidad¢o
al, 2006) than that pertaining to some real winesbably because of the competitive inhibition
exerted by phenolic compounds (Estial 2007; Kodama, 1996; Triodit al, 1989).
Immobilisation of acid urease on inert carriers ldotnave the potential advantages of
significant cost savings, and improved stabilityresistance to shear or inhibitory compound
inactivation. Acid urease has been so far immodilipn various matrices (Matsumoto, 1993;
Selvamuruganet al, 2007; Zhouet al 2008). Continuous urea removal from sake by
immobilised acid urease has been applied in Japaa $988 (Matsumoto, 1993).

2. Mathematical Modelling

When using immobilized acid urease, it was assutnatdenzyme coupling to the supports of
choice did not affect the pseudo-first order kinatiodel of free enzyme, especially when S was
by far smaller than the Michaelis-Menten constanthe free enzyme (Fidaleet al, 2006).
Thus, the urea degradation rate referred to thievoiume of immobilized acid ureasgfiwas
expressed as follows:

rsi= ki S, ki =Kipe Yee (1)

where all the symbols are defined in tetationsection.

When using a perfectly mixed bioreactor, chargethwi volume (Y) of a solution with an
initial concentration of urea (§ and inoculated with a prefixed concentratiog,)cof wet

biocatalyst in the form of almost spherical bead \an average diameterpfdthe unsteady-
state material balance for the reagent S andittalinondition may be written as:

d
—%:kl_ ag (S, -Sg)=Qvgk,; S, (2)

S =S, fort=0 (3)
Equation (2) can be integrated with its correspogdnitial condition

S .
IN(Z5) =l @ cgy, Yoy ky (4)

LO
Provided that the semilogarithmic plot of the raetween the current (Sand initial ()
concentrations of ureas reaction time (t) in stirred bioreactors is ap@mately linear. In these
conditions, using free or immobilised enzyme, thedpct of g,, by Yps coincides with the free
(E) or immobilised (B enzymatic protein concentration dissolved or eispd in the liquid



phase. If the overall effectiveness fact@) (is intrinsically or approximately unitary, the
apparent slopes of In(f& o)-vs.-t are directly proportional to; Br E via the specific pseudo-
first order kinetic rate constant relative to theef(kis) or immobilized (k;) enzyme.

3. Material and Methods

A few lots of the commercial preparation NagaPs{Nagase Europa GmbH, Duesseldorf,
Germany), consisting of 96% (w/w) lactose and 4% w)wpurified acid urease from
Lactobacillus fermentunwere used. Their specific activity was found &xay throughout the
experimentation from 786 to 42@27 IU ¢, respectively, where 1 IU corresponds to the
amount of powder that liberates finol min® of ammonia from urea at 20°C, once it is
dissolved in 0.1 kmol fsodium-acetate buffer (pH 4.0) enriched with  &%33 mol ).

Two types of porous supports were used as listeddhle 1. An aqueous solution of
glutaraldehyde (GA) at 25% (w/v) (Sigma-Aldrich, Sbuis, MO, USA) was 10 times diluted
with 0.05 M potassium acetate buffer pH 5.0 (KABSH used as the support-activating reagent
solution.

The performance of free or immobilised acid ureas0°C was assessed in a model wine
solution (Fidaleaet al, 2006), and two real Italian whi@rechettoandSauvignon Blanavines.
The model wine solution was prepared by dissohdngstant amounts of urea (1 mol)n
tartaric (5 kg i), malic (2.5 kg ), and lactic (1.75 kg 1) acids, potassium metabisulphite
(0.2 kg m?), and ethanol (13% v/v) in deionised water andtadjusting the resulting pH to
3.5. All reagents were of the analytical grade. ektract of grape seeds (Grapt®C: Ferco
Oenologie, St. Montan, F), was used as a sourphafolic compounds, its moisture and total
phenolics contents (P) being 283 % (w/w) and 0.620.01 g of gallic acid equivalent (GAE)
per g of extract, respectively.

Enzyme immobilisation on Eupergisupports are here summarised: 0.6-1.2 g of drgsaad
30-35 cniof KPB7 at 20°C were charged into a 1503dPyrex flask, equipped with a portable
marine-type impeller rotating at 250 rev imfter soaking for about 24 h, 72-100 twf
KPB7, enriched with 16.0 or 24.0 kg%of Nagapsin and preconditioned at 20 °C, wereeddd
while the dispersion continued to be mixed. Afterubation for 24 or 48 h, the biocatalyst was
collected by vacuum filtration and washed twicehvid cni of KPB7.

For Chitopearl BCW-3001, the two methods ( absorption cross-linkage, A, and covalent
binding, B) described by Matsumoto (1993) werehiligmodified and tested. Method B was
then used for all other chitosan-derivative beatlgxperimental conditions are summarised in
Table 2.

Until use, all biocatalysts were stored in 0.05 Mgssium phosphate buffer pH 7.0, enriched
with 2% (v/v) isopropanol and 0.5 kg “methyl parabene, at 4°C to avoid microbial
contamination (Andriclet al, 2009).

In both methods, all filtrates and washing solwuiovere collected and diluted with KAB5 to a
constant final volume (250 or 500 &m

To assess the performance of free and immobiliggdl @rease in real wines, Nagapsin was
newly immobilised onto Chitopearls (BCW-3003 andB3010) using the method B and onto
Eupergif, all the experimental condition are reported ibl€a3. The protein concentration in
the immobilising solutions and overall filtrates svdetermined according to the method by
Lowry et al (1951) using the Total Protein Kit (Sigma, St. I9MMO, USA) and expressed as
bovine serum albumin equivalent (BSAE).

The amount of bound protein g protein loading (¥g), specific activity (&), and enzyme
(Ce) and activity {») coupling yields for any biocatalyst were estindatand reported in the
Tables 2 and 3.



Table 1 Main characteristics of porous matrices used irs thiork
BCW- BCW- BCW-

Parameter Eupergit® C250L 3001 3003 3010 HP-3020 Unit
Manufacturer R6hm GmbH(Darmstadt, D) Wako Chemicals GmbH (Neuss, D)

Bead size 130-210 74-210  177-42640-1190 1,900-2,500 pm
Average bead diameteryjd 180 142 300 1016 2,200 pHm
Water fraction () 3.4+0.2 84.6+0.4 91.0+0.6 86+1 80+1 % wiw
Table 2 Experimental conditions and specific activities pait mass of dry (ds) or wet (ws) support of acid

urease immobilised on EuperJi€ 250 L (Andrich et al, 2009) or a few GA-activathitosan beads
of different size.

Parameter Eupergit® Chitopearl Chitopearl Chitopearl Chitopearl Unit
C250L  BCW-3001 BCW-3003 BCW-3010 HP-3020

Mass of wet support m 601.3 1200 1001.4 1200.4 1200.2 mg

Support soaking volume Y 35 0 0 0 0 crh

Immobilising solution volume ¥, 72 70 70 70 70 cin

Nagapsiff conc. in the immob.cy 16 24 24 24 24 kg th

sol.

Protein conc. In the immob. salxg 881+14 886+17 895+17 885+4 893+7 g BSAEm

Initial protein mass 27} 63+1 62+1 63+1 62.0+0.3 62.5+0.5 mg BSAE

Prot. added per unit mass of wsp,Y  105.5 52 52 52 52 mg BSAEg
ws

Immobilising solution activity 4 13.9+0.1 17.3+0.1 15+1 17.8+0.1 19.8+0.4 Ig'MBSAE
Protein concentration in the  cp¢ 19249 29.3+0.4 48+ 1 48+ 1 85+3 GBSAE
filtrate

Filtrate volume Y, 250 500 500 500 500 ém
Protein bound on support PN 155 47.4 38.8 20.8 20.1 mg BSAE
Protein loading ¥ 25.8 39.5 38.7 17.3 16.8 mg BSAE g
ws
Specific immobilised enz. Agg 99+17 1494+1 1059+11 727+75 209+4 19 dgs
activity
Specific immobilised enz. Ay 19+3 308.2+0.1 2603 151+16 71+1 It ws
Activity

Immobilised enz. specific Agp 38161665 780513 6725469 8729+907 4239+79 1U BSAE
activity

Enzyme coupling yield (e 24.4 76.4 61.9 33.6 32.2 %
Enzyme activity coupling yieldZ , 2745 45+0.1 43.9+0.5 4945 21.4+0.4 %

To assess the time course of the hydrolytic pro@sni of the model wine solution, as such
or enriched with Grap'tdtiPC and the two real wines were poured into a 10b:gbber-capped
flask, pre-charged with given amounts of free (0.8kg m®Nagapsiff) or immobilised (1.25-
9.4 kg n?® of wet carrier) acid urease, under constant teatpes (20°C) and different stirring
(100 and 400 rev mit).

Samples (1ci were withdrawn from any flask for as long as P4k6and being assayed for
ammonium and urea by using the K-URAMR kit (Megaeymt. Ireland Ltd, Wicklow, IRL).
Any interference between the enzymatic kit and greged tannins was limited by diluting any
sample with an equal volume of an aqueous solutioraining polyvinyl-pyrrolidone (PVP) at
the same concentration of the grape seed extrasepr in the sample to be assayed.

The inhibitory effect of tannins on acid urease ivhitised on EuperditC 250 L (.25 kg ws
m?) was assessed by enriching the model wine solwtitim 5-1000 g rit of Grap'taifPC.
Further testing at 300 g“hof seed extract were carried out using GA-activateitosan beads
at1.2-3.1 kg ws M



Table 3 Experimental conditions and specific activitpEs unit mass of dry (ds) or wet (ws) support ofiaci
urease immobilised on Eupef§i€ 250 L and some GA-activated chitosan beads fefrelift size.

Parameter Eupergit® Chitopearl Chitopearl  Unit

C 250L BCW-3003 BCW-3010
Mass of wet support &0 1204.0 1200.7 1200.2 mg
Water fraction ¥w 801 755 793 % wiw
Immobilising solution volume Y 70 70 70 cm
Nagapsiff conc. in the immob. sol. cy 24 24 24 kg
Protein conc. in the immobilizing cpq 978 + 19 g BSAE m®
sol. 950 £ 24 913+4
Initial protein mass %7} 68+1 66 +2 63.9+0.3 mgBSAE
Prot. Added per unit mass of ws  p¥ 57 55 53 mg BSAE §ws
Immobilising solution activity Ao 16.8+0.2 16.2+£0.2 15.8+0.2  IU th@SAE
Protein concentration in the filtrate cp; 1061 47+1 93+4 g MBSAE
Filtrate volume \% 500 500 500 cth
Protein bound on support PN 15.3 43.2 17.3 mg BSAE
Protein loading ¥ 12.75 36.0 14.4 mg BSAE'gvs
Specific immobilised enz. activity & 51.3+0.4 1059 + 11 609 + 20 IUtgls
Specific immobilised enz. activity & 10.3+0.1 260+ 3 127 +4 IUgws
Immobilised enz. specific activity g 0.80+0.01 7.24 +0.07 8.79+0.29 IUTBSAE
Enzyme coupling yield e 22.4 64.9 27.1 %
Enzyme activity coupling yield N 48+0.1 47.2+0.5 56+2 %

4. Results and Discussion

Enzyme bounding and activity coupling yields and srage stability of immobilised acid
urease

Tables 2 and 3 reports the experimental conditiesesd to immobilise acid urease on the
carriers used, as well as the protein concentrgiiothe immobilising solution gg and overall
filtrate (Gy), protein bound on support ggh protein loading (¥s), immobilised acid urease
activity per unit mass of dry @) or wet (As,) support or protein bound £4), as well as
enzyme (&) and activity {,) coupling yields.

When using EuperditC 250 L, the protein loading for the biocatalysthilised with glycine
agreed with that obtained with other enzymes (Kwiezet al, 2006; Gomez de Segued al
2004). Despite a fast partial inactivation in tivetf5 days, the biocatalyst maintained as much
as 6&15% of its initial activity over the following 3Cag's (Andrichet al, 2009).

Use of the absorption cross-linkage method to inilisebacid urease on Chitopearl BCW-3001
gave rise to biocatalysts with specific activit{és,,) decreasing fromB00 to 230 1U/g ws as

Y cacri Was increased from 0 to 3 g of GA g/g ws, wheressaf the GA-cross-linking method
yielded a peak value ingh of 320+20 IU/g ws at ¥acni=0.625 g/g, such an optimal ratio
being also appropriate for the covalent boundingldbro-peroxidase to aminopropyl-glass
beads (Kadimaet al, 1990). Once the method B had been tested omwttiex Chitopearls at
Yencni=0.625 g d, the specific activity (A,) tended to decrease almost linearly from 310 to
71 IU/g ws with the logarithm of the average begaeter (Table 2).

For regarding the experimental conditions repoitethe Table 3, the specific activity and a
protein loading resulted to be quite near to thais@ined previously (Table 2), thus allowing
the preparation procedure for these biocatalystsetoegarded as quite reproducible. On the
contrary, the specific activity of the Eupefgl 250 L-based biocatalysts, prepared in this case
(~10 IU g* wet support, ws), was found to be slightly smatem that (19 1U § ws) pertaining

to the same biocatalysts attained earlier (Tahle 2)

Moreover, the enzyme coupling yiel¢:l was of about 65% for the smaller chitosan deireat
beads (BCW-3003), but reduced to 27 or 22% folahger (BCW-3010) or smaller (Eupefdit

C 250 L) particles, respectively. Finally, the waityi coupling yield {,) was of more or less
50% for the beads of the BCW series, but it droppeas little as 5% for the 180w Eupergif

C 250 L particles.



The biocatalysts obtained from Chitopearls of ti@&Band HP series exhibited less than 5%
loss in Ay, after preservation in the aforementioned buffet°&@ for 62 days. Only the specific
activity of the biocatalysts prepared using thet@iearl BCW-3001 tended to reduce by about
40% after 62-day storage. However, throughout tiwWing 78 days its residual specific
activity was found to be approximately constantl@is 1U g*).

Urea degradation rate by free or immobilised acid tease

By using a stirred bioreactor, the kinetic analysisfree or immobilised acid urease in the
model wine solution yielded a series of approxityali@ear semilogarithmic plots of (£5.0)
against t, thus confirming previous assumptions @ection 2). The slopes of such diagrams,
expressing the apparent pseudo-first order kimate constant (§, resulted to be proportional
to the free (B or immobilised (B enzymatic protein concentration dissolved or elispd in the
liquid phase.

When using EuperditC 250 L, the specific pseudo-first order kinetiter constant relative to
the free enzyme [k'=(8.5:0.3)x10° m* ! ¢! BSA] was estimated to be about 4 times greater
than that relative to the immobilized counterp#t(2.4:0.2)x10° m* h* g* BSAJ (Andrich

et al, 2009).

When using the chitosan beads,[k -0.13 In(¢)+1.2] exhibited an almost linearly decreasing
trend with In(q), this agreeing with the aforementioned trend gf-#s.-In(d,). Moreover, ki
was estimated to be 1.5-6 times greater thgnttkus confirming the greater performance of the
GA-activated Chitopearls of the BCW series withpess to Eupergft C 250 L and Chitopear!
HP-3020.

The semi-logarithmic plot of the ratio between tgrent ($) and initial () concentrations
of urea against time (t) for the two real white @srof concern when using free or immobilised
acid urease were approximately linear, in all caaeshown in Fig.1.

To check for the contribution of the external amdfdernal diffusion resistances to the overall
substrate reaction, independent estimates of e diffusivity in the bulk liquid (E) and in the
biocatalyst (), as well as the mass transfer coefficient) (i the case of immobilised
enzyme, were carried out by resorting to well knditerature relationships (Baley & Ollis,
1986; Gomez de Segued al, 2004; Kosmerkt al, 2000; Satterfielét al, 1963; Spielgt al,
1999;; Tagatsujet al, 1998; Treybal, 1968) on the assumption thad#msity and viscosity at
20°C of the model wine solution coincided with thaxf a typical white wine (KoSmeet al,
2000) with the same alcohol content. For all trecaialysts used, both the effectiveness factors
(Q) and ) were estimated as practically unitary, desfitslightly decreased from 0.9999 to
0.9996 as glincreased from 140 to 2,2Qn.

Also for the three biocatalysts used to removahunereal wines, both the effectiveness factors
(Q) and ) resulted have been estimated to be practicalijamyn as established for the
biocatalysts used to remove urea in model winetieoluThus, whatever the biocatalyst used
here, in a model wine solution and in real winds®e bverall urea degradation rate was
controlled by the reaction kinetics, being negligithe contribution of the external film and
intraparticle mass-transfer resistances. Despite sstimates were referred to biocatalysts with
a unitary tortuosity factortf, these would still hold even if was as great as 7, the typical
values for industrial catalysts ranging from 1 to 7
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Figure 1 Time course of urea degradation at 20°C for Greachéd) and Sauvignon Bland) wines when

using free enzyme (*,s1.2 kg m® Nagapsin®) or immobilised enzyme onto differentrives
(BCW-3003:0, @, s~ 1.25; BCW-3003#, [/, cz,= 3.13; Eupergit ® C 250 L4, ¢z~ 3.53 kg
m?3 wet carrier): Semi-logarithmic plot of the ratio taeen the current and initial urea
concentrations (8S_o) against time (t).

Effect of grape seed tannins on immobilized acid @ase kinetics

In accordance with previous findings (Estial, 2007) assessing that the activity of a killed cel
preparation, such as Enz&cacid Urease, was by far inhibited by the tannirgacted from
grape seeds, the model wine solution of concernemeished with 5-1000 g Fof the above
tannin source to assess its inhibitory effect om #ctivity of acid urease immobilized on
Eupergif C250 L. The resulting almost linear 1p(S.o)-vs-t plots allowed the experimental
pseudo-first order kinetic rate constant) (for immobilised acid urease to be determined as a
function of P. In the circumstances kénded to reduce hyperbolically in the range 600-g
GAE ni® with an inhibition constant about two times greatean that characterizing the
inhibitory effect of grape seed extract on freelagiease (Estt al, 2007).

Fig. 2 shows the semi-logarithmic plots for the mlodine solution as such or enriched with
about 300 g M of the phenolic source of choice when using thehifosan beads tested at
different concentrations so as to charge the dtiniereactor with almost the same enzymatic
protein content (51+3 g BSAE T Use of the least squares method yielded theageevalue
and standard deviation of the experimental&lues for such biocatalysts. At P=187+1 g GAE
m?, the k; values relative to Euper§ior chitosan-beads reduced to 20% (Andgtlal, 2009)

or 70+£10% of those pertaining to the model winausoh devoid of phenolics, respectively.
Thus, enzyme immobilization on chitosan beads atstef Eupergft ones attenuated quite
efficiently the high-inhibitory effect of grape seannins towards free enzymes.

5. Conclusions and future perspectives

Despite enzymes (such as, -, and gluco-amylases, cellulases, lipases, preseasdc.) are
largely used in agro-processing, immobilized enzybigprocesses are still restricted to the
isomerisation of glucose, and hydrolysis of lactasecrose and acyl-L-amino acids, probably
because of the typical misoneism of the food inguas coupled to the low profitability of a
great number of food products.

Urea degradation by immobilized acid urease ondpkirls appeared to be a suitable way to
reduce EC levels in model wines for significantts@ss/ings owing to multiple enzyme recycles
in consecutive batch using a stirred tank reactor, their reduced sensitivity to tannin
inhibition, and for the possibility of overcominget maximum allowable concentration for
killed cell commercial preparations of 75 ¢ mith no after bitter taste (Bertrand, 2003).
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Figure 2 Time course of urea degradation at 20°C for a masligle solution as sucha) or enriched with

Grap'tan®PC at P187+1 g GAE ni (b) when using different concentrations of biocatalyst
prepared with Chitopearl BCW-3001F cg,~1.25 kg nT ws), BCW-3003 ¢, Gs,=1.26 kg nt ws),
BCW-3010 {4, Gs,=3.13 kg n* ws), HP-3020 O, cs,=3.13 kg n ws): Semi-logarithmic plot of the
ratio between the current and initial urea concetitas ($/S) against time (t). The continuous
lines represent the least squares regression lines

The kinetics of urea degradation by immobilisedases in two target italian wines (that is
Grechettoor Sauvignon Blanavines) using a stirred bioreactor was of the pedudt order
with respect to urea concentration, in agreemettt prievious findings in real and model wines
using killed cell preparations (Bertrand, 2003;i Estal, 2007; Fidale@t al, 2006; Trioliet al,
1989).

To increase the urea degradation rates achieveed, lngre needs to increase further the
biocatalyst concentrationsg(g in the agitated bioreactor or alternatively tear to specifically
designed packed-bed cartridges.

6. Nomenclature

Ag;j, specific activity of the immobilized biocatalysér unit mass of dry or wet support or bound protei
(IU g%; Ao, enzyme activity in the immobilising solution (I BSA); &, specific surface per unit
volume for the biocatalyst (=61,dm'1); as (=g, Cad/pe), overall biocatalyst surface per unit volume of
liquid phase (i); Bi (=% d, k./Dsg, Biot number; g, concentration of dry or wet biocatalyst (kg®m
cn, concentration of Nagapsin® in the immobilisindusion (kg m®); ceo, Ger, protein concentration in the
immobilising and overall filtrate (g BSAM™®); Ds, diffusivity for urea in the bulk liquid (fs?); Dse
effective diffusion coefficient for urea in the batalyst (m s?); d,, average bead diameter (m);, E
concentration of free or immobilized enzymatic pintin the liquid bulk (g BSAM®); Gr (=dp3 p.0p, -
pslg/u ), Grashof number; .k apparent pseudo-first order kinetic rate constém): kj, urea
degradation pseudo-first order kinetic rate cortstanfree or immobilized enzyme ‘fi K'jj, specific
pseudo-1 order kinetic rate constant relative to the freénomobilised enzyme (fnh' g* BSAY); ki,
mass transfer coefficient in the liquid phase (hr $ng;, mass of dry or wet carrier (9);pg(=CR\Vo-
cPVy), amount of bound protein (mg BAme, amount of protein in the immobilising solutiondm
BSA.); P, concentration of phenolic compounds (g GAB):m;, urea degradation rate for immobilized
enzyme referred to the unit volume of biocatalysol(m® h?); S, S, urea concentration in the liquid
bulk or at the biocatalyst surface (mofmSc [3u./(p. Ds)], Schmidt number; Sh [k /D =2+0.3 (Gr
Sc)’], Sherwood number; t, reaction time (h), W;, volume of the immobilising solutions and overall
filtrate solutions (cr); V., liquid volume (m); Vs, support soaking volume (émvs (= Gd/ps), overall
biocatalyst volume the per unit volume of liquidagk; x%., water fraction of wet biocatalyst (g'yg

Y eacr, glutaraldehyde-to-chitosan mass ratio (; & p/s (=Mey/Mgg), protein loading (g bound protein
g™ dry or wet supp); ¥s protein added per unit mass of wet support (MBS ws); L (ZAsp/Ao),
enzyme activity coupling yield;e (=mpympg) enzyme coupling yield;

n[=3/®d(1/tanh)-1/®P)], effectiveness factor for a spherical biocatalysthe absence of the external
film transport resistance (dimensionless); liquid viscosity (Pa s)pg, p., biocatalyst or liquid density
(kg m); 1, biocatalyst tortuosityP(=¥2 d, Vkii/Dsg, Thiele modulus for pseuddtlorder kinetics;
Q {=n/[1+n®d2/(3 Bi)]}, effectiveness factor for a sphericabbatalyst in the presence of the external
film transport resistance.

Subscripts d, dry; f, free; I, immobilised; 0, initial; w, &t.






Notation






A concentration of ammonium ions (mol*n

Ao immobilising solution activity (IU mg BSAE)

Ago initial specific activity of the immaised biocatalyst per unit mass of wet
support (IU ¢ wet support)

Agg specific activity of the immobilized bioedgst per unit mass of dry support
(IU g™ dry support)

Aggi specific activity of the immobilized biocatalyper unit mass of bound
protein (IU g* bound protein)

Agd specific activity of the immobilized biocataly$t) g dry support)

Agi specific activity of the immobilized biocatalyser unit mass of wet support
(IU g* wet support)

Agw specific activity of the immobilized biocatalyser unit mass of wet support

(IU g* wet support)

Aro acid urease activity in the immobilising solutiogr unit mass of protein (IU
g* BSAE)

Agt acid urease activity in the filtrate per unit magprotein (IU g* BSAE)

Ag acid urease activity in the biocatalyst per unismaf enzyme (IlU/g BSA
equiv.)

AL instantaneous concentration of ammonium ions in lipeid bulk (mol
m>)

An activity of Nagapsifi preparation (U g)

& specific surface per unit volume for the biocgta(=6/c, m™)

as overall biocatalyst surface per unit volume qtild phase (3aCzw/Ps, m™)

Bi Biot number (=k R/Dsg

BSA bovine serum albumin

BSAE bovine serum albumin equivalent;

Cs concentration of biocatalyst (kg¥n

Caw wet biocatalyst concentration (kg¥n

Ceo enzyme concentration in the immobilising solutigrGAE ni°)

Cet enzyme concentrations in the filtrate and washaigt®ns (g GAE 1)
Cn concentration of NagapS$ipreparation in the immobilising solution

(kg )



Cro

Cpt

dp
Ds
DSe

EC
=
=

Ei

GA
GAE

Gr

KAB4
KABS5
kalj

Ki
kIe
Kif

protein concentration in the immobilising solutighBSAE m®)

protein concentrations in the filtrate solutiond B@AE ni®)

impeller diameter (m)

average bead diameter (m)

diffusivity for urea in the bulk liquid (fsY)

effective diffusion coefficient for urea in thebatalyst (M s%)

ethanol volumetric fraction (% v/v)

initial enzyme concentration (g

ethyl carbamate

free enzyme concentration (gn

concentration of free enzymatic pnotdissolved in the liquid bulk (g BSAE
m>)

concentration of immobilized enzymatic protdispersed in the liquid bulk
(g BSAE n?)

referred to free enzyme

glutaraldehyde

gallic acid equivalent

3 —
Grashof numberqtB pL(p82 PL )9}
R

referred to immobilized enzyme

International unit

generic index used to refer to free (f) or imniisled (i) enzyme
concentration of potassium metabisulphite (K8 m

product inhibitory constants

sodium acetate buffer (pH 4.0)

sodium acetate buffer (pH 5.0)

urea degradation apparent pseudo-first order ikinate constant for free or
immobilised enzyme (€ k; ; h'")

pseudo-first order kinetic rate constant for amradgnt g™* min™)
effective kinetic rate constant, afimed by Eq.(3.20) (fig* min®)

pseudo-first order kinetic rate constant relativéree enzyme (h



Kjj

Kijp

KPB7
Kpt

urea degradation pseudo-first order kinetic ratestant for free or
immobilised enzyme (h
urea degradation pseudo-first order kinetic ratnstant for free or
immobilised enzyme at a given concentration of jfies (h)
ammonia formation kinetic ratenstant (IU md)
specific pseudo-first order kinetic rate constagiétive to the free enzyme
(m°g™ h)
specific pseudo-first order kinetic rate constagfative to immobilised
enzyme [m (kg enzymeY} hh)]
specific urea degradation pseudo-first order tisnate constant for free or
immobilised enzyme (frh™* g* BSAE)
mass transfer coefficient in the liquid phasesf
Michaelis-Menten constant (mol
saturation constant (mofjn
phenolic compound inhibition constant (g GAE)m
potassium phosphate buffer (pH 7.0)
equilibrium constant of the inhibitory reactiortlveen free enzyme and
total phenolics (g GAE i)
substrate inhibitory constant
concentration of lactic acid (kg
concentration of malic acid (kg H
mass of dry carrier (Qg)
mass of wet carrier (Q)
amount of bound enzyme (mg BSA equiv.)
overall number of experiments asrdiin Table 3.1.
amount of protein in the immobilising solution (B§AE)
amount of bound protein, as defined by Eq. (&) BSAE)
mass of wet support (mg)
stirring rate (rev. min)
overall number of trials
concentration of total phenolic compounds (4§ gallic acid equivalent,
GAE)



PAN
PVP
PVPP
R

r

(2

'a

a0

FaB

y;

rmax

SRM

TA

t)

ts

VEo
Vs

polyacrylonitrile

polyvinylpirrolidone

polyvinylpolypirrolidone
average bead radius (m)

enzymatic transformation rate(m s
coefficient of determination (dimensionless)
ammonium formation rate (molfmin™)
ammonia formation rate in the immobilising solution
(mmol Mmin™)
ammonia formation rate for immobilised enzyme (hmd min™)
ammonia formation rate in the filtrate solution (@m™ min™)
maximum rate of an enzymatic transfation (mol m® s%)
Reynolds numbergd[ n D?/p)
urea degradation rate (mot m>; mol m* min™)
urea degradation rate for immobilized enzymerreteto the unit volume of
biocatalyst (mol ni bt

substrate concentration (mofn

Schmidt numberyd#(p. Ds)]

Sherwood number (d/Ds)
generic variance

urea concentration in the liquid b(rkol ni®)
initial concentration of urea (mol
urea concentration at the biocatalyst surface ()
standard reaction mixture

reaction temperature (°C)

concentration of tartaric acid (kg’m
reaction time (h; min)
immobilisation time (h)

storage time (day)
volume of the immobilising solutions (¢mn

immobilising solution volume (én

volume of the filtrate and washimdugions (cn)



A liquid volume ()

VS support soaking volume @m

Vimax maximum value urea degradation rate (mbit?)

Vs overall biocatalyst volume the peitwolume of liquid phase

(=&/ps, dimensionless)

XBw water fraction of wet biocatalyst (§)g

Xi generic principal axis of Eq.s.(3.18045.3), as defined by Eq.s (3.16)-
(3.19) and (5.4)-(5.7)

Xi generic coded independent varialaleslefined by Eq.s (3.14) and (5.8)

Ve ethanol volumetric fraction (% v/v)

Yem enzyme loading (g bound enzyme/g dry support)

Yeach  ratio between GA and chitosan bead masses)g g

Yeis protein loading as defined by Eq. (4.5) (g bourmtgin g* wet support)

Yeis protein added per unit mass of wet support (mg B§Awet support)

Greek Symbols

) Thiele modulus for pseudo-first order kinetics, @efined in Table 3.7
(dimensionless)

Q effectiveness factor for a spherical biocatailyshe presence of the external
film transport resistance, as defined in Table(8ihensionless)

O degrees of freedom

no liquid viscosity (Pa s)

n effectiveness factor for a spherical biocatalysthim absence of the external
film transport resistance, as defined in Table(8ihensionless)

ML liquid viscosity (Pa s)

VL liquid kinematic viscosity=p./p ., M’ s%)

T specific enzyme activity (zfEo, U mg?)

0 biocatalyst porosity (dimensionless)

DB biocatalyst density (kg wet supportnkg i)

liquid density (kg i)



T biocatalyst tortuosity (dimensionless)

(a enzyme activity coupling yield, as defined by E12) (dimensionless)
(e enzyme coupling yield, as defined by Eq. (4.Hlnensionless)
Subscripts

m referred to model wines



Introduction






Ethyl carbamate (urethane, EC) is a naturally caogircomponent in all fermented
foods and beverages, being spontaneously producdldebreaction between urea and
ethanol (Oughet al, 1988). Owing to its potential carcinogenic aityivwhen
administered in high doses in animal tests (Sahlattal.,1990; Zimmerliet al.,1991),
EC levels in food products are to be greatly redude particular, to minimise EC
levels in wine the Food and Drug Administrationtleé USA has so far recommended
several precautionary actions, such as controkuilization techniques, adjustment of
nutrient contents in grape musts, use of suitablstyand lactic acid bacteria strains,
acid urease application, and control of storagelitmms (Butzkeet al, 1997).

The feasibility of acid urease application for tleamoval of urea from several type
wines has been extensively demonstrated (Bertraf03; Fujinawaet al, 1990;
Fujinawaet al,, 1992 ; Kodamat al, 1996; Ougtet al, 1988).

However, the effectiveness of this treatment dd#dfedepending on the type of wine,
content of some inhibiting factors [i.e., in oradimportance, fluoride, malate, ethanol,
and phenolic compounds (Famuyiwhal, 1991; Kodama, 1996; Trioét al, 1989)],
and usage conditions.

In previous experimentation (Fidalext al, 2006) the effects and interactions of the
concentrations of malic (M) and lactic (L) acidsidapotassium metabisulphite (K),
ethanol volumetric fraction (E) and pH on the sfiecactivity of a commercial
preparation of whole cell acid urease (EnZeéaid Urease) in model wine solutions
was assessed by performing a central compositgrdeShe experimental responses
were fitted by using a"2order polynomial reduced to its canonical form am to
identify the only statistically significant prin@paxes.

The kinetics of urea hydrolysis was described byaaified Michaelis-Menten reaction
rate expression, incorporating pH dependent kiggtisubstrate inhibition, and
noncompetitive product inhibition by NH(Moynihanet al, 1989). In model and real
wines for urea concentrations,3ess than 1 mol /) acid urease kinetics was safely
regarded of the pseudo-first order with respecitdEsti et al, 2007; Fidalecet al.,
2006). Moreover, in model wine solutions the psefib order kinetic rate constant
was found to be largely greater (Fidaktoal, 2006) than that pertaining to some real
wines, probably because of the competitive intobitexerted by phenolic compounds
(Estiet al, 2007; Kodama, 1996; Triodit al., 1989).



Immobilisation of acid urease on an inert carrieuld have the potential advantages of
significant cost savings (because it facilitatezyame recycle through multiple cycles of
batch-wise hydrolysis), improved stability or réarece to shear or inhibitory compound
inactivation. Moreover, in accordance with a recemxtensive review about the
immobilisation techniques and support materialsudases (Krajewska, 2009b), the
choice of the support material has to be striabiyelated with each specific application.
In the food, pharmaceutical, medical and agricaltaectors, the support material has to
be not only inexpensive, highly affine to proteingchanically stable, regenerable and
easily preparable in different geometrical confagions, but what is more non-toxic,
biocompatible and, thanks to the growing publicltmeand environmental awareness,
biodegradable.

Acid urease has been so far immobilized on varmoagices, such as polyacrylonitrile
(PAN) and chitosan derivatives (Matsumoto, 1993pw&kt al, 2008), nylon beads,
sepharose and silica gels, or gelatine film coaiadcellulose acetate membranes
(Selvamurugaret al, 2007). Continuous urea removal from sake by iitie®d acid
urease on PAN has been applied by many companigspian since 1988 (Matsumoto,
1993).

Among the well known commercial carriers currentbed for enzyme immobilization,
it is worth citing Eupergit C 250L (Katchalski-Kaziret al, 2000) and chitosan-
derivative beads (their trade name be@igtopear).

The former is an epoxy-(oxirane) activated macropsrsupport, that has been used to
immobilize covalently a wide variety of differenhzymesfor industrial applications,
except acid urease, because of its ability to ktalprotein conformation by multi-point
attachment (Bolleet al, 2002; Katchalski-Kaziet al, 2000; Mateaet al, 2000).

On the contrary, the Chitopearls have an averagelgadiameter of 0.1 to 3.0 mm, a
very narrow pore size distribution with pore diaerstof 0.1-0.2um, this resulting in a
good substrate diffusion, and a specific surfaea af 20 to 200 g’ of wet carrier.
Moreover, these beads are strong enough to overttm@mpression stress exerted by
a column bed, sterilizable, and safe for medicailiegtions. To improve their acid
resistance, as well as pH and thermal stability dasic material [i.e., chitosan, that is a
polysaccharide mainly made up of 2-amino-2-debxgtucose units, which are joined

by B-(1,4)-linkages] is cross-linked with primary, sadary or quaternary amine groups



connected to the carbohydrate backbone via a sbeodinear alkyl spacer. This spacer
acts as a chain linking the enzyme with the carboditg backbone, thus allowing the
enzyme itself to protrude into the solution andtactome extent as a free one (Chkén
al., 1999). These chitosan-derivative beads have applied to immobilise not only a
few ureases frorhactobacillus fermenturfMatsumoto, 1993), jack beans (Chetral,
1999), soybean (Kumaat al, 2009), or pigeonpea (Kayastba al, 2001), but also
several other enzymes, suchLaarabinose isomerase (Liet al, 2008), chitosanolytic
enzyme fromEnterobactersp. G-1 (Yamasaket al, 1992), cycloisomaltooligo-
saccharide glucanotransferase (Kawanatal, 2001), ferulic acid esterase (Matsto
al., 2008),3-galactosidase (Shiet al, 1998), glucoamylase (Dhat al, 1993),L-
lactate oxidase (Hasebet al, 1991), levan fructotransferase (Liet al, 2001),
maltotetraose-forming amylase and pullulanase (Kamet al, 1990), rhamnose
isomerase (Bhuiyaet al., 1998; Morimotoet al, 2006), proteases (Kis al, 1991),
and D-tagatose 3-epimerase (l&thal, 1995; Takeshitat al, 2000).

Enzyme immobilisation on Eupergit® supports is gahg carried out in accordance
with the conventional method, that involves theedirenzyme binding on polymers via
oxirane groups (Knezeviet al, 2006); whereas that on chitosan-derivative besads
performed by using two different immobilisation pealures, that isdsorption cross-
linkage andcovalent bindingMatsumoto, 1993). In particular, the former gaise to
immobilised enzymes with specific activities of 2480 IU g* of wet carrier, whereas
the latter yielded biocatalysts with lower specitivities (60-90 IU ). Nevertheless,
the covalent binding method is generally regardetha method of choice (Chenal,
1999; Kayasthat al, 2001).

Another controversial aspect is the titre of thepsrt-activating reagent solution.
Matsumoto (1993), as well as Kayastha and Srivas{d001), activated the chitosan
beads using a buffer containing 3% (w/v) glutarajdie (GA); whereas Chen and Chiu
(1999) treated 0.4 g of chitosan beads with 20 hdmaqueous solution at 25% (w/v)
GA, this involving quite a great GA-to-chitosan Heatio (Ysachy) of 12.5 g &

The main aims of this PhD thesis were the following

1) immobilise acid urease onto Eupefgf 250L using the conventional method

(Knezevicet al, 2006) and assess the specific activitgYAand protein loading



2)

3)

4)

(Ypse) per unit mass of wet or dry support, as wellhesadctivity {») and enzyme
(Ce) coupling yields.

immobilise acid urease onto chitosan-derivativeads of different sizes
(Chitopearl BCW-3001, BCW-3003, BCW-3010 and HP{B0asing the above
two immobilisation procedures; establish the besnhobilisation procedure and
optimal Ysacri value on Chitopearls BCW-3001; and finally asdesseffect of
particle size on the specific immobilised enzymévdg and protein loading
when using the optimal conditions previously idged.

compare the apparent pseudo-first order kimate constants of urea degradation
in a wine model solution, corresponding to the @@mgoint of a composite design
experiment previously carried out (Fidalketal, 2006), in the absence or presence
of grape seeds tannins, using a stirred bioreadtarged with soluble purified
acid urease fronL. fermentumas such or bound to Eupergit® C 250L or
glutaraldehyde-cross-linked chitosan derivativedsea

compare the catalytic performance of acid ureaseobilised on three selected
support materials (i.e., Eupef§iC 250 L, Chitopearls BCW-3003 and -3010) in
two target Italian white wines, high in acidity ameédium-bodied, produced from

the GrechettoandSauvignon Blangrapes in the Umbria region of Italy.



Chapter 1

Ethyl carbamate






1.1 Introduction

Ethyl carbamate (EC, urethane) is a naturally caogrcomponent of all fermented
foods and beverages, such as yogurt, beer, winenang alcoholic beverages produced
from fruits or other vegetable matrices. MoreoWt, was found in cheese, tea and soy
sauce (Ough, 1976). Owing to the carcinogenicitye@f when administered in high
doses in animal tests, the wine industry is intecedo reduce EC levels in their
products (Butzket al, 1997).

It was demonstrated that EC led to liver and lungdurs in mice tests (Schmabhl et al,
1977).

Keeping the food products, also the wine, into mjye/healthy parameters safety

ranges is very important to products marketing

1.2 Ethyl Carbamate: properties and uses

Number: CAS 51-79-6

Molecular formula: GH;NO;

Molecular Weight: 89,09

Synonyms: Urethane, Ethyl Carbamate, Ethyl Urezha@arbamic Acid,
Ethyl Estere.

CHz —— CHg 0 C NH,

Urethane may occur as a colorless, odorless colurmnyatals or a white, granular
powder. It is slightly soluble in olive oil and sble in water, ether, glycerol, and
chloroform. When heated to decomposition, it ertotsc fumes of nitrogen oxides. In
the United States urethane is available as a Natieormulary (NF) grade fused solid
or crystal, that contain 99.43% active ingredient.

In the past urethane has been produced commerailathe United States for over 30

years. It has been used as an antineoplastic agentor other medicinal purposes. It



had been quite used in the treatment of multipleloma before it was found to be
toxic and largely ineffective (Hollanet al., 1966).

Thus, by US FDA regulation urethane has been wathd from pharmaceutical use.
The primary use of urethane has been as a chemieginediate in preparation of
amino resins. The process involves a reaction feitmaldehyde to give hydroxymethyl
derivatives, that are used as crosslinking agenfgzermanent press textile treatments
designed to impart wash-and-wear properties todablrethane is also utilized as a
solubilizer and co-solvent in the manufacture dftjpedes, fumigants, and cosmetics, as
an intermediate for pharmaceuticals, and in biocbaim research (Virginia
Commonwealth University, Office of Environmental d&lth and Safety, 2006).
Urethane was formerly used as an active ingrededtugs prescribed for the treatment
of neoplastic diseases, a sclerosing solution dicese veins, a hypnotic, and a topical
bactericide. In addition, two anticonvulsant drutgsnethadione and paramethadione,
can be contaminated with urethane. The allowabtsat livas set at 1 ppm. These
anticonvulsant drugs may be used only to treateppyl that is refractory to other
available drugs. It is also used in veterinary roed as an anesthetic (Virginia

Commonwealth University, Office of Environmentaldlid and Safety, 2006).

1.3 Potential ethyl carbamate carcinogenicity

Urethane is reasonably anticipated to be a humacincgen, based on sufficient

evidence of carcinogenicity in experimental anim#nen administered in the drinking

water, urethane induced lung adenomas, lymphomammlymphosarcomas), liver

angiomas and hemangiomas, papillomas, sebacectiaaraas of the skin, harderian
gland tumors, pulmonary adenomas, squamous cetirgjrmammary carcinomas, and
malignant mesenchymal tumors of the fat pad in nofeboth sexes; malignant

lymphomas, hemangiomas or hemangiosarcomas of itlee, Ispleen, or uterus,

hepatomas, adrenal cortex adenomas, and fibrosascomthe mesentery or uterus in
female rats; and papillomas, squamous cell carcasoai the forestomach, malignant
lymphomas, mammary tumors, hepatomas, hemangiomlasnoangiosarcomas of the
liver, melanotic skin tumors, pulmonary adenomatoand adenomatous polyps of the
cecum in hamsters of both sexes (Virginia Commolitielniversity, Office of

Environmental Health and Safety, 2006).



When administered by gavage in water followed lpida applications of croton oil,
urethane induced an increase in skin papillomaslang adenomas in mice of both
sexes. When administered by gavage in dioctyl estesodium sulfosuccinic acid,
urethane induced Ilymphocytic leukemias, stomachillpamas, hepatomas, and
pulmonary adenomas in male mice. When applied atlgitollowed by applications of
croton oil solution in acetone or when administer@d conjunction with
dimethylbenz[a]anthracene, urethane produced skirots in mice of both sexes. When
administered by inhalation in aerosol sprays (presand ultrasonic), urethane induced
adenomas and solid squamous tumors in mice of Isatkes. When injected
subcutaneously postpartum in a gelatin suspensi@thane induced both thymic and
malignant lymphomas and pulmonary adenomas in newimice of both sexes. When
injected subcutaneously, urethane induced leukemiamice in both sexes. A
continuation of these studies also revealed thkiante of age as a factor in the
susceptibility of the liver to urethane carcinogaaghepatomas occurred rapidly among
all groups treated neonatally with urethane. Whgacted subcutaneously, urethane
induced melanotic lesions of the iris in newborns i@ both sexes, and adrenal cortical
tumors, B-cell tumors of the pancreatic islet cells, foresteh papillomas, lung and
intestinal tumors, dermal melanocytomas, and tllytomors in newborn hamsters of
both sexes. When injected intraperitoneally, une¢haduced adenomas in female mice;
increased incidences of mammary tumors, Zymbaldylearcinomas, angiomas and
sarcomas at various sites, malignant lymphomasekidumors, and epidermal cysts in
rats of both sexes; increased incidences of leuk@mmale and female newborn mice;
malignant lymphomas, lung adenomas, harderian glamdors, and stromal and
epithelial ovarian tumors in rats of both sexegpt@sms, embryonal kidney tumors,
harderian gland adenomas, and Anitschkow cell saasoof the heart in both newborn
and adult rats of both sexes; and melanotic tumorsnale and female newborn
hamsters. When injected intraperitoneally in desil water, urethane induced an
increased incidence of hepatomas in partially regpamized and nonhepatectomized
male mice. When injected intraperitoneally in sodichloride followed by a second
injection of butylated hydroxytoluene (BHT) in coail, urethane induced increased
incidences of alveolar and papillary tumors of lineg in neonatal mice of both sexes

(Beer et al., 1985). When injected intraperitoneally or intrawesly to female mice



before parturition, urethane induced an increased@nce of lung tumors in both sexes
of offspring. Subcutaneous injections of urethamepriegnant female mice resulted in
enhanced development of hepatomas, ovarian turandspulmonary adenomas in the
mothers. When injected intraperitoneally to pregnimale rats, urethane induced
hepatomas and sarcomas of the heart in the oftgpvifhen injected subcutaneously,
urethane induced pulmonary adenomas in sucklingpaffg of mice of both sexes.
Urethane also enhanced the leukemogenic effect iofadiation in mice. X-irradiation
combined with administration of urethane led to itiguction of mammary carcinomas
in mice. No adequate human studies of the relatipnisetween exposure to urethane
and human cancer have been reported (Virginia Camnealth University, Office of
Environmental Health and Safety, 2006).

In Table 1.1 are summarised the main studies orc#éineinogenicity activity of CE,

while Table 1.2 shows the tumour incidence on aait$ mice tested with different CE

doses (Schmatldt al 1977).

Table 1.1 Studies on ethyl carbammate carcinogenicity ( S¢hmegal., 1977).
Authors | Species Exposition Results Notes
characteristics
Otto and mouse/3 strains | inhalation, aerosol at 20% an increase in lung| duration of the
Plotz BLH concentrations: tumours (adenomas and exposure
(1966) NMRI 0.5, 10, 15, 20% solid tumours of a was less than
C57 BL Xpo: 20-60 min/day squamous type) was one-fourth the
days/week, 3.5 - 14.5 observed standard
weeks lifespan
Tothet al mouse, Swiss p.o. drinking water treatment group: duration of the
(1961) albino concentration: 0, 0.4% lymphomas (mainly exposure
100/sex/ Xpo: two 10-day treatment lymphosarcomas) 15/100 | was less than
group periods male, 28/100 female; one-fourth the
Xpe: 42 weeks papillomas 3/100 male, standard
2/100 female. control lifespan
group: lymphomas 4/100
male, 16/100 female
Della Portaet | mouse, CTM p.o. drinking water two 10-day treatments: lung duration of the
al. albino concentration: 0, 0.4% adenomas 80-84%; exposure was less
(1963) 100/sex/ Xpo: varying between 5 | lymphosarcomas 33% malg, than one-fourth the
group and 35 days 27% female. control group:| standard lifespan
Xpe: 60-80 weeks lung adenomas 2-7%;
lymphosarcomas 4.5%
male, 5% female
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Tannenbaum | mouse, C3H, 36 | p.o. drinking water treatment group: pulmonary duration of the
& female concentration: 0, 0.1% adenomas 15/32; leukaemiaexposure was less
Maltoni Xpo: 13 weeks 8/36. control group: than one-fourth the
(1962) Xpe: 76 weeks pulmonary adenomas 2/36| standard lifespan.
Tannenbaum | mouse, DBA p.o. drinking water treatment group: pulmonary animals were 53-weel
& 54-62/sex/ concentration: 0, 0.1% adenomatosis 20/54 male,| old at the start of the
Maltoni group Xpo: 31 weeks 20/52 female; pulmonary | treatment
(1962) Xpe: 45 weeks adenomas 10/54 male,
11/52 female; squamous-
cell tumours 11/54 male,
6/52 female. control group:
pulmonary adenomatosis
1/59 male, 2/56 female
Por76 mouse, NMRI p.o. drinking water the number of animals I=3.5x 10" per
Schm77 dose levels Xpo = Xpeb: | (both sexes combined) with mg/kg bw/day (TBA
Schl90 0,0.1,05,25,125 a malignant tumour were | males + females)
mg/kg bw/day 6/74 (control), 11/65
(0.1 mg), 17/69 (0.5 mg),
20/59 (2.5 mg) and 32/65
(12.5 mgq). difference
statistically significant
at 0.5 mg/kg bw/day and
higher
Por76 rat, Sprague - p.o. drinking water the number of females with| | = 8 x 10% per
Schm77 Dawley dose levels: 0, 0.1, 0.5, a malignant tumour were | mg/kg bw/day
Schl90 25,125 2/36 (control), 1/37 (0.1 (females TBA). for
mg/kg bw/day mg), 2/34 (0.5 mg), 6/39 | details see Table 2
Xpo = Xpec (2.5 mg) and 12/38 (12.5
mg)
Adenis et al. | rat, Sprague p.o. drinking water 33/40 developed tumours (7 there was no control
(1968) Dawley, 50 concentration: 0.1% malignant lymphomas, 11 | group
female Xpo = Xpe = lifespan haemangiomas or
haemangiosarcomas of the
liver, spleen or uterus, 7
heptomas, 10 adrenal cortex
adenomas and 4
fibrosarcomas of the
mesentery uterus
Tothet al hamster, Syrian | p.o. drinking water tumours were found in
(1961), Toth | golden concentration: 22/27 male and 21/25
& 0, 0.2, 0.4% female survivors, compared
Boreisha Xpo: 20 weeks 0.2% with 9/54 in male and 3/47
1969 followed by female controls. tumours
22 weeks 0.4% total 42 | included melanotic tumours
weeks. of the skin, papillomas and
Xpe: 80 weeks squamous-cell carcinomas
of the forestomach,
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malignant lymphomas,

mammary tumours,

haemangiosarcomas,

pulmonary adenomatosis

the caecum. very few of

these tumours occurred in

hepatomas, haemangioma

and adenomatous polyps of

13 tumour-bearing controls|

Pietra & hamster, Syrian | p.o. drinking water melanotic tumours of the
Shubik golden concentration: 0.2% skin in 8/20 animals,
(1960) Xpo = Xpe = lifespan compared to 1/63 in
controls
Ina91 B6C3F1 mice p.o. drinking water, exposure-related tumours | | per mg/kg bw based

50 males/ group

concentrations:

0, 0.6, 3, 6, 60, 600 ppm
(0, 0.095, 0.58, 1.0, 10,
100

mg/kg bw/day)

Xpo = Xpe = 70 weeks

were found in liver and

lungs. the lung

to 9/49, 4/49, 7/48, 8/50,
34/50 (P<0.01), and 42/44
(p<0.01) in the successive

exposure groups

tumourincidence amounted

on
lung tumour incidence
in

the 100 mg group
amounted to 1.2 x 10
(lifespan exposure

conditions)

Table 1.2 Tumors incidence on rats and mice

Schmahl et al., 1977).

treated with letlaypbammate in drinking water (

males females
dose of ethyl no. of no. with site of carcinoma or tyq no. of animalgo. with site of carcinoma or ty|
carbamate [animals  |malignant |of evaluated |malignant |[of other malignant
(Lg/kg body |evaluated |(benign) |other malignant tumowu (benign)  tumour
weight/day) Tumours tumours
Rats
0 38 0(1) - 36 2(0) ovaries (1),
fibrosarcoma (1)
100 33 1(0) lymphoma/leukaemia (L) 37 1(3) lymphoma/leukaem
500 31 2(0) fibrosarcoma (2) 34 2(2) mammary gland (1),
sarcoma (1)
2500 31 1(2) lymphoma/leukaemia (L) 39 6(4) mammary gland (2),
mixed (4)
12500 36 3(0) mixed (3) 38 128() mammary gland (9),
mixed (3)
Mice
0 4 4(0) sarcoma (3), 38 2(2) lymphomalleukaemia
lymphoma/leukaemia (L) (2)
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100 6 6(2) lymphoma/leukaemia 33 5(9) lymphosarcoma (2),

(3), mixed (3) mixed (3)
500 3 3(7) Imixed (3) 36 14(5) mammary gland (2),
lung (2),

lymphosarcoma (4),
lymphoma/leukaemia
(4), mixed (3)

2500 10 10(10) |lung (4), blood vessels 31 10(112) Mammary gland (2),
(2), lymphoma/leukaemia
mixed (4) (4), lymphosarcoma

(3), mixed (3)

12500 14 14(15)  |ung (5), 33 18(15) |mammary gland (6),
lymphoma/keukaemia lung (10), blood
(3), blood vessels (3), essels (4), mixed (3)
mixed (3)

1.4 Ethyl carbamate origin in wines

Ethyl carbamate is spontaneously produced by thetiom between urea and ethanol, as
shown in Fig. 1.1.

NH GH
| GH |
O=C + | = CH + NH
| HO-CGH |
NH @)
|
O=C—Nh
Figure 1.1 Ethyl carbamate formation

This reaction can be of hexogen origin. For examplesome oenological practices
adopted in some countries (United States and Canadsa is used as in grape and
musts to favour yeast biomass fermentation and tihuscrease ethanol fermentation
rate. This kind of practice is no more use fordbeve toxicological problems, but this
is not sufficient to avoid ethyl carbamate presencgines (Sponholet al, 1991).

Tables 1.3 and 1.4 show urea contents in some cotrah&ines.

Table 1.3 Urea contents in (mpp) in some commercial wines.
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Kinds of White Red Rosé
wines
Origin J USA UE J USA J USA
2 2-2 1> 1 1 2 1
1> 3-4 1> 2 3
1>-64 2 17
2-3 1>
2-3

Moreover, Table 1.3 shows the relationship betwaea content and geographic area,
and Table 1.4 shows the distribution of urea intgJes of wine of 35 different
producers in the States of Washington and CaliéofdiS.A.).

Table 1.4 Urea contents distribution in 67 types of winesjiffawa et al. 1999

Urea content

(g m”) <1 1-2 2-3 3-4 4-5 >5
59 Table wines 28 9 6 7 4 5
8 Dessert wines 5 1 0 1 0 1

1.5 Ethyl carbammate precursors

In wine, the most important ethyl carbammate premuis urea, that is produced during
arginine metabolism. Arginine is produced by yeagtogen metabolism in wine
(Saccharomyces cerevisjddonteiroet al, 1989). Other precursors less important than
urea are citrullin, carbammil-phosphate and arg(@ughet al, 1988). Citrullin and
arginine are considered CE direct precursors, [sec#éwey react directly with ethanol
without chemically conversion by yeast enzymesampound as urea (Tegmo-Larsson
and Henik-Kling., 1990), as illustrated in Fig.1.2.
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L-arginine
4
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Figure 1.2 Ethyl carbamate formation from arginine and ciline (De Orduna et al., 2001).

To better understand the possible actions thatbeataken to minimize EC level in
wine, it is necessary to review the basics of tligomformation pathway and kinetics.
Arginine, usually one of the most abundant yeaatlable amino acids in grape juice, is
taken up by wine yeast as a nutrient and may babubted, yielding urea if present in
excess amounts. If the urea cannot be further roktald and accumulates above a
critical concentration, yeast strains releaseaifitheir cells into the wine during or at
the end of fermentation. Urea can spontaneousbtseeth the alcohol in wine to form
EC. The chemical reaction between urea and ethanekponentially accelerated at
elevated temperatures. To a lesser extent citeyllian amino acid which is not
incorporated into yeast protein, and is formed m@arginine biosynthesis, as reported
in Fig. 1.2, can serve as an EC precursor. Lacid bacteria can also be a source of
citrulline under winemaking conditions. Howevere tkey reaction for EC formation in
wine is between urea and ethanol (Butekal, 1997).

Table 1.5 reports the arginine and citrulline catéen some unfermented musts.
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Table 1.5 Potential CE, arginine and citrulline contents infarmented mus{§egmo-Larsson and
Henik-Kling. 1990).

Grape variety CE arginine citrulline
(mg m’) (mg m’) (mg m’)

Aurore 0.023 66,600 1,600
Catawaba 0.054 90,700 6,600
Chardonnay 0.019 45,500 1,100
Concord 0.043 34,900 <1000
Niagara 0.024 49,800 <1000
Cayuga 0.029 19,800 1,100
Elvira 0.029 34,100 1,000
Ravat 0.042 136,100 1,100
Riesling 0.036 15,700 2,400
Seyval 0.020 26,100 1,100
Vidal 0.022 88,600 2,100
Baco Noir 0.039 113,100 2,200
Cabernet 0.052 47,100 2,100

Sauvignon

Chanceller 0.050 84,500 1,000
Pinot Noir 0.038 52,000 1,100

1.6 Ethyl carbamate maximum allowed dosage

Ough (1976) determined ethyl carbamate concentratioseveral food products. In
particular, CE concentration in several wines agelr® was found to be lower thamé
m3. The lowest CE concentration was assessed in ariéam beer (60 ng 1), instead
the highest one was found in a Japanese sake (d92°). The CE concentration was
about 90 ng M in white bread and 2.4g m®in a sourdough. If bread was treated with

N-hydrocloridric acid and warmed, CE concentratimreased about 40 time.

1.7 Ethyl Carbammate maximum allowed levels in aldwlic beverages

Tables 1.6, 1.7 and 1.8 list the EC levels assaysdme alcoholic beverages.
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Table 1.6  Ethyl carbamate levels (mgnassayed on some commercial wines (BATF 1986-1987)
(http://www.fst.vt.edu/extension/enology/contentextéylcar).

Products Range Media
Wines produced in U.S.A. mg m° mg mi°
Table Wine 0-0.102 0.001
Porto 0.007 -0.254 0.093
Sherry 0.018 — 0.209 0.082
Imported Wine mg m° mg m°
Table Wine 0-0.08 0.012
Porto/Madeira 0.017 - 0.108 0.055
Sherry 0.023 - 0.082 0.062

(ATF- Bureau of Alcohol, Tobacco and Firearms, UD8partment of Justice)

Table 1.7 EC levels (mg i) (http://www.cfsan.fda.gov/~frf/fc0293ur.html)
Products ethyl carbamate levels (mg i)
1987 1991
Average National Imported
Brandy (grape) 0.04 0.01 0.045
Brandy (fruits) 1.2 0.005 0.255
Bourbon (retail) 0.15 0.07 0.055
Rum 0.02 0.002 0.005
Liqueurs 0.1 0.01 0.025
Sherry 0.13 0.01 0.04
Porto 0.06 0.023 0.026
Wine 0.013 0.01 0.015
Sake 0.3 0.055 0.06

(FDA-ATF; Food and Drug Administration- Bureau ofcahol, Tobacco and Firearms U.S. Department
of Justice)

Despite there are not ethyl carbamate legal liny#s, for wine (excepted for Canada,
0.03 mg rit), some International and National Organisms defithe recommended CE

levels in some alcoholic beverages.
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Table 1.8 Maximum allowed EC levels for the U.S. Food anddd@ministration
(http://www.le.camcom.it/aziende speciali/multilab.ap)

Products Levels for EC (mg m°)
Table Wine 0.03
Quality wines 0.1
Distilled beverages 0.15
Sake 0.4
Liqueurs 0.4

The U.S. Food and Drug Administration informed @buntries exporting wines in
USA that the EC levels in all products had be i@ thnge of 0-0.015 mg frfor base

wines and in the range of 0-0.06 mg*rfor alcoholic wines (Kodama, 1996), as
stabilised by the American Wine industry

(http://www.fst.vt.edu/extension/enology/contentextaylcar ).

1.8 Ethyl carbamate preventative action

Because ethyl carbamate has shown potential cgemo activity, United States Food
and Drug Administration compiled a series of reca@ndations drawn from scientific
research so as to help all winegrape growers, wakens, and other industry members
to minimize EC levels in wine. These recommendatiane advisory only, and not
intended to restrict the freedom and diversity ohemaking styles (Butzket al,
1997).

Therefore the following actions were recommendeahitimise EC formation in wine.

1.8.1. Viticulture
1.8.1.1 Vinevard fertilization

Nitrogen (N) fertilization in the vineyard has ditenfluence on the nitrogen contents of
the grape berry and the resulting must. ExcessixédiZation with urea, ammonia and
other N-fertilizers is considered partly resporsibibr the generally higher EC levels
found in wines from traditional wine producing ctugs (Butzkeet al, 1997).

The OIV Expert Committee on Vine Physiology suggddb sample grapevine leaves
to determine the nutritional status and providdicent, but not excessive, nutrients for

vine growth.
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There appears to be a growing opinion among viticists that nitrate-N in petioles at
bloom has little if any relationship to growth, itrset or general N status of the vine or
N status of the berries and resulting juice (Butzkal, 1997).

In general, grapevines have a very low nitrogeruireqnent relative to most other
crops, as reported in Table 1.9. For example, 0P of grapes remove only about
11.3 kg of nitrogen from the vineyard.

Growing grapes in soils, previously used for velgletss and thus heavily fertilized, can
result in excessive nitrogen contents in grapesjaicd EC levels in wine.

The concentration of nitrogenous components, sgcwgnine in grape juice and urea
in wine, proportionally increase with increasingrogen fertilization in the vineyard. If

arginine concentrations in juice exceed 1 kg the vineyard must be considered over-

fertilized.
Table 1.9 The mainly treatments adopted in vineyards to deitez levels of nitrogen.
Operation Leaf Blade Petiole
Timing - Berry set - Véraison
- Véraison
Minimum number of vines  50-100 100

Position of the leaf on the Leaf blade opposite the first |Petioles opposite the cluster

shoot basal cluster

Position of the shoot on the Fruitful shoot in the middle Fruitful shoot in thaeddle

cordon or cane

Minimum number of leaves 50-100 leaf blades 1000t
Treatment of the leaves Wash quickly in distilled  |Wash quickly in distilled
waterfand then dry water and then dry

In relation to the size of the vineyard.

Only for the determination of copper, zinc and nwrese.

In a nitrogen deficient soil, an application of ab®.011 kg N rif would achieve a
level of about 150 g of yeast available nitrogen & of juice. This is considered

sufficient for completing the fermentation. Howevapplication of such high fertilizer
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rates can lead to excessive canopy growth and eklafruit maturation.
Potential nitrogen deficiencies in juices in regaodyeast nutrition should not be

addressed through vineyard fertilization (Butekel, 1997).

1.8.1.2 Cover Crops
Growers need to be aware that they may be addsigneficant amount of nitrogen to

their vineyards when they disk under winter legunuisged as cover crops in the
vineyard. The legumes include vetch&Schiassp), clover (Trifolium ssp), and pea
(Pisumspp). Use of these cover crops can increase vinegatrdo excessively high
levels. For example, clover tissue contains abo&%2nitrogen, while vetch tissue
about 4%. Growing vetch can accumulate up to 8o# mjtrogen per ) compared to
an average of 2.8-5.6 g per’mpplied through commercial fertilizer additions. |
legumes are used as cover crops, soil and vinegeitr status should be monitored to
avoid excessive arginine levels in grape juicesadiitional nitrogen fertilization of the
soil is to be avoided, plowing-under of winter leges should not be practiced (Butzke
et al, 1997).

1.8.1.3 Cultivars and Rootstocks

Different grape cultivars exhibit variations innoigen uptake, with some varieties being
generally lower in level of arginine than othersow¢ver, low nitrogen status of

cultivars is largely related to own-root charades and will change with the use of
different rootstocks. Total bloom petiole nitrogean vary by more than 40% on

average, while nitrate-nitrogen may even vary 1adl@ depending on the rootstock-

scion combination used. Rootstocks can therefove laprofound impact on vineyard

nitrogen status and fertilizer management. Locatwiture farm advisors can provide

information on nitrogen uptake by different rootdte (Butzkeet al, 1997).

Growers should be aware of vine and grape nitroggatus and modify vineyard

procedures if juice arginine concentrations areniigantly greater than 1 mg T
1.8.2.Juice Nutrient: status and additions

Winemakers should determine the nitrogen contemtveduate correctly the nutritional

status of an individual grape juice to sustainytbast metabolic activity. Nitrogen status
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of grapes varies widely with vineyard site, soitjgation and fertilization practices,
vintage weather, scion and rootstock, and grapeinmhat The two major sources for
nitrogen in must are ammonia and amino acids withexception of proline. Proline
cannot be metabolised by yeast in anaerobiosis.

Both available nitrogen sources can be analyzed iwinery lab or at contract
laboratories. Ammonia assays include enzymaticfphetric tests or use of an
ammonia probe. Yeast available amino acids maydmsared rapidly by a colorimetric
OPA/NAC test (Dukest al, 1996), which requires a spectrophotometer. Asialpy
HPLC determines all nitrogen sources simultanequblyt requires highly skilled
personnel and yields delayed results under winemgakonditions. It is necessary to
obtain analytical results within a few hours afyeast inoculation in order to make
decisions about nutrient additions to deficient taButzkeet al,, 1997).

It would also be desirable to determine criticagjimine levels through a simple
analytical procedure which can be applied in a wiab. There is currently no rapid
analysis for arginine in juice available to wineriday. Development of a procedure
has been proposed by University of California (Ba@U, USA; Butzkeet al,, 1997).

To avoid sluggish or stuck fermentations, it isrpigted by Bureau of Alcohol, Tobacco
and Firearms (BATF) to add diammonium phosphate Rp&p to 960 g m to a
nitrogen deficient must, which is equivalents to 280 g of nitrogen M However,
excessive levels of nitrogen may contribute to doeenation and excretion by yeast.
Although some nutrients are required to accomplish optional malolactic
fermentation, high nutrient levels at the end ahtfentation can contribute to wine
microbial instability.

Yeast food preparations may add an unidentifie@llev yeast available nitrogen to a
juice. It is recommend that winemakers requestsimgplier to specify the different
nitrogen sources (Butzlet al, 1997).

The use of urea as a fermentation supplement isitpted. BATF has found that the
use of urea is not considered acceptable in gomdn@rcial practice among wine
producers and has rescinded the listing of uremasithorized treatment.

1.8.3. Yeast Strains

Wine yeast strains differ in their ability to catdise rapidly urea during fermentation.

When excess urea accumulates in the cell cytoplassnreleased into its environment,

21



that is the must. High urea producing yeasts aosetithat have a high capacity to
degrade arginine to urea, but a low urea metalngliabbility. Low urea metabolizing
ability may result from low activity of urea amigalkse, inhibition of amidolyase
activity by the presence of high levels of ammodgfjciencies of cofactors required by
amidolyase, or apparently low activity due to hyotive arginase. Genetic, as well as
environmental factors, influence the amount of urebeased by the cells. Some
commercial yeast strains, such as Lallemand®7H8d Star SC1120and Premier
Cuvée PdM have been described as producing relatively lovelte of urea. Yeast
companies will be able to recommend their lowestauexcreting strains for each
specific winemaking application, and it is suggddieat they be consulted (Butzke
al., 1997).

Spontaneous fermentations with undefined yeasinstraill necessitate monitoring of
arginine in juices and urea and EC levels in everynentation. It is not clear what
impact natural fermentations will have on EC leyals this has not been thoroughly
investigated. However, it is anticipated that irgigus yeast strains will display a

similar variability in urea catabolism as obseriredommercial strains.

1.8.4. Lactic acid bacteria

Some wine lactic acid bacteria are capable of fogrsmall amounts of citrulline, a
precursor of ethyl carbammate, from arginine, ardreging this precursor into the
wine. Routine nitrogen supplement of juices withkmmwn nutritional status can
increase the potential available nitrogen for baateafter primary fermentation.
Additionally, even strains unable to degrade arggninay produce small increases in
ethyl carbamate, suggesting that nitrogenous psecsirother than those derived from
arginine may be involved.

Research results indicate the need for cautiorhenselection of starter cultures for
conducting malolactic fermentation in wine, singgudline formation from arginine
degradation could result in high levels of ethylrbeenmate, even at normal
temperatures, during prolonged storage. In additi@pontaneous malolactic
fermentation by undefined strains should be avqidsdthis may lead to formation of

ethyl carbammate precursors.
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If malolactic fermentation is desired, winemakdrsidd either use a commercial strain
that does not produce high levels of citrullinenarnitor post-fermentation citrulline

content in juice (Butzket al,, 1997).

1.8.5. Ureases application

Since urea is the major precursor for EC in wingzyenatic hydrolysis of urea to
ammonia and C@appears to be a suitable way to eliminate formaftiom this source.
Preparations of urease enzyme are commerciallyadaiand permitted by BATF for
the treatment of wine (Butzlet al, 1997).

However, urease activity is severely limited undermal wine conditions, specifically
with respect to low pH and ethanol. Urease is daapigcinhibited by high
concentrations of malic acid, and fluoride resid(fesm cryolite® application in the
vineyard) in excess of 1 g'fnAny combination of these factors can make it ficatly
impossible to reach the desired low urea leveleasonable time, even at a very high
enzyme dosage. A complete elimination of EC ispusisible.

If wine is high in residual urea, winemakers mayadtde to use a urease treatment to
reduce urea levels. However, the effectivenest@itease addition must be evaluated
for each wine to confirm the enzyme is active (Retet al, 1997).

1.8.6.Sur Lie aging

It is a common winemaking style to age wiger lie (on yeast lees) after primary
fermentation in order to impact the wine organateproperties. Aging on the lees
allows nitrogenous compounds, amino acids and iprote be dissolved, into wine: a
rapid excretion from the intracellular pool of theast cells during the first weeks of
storage, and a slow increase during further stodageto autolysis of the yeast.
However, it has been reported that, in wines meala frapes having a low amino acid
concentration, after extended lees contact, noeasa in ethyl carbammate
concentration was found, and that no additionalylettarbamate precursors were
released from the yeast during extended lees doftherefore, under the above
conditions, the practice of extended yeast leesacbnappears not to raise ethyl
carbamate potentials.
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No data are available to document an influencesuoflie aging on urea concentrations
of wine made from grapes with excessive conceninatof yeast assimilable nitrogen.
Similarly, no data are available regarding the paoidn of sparkling wine and the
evolution of levels of urea and other EC precurshusng yeast autolysis, e.g., during
long- term aging oftirage-bottled wines (Butzket al, 1997).

Sur lieaging has not been shown to dramatically impdugtl @arbamate levels, but this
has not been thoroughly tested (Butekal., 1997).

1.8.7. Distillation and fortification

Although urea is not volatile and EC itself posgessa poor volatility, EC may still be
found in wine distillates. It can be formed positiliation via the reaction of a volatile
precursor, isocyanate, and ethanol both at ambishelevated temperatures.
Producers of fruit wine distillates have to be aavaf another precursor for ethyl
carbamate, in the form of cyanides. Stone-frugpeeially such as cherries, apricots or
plums, contain sugar-bound cyanides in their seadsch can be released during
fermentation. Removal of stones prior to fermentgtiand a secondary distillation are
essential to avoid high concentrations of voldEi@ precursors in this type of spirit.
Producers of fortified wines have to take the samesiderations into account as table
winemakers, since fortification itself may aggravéhe problem of urea excretion by
yeast. Urea is often formed during the early anddbei stages of fermentation with
subsequent yeast generations utilizing it during leter stages. Maximum excretion
occurs frequently, but with exceptions at aboutd 26°Brix. Arresting fermentation at
this stage will lead to high urea concentrationthim fortified wine. It is recommended
to perform a fortification test in the winery labhdato analyze both the fermenting wine
and the resulting dessert wine for urea.

In addition, the fortifying grape spirit or brandgn serve as the primary source for EC
taint in fortified wines, and should be monitored EC and potential EC.

Since isocyanate is formed by break-down of ueasame recommendations for table
wine production apply. No recommendation can beemiat this point regarding the
fractionation of distillates due to lack of datayaeding the distillation behavior of
volatile EC precursors (Butzlet al, 1997).
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1.8.8. Shipment and Storage

The chemical reaction between urea and ethanoleases exponentially with
temperature. It is therefore essential that a worgaining elevated levels of urea is not
exposed to temperatures above 38°C during stonagf@mment.

Since long-term exposure of wine to heat is alsiirdental to its sensory properties
and visual stability, wineries should educate andoearage the shipper, distributor,
wholesaler, and retailer to minimize heat expodayeuse of appropriate insulated

containers, shipping schedules and storage fasiliti

25



26



Chapter 2

Ureases
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2.1 Ureases: function and brief story

Ureases (urea amidohydrolases) are a group of eemymdespread in nature among
plants, bacteria, fungi, algae and invertebrated, thlthough with different protein
structures, exercise a single catalytic functidmt tis hydrolysis of urea, its final
products being ammonia and carbon dioxide (Hetral, 1997; Krajewska, 2009):

(BN),CO + HO O I 2NH; + CO (2.1)

Urea was first discovered in human urine by Hi#dal. Rouelle in 1773, later became
the first organic compound synthesized from inorganaterials (Wohler, 1828). That
ammonia in urine derives from hydrolysis of ureaswmst recognized in 1798 by
Fourcroy and Vauquelin, but the first ureolytic ne@rganismMicrococcus ureaevas
isolated from urine much later in 1864 by van Tiegh By contrast, the first ureolytic
enzyme was obtained in 1874 by Musculus from puiride, this being named urease
by Miquel in 1890.

The discovery of urease in soybe@fycine maxby Takeuchi in 1909 assured a
plentiful source of the enzyme for increasinglyemdified investigations (Fearat al,
1997; Krajewska, 2009).

In 1926 James B. Sumner crystallized urease frark gean Canavalia ensiformis
showing thus the first time ever that enzymes awgems and can be crystallized
(Krajewska, 2009; Sumnaeat al, 1926. Dixon et al. (1975), discovered the essential
presence of nickel ions in the active gik@ajewska, 200Q Since its discovery, urease
has been a subject of extensive research thatledlils occurrence and roles in nature,
the mechanisms by which it functions, the spedyfiof action and reaction to foreign
compounds. More recently, the research have indlageino acid sequencing, crystal
structures of native ureases, their mutants andploms with inhibitors, and the
genetic organization. The knowledge of the molechésis of the catalytic mechanism
of urease is crucial for controlling the processesurring with the participation of the

enzyme.
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2.2 Enzyme a real efficient biological catalyst

The enzymes are proteins able to catalyse mangftnanations related to cellular
metabolism. These very efficient biocatalysts, ftdharacterised by high selectivity
and specificity, allow metabolic reactions to tagkace in a faster way also in
environmental conditions (i.e. temperature) nofasmurable from a catalytic point of
view, but suitable to a living organism. In fadtey are able to increase the reaction rate
also of 16-10" times.

Enzymes can be conjugated proteins and sometinmggica metal. When the metal is
extracted from its enzymatic structure, the caitalgttivity is immediately lost. In fact,
this atom represents a fundamental component ofathize site and its ability to
interact simultaneously with many chemical substanmakes it able to promote the
formation of enzyme-metal-substrate complex.

Sometimes, metals can act as a sort of bridge leettte protein fraction of an enzyme
with a non-protein part.

According to Henry Michaelis, Menten’s approache tBnzymatic catalysis would

realise according to the following reaction meckani

1T -

E+S<—D_1D

ES TP E+P 2P.

The controlling step is related to the transforomatof the enzyme-substrate complex
(ES) to give the product (P) and to restore the &ezyme, its rate of decomposition (r)
is given by:

r= k[ES] (2.3)

As it is practically impossible to collect experimal data regarding the concentration
of the activated complex ([ES]) during an enzymatiansformation, and this

concentration can be evaluated utilising a mathieadagxpression which is a function
of kinetic constants or concentrations of composesasily detectable in the reaction
medium.

To individuate this mathematical relation the daling hypothesis were assumed:

a) all the concentrations of the species involvedany transformation have an

exponential coefficient equal to one (first order);
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b) the concentration of the activated complex reacthe stationary state so that the

difference occurring between the rates which inditseaccumulation minus those

related to its consumption, will be always equatéoo:

On these basis the following relation can be wmitte

d[ES)/dt=§ —r1— =k [E] [S] - k1[ES] - k[ES] =0 (2.4)

where k;, and k are first-order kinetic rate constant andssecond order kinetic rate

constant, as shown in Eq.(2.2).

By establishing the enzyme mass balance:

[Elto= [E] + [ES] (2.5)

it is possible to express the concentration of flee enzyme [E] as the difference

occurring between total amount of enzyme presetherreaction medium [E] minus

that bond to substrate to give the activated coxiiS]:

[E] = [Eliot - [ES] (2.6)

So combining suitably Eq.(2.6) with Eq.(2.5), ifggssible to express the concentration

of the activated complex as a function of: the emt@ation of the substrate a specie

largely present and easily detectable in the reacthedium; the total amount of

enzyme present in the reaction medium; kinetic t@ons involved in the

transformations reported in the scheme 3.1.
K[ElolS] _ [ElIS] _ [Ele[S]

k,[S]+(k_, +k,) [S]+k_1k+k2 ([S] + Km)

1

[ES]=

2.7)

In fact the linear combination of more constantkk and k) yields a new constant\K
(Michaelis constant). So Eq.(2.3) becomes:

K, [Eii [S]

=k, [ES]="2 s

Henry Michaelis, Menten’s equation (2.8)

When the substrate concentration increases aldooththe activated complex (ES)
increases to reach an asymptotic maximum value velethe enzyme is bound to
substrate. In these y, also the total rate reltietie product accumulation reaches its

maximum value (#ax) as shown by the following expression:

i = im K2 [Eeld[S]_ _
AT sy e el = e 9
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2.3 The enzymatic inhibitors

Sometimes, in the reaction medium may dissolve soongounds able to interact with
an enzymatic specie involved in the catalytic cycle

If the presence of some particular compounds nézasizymatic conversion to take
place and an increase of their concentratiortigelr affects the reaction rate, they are
promotersor activators On the contrary, if an increase of their concaian induces a
reduction of the enzymatic activity, they acirasbitors.

This inhibitory activity can be exerted by two éifént mechanisms:

a) competitive inhibition. In this case the inhdit(l) competes directly with substrate
to bind the free enzyme (E) to give an enzyme-imhibstable complex (EI), which
determines a decrease of the amount of the avaitatdyme (Fig. 2.1a).

b) not competitive inhibition. When the inhibitantéracts with the enzyme-substrate
complex (ES) to give a stable and no more activ f(ESI). Also in this case a lose of
the enzymatic activity is obtained (Fig.2.1b).

As a consequence of their specific activity, they able to induce an alteration of the
mathematical form of Henry Michaelis, Menten'’s eiua

In the first casedompetitive inhibitioh the overall enzymatic mass balance would be
SO0 corrected:

[Elot = [E] + [ES] + [EI] (2.10)
Assuming that inhibitor interacts with free enzytoeproduce a stable and not reactive
complex [El] by a transformation which immediatefchieves the equilibrium
conditions:

E+l— El (2.11)

The concentration assumed by this complex coulsbbevaluated:

[El] = % (2.12)

where K is the constant which rules the equilibrium ocigbetween free enzyme and
the inhibitor.

On this basis Eg. (2.10) would become:

_ _[ES]KM [ES]KM [I] _ KM KM{l]
[E]wot = [E] + [ES] + [E] _—[S] +[EY] +—K|[S] [ES]{ si +1+ <.[S] }

From which:
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Ki Ewot[S] _ [S][ E]tot

[ES]= = (2.13)

Kum(l +K,)+ K[ (KM(1+L) +[S)])
Ki
If a=1+10 (2.14)
|

then

[ES]:M (215)
a Ky +[S]

and the Michaelis-Menten equation in presence aofompetitive inhibitor would

become:

r=kJES] = Ky (Bl [S] = max 5] (2.16)

aKv+[S] aK,, +[S]
The term ¢ Ky) represent the so called “apparent” Michelis-Mantenstant in the
presence of a competitive inhibitor. It can be expentally determined by varying [l]

in the reaction medium.
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a) Competitive inhibition
k1 k2
ES —> E+P

o] &=
lo
&%

b) Non-competitive inhibition

E+8S

cRlo)

o] Jo

Eh—Ch

¢) Mixed inhibition

Figure 2.1 Action mechanisms of competitive, non competiingemixed inhibitors
The effect of a competitive inhibitor can be easlgtected by using the well known

graphical representations of the Michaelis—-Mentgnag&on in the plane (1/[S]; 1/r),

such as Lineweaver—Burk and Eadie-Hofstee plots.eixample, in the Lineweaver—
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Burk plot shown in Fig. 2.2 all the competitive ibition lines intersect on the y-axis,
illustrating that such inhibitors are not able tfeet rmax.

L (mlmin)-

R~ No inhibition
Slope= aK,/r

max

1/r

max

i)

Figure 2.2 Lineweaver—Burk plot in the presence of a cortigetinhibitor. The arrow shows the
effect of increasing inhibitor concentrations [I].

Other types of reversible inhibition are the nompetitive and mixed ones, this last
usually observed in enzymatic reaction involvingragle substrate.

In particular, a non-competitive inhibitor (Fig18) binds the enzyme in a site different
from that used to link the substrate and availablg on the ES complex.

In this case the overall enzyme mass balance warikb written:

[Elot = [E] + [ES] + [ESI] (2.17)

By assuming, even in this case, that the comple$l][Eundergoes no other

transformation and the inhibition reaction immeelgatachieves the equilibrium state:

ES+1 — ESI (2.18)
it is possible to calculate the ESI concentratian as
[ESI] = [Eiﬂ (2.19)

|

where K is the equilibrium constant.

By continuing to assume that [ES] concentratiostéionary, thus allowing to express
[E] as a function of [ES] and substituting such emumatogether with Eqg. (2.19) into
EqQ. (2.17), the following can be obtained:
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_. [ES] [ LA M
[El =Ky S = +[ES]+[ES] l—[ES]{1+ 5] K.} [ES]{a +[ ]} (2.20)
with
a':1+E—]. (2.21)

|
By replacing Eqg. (2.20) into Eq. (2.3), it is possilbb determine the Michaelis-Menten

equation in presence of a non-competitive inhibitor

r=k,[ES]= Ko [Elit [S] - Mo [S] (2.22)
2 +a'[S] K, +a'[S] '

The effect of a non-competitive inhibitor can be ilgasletected by using the
Lineweaver—Burk plot shown in Fig. 2.3, all the qmetitive inhibition lines having the
same slope (K'rmay and intercept d’/rmay iNncreasing when the non-competitive

inhibitor concentration.

i)

Figure 2.3 Lineweaver—Burk plot in the presence of a nonjmstitive inhibitor. The arrow shows the
effect of increasing inhibitor concentrations [l].
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As shown in Fig. 2.1c, a mixed inhibitor is capatdebind either the free enzyme E or
the enzyme-substrate complex (ES). In this caseptbeall enzyme mass balance can
be written as:
[Elwt = [E] + [ES] + [EI] + [ESI] (2.23)
By assuming that [EI] and [ESI] complexes undergootier transformations and both
inhibition reaction instantaneously achieve theuigbrium states and ES concentration
is stationary, the concentrations of ES, El, and &&8lbe expressed by Eq.s (2.12) and
(2.19), respectively. Once these equations weredaoted into Eq. (2.23), it is possible
to derive the following:
1., =)+ EIS1 [EN [ENST I _ ey, 00 [ENIS] ;00

Ky K, Ky K, K, " | (2.24)

o[E]+ o EIS]

M

By substituting the free enzyme concentration Hs|derived from Eq. (2.24), into Eq.

(2.15), it is possible to obtain the enzyme-substcamplex concentration [ES]:

_ [Elw[S]
[ES]=— — TS (2.25)

and finally, by replacing Eqg. (2.25) into Eq. (2.8) determine the Michaelis-Menten

equation in presence of a mixed inhibitor:

r =k, [ES]= —melSL
2 aK, +d'[S]

(2.26)
wherea anda' are defined by Eqg. (2.14) and (2.21), respedtivel

The effect of a mixed inhibitor can be easily detdcby using the Lineweaver—Burk
plot, where the intercepta{rmay) and slope d Kn/rmay vary with the inhibitor

concentration [l].
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2.4 Ureases Sources

As the key function of ureases is to provide kyiorganisms with ammonia which
represents the nitrogen form necessary for themwtr, they are enzymes widely
diffuse in nature (Krajewska, 2009; Waegal, 2008).

2.4.1 Ureases in plants

Being able to promote the degradation of urea patedeinto plant cells, urease is an
essential enzyme in plant (Kojinet al, 2006; Krajewska2009; Wanget al, 2008).
Although not entirely yet well known, higher plardse characterised by passive or
active urea transport systems, which allow theropgmize N-nutrition depending on
the nitrogen form available from external envirommer internally synthesized. From
external environment, plants assimilate urea thmorapts as urea, but essentially as
ammonia generated from urea hydrolysis, and thigossible due to the presence of
ureases in soils, a fact exploited in urea fegtian practices.

Importantly, high inputs of urea fertilizers applisnay constitute a serious hazard both
to plants and the environment. To enhance fertibmapractices, urea is also applied
through the foliage. Foliar-applied urea, howewam be toxic in high concentrations
(Wang et al, 2008). Further knowledge on the mechanisms eh-uelated plant
nutrition is therefore needed for the developmehtbalanced strategies of urea-
fertilization for sustainable agricultural crop gretion.

Urea derives from arginine and possibly from degtiadh of purines and ureides
(Polaccoet al, 1994). The nitrogen present in urea is unavkilab the plant unless
hydrolyzed by urease. The product of urease agti@inmonia, is incorporated into
organic compounds mainly by glutamine synthetasesh@wn in Fig.2.4, (Sirket al.,
2000). Arginase and urease may control the utibnabf seed protein reserves during
germination (Polaccet al, 1993).

Metabolized rapidly, urea practically does not acuolate. However, constantly
generated may serve as an N-source. It has also gsothesized that due to the
generation of ammonia, urease fulfils a defensection against plant pathogens
(Polaccoet al, 1993). In the same context, recently, ureassecticidal (Follmeeet al,
2004) and antifungal properties (Becker-Rittal, 2007; Menegasst al, 2008) has
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been recently provided. This corroborating theinchion in plant defense system.
Present virtually in all plants, urea is especialbundant in leguminous seeds, those of
soybean Glycine ma¥ containing 0.012% urease/dry mass and those abf fpean
(Canavalia ensiformis0.07-0.14%, the latter thus being one of the comast sources
of the enzyme (Sumnet al, 1926; Webeet al, 2008).

Arginase
UREA + Glutamine

synthetase

Ornithine cycle

Glutamate semialdehyde

b

==

Figure 2.4 Urea metabolism in plants (Sirko et al., 2000)

2.4.2 Ureolytic bacteria pathogenic to humans and animals

Urea is the major metabolic nitrogenous waste prbdtimost terrestrial animals, it is
produced in the liver, carried in the bloodstreanthe kidneys, and excreted in urine
(Burneet al, 2000; Collinset al, 1993).

Additionally, some 20-25% of all urea produceddsmeated to remain in the intestinal
tract, this renders urea readily available to wolbacteria making the urinary and
intestinal tracts the most common sites of ureolydacteria infections in humans
(Burneet al, 2000; Collinset al, 1993).

Bacterial urease is directly associated with themédgion of infection stones and
contributes to the pathogenesis of pyelonephrégmmonia encephalopathy, hepatic
coma, urinary catheter encrustation, and peptieraton (Mobleyet al, 1989). The
pathogenic effects arise from urea hydrolysis, than increase in pH (up to ca. 9.2)
and the toxicity of released ammonia and its déixea (Burneet al, 2000). This is the
reason of the infection stones: the normally sa@ytmlyvalent ions, present in stones,
become supersaturated as the pH increases frotn 6.8. This alkalinisation results in
the stone crystallization (Moblest al,, 1989).

One of the most important ureolytic pathogenic éaatinfecting the intestinal tract is
Helicobacter pylori(Burneet al, 2000; Collinset al, 1993; Dunret al, 1998; McGee
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et al, 2000).H. pylori is acid-sensitive and replicates in a pH range.6fto 8.0
(Goodwin et al, 1986; Mobleyet al, 1989), yet it survives in the highly acidic
environment of the human stomach and it producgk havels of urease activity and
consequently of ammonia which protects the baatefrom stomach acid (Bradst al.,
1986; Mobleyet al, 1989).

2.4.3 Acid ureases

Acid ureases are a distinct subgroup among uredbes. salient characteristic is that
unlike typical neutral ureases, with the optimahaty at pH close to neutral they have
the optimal pHs in the range 2—4.5, as shown ilerad.

Acid ureases can be produced by bacteria strairtacis acid bacteria isolated from
milk and dairy products, from sourdoughs, séitthrobacter mobilis;Miyagawaet al.
1999) or produced in the intestinal tractsagtobacillus StreptococcusEscherichia
Morganella and Bifidobacterium (Kakimoto et al, 1990; Takebeet al, 1988;
Yamazakiet al, 1990). To date it is uncleavhy bacteria growing in the alimentary
tract, the pH of which is neutrgdroduce acid ureases.

These bacteria can be also obtained, from cultoleations, belonging to different
species of the genenterococcugE. faecalisstrains,E. faecium E. pseudoaviuim
Lactobacillus (L. alimentarius L. brevis L. casej L. coryniformis L. curvatus L.
farciminis L. fermentumL. helveticusL. paracaseilL. paraplantarum L. pentosusL.
plantarum L. rhamnosusL. sakej L. zeag, LactococcugLc. lactig, LeuconostodLe.
mesenteroidgs Pediococcus(P. acidilactici and P. pentosacels Streptococcugs.
macedonicusS. thermophilus S. salivariug, Weissella(W. cibarig W. confusaW.
viridescensZottaet al., 2008).

Like neutral ureases, acid ureases maiekel-containing enzymes with relatd€ly
values, but their activitieare mostly lower, as reported in Table 2.1. Alge heutral
ureases they arahibited by acetohydroxamic acid, Hig C/**, Ag" ions and byp-
chloromercuribenzoic acid (Kakimoti al, 1990; Yamazaket al, 1990; Fidalet al.,
2006).
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Table 2.1 Kinetic parameters of selected ureases (Krajew2Rka9).

Ureases Kn® (mM) Activity® (jumolurea/minmg) PHape? p!
Plants

Canavalia ensiformis (jack bean) 2.9-3.6 2700-32500 7.0-7.5 5.0-5.1
Glycine max (soybean) 0.2-06 650-800 7 -
Cajanus cajan ( pigeon pea) 3.0 3120 7.3 -
Gossypium hirsutum (cotton seeds) 0.12-0.15 14.5 8.0 -

Fungi

Aspergillus nidulans 1.33 670 85 -
Aspergillus niger 3.0 1341 8.0 -
Coccidioides inmmitis 4.1 1750 8.0 55
Schizosaccharoimyces pombe 1.02 700-800 8.2 -
Bacteria

Aerobacter aerogenes 2.8 690 7.5 =
Arthobacrer oxydans 12.5 219 7.6 4.3-47
Bacillus pasteurii 17.3 2500 8.0 4.6
Brevibacterium amimoniagenes 32 3570 7 4.1
Brucella suis 5.60 540 7.0 5
Helicobacter pylori 0.2-08 1700 8.0-8.2 5.9; 5.93;5.99
Klebsiella aerogenes 2.8 2500 7.75 ==
Proteus imirabilis 13 2000 7.5 52-59
Providencia reccgeri 105 306 7.5 51-5.2
Providencia stuartii 9.2 7100 = 5.4
Selenomonas ruminantium 2.2 1100 8.0 =>
Staphylococcus leei 1.66 730 - -
Staphylococcus saprophyticits 9.5 1979 6.0; 7.0 4.7
Staphylococcus xylosus - 1573 g 4-5
Ureaplasma urealyticum 25 180,000 6.9-75 5.0-5.2:4.60
Acid ureases

Streptococcus mitior 2.0 230 4.5 4.6
Lactobacillus ferimentum 2.7 220 2 4.8
Lactobacilius reuteri 28 290 2 4.7
Arthrobacter mobilis 3.0 2370 4.2 6.8
Algae

Nitellopsis obtusa 4.5 - - -
Invertebrates

Land snail Otala lactea 0.1 0.79 8.4-9.0 =

Although urease production is widespread among gsalites (Mobleyet al, 1995),
with the exception ofs. thermophilugMora et al, 2002; Moraet al, 2004) andS.
salivarius(Chenet al, 1996; Cheret al, 1996; 1998, 2000) only a few species of lactic
acid bacteria have been tested for urease acawityfound positive (Kakimotet al,
1989, 1990a, b; Yamazalit al, 1990). Acid urease activity has been foundLin
fermentum(Kakimotoet al, 1990a) L actobacillus reuter{Kakimotoet al, 1989), and
Streptococcus mitiofYamazakiet al, 1990). Urease activity was always intracellular,
as for the large majority of urease producing prpsies (Mobleyet al, 1995; Zotteet

al., 2008).

Acid ureases, those frobhactobacillussp. in particular, are now commercially available
in soluble and insoluble forms. A commercial acidase preparations dried, ethanol-
permeabilized obtained froin fermentuncells, are currently used for the degradation
of urea in sake and wine, their pH values beingy Vew (e.g. pH of sake, 4.4; pH of
wine, 3.2; Fidaleet al, 2006; Kodama, 1996), in order to prevent thauaudation of
the potentially carcinogenic ethyl carbamate. Tabed for this purpose, urease should
be active at the low pH and low urea concentratemg in the presence of inhibitors
found in alcoholic beverages (Estial, 2007; Fidale@t al, 2006; Kodama, 1996). An
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example of acid urease preparation principally use@move urea from Japanese sake
and wines is Nagapsin®. It is used by dissolvin08-0.01 kg of enzymatic
preparation in 1-2 kg of sake, its activity is opai in the pH range 3-4. The enzyme is
tolerant to alcohol and is able to hydrolyse effedy the urea to ammonia and €O
The effect of pH and temperature is shown in Fig.2An additional requirement may
be a low heat tolerance to allow its inactivation gasteurization (Miyagawat al.,
1999) and the ability to retain sufficient activay the temperatures used to store wines
and alcoholic beverages (Zo#nal, 2008).

Acid urease fronLactobacillus fermenturnas a molecular weight of 220,000 Dalton,
and consists of three kinds of subunits, designat@candy, with molecular weights of
67,000, 16,800 and 8,600, respectively imgfy1), structure. The isoelectric point of
the enzyme was 4.8. The nickel content was fourtuet@.9 atoms of nickel pesfzy:
unit. The amino acid profile was different from $seoof known bacterial neutral
ureases. The enzyme was most active at pH 2 aohéi@6°C. It was stable between
pH 3 and 9, and below 50°C. The Michaelis-Mentargastant (k) for urea was 2.7
mM at pH 2. The amino terminal amino acid sequenédse subunitsa, p andy were
Ser-Phe-Asp-Met-, Met-Val-Pro-Gly- and Met-Arg-Lé&itt-, respectively (Kakimoto
et al, 1990).

Recently, some studies & thermophilusirease have shown a relatively high residual
activity of the enzyme at low pH. Moreover Zottizal.,, (2008) showed for the first time
thatS. thermophilusirease exhibited a does have significant resiaciatity at low pH
(3—-4) and in the presence of ethanol, this resuitobating its use in wine and other
alcoholic beverages.
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Figure 2.5Effect on the pH (a) and on temperature (b) onréhative activity of Nagapsin preparation

2.5 Proteic structures of ureases

Plant and fungal ureases are homo-oligomeric prstef ca. 90 kDa subunits, made up
of identical subunits, as shown in Fig.2.6, unljfant and fungal, bacterial ones are
composed of three distinct subunits called UrefeBJand UreC (Moblewt al, 1995),
one large ¢, 60—76 kDa) and two smalf,(8-21 kDa and;, 6—-14 kDa), commonly
forming (@By)s trimers as shown in Fig.2.6, resulting in the enegymolar masses
between 190 and 300 kDa (Krajewska, 2009).

By referring to the structures of microbial ureasésvere, both the secondary and
tertiary structures, extensively simila despite sattiferences in the number of chains.
The sequence of urease from jack be@an@valia ensiformisis closely related to the
sequence of all bacterial ureases, this suggestingpbmmon evolutionary origin.
Bacillus pasteuriand most other bacterial ureases are collinedr thé single chain of
fungal and plant ureases.
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plant urease from jack bean

Canavalia ensiformis [84) | N- 90.77 kDa -(] | 840 aa

iplant urease from soybean

(Glycine max [82] | 93.5 kDa |

iplant urease from pigeonpea

\(Cajanus cajan [83] | 90 kDa |

iplant urease from cotton seeds

\(Gossypium hirsutum [36] | 98.3 kDa |

fungal urease from [101]

ISchizosaccharomyces pombe | 91.2 kDa | 835 aa

fungal urease from

\Coceidioides immitis [102] | 91.5 kDa | 839 aa
bacterial urease from i d o

Klebsiella aerogenes[103] [ 11.1kD4 [11.7kDd | 60.3 kDa |101/106/567 aa
bacterial urease from Y i} o

Proteus mirabilis [104]  [11.0kDa] [12.2 kDa | 61.0kDa |100/109/567 2
bacterial urease from 3 a

Bacillus pasteurti [103] 11.1 kD.;I 14.0 kDa | 61.4 kDa |10 1/126/570 aa
bacterial urease from [106] ik ] o

Ureaplasma urealyticum [ 112 kDa] [13.6 kDal | 66.6 kDa |102/121/614 aa
bacterial urease from Y B o

\Proteus vulgaris [107] [11.0kDg [12.1 kDa | 61.0kDa |100/108/567 aa
lbacterial urease from Y B o

\Staphylocaccus xylosus [108] | 1.0 kD;i | 15.4 kDa| | 61.0 kDa | 98/138/571 aa
bacterial urease from Y B o

\Staphylococeus leei [92] | 12kDa | | 21 kDa ] | 65 kDa |

bacterial urease from [91] Y B o

Staphvlococcus A‘upmp/{)‘lic:lx| 13.9 kDa| |20.4 kDaI | 724 kDa |

lbacterial urease from Y i o

Providencia stuartii [109] | 9kDa | | 10 kDa | | 73 kDa |

Ibacterial urease from B o]

\Helicobacter pylori [99] I 26.5 kDa ‘ | 61.0 kDa I 238/569 aa

Figure 2.6 Structural subunits of ureases (Krajewska, 2009).

By comparing of the amino acid sequence of the majease subunits frofroteus
mirabilis, P. vulgarisandH. pylori, it was found that they are identical to the segee
of urease from jack bean in over 50% of amino aegidues inspite of the very distant
phylogenetic relation between plants and bactémdirfer, 2008; Mobleet al, 1989).
Moreover, on electron-microscopic images of negdyrstained jack bean urease
suggested that the enzyme was composed of twacdyrhers (Fishbeiret al, 1977).
Analogous electron-microscopic images of thepylori enzyme (Austiret al, 1991;
Austin et al, 1992; Hawtinet al, 1990) similarly suggested a threefold rotational
symmetry, whereas those of ureases frSmsaprophyticusand S. xylosusshowed
symmetric particles divided in two by a dark-stamiine (Schafeet al, 1994). It was

postulated that all known ureases are varianthefsame enzyme and are likely to
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possess the same general three-dimensional sewantdr catalytic residues at the active
site (Mobleyet al., 1995).

Several ureases display a highly conserved amiitbsagjuence in the region of their
catalytic site with respect to both critical re@duand adjacent amino acids as shown in
Fig.2.7 (Follmer, 2008). This conservation of amimud sequence in the region of
catalytic site suggested a similar kinetic mechani the several known ureases.
Moreover, for many inhibitors the inhibition kinesi of bacterial and plants enzyme
were generally similar (Moblest al, 1995).

The protein is a trimey)s; of trimers, possessing three active sites peyraaz

The amino and carboxy termini for each of tke aerogenesurease subunits are
accessible; thus, additional residues, as are faondrease sequences from other
microorganisms, can be accommodated without distgrthe structure.

In particular, there is adequate room for inclusadre connecting linker between the
UreA and UreB subunits, as is present inkhegylori and jack bean enzymes, as well
as between the UreB and UreC subunits, as exigteijack bean enzyme (Mobley
al., 1995).

N . . “ « .
DTHy HWI GLKaisl H ALHiSD TFHpaTE SS8Daes SO K asogenes
DCHaorVHYI  GLKasslH  NiHseTD  TYHsssBE  S8DensSQ €. ensiformis (JBU)
DCHaaVHYl  GLKaslH  NIHeTD  TYHaSE  S58DsAQ  C. ensiformis (JABURE-)
DCHisVHYl  GLKaaslH  NIHsi TD TYHsa:SE  SS8DenSQ  G. max- embryo
DCHaosVHFI GLKasslH  NIHsirTD  TYHsaeSE S5Ds»nSQ  G. max- ubiquitous

DCHVHYI GLKzalb H  AlH:1S D SFHasVE TI DasaAL 8. pasteurii
DTHys HFI  GFKgialH - AlHpT D TFHTE  S8D3 SQ  H. pylon

Fig. 2.7 Catalytic site oKlebsiella aerogenasrease (Follmer, 2008).

Regarding the structure of urease active sitespuaified ureases analyzed for metal
content possessed nickel ions. More specificdtlg,great part of acid ureases analysed
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by atomic absorption spectroscopic measurementyeshdghe presence of two nickel
ions per active site (Moblest al,, 1995).

X-ray absorption spectroscopic analysis of the dy@lt urease revealed an edge
spectrum that is most consistent with five-coortingeometry, while extended X-ray
absorption fine-structure analysis suggests thesemee of two or three histidyl
imidazole groups per nickel ion, as shown in FB).@Vanget al, 1994). Whereas the
spectra indicated that metal ions in native enzpgsess all N or O ligands and Ni-S,
as well as Ni-Ni scattering interactions, the Ni-dNstance was estimated to be 0.326

nm by this technique, as shown in Fig.2.8.

H
(N, 0) N, 0)
@ ,ﬂfb S ‘"c"a ~ Q)
Nl“‘g'g'e"- NI

@ (NIO) (NO @

Figure 2.8 Model of the urease bi-Nickel center based oplysical and spectroscopic analyses
(Mobley et al., 1995).

2.6 Urease catalyst properties

2.6.1 Proposed reaction mechanisms for urease-cataéd urea hydrolysis

The currently accepted view of the mechanism oéseges based on the different roles
played by the two Nickel ions: one of them bindiagd activating urea, the other
binding and activating the nucleophile water molediDixon et al, 1980; Jabret al,
1995; Karpluset al, 1997; Zerner, 1991). In particular, in view bétcrystal structure
of urease fronKlebsiella aerogeneand of its mutants, it was proposed that ureasbind
to the five-coordinated Ni(1) while the hydroxidenj bound to the hexa-coordinate
Ni(2), acts as nucleophile (Jaktial, 1995; Karplu®t al, 1997).

Alternatively, Beniniet al, (1999), proposed that urea enters in the adliitee cavity
and binds the more electrophilic five coordinate1N with the carbonyl oxygen,
approaching the six-coordinated Ni(2) with one tf amino groups and eventually

bridging the two metal ions, as shown in Fig.2.9afe protonation state of Hi$? Ne
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stabilizes the binding of the urea carbonyl O atton Ni(1). Furthermore, the
conformational change from the open to the closesitipn of the flexible flap induces
a rearrangement of AI¥°® carbonyl group such that its oxygen atom pointsarols
Ni(2) Fig.2.9b. The carbonyl groups of At& and Al&>®° are therefore now positioned
to act as hydrogen-bond acceptors towards the NkeAgroup, thereby assisting its
binding to Ni(2). Urea is a poor chelating ligandchuse of the low Lewis base
character of its NH groups; the hydrogen bonds with the nearby calboxygens of
Ala®® and Al&%®® would, however, enhance the basicity of the angnoup and
facilitate its binding to Ni(2). In conclusion, tlegientation of the substrate is induced
by the asymmetric structural features of the aesite residues, positioned to act as
hydrogen bond donors in the vicinity of Ni(1) ansl laydrogen-bond acceptors in the
vicinity of Ni(2). The bidentate ligation of urea the two very electrophilic nickel ions,
together with the hydrogen-bonding network desdkjlstrongly activates the inert urea
molecule towards nucleophilic attack, by polarizitg C—-O and the C—Ntbonds.
This binding mode of the substrate brings the caddiom of urea in close proximity to
the nickel-bridging ligand to be the nucleophiletime form of a hydroxide anion, as
shown in Fig. 2.9b,c (Benimit al, 1999).

2.6.2 Kinetic properties of ureases and enzyme sstipates

Ureases typically exhibit simple Michaelis—Menterehaviour, though at high
concentrations substrate and product inhibitiorss sgen. Kinetic characteristics of
ureases from different sources, including their Mielis constant¥y, activities,
optimum pH and isoelectric points, @re shown in Table 2.1.

Unlike Ky, the activity of ureases is strongly dependentpbh) the enzymes being

active in a pH range of ca. 4.5-10.5 with the optimactivity at pH 7-8.
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Mucleophilic attack by W(B) (OH™) on urea carbon atom,
Proton transfer via D363 from 'W(B) (OH™) to the DAP distal NH; group

NHa
carbamate

4 H,0O

(c) Closed flap

Figure 2.9 mechanisms of urease-catalyzed hydrolysis of preposed by Benini et al., 1999.

Frequently interpreted as bell shaped, therebyatntig the involvement of two active-
site functional groups in the catalysis dfgs ~ 6.5 and ~ 9 (Krajewslat al, 1999;
Todd et al, 1987), the activity—pH profiles of ureases wsh®ewn to possess shapes
with two activity maxima, one dominant at pH 7-&lahe other one at an acidic pH
(Evanset al, 1991; Krajewskat al, 2005; Mulrooneet al, 2001; Tayloret al, 1988).
These shapes imply the involvementK{p 3.0, 6.25 and 9.0 (Dixost al, 1980) or
5.3, 6.6 and 9.1 for jack bean urease (Lopresral, 1998)] of either three or four
functional groups (K.s 4.5, 6.3, 6.9 and 9.1 foKlebsiella aerogenesurease;
Mulrooneyet al, 2001).

The identity of the functional groups detected g pH-variation studies has not been
elucidated yet. Although originally believed to besolutely urea-specific, today a
number of urease substrates are known which, hawaxeehydrolyzed at a much lower
rate than urea, as shown in Table 2.2. Among tlstsates two distinct groups are
seen, namely urea analogues and phosphoric acitkarand esters. The reaction with
compounds other than urea is complex, which isumzanost of them are both enzyme

substrates and inhibitors (Krajewska, 2009).
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Table 2.2 Substrates for ureases (Andrews et al., 1984; Kvsi@., 2009).

Substrates Formula Keat (SY) Kv (M)

Urea HN-CO-NH, 5870 0.0029
Semicarbazide JN-CO-NHNH, 30 0.06
Formamide HN-CO-H 92 1.06
Acetamide HN-CO-CH; .55 0.75
N-methylurea EN-CO-NHGHs .075 0.22

2.7 Urease inhibitors

Ureases are inhibited by a number of compoundsstfatb urea, product ammonium
ions, and substrate analogues are weak inhibifarsease (Krajewska, 2009).

Several urea analogues have been examined as und#siéors, including alkylated
ureas, various thioureas, hydroxyurea, and numenmgdsoxamic acids. The effects of
alkylated ureas on urease activity have been examim cell extracts from
Corynebacterium renaléLister, 1956),K. aerogenegKamel et al, 1973), Proteus
vulgaris (Pianottiet al, 1966), and several other enteric bacteria (Reseet al,
1981).

No significant urease inhibition was observed foy af the cell extracts by urea
analogues such as methylurea, ethylurea, and pireaylPhenylurea was shown to be a
poor competitive inhibitor with a Kof 94 mM for purified Brevibacterium
ammoniagenesirease (Nakane@t al, 1984). Mixed inhibition by methylurea was
observed in the case f aerogenesirease.

Despite the close structural similarity betweesauand thiourea, the latter compound is
not a substrate for urease. By studying either @/oells or cell extracts, urease activity
was found to be inhibited by 100 mM thiourea Gorynebacterium renaléLister,
1956) and 0.2 mM irProteus vulgaris whereas substituted thioureas were generally
much poorer inhibitors of urease (Pianettal, 1966). Although 0.65 mM thiourea was
reported to inhibit cell extracts d¢f. areogenegKamel et al, 1973), no significant
inhibition was observed for a purified preparatiohK. areogenesurease at levels

exceeding 25 mM thiourea. A similar lack of inhibit was noted with isolated
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Brevibacterium ammoniagenasease (Nakanet al, 1984) and with crude preparations
of urease from a mixed ruminal population (Mahadetsal, 1976).

Hydroxyurea is both an inhibitor and a substratenmirobial ureases (Mahadevanal,
1977, Rosenteiet al, 1984). Addition of this compound to a sampleusdase results
in rapid competitive inhibition, followed by a slowcovery of activity as hydroxyurea
is hydrolyzed.

As revealed by pH-dependent kinetic study, thialshit urease competitively in their
thiolate anion form R-S(Todd et al, 1989). The crystal structure of urease with
mercaptoethanol, a model compound of this groupmahstrated that -
mercaptoethanol binds to urease by displacingall water/hydroxide molecules in the
active site (Blakelewt al, 1983; Dixonet al, 1980; Todcet al, 1989).

A similar inhibition shown by thiols, is observedr fthe binding of acetohydroxamic
acid with urease. This compound was shown in 18@&#tpotent inhibitor of jack bean
urease (Kobaslet al, 1962). The best-studied hydroxamate is acetaxgic acid,
which has been shown to inhibit ureases f@lwstridium sordellj E. coli, Morganella
morganii, Proteus mirabilis Proteus vulgaris Providencia rettgeri Staphyloccoccus
aureus (Rosenteinet al, 1984), and many other microorganisms, as welliraases
from soil (Pughet al, 1969). Hydroxamic acids are good metal chelattrgs, the
mechanism of inhibition has been generally assutaadvolve binding to the active
site nickel ion. Spectroscopic evidence obtaingddok bean urease is consistent with
this assumption (Andrewet al, 1984). By measuring rates of urease inactivatiater
varied conditions, and by measuring reactivatidesafter removal of free inhibitor,
acetohydroxamic acid was found to be a reversdampetitive inhibitor of this enzyme
(Mobleyet al, 1989).

Amides and esters of phosphoric acid are classéi®dhe strongest inhibitors. The
kinetic analysis of their inhibition implied thatrespective of the compound, the
inhibition is always brought about by the same démphosphate (DAP), a product of
their hydrolysis (Andrewset al, 1986; Faraciet al, 1995; McCartyet al, 1990).
Phosphoroamide compounds possess a tetrahedralegggothat may mimic an
intermediate state in enzymatic catalysis, thug@as transition state analogue. For
jack bean urease there is spectroscopic eviderateptiosphoramidate binds to the

active site nickel (Andrewst al, 1984).
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This contention was verified by the crystal struetwf phenylphosphorodiamidate
(PPD)-inhibited urease, in which the presence ofPD#& the active site was
demonstrated (Benirt al, 1999).

An interesting group of compounds within this clagsinhibitors are derivatives of
thiophosphoric acid, chiefly amides, which were whoto effectively be only
precursors that become inhibitors upon their coigar into oxygen analogues
(Christiansonet al, 1990; Creasoret al, 1990). Due to their efficacy, a variety of
derivatives of both phosphoric and thiophosphodics have been intensively studied
for retarding urease hydrolysis in soils (Chrissi@amet al, 1990; Fonet al, 2008; Qui-
Xiang et al, 1994; Watsonret al, 2008) and against ureolytic bacteria infections
(Blanchardet al.,, 1988; Kenny, 1983; Moblest al, 1988; Popet al, 1998).

Phosphate buffer, very common in the kinetic staidieurease, and long known to be
inhibitory at neutral pHs (Howekt al, 1934), had its inhibitory strength shown to be
pH-dependent. This strength decreases with anaseren pH and stops at pH 7.0-7.5
(Krajewskaet al, 1999; Toddet al, 1989). The inhibitory action of the buffer was
ascribed to PO, ion (Dixonet al, 1980; Krajewskat al, 1999; Todcet al, 1989), a
point verified by the crystal structure of ureadsegphate complex at pH 6.3 (Benati
al.,2001).

Boric and boronic acids are rapidly binding ureesgbitors, comparatively weak. For
boric acid, the maximum inhibitory activity was eipged at pH between 6 and 9,
suggestive of its action in the molecular form B(@KBreitenbachet al, 1988;
Krajewskaet al, 2005).

In contrast to the above inhibitors, the data aoride inhibition are less consistent.
Namely, in a comprehensive studyKiebsiellaaerogenesurease (Todeet al, 2000),
fluoride was found to be an uncompetitive slow-nigdinhibitor, however, for jack
bean urease, by virtue of " Binding to an active-site nickel ion, this inhibii was
defined as competitive, while its time-dependerdrabter also suggested that it was
uncompetitive (Dixonet al, 1980), and interpreted as competitive slow-hbigdi
(Krajewska et al., 2001). Heavy metal ions inhibit both plant (Kragka, 1991;
Preiningeret al, 1996; Shaw1954; Shawet al, 1961; Zaborskat al, 2004) and
bacterial ureases (Kenny, 1983; Nakaetoal, 1984) at the following approximate
order of effectiveness: Hg~Ag" >CU** >Ni** >Cd* >zn** >Cd* >Fe* >PF">Mn?*
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(Krajewska 1991; Zaborskat al, 2004), with HG", Ag" and C&" ions nearly always
listed as the strongest inhibitors (Kuswandi, 20D&enet al, 1968). Classified on the
basis of the initial reaction rates measurementsoasompetitive (Toremt al, 1968;
Zaborskeet al, 2004). This inhibition has been habitually ased to the reaction of the
ions with the thiol groups of the enzyme, resultingthe formation of mercaptides
(Hellermanet al, 1943; Krajewskal991; Shaw1954; Shw et al, 1961;). However,
evidence was also provided that?Cand quite likely A§ ions, in addition to SH
groups, coordinate to nitrogen- (histidine) andslalg oxygen- (aspartic and glutamic
acids) containing functional groups in urease I(Rel et al, 2005; Krajewskaet al.,
2008).

In practice, this inhibition is important for tweasons. One is that in view of heavy
metal ion pollution, appropriate levels of ureaséivaty in agricultural soils may be
endangered. The other one is that this inhibiti@y tme exploited in constructing urease
inhibition-based sensing systems forsitu and real time determination of trace levels
of the ions,e.g in environmental monitoring, food control and riedical analysis
(Krawczynski et al, 2000; Kuswandi, 2003; Preininget al, 1996). Likewise, the
involvement of urease thiol groups was found in thieibition of the enzyme by
bismuth compounds (Zhargt al, 2006). The data on this inhibition are of mellica
importance, because bismuth compounds are widelg as bactericidal agents in the
treatment of peptic ulcers andelicobacter pyloriinfections (Asatoet al, 1997;
Murafuji et al, 2006; Zhangpt al, 2006).

Most recently, a group of novel inhibitorB;methyl phosphinic and thiophosphinic
acids, were designed, synthesized and studied i{Masst al, 2008). They proved to

be competitive inhibitors, simple and slow bindingspectively, withKi constants

varying between 1:710* and 0.34 mM forBacillus pasteurii urease.P-methyl

thiophosphinic acids appeared to be stronger itdribithan their oxygen analogues. A
variety of other compounds were tested for themikitory potential towards ureases.
Among those are ketones,[f)-unsaturated (Tanaket al, 2003), a-hydroxyketones
(Tanakaet al, 2004) and cycli@-triketones; Taruret al, 2004), Schiff base metal (Cu,
Ni, Co, Cd, Mn) complexes, and notable for medicimsage, compounds of natural
origin, garlic- and herbs-derived (Juszkiewatzal, 2004; Kharet al, 2006; Liet al,
2007; Lodhiet al, 2006; Shiet al, 2007). Furthermore, there are reports on impéct
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pesticides on ureases, which is unquestionably rahep significance, given the
importance of adequate control of soil urease #ygtim the economic use of ureabased
fertilizers (Cervelli et al, 1975; Cervelliet al, 1977; Lethbridgeet al, 1976;
Lethbridgeet al, 1981).
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Chapter 3
Enzymatic reaction engineering

55



56



3.1 Free urease kinetic model

Depending on their sources, ureases present arardge of specific activities, these
depending strongly on the buffer, pH, temperatune ianic strength (Qirt al, 2002).
The kinetics of urea hydrolysis was described byamseof a modified Michaelis-
Menten reaction rate expression, which incorporatdsdependent kinetics, substrate
inhibition, and non-competitive product inhibitiby NH,;" (Moynhanet al, 1989):

()

— max

s = s? A
KS KA

where g is the urea degradation ratgaxthe maximum specific reaction ratey Khe

(3.1)

Michaelis-Menten constant, Kand K, are the substrate and product inhibition
constants, while S and A are the concentrationsed and ammonium ions.
EH, EH,S

Kz, KEs,1

EH +S —__* EHS® EH +A

Ke. Kesz2

E> ES”

Figure 3.1 Schematic diagram of the mechanism assumed toiblegbe effect of pH on the enzymatic
urea hydrolysis, where E, S and A represent thgreaz substrate and product species,
being the enzyme distributed among three diffeyeptbtonated forms (Tripton et al.,
1979).

To explain the pH dependence @f,r and Ky, Tripton et al. (1979) proposed the
reaction scheme shown in Fig. 3.1, thus yieldirggfttlowing:
Kk E,

rmaX = +
1+ [H] + KEf,Z
Kesa [H]

(3.2)
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[H], Ke

o K [H*]

M~ Rwmo [HE]l K (3.3)
1+ 4 ESZ
Kesa [H]

where Kk is the kinetic rate constant of the disstomn of the monoprotonated enzyme-
substrate (EH$ complex to NH, E; and [H] are the concentrations of total enzyme
and hydrogen ions, & and Kc, the molecular dissociation constants for the free
protonated enzyme (EH and kes; and Kes o those for the monoprotonated enzyme-
substrate complex.

The value of the substrate inhibition constand) (Kas reported to vary from 3.2 to 6.4
kmol m® (Qin et al, 2002), thus showing that substrate inhibition be neglected for
S smaller than 0.5 kmol th The product inhibition was found to be even weaked
decreasing with pH (Qiat al,, 2002).

Alternatively, the value of the Michaelis-Mentennstant (K,) was reported as
practically independent of pH. In fact, for thease from jack bean\Kwas found to be
about 4 mol it over the pH range of 4-9 (Fidaleo al, 2003), while for acid urease
from L. fermentumKy ranged from 1.2 to 1.7 mol tat pH values of 4.0 and 2.0,
respectively (Matsumoto, 1993). The maximum valfiei@a degradation ratem(g)
was reported to exhibit the classic bell-shapeddppendence (Moynhiaet al, 1989).
For the urease from jack beapatwas estimated as about 1.5 mof min™ at pH 7.0
and B=100 g m? (Fidaleoet al, 2003).

By referring to the stoichiometric reaction of urbgdrolysis by urease (2.1), the
unsteady-state urea (S) and ammonium (A) mass dedamm the well mixed liquid
phase can be written as follows, considering the:

— = 3.4
L (3.4)
dA ds
rh=—=-2—=2r 3.5
AT praE (3.5)
to be integrated with the initial conditions:
S=G; A= Ao, pert=0
(3.6)

where i is the ammonium formation rate.
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By determining the net increase in the ammoniuntentration after a reaction interval
of 10 min, Fidalecet al. (2006) estimated the initial ammonium formatioteréxo),
this being the double of the initial urea degramtatiate (o).

Table 3.1 Experimental conditions (pH; temperature, T; initi®nzyme, F and urea, &
concentrations) used to estimate the specific eazgativity in different buffer solutions
and overall number of experiments)nas extracted from Fidaleo et al. (2006).

Trial m; Reaction medium pH T B S
series (°C) (g m?d) (mol m®)
A 6  Acetate buffer 0.1 kmol th 4 37 21.0-63.0 83.33
B 16  Acetate buffer 0.1 kmol 4 37 38.7 0.833-83.33
ethanol 12.5 % (v/v)
C 18 Acetate buffer 0.1 kmol 4 20 77.5 0.833-83.33
ethanol 12.5 % (v/v)
D 14 Citrate buffer 0.1 kmol th 3 20 82.8 0.833-83.33

ethanol 12.5 % (v/v)

In accordance with the data listed in Table 3.ial(geries A), ko was found to increase
almost proportionally to gwith E, increasing from 21.0 to 63.0 ginthus yielding an
almost constant specific enzyme activity(=rao/Eo) of 3.3t0.1 U mg* (r*= 0.95) in
agreement with the manufacturer’s claim (Fidadeal, 2006).
As a result of the trial series B-C (Table 311y,exhibited a typical saturation pattern as
the urea concentration was increased from 0.831t8 fol m® (Fig. 3.2). These data
were non-linearly fitted by using the well knowndfaelis-Menten kinetic model:

Ta k'S
E, K,+S

(3.7)

T, =

where k' is the ammonia formation kinetic rate dan§ and K,, the saturation
constant, their values being estimated by usingralimear fitting method.

With reference to Fig. 3.1, by assuming that theyere underwent the same
dissociation process whatever it was free or bdonthe substrate (that issK= Kgs 1,
Ke ~Kgs 2, and the inhibitory effect of substrate and ami@omas negligible (that is
Ks=Ka - ), the combined use of Eq.s (3.5), (3.2), (3.3) &d) gave rise to the

following equivalences:
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Figure 3.2 Effect of urea concentration (S) on the specifiease activity ) in the buffers BQ ), C

(L) or D(Q) listed in Table 3.1. The continuous lines werkwdated using Eq. (3.32)
together with the estimated parameters listed ibl@&.2.

Table 3.2  Mean values and standard deviations of the kii@ameters of Eq. (3.32) as a function
of pH and temperature (T), as extracted from Fidad¢al. (2006).

Trial series k K, pH T
(U*mg") (mol m’) () (¢C)
B 35+0.3 22+1.0 4 37
C 1.7+0.2 1.8+1.0 4 20
D 32+04 28+1.6 3 20

21 U = 1umol of ammonia formed mihfrom urea at 37°C.

The effects of pH and temperature &), (Table 3.2) were found to be practically
negligible at least over the experimental rangesete whereas k' appeared to be
dependent on pH and temperature in agreement wjitli38). In fact, at pH 4 its value

was greater at 37°C than at 20°C, but at 20°Gmbat doubled as pH was reduced to 3,
thus corroborating the potential use of acid urefisen L. fermentumto remove

effectively urea in wines (Fidaleo et al., 2006).
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Finally, from Fig. 3.2 it was also guessed that$eK ,, the specific enzyme activity
() tended to vary linearly with the substrate com@ion, its kinetic model reducing
to the pseudo-first order one:

n, Ok/K,, S=k, S (3.10)

where kis the pseudo-first order kinetic rate constant.

Despite the initial urea concentrations¥% mol m°) used in Fidaleo et al. (2006)’s
experimental design was not by far less than, batiaone third of< ,, (Table 3.2), use

of Eq. (3.7) allowed kto be estimated as:

A
K, Dg A3)

In this way, by replacing Eq. (3.11) into Eq. (3&)d integrating both Eg.s (3.4) and
(3.5) with the initial conditions (3.6), it was ®ilsle to determine the time dependence
of Aand S as:

S=9-%(A-A) = S exp( ki Es 1)

A=A, + 280[1—exp(—%k| E, 1)] (3.13)

where kis to be expressed in’mg* min?, E;in g m®, and A and S in mol M(Fidaleo

et al, 2006).

To assess the main effects and interactions afnib& inhibitory wine components, that
is malic (M) and lactic (L) acids, potassium mesaitphite (K), and ethanol (E), as well
as pH, on the acid urease activity, Fidad¢@l (2006) carried out a half-fractionatg 2
factorial experiment, where the four-factor intéi@ac (M-L-K-E) was confounded with
pH, that subsequently supplemented with extra-paastording to a central composite
design (Fidaleet al, 2006).

Table 3.3 show the experimental conditions in ratand coded levels using the

following dimensionless equations:
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X1 = (M — 2.5)/1.25

%, = (L — 1.750)/0.875

x3 = (K — 0.20)/0.05 (3.14)
xs = (E — 13.0)/1.5

xs = (pH — 3.50)/0.25.

Table 3.3 Natural and coded levels of the factors of the ocosite experimental design used by
Fidaleo et al. (2006).

Factor level .
Factor a 1 0 +1 o Unit
Malic acid (M) 0 1.25 2.50 3.75 5.00 kg®m
L-lactic acid (L) 0 0.88 1.75 2.63 3.50 kg®m
K»S,05 (K) 0.10 0.15 0.20 0.25 0.30 kg’m
Ethanol (E) 10.0 11.5 13.0 14.5 16.0 % (VIv)
pH 3.00 3.25 3.50 3.75 4.00 -

Statistical analysis of data collected by Fidaleale(2006) allowed the significance of
the main effects and interactions to be assesstdl@ss:
i)  factors L and K had no effect o at the 90% confidence level;
i) factors M, E, and pH, as well as interactionElKwere highly significant at the
99% confidence level;
iii) all other binary interactions were stattstily insignificant.
Moreover, the effects of M and pH an were practically equal but opposite, thatus
tended to decrease or increased as M or pH wasased. The effect of E ang was
negative, but about a half of that of M.
To determine the "-order effects, the factorial design was suppleetntith extra-
points 40 (Table 3.3) according to a central composite deglgus allowing the specific
enzyme activityrma to be reconstructed with a mean percentage err®r88b by means
of the following 2%order canonical regression:
Ta = 0.029 + 0.0088 ¥ + 0.0104 % + 0.0125 %+ 0.0034 X%* (3.15)
with
X;=  0.742 (x-1.045)-0.028 (x0.517)+0.442 (%0.747)

-0.413 (%-0.677)-0.290 (x+0.964) (3.16)
Xo= -0.452 (x-1.045)-0.332 (%0.517)+0.264 (x0.747)
+0.042 (%-0.677)-0.783 (x+0.964) (3.17)
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Xs= 0.474 (%-1.045)-0.012 (%0.517)-0.498 (x0.747)

+0.603 (%-0.677)-0.404 (x+0.964) (3.18)
Xs= 0.120 (%x-1.045)-0.931 (x0.517)-0.209 (x0.747)
-0.119 (%-0.677)+0.248 (x+0.964) (3.19)

where X and x are the generic principal axis and coded inputie, respectively.

Thus, in the five-dimensional space (X, X3, X4, Th), the response surface associated
to a was an elliptic hyper-paraboloid. Fig. 3.3 shows tksponse surface (a) and
contour (b) plots of the specific urease activity as a function of malic acid

concentration (M) and pH when setting the otherepwhdent variables to their zero

level.
R
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Figure 3.3 Response surface (A) and contour (B) plots of pleeific urease activity7§) as calculated
by using Eq. (3.40), as function of malic acid camtcation (M) and pH at constant values
for the other independent variables (L= 1.75 kg, = 0.20 kg r¥, E=13.0 % v/v,), as
extracted from Fidaleo et al. (2006).
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It can be noted that as the reaction medium wasraged from an acetate buffer at pH
4 to any of the other model wine solutions testged-iglaleoet al. (2006), the specific
acid urease activity reduced from the value claifmgthe manufacturer (3.3 U ifijgto
quite smaller values reduced by a factor in thegeaof 20 and 90 depending on the
combined inhibitory action of the wine componerdsaunted for.

To check for the accuracy afy estimation, a couple of full hydrolysis trials were
carried out till urea exhaustion by setting theejpendent variables at the levels
associated with the maximum and minimuomvalues observed throughout the half-
fractionate 2 factorial experiment (Fidaleet al, 2006).

In the circumstances, the combined use of Eq.s5)3dnd (3.11) allowed the
corresponding kvalues for these trials Vand \4 to be estimated as 1.34x1@nd
0.39x10" m*® g* min, respectively. Then, it was possible to estimhaéetime course of
ammonia formation by using Eqg. (3.13).

Fig. 3.4 shows a satisfactory agreement betweerexiperimental and calculated A
values in both validation tests, thus confirming ttapability of the pseudo-first order
empirical model developed here to reconstruct trudion of urea hydrolysis in the
operating conditions tested for as long as 24 anefthe pseudo-first order kinetic rate

constant kwas derived from short tests of 10 min each.

O|||||I||||I||||I||||I||||

0 5 10 15 20 25
t (h)

Figure 3.4 Comparison between the experimeni® (O) and calculated (continuous line) ammonium
concentrations (A) as a function of time (t) foe timodel wine solutions;YO) and \; (@)
described in the text.
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3.2 Free acid urease kinetics in real wine

Despite the feasibility of acid urease applicationthe removal of urea from several
types of wines has been extensively demonstratediré®id, 2003; Fujinawat al.,
1990; Fujinaweet al, 1992; Kodamat al, 1996; Ouglet al, 1988), the efficiency of
such a treatment was found to vary with the typwiok, content of inhibiting factors,
and usage conditions. More specifically, the mdigcéve inhibitors of urease present
in wines were found to be, in order of importantiepride, malate, ethanol, and
phenolic compounds (Famuyivea al, 1991; Kodama, 1996; Triodit al, 1989).

The above pseudo-first order kinetic model (3.18% w&pplied to describe urea removal
from some Italian wines manufactured in Apulia oegof Italy in the 2003 (Es#8t al,
2007), by using the same operative conditions presly selected to study the enzyme
activity in the above model wine solutions=% mol m°, E,=238 g n?® (Fidaleoet al,
2006).

100

S(gm°)

10 | -l I | I | I 1IN | | I | I | -l
0 5 10 15 20 25 30
t(h)
Figure 3.5 Time course of urea degradation for the 5 Italiaines used by Esti et al. (2000: A; u:

B; A: C; o: D, 4: E, that were enriched with 1 mol of ure& and treated with 238 g frof
acid urease. The continuous lines represent thenrsgaares regression lines.

The semi-logarithmic plots of the current urea @riation (S) against time (t) for the
5 ltalian wines assayed were quite linear (Fig).3erefore, the pseudo-first order
kinetic model was regarded as appropriate to desdhe evolution of urea hydrolytic
process not only in model wine solutions (Fidagtal, 2006), but also in real wines
(Estiet al, 2007).

65



As reported before, in wines are present many argdmsbitors. Among the others, it is
worth citing the phenolic compounds.

By assuming that such compounds behave as compaeiithibitors of acid urease by
linking to the enzyme active site to form a stadab@yme-inhibitor complex (EP), it was
possible to express the effective kinetic rate tamigke) as follows:

Ko =%

le
1+£

P

where K is the equilibrium constant of the reaction betwvebe enzyme (E) and
inhibitor (P) (Estiet al., 2007).
By fitting the ratio (k/k;) as a function of P via a non-linear estimatiorthrod, Esti et

(3.20)

al. (2007) minimized to 14.5% the mean percentag®a emong the experimental and

calculated ratios by settings-Ko 21.1+0.5 g GAE i (see continuous line in Fig. 3.6).
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Figure 3.6 Elfect of phenolic compounds on the ratio betwesn @xperimental pseudd-lorder
kinetic rate constant (8, pertaining either to the real wines)(assayed by Esti et al.
(2007) or to the model wines enriched with grapen ) or seed ¢) tannins, and
calculated constant (kas referred to model wines devoid of any phenmimpound, but
with the same composition and pH.

To verify whether the observed correlation betwkgrmand P was due to the inhibitory
effect of the phenolic compounds, the model winé&utgmn corresponding to the
composite design performed by Fidaktoal. (2006) was enriched with two different
tannin sources extracted from grape skins or seetthe ranges of 0 to 1.2 kghand 0

to 0.3 kg n¥, respectively.
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By resorting to Eq. (3.20), it was possible to deiee the inhibition constant for both
tannin sources as:

Kp=44.7 gGAE i for grape skin extract

Kp=15.7 g GAE ni for grape seed extract

The broken lines in Fig. 3.6 show a quite satisfiactagreement between the
experimental and calculated kinetic constant rat®s in both tests, the corresponding
mean percentage errors being about 23.8 and 12e3¢ectively (Estet al, 2007).

This result clearly confirmed the greater inhibjtoeffect of phenolic compounds
extracted from grape seeds than those extracted fmpe skins. Moreover, they
agreed with previous findings by Trioli and Ouglog®), that observed a greater
reduction in the activity of the acid urease atyiwwhen the model wine samples were
integrated with grape seed tannins with respet¢hdse enriched with catechin in the
range of 0 to 880 g GAE T However, Estet al. (2007) were unable to explain why
the phenolic content of the real Italian wines gedatended to inhibit the acid urease
activity in just a little milder way (K=21 g GAE n) than grape seed tanninspd46 g
GAE m?).

3.3 The enzyme immobilization

3.3.1 Definition

According to a definition by Katchalski-Katziet al, (2000) at the 1 Enzyme
Engineering Conference in 1971, immobilized enzyrdersote “enzymes physically
confined or localized in a certain defined regidnspace retaining their catalytic
activities, so as to be repeatedly and continuousid”.

Essentially, an immobilized enzymes is a complestesy, consisting of two essential
components:

1. the non-catalytic structural component (carrierfichi is designed to aid
separation and reuse of the catalyst and fac#itedatrol of the process;

2. the catalytic functional component (enzyme), whigldesigned to convert the
substrates of interest into the desired produceo (@ al, 2003). The non-
catalytic parameters are related to the physicdld®emical nature of the non-
catalytic part, especially the geometric parametsteh as shape, size and
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length. Whereas the catalytic parameters are lirikethe catalytic functions,

such as activity, selectivity and stability.
Practically, the catalytic functions are designed achieve the desired activity,
selectivity, substrate specificity, productivity carspace-time yield. The aim is to
achieve fewer side reactions, high toleration ofictural variation of the substrates,
high productivity and space-time yield and highatility of the catalyst. The selection
criteria for non-catalytic functions, especiallyetlyeometric parameters, are largely
dependent on the design of reactor configuratibagch, stirred tank, column and plug-
flow), the type of reaction medium (aqueous, orgaalvent or two-phase system), the
reaction system (slurry, liquid-to-liquid, liquid-solid or solid-to-solid), and the
process conditions (pH, temperature and pressBegFameters are chosen in order to
achieve easy separation of the immobilised enzyfnes the reaction mixture,
flexibility of reactor design and broad applicatyilin various reaction media and
reaction systems. The selected parameters shaddadilitate down-stream processing
and, in particular, control of the process.
Apart from these functional requirements, like manlyer industrial biocatalysts (e.g.
free enzymes or whole cells), an ideal industriahobilised enzyme has to meet some
other criteria as well, such as being recyclabteadlly applicable, cost effective and
safe for use (Caet al, 2003).
Many details about the changes of molecular catapoperties associated with the
chemical modification of proteins and effects a# thicroenvironment other than due to
electrostatic force are still unknown. On the othand, measurements with particles of
simple, defined structure have established the icplity of diffusion laws to
immobilised enzymes, and the implications have bseccessfully used to design
carriers for applications requiring high reactioates per units catalyst volume.
However, the mathematical equations relating toftilelamentals physical parameters
and external variables to the properties of intebesome very complex unless the
structure of the carrier matrix and the distribatiaf the catalyst within the matrix are
simple or unless diffusion limitations are negligifWIPIG, 1983).
There are several reasons to use immobilised erzymeaddition to the convenient
handling of enzyme preparations, the two main tadybenefits are easy separation of

enzyme from the product and the reuse of enzynma fte product simplifies enzyme
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applications and permits reliable and efficientctean technology. Enzyme reuse is an
essential prerequisite for establishing an econaltyigiable enzyme-catalysed process.
The properties of immobilized enzyme preparatiares governed by the properties of
both the enzyme and the carrier material. The acten between the two provides an
immobilised enzyme with specific chemical, biocheahi mechanical and kinetic
properties (Tischeet al, 1999).

As far as manufacturing costs are concerned, thle wf immobilised enzyme activity
is determined by the immobilisation method in lielato the amount of soluble enzyme
used. Under process conditions, the resulting i¢toan be further reduced by mass-
transfer effects. The immobilised yield of enzynativaty does not only depend on
losses caused by the binding procedure, but itbeafurther reduced as a result of the
diminished availability of enzyme molecules withpores or by slowly diffusing
substrates molecules. Such limitations lead to tedefficiency. However, improved
stability under working conditions (optimum value$ pH, temperature ecc.) can
compensate for such drawbacks, resulting in anativeenefit (Tischeet al, 1999).

The main industrial application of immobilised enms are reported in the Table 3.4.

3.3.2 The main enzymatic immobilization methods

Diverse enzyme immobilization techniques have lareloped (Cao, 2005; Chapkh
al., 1990; Sheldon., 2007). Traditionally can be sifeed as chemical and physical
ones, though very frequently their combinationsvarious follow-up treatments are
applied (Cao, 2005). Among the chemical technigtiés possible to distinguish: (i)
covalent attachment to solid supports, and (iissliaking with multifunctional, low
molecular reagents, also sometimes performed \Wwi#hatldition of neutral compounds
(co-crosslinking).

By contrast, the physical techniques include: ¢{i$aption on solid supports, (ii) gel
entrapment, (iii) microencapsulation with solid lmuid membranes, (iv) containment
in membrane reactors, (v) formation of Langmuir-ejett films, and (vi) layer-by-
layer assembling.

The choice of materials to be used in these tediesigs practically unlimited, and
include organic and inorganic, natural and synthetaterials, that may be configured

as micro or nano-beads, membranes, fibers, holiogrd, micro- capsules, sponges to
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best suite a chosen biotransformation in a choseredrtor. On the whole, to
immobilize an enzyme is not a difficult task, bot abtain an enzyme with desired
properties is a complex challenge. This is becatgee are no universal protocols how
to immobilize enzymes and how to exactly predieirtinesulting properties (Krajewska,
2009b).

Enzyme cross-linking was investigated thoroughlyirduthe pioneer phase of enzyme
immobilisation. However, because of the low mecbtanand hydrodynamic stability of
the proteinaceous materials obtained by this methdrest turned to other methods
(Tischeret al., 1999).

Enzyme immobilization on a solid carrier is carrigat by physical adsorption due to
electrostatic forces or by covalent binding betwtencell membrane and the carrier. If
the carrier is a porous matrix, the enzyme is adldwo penetrate inside the pores of the
carrier to remain trapped inside of them (Kourkeatiaal, 2004).

Immobilisation by inclusion involves the enzyme rggiretained within a membrane
device, such as a hollow-fibre, polymeric networkracrocapsule. In simple inclusion,
there is no need for derivatization of the enzymeamtact with another surface and so
none of the detrimental effects of binding forcemvén to be taken into account.
However, there is no additional stabilization asesult of protein carrier interactions.
Incorporation into a polymeric network is most e#nt when combined with additional
binding methods by, for example, the attachmentiofyl groups to the enzyme surface
and covalent integration into a growing polymer ich&Such chemically-modified
enzymes can be incorporated into biocatalytic asand are active in aqueous and
inorganic media (Tischeat al, 1999). This immobilisation method is largely dsehen
values of mass-transfer are low, this is the mailibadvantage presented by using this

method.
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Table 3.4 Industrial applications of immobilised enzymes.

Enzyme Substrate Product

Glucose isomerase Glucose Fructose (high-fructose c
syrup)

B-Galactosidase Lactose Glucose and galactose
(lactose-free milk and whey)

Lipasi Triglycerides Cocoa butter substitutes

Nitrile hydratase Acrylonitrile Acrylamide

3-Cyanopyridine
Adiponitrile

Nicotinamide

5-Cyanovaleramide

Aminoacylase

D,L-Aminoacides

L-aminoacides (methien
alanine, phenylalanine,
tryptophan, valine)

Raffinase Raffinose Galactose, sucrose (raffino
free-solutions)
Invertase Sucrose Glucose/fructose (invert

sugar)

Aspartate ammonia-lyase

Ammonia and Fumaric ac

d spasdic acid (used for
production of synthetic
sweetener aspartame)

Glucoamylase

Starch

D-Glucose

Papain

Proteins

Removal of “chill haze” in
beers

Hydantoinase

D,L-Amino acid hydantoins

D,L-Aminmhes

Penicillin amidase

Penicillins G and V

6-Aminopelhénic acid
(precursor of semi-synthetic
penicillins)

B-Tyrosinase

Pyrocatechol

L-DOPA

Using apposite cross-linkers, it can be possiblebital two or more molecules of

enzyme forming protein assemblies, crystals venyilar to protein assemblies, but

multiple non-covalent forces present in crystadspt and stabilize them and make them

more rigid than cross-linked amorphous protein maddes. Additional chemical

bonding via cross-linkers is also required to diadithe crystals against dissolution in

aqueous environment (Tischetral, 1999).

Immobilization by non-covalent adsorption was fouade very useful in non-aqueous

systems, in which desorption can be neglected otartige low solubility of enzymes in
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such solvents. This method is widely used for ieastof lipases in water-immiscible
solvents. The use of adsorbed enzymes and proteingdespread in commercial
applications because of its simplicity. Immobilisat is also achieved by the simple
dispersion of dried water-soluble enzyme prepanati;n water-immiscible organic
solvent. In particular, lipases can be successfailyobilised by this means. In organic
solvents, they catalyse otherwise hydrolytic readiin the reverse direction, if the

water content is carefully controlled (Tiscletral., 1999).

3.4 Immobilised ureases and their applications

The most typical examples of such applications, reehinmobilized ureases are
preferably used in place of free enzymes, are ptedeoelow.

The removal of urea from aqueous solutions is &lpro faced in numerous areas,
examples being urea-producing industry, agricultanel natural environment, food
production and medicine. In the natural environmaénga comes from many sources,
fertilized crop-planted soils, fertilizer wastewateffluents from households, but
primarily from urine excretion by animals. Medigalmmobilised ureases are used to
treat kidney diseases or to detoxify blood. Otlmstances include the removal of urea
from industrial wastewaters, where the product amemaan be recovered by air-
stripping or by ion-exchange, as well as the rerhtrean fertilizer wastewater effluents
(Latkaret al, 1994).

Moreover, ureases is crucial as indicators of liaed kidney function, the blood urea
test is being used as a marker for quantify anditomng haemodialysis treatment. By
contrast, in food analyse, urea is routinely queutiin cow milk and alcoholic
beverages (Francet al, 2002). In the former, as the prime componeniai-protein
nitrogen in milk, the level of urea (typically 3+6M) is utilized as an indicator of
protein feeding efficiency.

In addition to these applications, ureases are iatsoobilized for other purposes. For
instance certain urease-entrapped gels are stadiesinart materials having enzyme
reaction-regulated properties. Owing to the cotatbhydrolysis of urea, the gels are
capable of converting biochemical energy into maata work through swelling and
shrinking. Ureases are also immobilized on selesi®itl materials in order to gain

insights into behaviour and properties of soil geedn the same agricultural context
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adsorption of urease on selected materials isdestea possible means of reducing the
activity of soil urease. Also, various multi-enzynmamobilizations are performed

mainly for analytical purposes (Krajewska, 2009b).

3.5 The carriers used in this PhD work

The properties of immobilized enzymes are goverbgdhe properties of both the
enzyme and the support material (Kennedyal, 1983; Tischerwet al, 1999). Their
interaction gives rise to specific physico-chemiaal kinetic properties that may be
decisive for the practical application, of immobdd enzymes. Thus, a support
judiciously chosen can significantly enhance theeraping performance of the
immobilized system. There is no universal suppat &ll enzymes and their
applications, a number of desirable characterisgtiosuld be common to any material
considered for immobilizing enzymes. These includégh affinity to proteins,
availability of reactive functional groups for ditereactions with enzymes and for
chemical modifications, hydrophilicity, mechanissbility and rigidity, regenerability,
and ease of preparation in different geometricalfigarations that provide the system
with permeability and surface area suitable forhasen biotransformation. For food,
pharmaceutical, medical and agricultural applicgagjanontoxicity and biocompatibility

of the materials are also required (Krajewska, 2004

3.5.1 Eupergif C

Eupergif C was identified as a carrier suitable for the atemt immobilization of
several enzymes for industrial applications. It waseloped between 1974 and 1980 by
Rohm, Darmstadt, Germany (Kraenetral, 1975; Kraemeet al, 1985).

Eupergif C consists of microporous beads with a diametet08f-250pum, made by
copolymerization oN,N-methylene-bis-(meth-acrylamide), glycidyl methdaty, allyl
gly-cidyl ether and methacrylamide, as shown inFig The procedure was based on a
novel bead-polymerization method, developed by Roém 1970 (Pennewisst al.,
1970), in which two immiscible organic phases wargloyed. Because of its structure,
Eupergif C is stable, both chemically and mechanically,rav@H range of 0-14, and
does not swell or shrink even upon drastic pH ckang this range. Its mechanical

stability is outstanding, as it does not show digant attrition after 650 cycles in
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stirred tank reactors (STR) with substrate volutaeger than 1000 | (Katchalski-Kazir
et al, 1999).

No change in distribution of its particle size vedserved when Euper§i€ was stirred
under such conditions. EupefQi€ is highly “reactor-compatible” since almostyan
common type of reactor, stirred-tank or fixed-bed be used, so long as it is equipped
with a bottom sieve to withhold the carrier pagil Eupergft C binds proteins via its
oxirane groups which react at neutral and alkapiewith the amino groups of the
protein molecules, (e.g. enzymes) to form covalmmnds which are long-term stable
within a pH range of pH 1 to 12, Fig.3.7. Eupétdit can also bind enzyme molecules
via their sulfhydril groups and via their carboxytoups in the acidic, neutral and
alkaline pH range. Thus, Eupefyi€ can covalently bind enzyme molecules between
pH 1 and 12j.e. it can bind a given enzyme at the pH range whegeehzyme is stable
and does not lose its activity. Due to the highsitgrof oxirane groups on the surface
of the beads (60@mol/g dry Eupergft C), enzymes are immobilized at various sites of
their structure. This phenomenon is called “mplint-attachment,” which is
considered a major factor for the high operatiosi@bility of enzymes bound to
Eupergif C. The procedure of immobilization of enzymes ampé&gif C is simple.
The enzyme is dissolved in a buffer, mixed with C and allowed to stand at
20-25°C for 24 to 100 h. The immobilized enzyméhen washed with water on buffer
to be used in its subsequent application.

The binding capacity of an enzyme is about 100 nogefn/g Eupergft C (dry weight).
Eupergif C is commercially available worldwide, and quaesitas large as several tons
per year have been employed by individual compdiethe production of biocatalysts
(Katchalski-Kaziret al, 1999).

methacrylamide - >-CONHp

: H H| O
allyl glycidyl -C-0-C1C-CHy + HaN
ether u H H|H

N
N-methylene-bis- SN o
methacrylamide CHa

Eupergit

HO H
H H H

Figure 3.7 Structure of EuperditC and covalent immobilisation of an enzyme (Kaslig&azir et
al., 1999).
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After enzyme immobilization on Eupergitthe bulk of oxirane groups are still present
and can be easily modified to achieve the bestrgundings” for the enzyme (Data
Sheet/Info EP-4/E). Euper§ihas > 60Qumol oxirane groups/g dry beads. When ~ 100
mg enzyme are immobilized on 1 g of beads, less 184 of these groups are involved
in covalent attachment to the enzyme molecule.rébelual 99% of the oxirane groups
slowly hydrolyze into diol groups. However, in somases, it is advantageous to
modify these groups, which can be done easily hib-compounds, e.g. with 2-
mercaptoethanol or Cleland’s reagent (dithiothfei{&atchalski-Kaziret al, 1999;
Kraemeret al.,1981).
Eupergif C is commercial available in three different tyggies with different particles
dimensions and different average diameter of rpores:

— Eupergif C, the average micropore diameter is aboutp k0

— Eupergif C 250 L, the average micropore diameter is ab6Q{n;

— Eupergif C 1 Z, the average micropore diameter is abqunl
Eupergif C e C 250 L are used, also, in fixed bead antkstivatch reactors, Eupefyit
C 1 Zis adopted in membrane reactors.
The main enzymes immobilised onto Eupétgind their industrial applications are
listed in Table 3.5.

3.5.2 Chitosan

Chitin and chitosan are natural polyaminosacchar(tidsoret al, 1998; Khor, 2002;
Peter, 1995), chitin being one of the world’s meentiful, renewable organic
resources. It is the major constituent of the shaflicrustaceans, exoskeletons of insects
and cell walls of fungi, where it provides strengtid stability. Chitin is estimated to be
synthesized and degraded in the biosphere in teearmount of at least 10 Gt each
year. Chemically, chitin is composed pfl — 4) linked 2-acetamido-2-deox3+D-
glucose units (oN-acetyl-D-glucosamine) (Peter, 1995), forming aé#inlong-chain
polymer, as shown in Fig.3.8. It is insoluble insheolvents. Chitosan is a collective
name given to a group of polymers obtained\sgieacetylation of chitin, as shown in
Fig.3.8, to a varying extent that is characteribgdhe degree of deacetylation, and is

consequently a copolymer Nfacetyl-D-glucosamine and D-glucosamine.

75



Table 3.5 main enzymes immobilised onto Eupétgitd their industrial applications (Knezevic et al.,

2006).
enzyme application support Immobilized activity
(%)
Alchool deidrogenase Reduce aliphatic Eupergit C 15
ketones (5- CL-Sepharose-4B | 30
chloropentan-2-one)
Pyranose oxidase Oxidation of D- Eupergit C 50
glucose to 2-keto-D-
glucose
Phenylalanine Synthesis of the Eupergit C 17
Dehydrogenase yas_opeptldase Eupergit C 250 L a1
inhibitor
D-amino acid Synthesis of Eupergit C 28
Oxidase semishyntetic
cephalosporin
antibiotics
Transketolase Production of Eupergit C 20
synthetic
carbohydrates
B-glucosidase Wine making and | Eupergit C 40
juice processing
Hydrophobic
interaction
chromatography
B-Galactosidase Hydrolysis of lactose  Eupergit C 84
Aldolase Play an important roleEupergit C 40
in a wide range of
biological recognition
process

Chitin or chitosan can be chemically consideredraogues of cellulose, in which the
hydroxyl at carbon-2 has been replaced by acetamid@amino groups, respectively.
The difference between chitin and chitosan liethendegree of deacetylation (&i al,
1992).

Chitosan was traditionally used in the East Asiatfe treatment of abrasion and in
America for the healing of machete gashes (Adaal, 1984).

This biopolymer was reportedly first discoveredPguget in 1859 (Muzzarelli, 1977)
when he boiled chitin in a concentrated potassiyardxide solution. Fundamental
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research on chitosan started about a century l&ted934, two patents, one for
producing chitosan from chitin and the other foiking films and fibers from chitosan,
were obtained by Rigby (Rigby, 1934a; Rigby, 1934ibxhe same year, the first X-ray
pattern of a well-oriented fiber made from chitoseas published by Clark and Smith
(Clarket al, 1936).

EHiOH -

HO

CH3CNH

Chitin =%
CHCHNH
OH

Chitgsan

Figure 3.8 Structure of chitin and chitosan

The main driving force in the development of newlagations for chitosan lies in the
fact that polysaccharide is not only natural abuhdéut it is also non-toxic and
biodegradable. Unlike oil and coal, chitosan isaturally regenerating resource (e.g.
crab and shrimp shells) that can be further entthhgaeartificial culturing.

One of the most useful properties of chitosan iscfeelation. Chitosan can selectively
bind desired materials, such as cholesterol, fattal ions, proteins and tumor cells.
Chelation has been applied to the areas of fooghapation, health care, water
improvement and pharmaceutics. Some properties riate chitosan very useful
include inhibition of tumor cells (Sircat al, 1971), antifungal effects (Allaat al.,
1979), acceleration of wound healing (Balagtaal, 1978; Maletteet al, 1986),
stimulation of the immune system (Eida al, 1988; Suzukiet al, 1984) and
acceleration of plants germination (Yaetoal, 1988).

Moreover chitosan is a good cationic polymer fommbeane formation. It was shown
that membranes formed from this polymer could bplated for water clarification,
filtration, fruit coating, surgical dressing andntlled release (Let al, 1992).

77



The molecular weight of native chitin is usuallyder than one million Da, while
commercial chitosan products fall between 100,068 4,200,000 Da. Chitosan is
insoluble in water, alkali, organic solvent, bulidbe in most solutions of organic acids
when the pH of the solution is less than 6€tal, 1992).

The industrial production and use of chitosan heenbsteadly increasing since 1970s.
In Japan, for example, the production of chitosamaased 37% each year from 1978 to
1983. At the time, the major applications of chiloswere centred on sludge
dewatering, food processing and metal-ion chelatidre present trend, in industrial
applications, however, is toward producing highuegbroducts, such as cosmetic, drug
carriers, feed additives, semipermeable membramggplaarmaceutics (let al, 1992).

For example, chitosan is hemostatic and it is usedlood anticoagulants, in fact,
chitosan bandages and sponges were prepared fgicalutreatment and wound
protection (Kibuneet al, 1988; Motosuget al, 1988).

Chitosan has many potential applications, alscagriculture because the polymer is
naturally occurring and biodegradable. One appboathat is widely employed is seed
coating. It was found that chitosan coating of selelve many beneficial effects, such
as inhibition of fungal pathogens in the vicinitiytbe seeds and enhancement of plant
resistant responses against diseasest(al, 1992).

Owing to the high chelating and coagulating abibfychitosan, the polymer has been
widely utilised in the food industry. In the cadebeverages, this polymer was used to
remove dyes from orange juices and to remove sdiidsarotene and acid substances
from apple or carrot juices. In addition, chitosaas used to extend the preservation
time of foods because of its antibiotic properties.

Chitosan is also used for colour stabilisation mh{protein paste and increased
firmness of cucumber pickles (Kuwahataal, 1988; Liet al, 1992; Wakayamat al,
1987).

As enzyme immobilization supports, chitin- and ekén based materials are used in the
form of powders, flakes and gels of different getioal configurations.
Chitin/chitosan powders and flakes are availableasmercial products from Sigma-
Aldrich and chitosan gel beads (Chitopearls) fromi Spinning Co. Ltd. (Tokyo,
Japan). Otherwise, the chitinous supports are #&bor manufactured. Preparation of

chitosan gels is promoted by the fact that chitadigeolves readily in dilute solutions

78



of most organic acids, including formic, acetiatdac and citric acids, to form viscous
solutions that precipitate upon an increase in pH lay formation of water-insoluble
ionotropic complexes with anionic polyelectrolytés.this way, chitosan gels in the
form of beads, membranes, coatings, capsulessfibmlow-fibers and sponges, can be
manufactured. Commonly, different follow-up treatrteeand modifications are applied
to improve gel stability and durability. The metlBodf chitosan gel preparation
described in the literature can be broadly divided four groups: solvent evaporation
method, neutralization method, crosslinking metlaodl ionotropic gelation method
(Duttaet al.,2002; Feltet al.,1998; Hudsoret al, 1998; Krajewska, 2004; Paei al,
2000).

3.5.2.1. Solvent evaporation method

The method is mainly used for the preparation omim@nes and films. A solution of
chitosan in organic acid is cast onto a plate oelactrode tip and allowed to dry, if
possible at temperature of €& Upon drying, the membrane/film is normally
neutralized with a dilute NaOH solution and crodstid to avoid disintegration in

solutions of pH< 6.5.

Enzymes may be immobilized on such prepared merabraither on their surfaces by
adsorption, frequently followed by cross-linkingetfculation), or covalent binding,

commonly preceded by chemical activation of theagd, or included into chitosan

solution to achieve inclusion (Krajewska, 2004).

3.5.2.2. Neutralization method

If an acidic chitosan solution is mixed with alkaln increase in pH results in
precipitation of solid chitosan. This method is lexed to produce chitosan

precipitates, membranes, fibers, but foremost spdlebeads of different sizes and
porosities. These are obtained by adding a chitesrtion drop wise to a solution of
NaOH, most frequently prepared in water-ethanoltanes, where ethanol, being a non-
solvent for chitosan, facilitates the solidificatioof chitosan beads. Following the
preparation, the beads are commonly subjectedgsiinking. Enzyme immobilization,

similar to the solvent evaporation method, is agdieby binding onto the gel surface
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by adsorption, reticulation or covalent binding, oy inclusion if the enzyme is
dissolved in the initial chitosan solution (Krajdwas 2004).

3.5.2.3. Cross-linking method

In this method an acidic chitosan solution is scigé to straightforward cross-linking

by mixing with a cross-linking agent, which resutigyelling.

Gels obtained in bulk solution are later crushed particles. The enzyme may also be
entrapped in the gel if mixed with chitosan priordross-linking. Glutaraldehyde is
largely used as a cross-linking and surface aatigaigent. This is due to its reliability
and ease of use, but more importantly, due to tadadility of amino groups for the
reaction with glutaraldehyde not only on enzymas, dso on chitosan (Krajewska,
2004).

3.5.2.4. lonotropic gelation method (or coacervatio

By virtue of the attraction of oppositely-chargetblecules, chitosan, owing to its
cationic polyelectrolytenature, spontaneously forms water-insoluble congsexith
anionic polyelectrolytes (Dumitriat al, 1998; Kubotaet al, 1998; Singlaet al, 2001).
The anionic polyelectrolytesised include alginate, carrageenan, xanthaarious
polyphosphates and organic sulfates or enzyinesiselves (Zhangt al, 2003). The
method is chiefly utilized fopreparing of gel beads, these being obtained bingdth
anionic polyelectrolyte solution dropwise into aoidéic chitosan solution. Enzyme
immobilization is achieved herdoy preparing an enzyme-containing anionic
polyelectrolytesolution prior to gelation. The enzyme is immolatizbyinclusion in
the interior of the beads/capsules.

An overview of enzymes immobilized on chitin- arfdtosan-based materials utilised
in food industry are reported in Table 3.6. It implthat there is vivid interest in
utilizing chitin-based materials, predominantly tosan, as a promising enzyme
immobilization support for a multiplicity of apphtions ranging from wine, sugar and
fish industries (Krajewska, 2004).
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Table 3.6 most common enzymes immobilised onto chitosan agtmtial used in food industry
(Krajewska, 2004)

Enzyme Application Support Immobilization
(preparation method)
Acid phosphatase Hydrophobic Mercaptoehitin powder I

interaction Chitosan beads I, v
chromatography Chitosan precipitate 1]

Alkaline phosphatase Hydrophobic Chitosan precipitate 1]
interaction Chitosan beads i
chromatography

Molecular cloning

Alcohol oxidase

Determination of
ethanol

Chitosan beads

Aminoacylase

Production of
phenylalanine

Chitosan-coated alginate
beads

V (> 100%)

a-Amylase .Hydrolysis of starch Chitin powder 11 (38%)

for glucose syrup and | Chitosan beads I

for BOD analysis in Chitosan precipitate 1]

waters Chitosan microbeads Y

.Hydrophobic

interaction

chromatograph

B-Amylase Production of high Chitosan beads I
maltose syrup from
starch
a-L-Arabinofuranosidasg Aromatization of mustsChitosan powder 1, 11 (3,2%), I

alcoholic beverages anfdGlyceryl-chitosan powder | Il

fruit juices Chitosan particles Vv
Chitosan beads A%
Chitosan coated alginate | V
beads

Catalase Removal of @,from | Chitosan powder 1,1V, 1l

food Chitosan film \Y

treatment of Chitosan membrane i

hyperoxaluria Chitosan-organosilane I
particles \%
Chitosan beads

Cellulase Decrease in viscosity ofChitin powder IV (15%)

fruit/vegetable juices;
affinity chromatography

Chitosan beads
Chitosan solution

|
Protectitive additive

a-Galactosidase

Raffinose hydrolysis in
beet molasses
Blood group specificity
fabry desease

Chitosan powder

IV (67%)

-Galactosidase

Hydrolysis of lactose

Chitin powder

Glucoamylase

Hydrolysis of starch
(ethanol productin)

Chitin powder

Chitosan magnetic beads
Chitosan powder
Chitosan beads

B-glucosidase

Wine making and juic
processing
Hydrophobic
interaction
chromatography

e Chitosan powder
Chitosan particles
Chitosan flakes
Chitosan solution
Chitosan beads
Chitosan precipitate
Chitosan magnetic beads

111, 11 (29%)
Vv

11l (60%)

| (90%)

I, v

I

|
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Glutamate Glutamate Chitosan membrane 1]
dehydrogenase determination (food Succinyl-, glutaryl-, \%
industry and medicine)| phtalyl-chitosan
membranes
B-Glycosidase Cellobiose hydrolysis | Chitosan powder Il
for glucose production | Chitosan precipitate Il
Lysozyme Affinity membrane Microporous chitin I
chromatography membrane I (10%)
Cheesemaking Chitosan powder I
PHEMA-chitin membrane
microporous chitin
membrane
Pectin lyase Reduction of Chitin powder [l (26%)
fruit/vegetable juices’
viscosity
Urease Artificial kidney Chitosan-triphosphate Il (64%)
Urea biosensor beads 111 (100%)
Treatment of fertilizer | Chitosan beads I, 11, 111 (94%)
effluents Chitosan membrane \Y
Removal of urea from | Chitosan-PVA capsules | | (82%)
beverages and food Chitosan-PGMA \%

precipitate
Chitosan-coated alginate
beads

Chitosan —organosilane
particles
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3.6 Immobilised acid urease kinetic model

When using immobilized acid urease, it is highlglmble that enzyme coupling to the
support of choice does not affect the pseudo-firder kinetic model of free enzyme,
especially in all applications where the urea cotre¢ion is by far smaller than the
Michaelis-Menten constant of the free enzyme (lEdakt al, 2006). In these
circumstances, the urea degradation rate refeorétetunit volume of immobilized acid

urease ) may be expressed using the following equation:

rsi=ki S (3.21)
with
ki =K'i pg YeB (3.22)

where k is the urea degradation pseudo-first order kinetite constant of the
biocatalyst of concern (expressed ifl),hYgs the enzyme loadingexpressed as kg
enzyme per kg dry (ds) or wet (ws) suppg, the biocatalyst density (kg ds or w&m
and k) the specific pseudo-first order kinetic rate canstrelative to immobilised

enzyme [expressed in’tkg enzyme} hh)].

Figure 3.9 Schematic diagram of a stirred bioreactor.

When using a perfectly mixed bioreactor (Fig. 3d)arged with a volume (Y of a
buffer solution at an initial concentration of urga and inoculated with a prefixed

concentration (gy) of wet biocatalyst in the form of almost sphefibaads with an
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average radius Rand specific surface per unit volume,)(athe urea concentration
profile within the spherical biocatalyst and thrauge liquid film adhering the external

surface of the biocatalyst itself is sketched ig. Bi.10.

/)

s
E

Y

N

S\

r 1+dr R 5

Figure 3.10  Substrate concentration profile within the spheridabcatalyst of average radius R and
liquid film adhering to the external surface of thiecatalyst itself.

In the circumstances, the overall surfagg émd volume (¥) for the biocatalyst per unit
volume of liquid phase may be estimated as (Andeicil., 2009):

as = & Cs/Ps (3.23)

Vs = Ga/Ps (3.24)

The unsteady-state material balance for the redgemty be written as follows:

SLVLl, =SLVe peqr T KL 8s VL (SL -Sg)dt .43)

with the boundary condition:

kpas Vi (S -Sg)=Q (k; S. VsV (3.26)
with
Q=—27"1 2 (3.27)
1419
3Bi



3,01 1

-3 -1 3.28

=% tanne) "o (3.28)
K,

®=R | (3.29)
DSe

i=KLR (3.30)

DSe

where Q or n isthe effectiveness factor for a spherical biocatalysthe presence or
absence of the external film transport resistadc#e Thiele modulus for pseudo-first
order kinetics, Bi the Biot number, which measufesratio between the external film
transport and intraparticle diffusion rates of thagent of concern, kand Q. the mass
transfer coefficient in the liquid phase and efiexdiffusion coefficient for the reagent
S, and {is the reagent concentration at the biocataly$ase (Bailey and Ollis 1986).

Eq.(3.25) can be converted into the following fiostler different equation:

d
-k as (5 S2)=Qvsky Sy (3:31)
and integrated with the following initial conditien
S =9 for t=0. (3.32)

By introducing Eg.s (3.22) and (3.24) into the tibnd side of Eq. (3.32) and
integrating by variable separation, the followirammde obtained:

In(%) = ijOgL—SL =- j;Q cg Y ky dt (3.33)

Finally, by referring to reaction (2.1) and Eqg.@.3it would be possible to evaluate the
instantaneous concentration of the ammonium ionlsaniquid bulk:
A=An+2(S0-9) (3.34)

where Ay is the corresponding initial molar concentratidiNel,".

The basic relationships useful to estimate thecgffeness factor for a spherical
biocatalyst in the presenc) or absencer|) of the external film transport resistance

are reassumed in the Table 3.7, extracted froneaihd Ollis (1986).
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Table 3.7  Basic relationships useful to estimate the effeatss factors for a spherical biocatalyst in
the presence () or absence /f)of the external film transport resistance and Teiel
modulus @) for pseudo-first order kinetics as functions oéliwknown dimensionless
numbers, as extracted from Bailey and Ollis (1986).

Parameter Equation
Overall Effectiveness Factor o=_ N 2
1419
3Bi
Biocatalyst Effectiveness Factor _3 ( 1 1)
"% tanh@) @
Thiele modulus K
® =R,
DSe
Biot number Bi = ki R
DSe
Grashof number _ dz P |PL _pB| g
Gr= >
L
Schmidt number n.
Sc=———
p. Ds
Sherwood number ds k.

Sh= =2+ 0.31 (Sc GIf
DS
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Chapter 4

Materials and Methods

87



88



4.1 Raw materials

4.1.1 Nagapsin preparation

Three lots #1 (ref. no. 2735159), #2 (ref. no. 3A@jland #3 (ref. no. 5870734) of the
commercial preparation NagapSinwere donated by Nagase Europa GmbH
(Duesseldorf, Germany) and used here.

They consisted of soluble powders, approximatelymmsed of 96% (w/w) lactose and
4% (w/w) purified acid urease froln fermentumto be stored at 4°C. Their average
specific activities were 7667 1U"g 420+27 IU @ and 64%54 IU g* respectively,
where 1 IU corresponds to the amount of powder tiarates 1pmol min' of
ammonia from urea at 20°C, once it is dissolved standard reaction mixture (SRM)
composed of 0.1 kmol thsodium-acetate buffer (pH 4.0) enriched with uf@a.33

mol m?).

4.1.2 Supports
During this PhD thesis, two kind of supports wesed, that is Euper§itC 250 L and

Chitopearl. Their main characteristics are listedable 4.1.

4.1.2.1 Eupergft C 250 L

Eupergif C is an acrylic polymer with about a sphericahfoand an average particle

size of 18Qum. It was kindly provided by R6hm GmbH (Darmsta@grmany).

4.1.2.2._Chitopearl

Different chitosan-derivative beads were used, aglChitopearl BCW-3001 (Wako
cat. #301-02061), BCW-3003 (#308-02071), and BCW13@t302-02091), all carrying
primary amine groups and a six-carbon linear aigydcer, and Chitopearl HP-3020
(#300-04231), carrying primary, secondary and quary amine groups. They were
obtained from Wako Chemicals GmbH (Neuss, Germany).
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Table 4.1 Main characteristics of the porous matrices usethis work.

BCW- BCW- BCW-

Parameter Eupergit® C250L 3001 3003 3010 HP-3020 Unit
R6hm GmbH
Manufacturer (Darmstadt, D) Wako Chemicals GmbH (Neuss, D)
840-

Bead size 180 74-210 177-420190 1,900-2,500 pm
Average bead diametergjd 180 142 2985 1,015 2200 pm
Specific surface areala 66667 42254 20101 5911 2727  fm®
Water fraction (xw) 3.4+0.2 84.6+0.01.0+0.6 86+1 80+1 % w/w

4.1.3 Real wine assayed
Two commercial Italian white wines, produced in tbenbria region of Italy by
Sauvignon Blanc or Grechetto grapes (2008 vintage) in Monrubio winery

(Monterubiaglio di Castel Viscardo, Terni, Italy)ere used.

4.2 Solution preparations

The catalytic activity of the free enzymatic prepara (Nagapsin), as well enzymes
immobilised onto Euperdit C 250L or Chitopearls, was determined in a stahdar
reaction mixture (SRM), a model wine solution aghswr enriched with different
concentrations of grape seed tannins, and twonieas.

The buffers used in this work were 0.1 kmof spdium-acetate buffer pH 4.0 (KAB4)
and 0.05 kmol i sodium-acetate buffer pH 5.0 (KAB5). They were pred by
diluting acetic acid in 800 ctnof deionised water at the above concentrationerAft
addition of 1 kmol ¥ NaOH to adjust the pH to 4.0 or 5.0, the volurfithe mixture
was set to 1 dirusing deionised water.

The standard reaction mixture (SRM) consisted of KABnriched with urea (83.33
mol m).

The 0.05 M potassium phosphate buffer pH 7 (KBP7A prapared dissolving 6.81 g of
KH-POyin 291 cnf of 0.1 M NaOH and made up to 1 8im

The performance of free or immobilized acid ureas20dC was assessed in a model
wine solution representing the central point of tbenposite design previously used by

Fidaleoet al (2006). This model solution was prepared by digsglconstant amounts
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of urea (60 g ), tartaric (5 kg rif), malic (2.5 kg i), and lactic (1.75 kg /)
acids, potassium metabisulphite (0.2 k§)mand ethanol (13% v/v) in deionised water
and then adjusting the resulting pH to 3.50. Adigents were of analytical grade.

An extract of grape seed (Grap’'tanPC), manufactusgdFerco Oenologie (Saint
Montan, France), was used as a source of phenatigpaounds. Its moisture and total
phenolics contents were found to be 2.3 + 0.3% Jjvafnd 0.62+0.01 g of GAE per g of

extract, respectively.

4.3 Analytical Methods

4.3.1 Ammonium ion

The colorimetric kit Spectroquaht1l4752 Ammonium (Merck, Whitehouse Station,
N.J., U.S.A) was used. This kit uses the Berthedattion to determine the ammonium
content in aqueous solutions in the range of 0.86-8°.

An alkaline reagent (NH1B) (600ul) is added to the sample to correct the pH to 12.5
and thus convert the ammonia ion into ammonia. @jiregy a powder colorant reagent
(NHz-2B), containing sodium hypochlorite (NaClO), amnaomeacts with sodium
hypochlorite, thus forming monochloramine:

NHsz+ NaClO —» NHKCI + NaOH 4.1)

After 5 min another reagent (N¥B) containing nitroprussiate and thymol is adtted
favour the formation of indophenol. In alkaline @nmment the latter can be detected in
the visible spectrum with a peak of absorbance@@trén. This reaction is completed in

5 min and it is stable for 50 min.

Calibration curve

Several standard solutions were prepared by dguinmother solution containing
ammonium sulphate, (Nj$SQs, at about 1 kg il By plotting the optical density (OD)
at 690 nm against the NHconcentration [NH], an almost linear relationship is
obtained. The calibration curve shown in Fig. 4.5wsed to assess the ammonium ion
content of any sample under testing.
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Figure 4.1 Ammonium ion calibration curve by using Spectardti14752 Ammonium kit

4.3.2 Urea

Urea was determined using the enzymatic kit K-URANMegazyme International
Ireland Ltd., Wicklow, Ireland), that retorts toease to hydrolyse urea to ammonia
(NH3) and carbon dioxide (C{»

urease
Uea+HO —_, 2 Nk+CO, (4.2)

In the presence of glutamate dehydrogenase (GlDH)educed nicotinamide-adenine
dinucleotide phosphate (NADPH), ammonium ion ¢YHeacts with 2-oxoglutarate to

form L-glutamic acid and NADP
GIDH
2-oxoglutarate +NADPH + N~ L-glutamic acid + NADP+ H,O  (4.3)

For each mole of urea reacted, two moles of NADRH #us consumed, this
consumption being measured by a decrease in tloebamee at 340 nm.

The smallest detectable difference in DO for thisagss 0.005 absorbance units, this
corresponding to 0.018 g fnof ammonia or 0.031 g thfor urea. The maximum

detection limit is 0.071 g fhof ammonia and 0.1258 g tfor urea.

4.3.3 Raw protein
Total protein content was assessed according ton#tbod of Lowryet al. 1951 using

the Total Protein Micro Lowry Kit (Onishi & Barr mditation, Sigma, St. Louis, MO).
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The Lowry procedure is limited by poor stability @ombined reagents, non-
reproducibility of colour, especially at low pratetoncentrations owing to a non-linear
chromogenic response with protein concentratiorwflyoet al, 1951). For all these
reasons, Onishi and Barr modified the Biuret reggtrereby simplifying it, while
improving the stability of the combined reagent (@3hiet al, 1978).

Lowry procedure is based on the reaction betweem gpecific amino acidsi.¢.,
tryptophan and tyrosine) and Folin and Ciocalteah'snol reagent.

This procedure is consists of two steps. In thd farse, the Biuret reagent, mainly
containing 0.75 mM cupric sulphate and 94 mM sodiwydroxide, is added to the
sample to adjust the sample pH in the alkalineoredn the second step, the addition of
Folin and Ciocalteau’s phenol reagent binds thevabaminoacids present in the
sample, thus turning the alkaline solution in bldghis colour change can be
photometrically detected in the visible spectrumwatelengths ranging from 550 to
750 nm, the maximum absorbance being observedda? 30 nm.

Because the method is very sensitive, the sampte Ise diluted to a final protein
concentration in the range of 0.25-1 k& .nProtein concentration is determined via a

calibration curve.

Calibration curve

A protein standard solution, containing 100 kg of bovine serum albumin (BSA) in
0.85% sodium chloride solution with 0.05% sodiundazas preservative, is provided
with the Total Protein Micro Lowry kit. Such a stand solution is generally diluted
with a solution obtained by dissolving 0.85 g ofiismn chloride in 100 crhof KAB5 or
KBP7, so as to vary the BSA content from 0 to 1§00° with a step of 250 g th

Fig.4.2 shows the average calibration curve obthinehis work.

4.4 Procedures and operating conditions

4.4.1 Enzyme immobilisation on Eupergit 250 L

Enzyme immobilisation on EupergiC 250 L was carried out in accordance with the
conventional method, that involves the direct engysinding on polymers via oxirane

groups (Knezeviet al, 2006).
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Figure 4.2 Total protein calibration curve to assess thel protein content by using the Micro Lowry
kit.

In the first procedure, unmodified Eupergit C 25®éads, 25 mg in each test, were
charged in 10 crhrubber-capped flasks and soaked in 2 offKPB7 at 4°C for 24 h
before immobilization. Then, 3 chof an immobilisation solution containing different
concentration of Nagapsin (4-12 kg°jrwere added. After gentle shakinige( three
times a day), the dispersion was left to stand°& #r 72 h. The biocatalyst was
recovered by centrifugation (5000 rev firfor 3 min). After collection of the
supernatant, the beads were newly suspended in KR8 ¢entrifuged. All supernatants
were collected and diluted with the above buffduson to a constant final volume. A
portion of the biocatalyst was dispersed in 1 M Na€covered by centrifugation, and
then soaked in an aqueous solution containing 76moglycine at 4°C for 20 min.
This solution was prepared by dissolving about 0d§ glycine in 0.1 kg of deionised
water (Oliveiraet al, 2001). Alternatively, another portion was soakadKPB7
enriched with 5 kg M of BSA at room temperature for 24 h, as suggelsyedrorres-
Baceteet al, (2000).

Once had stabilised with glycine or BSA, the beagdse recovered by centrifugation,
washed with KPB7, and newly centrifuged before ssisg their activity as reported
below.

To avoid microbial contamination during storage & 4the biocatalysts were stored in
KPB7 enriched with 2% (v/v) isopropanol and 0.5rkg ethyl parabene, as suggested
by the carrier manufacturer.

Another procedure was used to prepare adequate rasnofl biocatalyst for kinetic
studies. To this end, 0.6-1.2 g of dry beads an®3@nT of KPB7 at 20°C were
charged into a 150 chPyrex flask, equipped with a portable, 40-mm netype
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propeller mixer IKA (model EUROSTAR) rotating at 258v min®, which was
mounted vertically on centre with baffles at thelwafter about 24 h of soaking, 72-
100 cni of KPB7, enriched with 16.0 or 24.0 kg°nof Nagapsin and pre-conditioned
at 20°C, were added while continuing to mix thepdision.

After incubation for 24 or 48 h, the biocatalystsaellected by vacuum filtration using
a glass filter (1.21m Whatman GF/C disk), washed twice with 50’@hKPB?7.

All filtrates were collected and diluted with KPB@ a final volume of 250 cfn The
wet beads were soaked in an aqueous solution cémgar5 mol n glycine at 4°C for
20 min (Oliveiraet al, 2001), washed with KPB7, and stored at 4°C etlet state.

4.4.2 Enzyme immobilisation on Chitopearls

The enzymatic preparation Nagapsin was immobilisetb @hitopearls BCW-3001,
BCW-3003, BCW-3010, and HP-3020.

For Chitopearl BCW-3001, two different immobilisati methods, that is the absorption
cross-linkage (method A) and covalent binding (rodthB), both described by
Matsumoto (Matsumoto, 1993), were slightly modifeedt tested.

About 200 milligrams of any of the above wet supporere washed with distilled
water (50 cm), collected by vacuum filtration using a glassefil (1.2am Whatman
GF/C disc) and rinsed with 50 éraf KAB5. According to the method A, the wet beads
were charged in a 50-émubber-capped tube and soaked in 14 efiiKAB5 enriched
with (24 kg m® of the enzyme preparation. Each tube was horizonpalsitioned in a
rotary shaker and kept rotating at 100 rev framd 20°C for 48 h. After incubation, the
beads were decanted, thus allowing most of ther glaanobilising solution to be
removed using a pipette; diluted with deionisedewét0-15 cr); collected by vacuum
filtration as reported above; and rinsed twice wi cnf of KAB5. The enzyme
absorbed on such beads was immediately cross-limk#id different volumes of the
2.5% (w/v) glutaraldehyde solution [obtained byutdig 1:10 the glutaraldehyde
solution at 25% (w/v) with KAB5], so as to vary tl@A-to-chitosan bead ratio
(Yacry) from O to 3 g §. By shaking gently 3 times an hour, any dispersias left
stand at 20°C for 2 h. The GA-treated beads wereotighly washed 3 times with
deionised water (10 cinto eliminate the excess of GA, and finally fikdr as
previously detailed.
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According to the method B, the Chitopearls BCW-30@&ke firstly activated with GA
by suspension into different volumes of the 2.5%vJWGA solution in KAB5 (Ysachi

in the range of 0-3 g§ at 20°C for 2 h. The GA-activated beads were thghty
washed 3 times with deionised water (103gnfiltered as reported above, and
transferred to 14 chof KAB5 containing24 kg m® of Nagapsin. The coupling
reaction was allowed to proceed in a rotary shakdi00 rev mift and 20°C for 48 h.
After incubation, the beads were recovered by ugiagsame procedure of method A.
For all the other tests, the biocatalysts were gmegh according to method B, as reported
below.

About 1 g of any Chitopearl was washed with distillwater (50 cf), collected by
vacuum filtration using a glass filter (111 Whatman GF/C disc) and rinsed with 50
cm’® of KABS.

After that, the wet supports were charged in 158+tiber-capped flask and activated
with GA by suspending them into 30 twf the 2.5% (w/v) GA solution in KAB5
(Yoncn = 0.625 g @) at 20°C for 2 h. The GA-activated beads were wéshe
reported before, and transferred to 70 ofrKAB5 containingt24 kg m* of Nagapsin.
The coupling reaction was allowed to proceed intaryoshaker at 100 rev mitnand
20°C for 48 h. After incubation, the beads wereowvected by using the same

aforementioned procedure.

4.4.3 Bound enzyme assessment

The protein concentration in all solutions was daieed according to the method by
Lowry et al.,(1951)using the Total Protein Kit (Sigma, Saint Louis, d&igri, USA).

The amount of bound protein gghwas indirectly assessed by subtracting the amaiunt
protein in the filtrate and washing solutions;{&) from the amount of protein present
in the immobilising solution (F=CpoVo):

Mpp = (Gro Vo) - (Gt Vi) (4.4)

where \§ and \f are the volumes of the immobilising solutions éiichte and washing
solutions, respectively; pg and cpr the protein concentrations in the corresponding
solutions.

The protein loadingwas defined as the amount of bound proteipy rper g of wet

support (nw) and calculated as follows:
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Y p/g= MpyMaw g bound protein/g wet support (4.5)
where ng,, is the mass of wet carrier supplied.

4.4.4 Enzyme activity assays

The acid urease activity in the immobilising solatidAgo), filtrate (Ag), or
immobilised enzyme (&) per unit mass of protein was estimated as follows

For immobilising and filtrate solutions, the actwiassay was assessed adding the
following liquids in sequence: 5.65 érof KAB4, 5 cn? of the same buffer containing
11 kg m® of urea, and 0.35 cinof the sample to be tested, in a 25 cheaker
containing a 10-mm magnetic stirrer.

The resulting reaction mixture was agitated at 480min® and incubated in a water
bath at 20°C for 10 min.

The specific activity of the immobilising solutiowas estimated by dividing the
ammonia formation rate ) by its corresponding enzymatic contengy)c

Ako = fao/cro  1UIg™ BSAE (4.6)

The specific activity of the filtrate solution, imcling the washing solutions, was
estimated by dividing the ammonia formation rajg) (by its corresponding enzymatic
concentration (g):

Ags = ralces 1U g BSAE (4.7)

The immobilised enzyme activity was assessed bygusdout 50 mg of biocatalyst and
adding the following liquids in sequence: 123cof KAB4 and 10 cmof the same
buffer containing 11 kg Mof urea, the assay was tested in a 564se@ker containing
a 10-mm magnetic stirrer.

The resulting reaction mixture was agitated at 480min® and incubated in a water
bath at 20°C for 10 min.

Whatever the enzyme activity test carried out, @@0sample was withdrawn from any
beaker after 10 min, and quickly submitted to tlwbo@metric kit Spectroquafit14752
Ammonium.

The specific activity of the immobilized biocatalystas estimated by dividing the
ammonia formation rate Ag) by the amount of wet (gg) or dry (nmsg) biocatalyst or
bound protein (%, as:

Agi = ras/Mag IU g dry support (4.8)
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Agi = Ias/Mew IU g* wet support (4.9)

Agei = AsilYpis IU g* bound protein (4.10)

The efficiency of immobilisation was evaluated imnie of enzyme () and activity
(Ca) coupling yields, which were estimated as follows:

(e = Mpy/Mpo (4.11)

(a = Asei/Aro (4.12)

4.4.5 Enzyme storage stability

All the biocatalysts prepared in this work wererstbin the wet form, that is in KPB7
enriched with 2% (v/v) isopropanol and 0.5 kg ethyl parabene, at 4°C. Their storage
stability was assessed by repeating the immobikseryme activity assay every two or
three weeks for as long as 34 days for the Eufe@i250 L- based biocatalysts or 170

days for the chitosan-based ones.

4.4.6 Urea degradation kinetics by free or immobiged acid urease

To assess the time course of the hydrolytic prooeser study, 80 cinof the model
wine solution, as such or enriched with Grap*f€, or real wines were spiked with 60
g m* of urea and pre-conditioned at 20°C. Then, they werered into a 100-cin
rubber-capped flask, pre-charged with given amouwitdree or immobilised acid
urease. The flask was immersed in a water bath ¢p kiee reaction temperature at
20+£0.2°C, using a thermostat mod. F3 (Haake, Karlsr®@emany), and placed over a
magnetic multistirrer mod. Multistirrer 15 (Velp i8ntifica, Milan, Italy) to assure a
constant stirring level of 100, 250 or 400 rev thirBeveral samples (1 énwere
withdrawn from any flask for time intervals of 78, and assayed for ammonium and
urea using the K-URAMR kit (Megazyme Internatiofraland Ltd, Wicklow, Ireland).
Any interference between the enzymatic kits andphenolic compounds, present in
real wines or grape-seed tannin enriched modelsyiwes limited by diluting 0.5 cin
of any samples with an equal volume of an aquealstisn containing 1 kg of
polyvinylpyrrolidone (PVP) rii. After intense mixing at 1800 rev nifior 1 min using

a Vortex IKA MS1 Minishaker (IKA-Werke GmbH, StaufeGermany), the mixture
was centrifuged at 10,000 rev ri{8720 x g) for 3 min via a Centrifugettel204
(ALC Apparecchi per Laboratori Chimici, Milan, ItglySuch a procedure was newly
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repeated, once 0.5 énof the first supernatant had been collected. Kinah aliquot
(0.2 cn?) of the second supernatant was enzymatically asisfoy ammonium and urea
by using the K-URAMR kit (Megazyme Internationadllind Ltd, Wicklow, Ireland).
The kinetics of free acid urease in the model wimlation at zero tannin content (P=0)
was also assessed by setting the initial concémmraf Nagapsin to about 0.075, 0.10,
0.25, 0.3, 0.51, 0.76, 0.82 and 1.25 kg, tihis being equivalent to an enzymatic protein
content in the range of 3.8-47.2 ¢ BSAE.

The kinetics of free acid urease in the real winas ®also assessed by setting the initial
concentration of Nagapsirto about 1.2 kg m, this being equivalent to an enzymatic
protein content of about 47.5 g¥BSAE.

On the contrary, the kinetics of immobilised biags$ts in the basic model wine
solution was assessed at three different levedt, ith3.8, 5.6 and 9.4 kg frof wet
carrier, for Eupergit based-biocatalysts. For clitosbased-biocatalysts, their
concentration was varied in accordance with theirasponding protein loading, this
being 1.25 or 3.13 kg Tof wet carrier so as to keep the immobilised enzigmaotein
concentration (f dispersed in the liquid phase about constant 347BSAE n)
during any kinetic test.

Since the grape-seed tannins exerted a high inhybéffect on free acid urease (Esti
al., 2007), the sensitivity of acid urease immobilizen Eupergit C250 L to such
phenolic compounds was assessed by enriching tldelmone solution with 5-1000 g
m>of Grap'taffPC, whereas the concentration of wet biocatalyst ezmstant at about
6.25 kg .

To assess the inhibitory effect of tannins on thevigg of acid urease immobilised onto
Chitopearls, the above model wine solution waschied with 302+2 or 602+3 g Trof
Grap'tar’PC, whereas the biocatalysts concentration usettideid with that used in
the trials aforementioned.

To estimate the kinetics of the Eupefgl250 L-, BCW-3003- and BCW-3010-based
biocatalysts in the real wines, the biocatalystaceatration was respectively set to
1.25, 3.13 or 3.53 kg thof wet carrier, depending on their correspondingtein
loading, to keep the immobilised enzymatic prowamcentration (f dispersed in the
liquid phase about constant (47¢BSAE ni).
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4.5 Wine Analyses
The target wines were stored in 0.75°dttles at (10+1)°C in the dark before testing.

The following analyses were carried out as repdoeddw.

4.5.1 Alcohol content

It is determined by distilling any wine sample. @rthe temperature of the wine sample
had been regulated to 20°C, calcium carbonate andnéfoam agent were added.
About 100 cm of the filtered sample were submitted to disiitlatso as to obtain about

75 cnt of distillate. The latter was diluted to 100 £hy adding deionised water. Then,

its density at 20°C was determined using a pycnemés mass was compared to that
of 100 cni of deionised water, so as to assess the alcahel(t w/w) and relative

density of the distillate, as suggested by Ameainé Ough (1974).

4.5.2 pH

The pH of any wine sample was measured using a ptmet

4.5.3 Total acidity

It was determined by titrating 25 énof wine, enriched with a few drops of
bromothymol blue (SIGMA-ALDRICH, Saint Louis, Missn, USA), with 0.1 N
sodium hydroxide until to pH 7. Total acidity waspesssed as kg thof tartaric acid

equivalent .

4.5.4 Volatile acidity

The volatile acidity was assessed by titrating tistildte of the wine sample under
study with 0.1 N sodium hydroxide solution.

A sample of wine (10 cf) was diluted to 250 cinby adding deionised water, then
steam distilled up to recover 100 tof distillate. The distillate was brought to bask f
no more than 30 s and, after adding about 3 dréps%® phenolphthalein solution
(SIGMA-ALDRICH, Saint Louis, Missouri, USA), it wastrated to a faint pink end-
point using 0.1 N NaOH solution. The volatile agiditas expressed as kg®mcetic

acid equivalent (Amerine & Ough, 1974).
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4.5.5 Glycerol

Glycerol is a yeast metabolite and is generallyegeined via enzymatic method,
consisting of three reactions.

The first reaction is the phosphorylation of glydeto glycerol-3-phosphate by
adenosine5’-triphosphate (ATP), that is catalysedlpgerolkinase:

Glycerolkinase

Glycerol + ATP L-Glycerol-3-psphate +ADP (4.13)

The adenosine-5’-diphosphate (ADP) is convertedr@sgnce of phosphoenolpyruvate

(PEP) by pyruvatekinase into ATP and pyruvate:
pyruvatekinase

ADP + PEP ATP + pyruvate (4.14)

In the presence of L-lactate dehydrogenase (L-LDdhd nicotinamide-adenine

dinucleotide (NADH), pyruvate is reduced to L-laetand NAD:

L-LDH
Pyruvate + NADH + H ——— L- lactate + NAD (4.15)

The amount of NADis stoichiometrically related to the initial amawrf glycerol. The

decrease in the absorbance at 340 nm is propart@iNADH consumption.

4.5.6 Ash

Ash is the inorganic matter remaining after wine@gwation and incineration at 500-
550 °C. During ashing, the cations are fixed abaaates or other anhydrous mineral
salts, while ammonium ion is lost.

A wine sample (25 cf) was transferred into a platinum dish, previoustied in an
oven at 600°C for 10 min. The wine-sample is firglyaporated in a water bath, and
then in an oven at 100°C. After the dish had beeighed, it was moved into a muffle
furnace at 525+25°C for 5 min. After the dish hai removed from the furnace and
cooled at room temperature, 5 twf distilled water were drop by drop added, this
moisture being dried firstly in the oven and therthe muffle furnace for 15 min. After
the dish had been cooled in a vacuum desiccaterdigh was reweighed (Amerine &
Ough, 1974).
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4.5.7 Overall SQ

The total sulphur dioxide content of wines is gelem@determined by using the Ripper
procedure. It is based upon the alkaline hydrolgsiscetaldehyde~hydroxy sulfonate
and acidification.

A wine sample (20 cfy and 25 criiof 1N NaOH were pipetted into a 250-theaker,
mixed and then let stand for 10 min. Then, oncewndiicarbonate, 5 chof a starch
indicator solution and 10 chof 1:3 sulphuric acid had been added, the mixtuas w
rapidly titrated with 0.02 N iodine solution to duish end-point, this persisting no
longer than 30 s (Amerine & Ough, 1974).

4.5.8 Total phenolics

Total phenolics content was assessed via the Faticateau method.

Any wine sample (1 cf) and 60 cm of deionised water were pipetted into a 1003 cm
calibrated flask and mixed, before adding 5 afthe Folin-Ciocalteau reagent (Sigma-
Aldrich, St. Louis, Missouri, USA). After no longénan 8 min, 15 cfhof 20% sodium
carbonate were added. After mixing, the mixture wisisted to 100 crhusing distilled
water. After the solution had been kept at roomperature for 30 min, its optical
density (ODog was measured at 700 nm against a blank consistidgionised water,

15 cnt of 20% sodium carbonate solution and 5 afiFolin-Ciocalteau reagent.

Calibration curve

The total phenolic content was expressed as Rgfgallic acid equivalent (GAE). To
this end, a series of standard solutions was peepay dissolving prefixed amounts of
gallic acid in aqueous solution containing 13% Jwthanol, so as to vary the GAE
concentration in the range 0-0.8 kg*nEach standard solution was assayed by using
the Folin-Ciocalteau method, thus yielding an aliniogar relationship between Qfg

and GAE content.

Fig.4.3 shows the average calibration curve usédisnwork.
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Figure 4.3  Calibration curve used to assess the totalnplie content by using the Folin-Ciocalteau
method.

4.5.9 Total dried extract

A wine sample (50 cf) was dried in a oven at 105°C until a constantsiasl been
reached.

This mass was used to express the total dried &xasakg nt. By subtracting the
residual sugars present in the wine sample, it pessible to estimate the total pure

dried extract.

4.5.10 Organic acids and reducing sugars

The acidic wine composition was expressed by detengithe concentrations of
tartaric,L-malic, L-lactic, and citric acids and reducing sugars aunlbg high-pressure
liquid chromatography (HPLC-DAD) (Cane, 1990) usiag apparatus provided by
Dionex Corp. (Sunnyvale, CA), consisting of a P68®4mp coupled to a PDA-100
diode array detector and controlled by Chromelaftware. The column was a Nova-
Pak Gg, 250 x 4 mm, 4um, protected by a guard column packed with the saiaterial
(Waters Corp., Milford, MA). Both columns were thesstatically controlled at 3C.
The chromatographic conditions, as well as peak ctete identification, and

quantification, were carried out as described bygeZ§1990).
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5.1 Immobilisation of acid urease

5.1.1 Enzyme immobilisation onto Eupergit® C 250 L

Two different lots #1 and #2 of Nagapsin were uSathle 5.1 shows the experimental
conditions used to immobilise conventionally acidase on Euperditand stabilise the
biocatalyst with glycine, as well as the proteima@entrations, expressed as Lowry
protein, in the immobilising solution g and overall filtrate (g), protein bound on
support (my), protein loading (¥s), immobilised acid urease activity per unit mass o
support (A;j) or protein bound (Ag), and enzymedg) and activity {a) coupling
yields.

In particular, when using the lot#1p)¥ (=25.9 mg of BSA equiv per g of dry support)
was found to be in good agreement with that pdrtgito other enzymes bound to the
same support, i.e. lipase (39 m{; ¢knezevicet al, 2006) or dextransucrase (23.1 mg
g Gémez de Seguret al, 2004). However, when using the lot#2&declined to
about 7 mg BSA equiv.ydry support. By trials and errors, it was posstblémprove
Yes to 22.5 mg @ by increasing both the Nagapsin concentration énitthimobilising
solution and the immobilisation time)(from 16 to 24 kg i and from 24 to 48 h,
respectively, as shown in Table 5.1. Under thisucirstances, the enzymég) and
activity ((a) coupling yields did not differ, being approximigtequal to 24 and 27%,

respectively (see Table 5.1).

5.1.2 Enzyme immobilisation onto chitosan-based biocatasts beads

To assess which of the two immobilisation methodgBsorption cross-linkage) and B
(covalent binding), described in section 4.4.2, wé® most appropriate for
immobilising acid urease, the BCW-3001 chitosanvdg¢ive beads, either after or
before having been dispersed in the immobilisingutem, were activated with
glutaraldehyde (GA) by varying the GA-to-chitosata (Ygachi) in the range of 0 to 3
g per g of wet support.

Fig. 5.1 shows the effect ofcXicqi on the specific activity (&) per unit mass of wet
support (Chitopearl BCW-3001). Despite the absomptcross-linkage method (A)
applied to immobilise acid urease on chitosan b€B3/V-3005 and BCW-3505) of
0.5 mm in diameter yielded biocatalysts with spedittivities (A5=150-170 IU § wet
support) about double of that exhibited by the ¢erparts obtained with the covalent
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method (B) , the main results shown in Fig. 5.1agised with Matsumoto’s finding
(Matsumoto, 1993).

In this PhD work, when using the method Ag; #ended to decrease from about 300 to
230 IU g* as Yeach Was increased from 0 to 3 ¢',gwhereas when using the GA-
cross-linking method (B) 4 reached a peak value (320+20 IU/g ws) gk =0.625
a/g.

Such an optimal ratio is by far smaller than tH&% g ') used by Cheet al,, (1999);
however, it coincided with that pertaining to thevalent bounding of chloroperoxidase
to aminopropyl-glass beads (Kadimigal, 1990).

In all probability, the greater the aldehyde groapailable on the beads, the greater the
multiple-point attachments of enzyme moleculeshe bead become, thus adversely
influencing the enzyme activity. Even if recent sésdseem to exclude mutagenic and
cancerogenic effects of GA, such a finding suggkesiesafer GA level than that
generally encountered under normal cross-linkingrating conditions (Clair et al.,
2006; Zeiger et al., 2005).

Hence, in agreement with other researchers (@heat, 1999; Kayastha&t al, 2001;
Kumaet al, 2009), the covalent binding method (B) was régd as more efficient
and was used to immobilise acid urease onto atltfueliof chitosan spheres used here.
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Table 5.1 Experimental conditions and assessment of thenemzyd activity coupling yields of soluble acidase as a result of direct binding to Eupefga
250 L beads followed by stabilisation with glyc{dadrich et al., 2009).

Parameter Symbol Values Values Unit
Lot#1 Lot#2
Immobilisation time t) 24 48 h
Mass of dry support Mgy 597.7 1161.8 mg
Support soaking volume Vs 35 30 cm
Immobilising solution volume Vo 72 100 cm
Nagapsin concentr. in the immobilising solution N C 16.0 24.0 kg m
Protein concentration in the immobilising solution Cro 881+14 1058+ 18 g HMBSA equiv.
Initial protein mass Mpo 63+1 106 + 2 mg BSA equiv.
Protein added per unit mass of support pisY 106 91 mg BSA equiv. hsupport
Immobilising solution activity Ago 13,918+ 119 9,632+ 957 IU'BSA equiv.
Protein concentration in the filtrate Crs 192 +9 319+6 g MBSA equiv.
Filtrate volume Vi 250 250 cm
Protein bound on support Mpp 155 26.1 mg BSA equiv.
Protein loading Yer 25.9 22.5 mg BSA equiv. gsupport
Specific immobilised enzyme activity BA 99+17 61+3 IU g dry support
Immobilised enzyme specific activity sA 3816 + 665 2713 £125 IU'gBSA equiv.
Enzyme coupling yield e 24.4 24.7 %
Enzyme activity coupling yield {a 27+5 28+1 %
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Figure 5.1 Effect of GA-to-chitosan ratio £X;cH) on the specific activity @ per unit mass of
wet support (Chitopearl BCW-3001) depending ofitliobilisation methods A and
B described in Section 4.4.2.

5.1.3 Effect of bead size

By using the method B and settingacH atthe above optimal value, acid urease

was immobilised onto the four different chitosamiektive beads, the main

characteristics are shown in Table 4.1.

Table 5.2 shows the experimental conditions usedwel as the protein

concentrations in the immobilising solutiorpdcand overall filtrate (g), protein

bound on support (p9), protein loading (¥5s), immobilised acid urease activity

per unit mass of wet supportgAor bound protein (&gi), as well as enzymé ()

and activity {a) coupling yields.

It is worthy of note that the specific activity (BD8 IU g* wet support, ws) of the

chitosan-based biocatalysts was by far greater thain(19+3 IU ¢ ws) of the

biocatalysts obtained when using Eupétdit 250 L (Andrichet al, 2009),

whereas the protein loading of the latter (26 m@ABSy* ws) fell within the

range of protein loading values (17-40 mg BSA ws) detected for all the

biocatalysts immobilised onto chitosan-derivatiizeads.
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Table 5.2 Experimental conditions and specific activities pait mass of wet support (ws) of acid urease itmtised on

different size, as compared to those pertainintpéoenzyme immobilised on Eupetdit 250 L.

some GA-activated chitosan beads of

Parameter Eupergit® C250L Chitopearl Chitopearl Chitopearl Chitopearl Unit
BCW-3001 BCW-3003 BCW-3010 HP-3020
Mass of wet support Mgy 601.3 1200 1001.4 1200.4 1200.2 mg
Support soaking volume Vs 35 0 0 0 0 crh
Immobilising solution volume Vo 72 70 70 70 70 cin
Nagapsift conc. in the immob. sol. ¢y 16 24 24 24 24 kg th
Protein conc. in the immobilizing st cpg 881+14 886+17 895+17 885+4 893+7 g BSAE m
Initial protein mass Mpg 63+1 62+1 63+1 62.0£0.3 62.5+0.5 mg BSAE
Prot. added per unit mass of ws  Ypss 105.5 52 52 52 52 mg BSAE'gvs
Immobilising solution activity Ag 13.9+0.1 17.3+ 0.1 15+1 17.8+0.1 19.8+0.4 IUTBSAE
Protein concentration in the filtrate  cp; 192+9 29.3+0.4 48 +1 48+ 1 85+3 *BSAE
Filtrate volume Vi 250 500 500 500 500 ém
Protein bound on support Mpy 15.5 47.4 38.8 20.8 20.1 mg BSAE
Protein loading Yeir 25.8 39.5 38.7 17.3 16.8 mg BSAE gs
Specific immobilised enz. Activity — Ag; 19+3 308.2+0.1 2603 151+16 71+1 I gis
Immobilised enz. specific activity — Agg; 38161665 78053 6725+69 87291907 4239+79 UBSAE
Enzyme coupling yield (e 24.4 76.4 61.9 33.6 32.2 %
Enzyme activity coupling yield [ 2745 4510.1 43.9+0.5 4945 21.4+0.4 %
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In particular, as shown in Fig. 5.2, the specifatiaty (Agy) of the biocatalyst
tended to decrease almost linearly with the logariof the bead average diameter
(dp). This result will help to optimise the geometryafdeter and height and particle
size) of a prospective packed-bed bioreactor inerortb maximise the urea
conversion rate and simultaneously minimise thesqanee drop across the packed
column.

Moreover, the protein loading £%) and enzyme coupling yield ) were found to
be of the order of 39 mg BSAE per g of wet suppord 6% for the smaller
chitosan derivative beads (BCW-3001 and BCW-3003),reduced to about 17 mg
BSAE ¢* and 32 % for the larger ones (BCW-3010 and HP-R0O26 the contrary,
the activity coupling yield{») was of about 45% for all the beads of the BCW
series, but it dropped to 21% for the Chitopearl-3@20. Approximately, the
enzyme and activity coupling yields of the lastdaitalysts (g~2,200 um) were
quite similar to those (21.4 and 27%, respectivefy)he Eupergit C 250 L-based
counterpart (g~180um).
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Figure 5.2  Effectof the average diameter {dof the chitosan beads used to immobilise acid
urease via the method B with acH =0.625 g/g on their specific activity ¢A®) and
apparent pseudo-first order kinetic rate constatkg) at 20°C in the model wine
solution as such/{) or enriched of grape seed tanning, P=187+1 g GAE rii, O,
P=37442 g GAE m).
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5.2 Storage stability of immobilised acid urease

All biocatalysts were stored in the wet form at 44€ing a potassium phosphate
buffer 0.05 M pH 7 (KBP7) enriched with 2% (v/vpropanol and 0.5 kg thethyl
parabene, as suggested by the Eugergénufacturer.

5.2.1 Eupergif-based biocatalysts

The storage stability of soluble acid urease imnigdxl in Eupergit® C 250 L, used
as such or after stabilisation with glycine or BS#gs assessed for as long as 34
days, as reported in Fig. 5.3. Despite a fast gdartactivation in the first 10 days,
the immobilised biocatalyst as such or stabilisétth \glycine tended to recover its
initial activity, especially when using immobiligireolutions containing as much as
8-12 kg m® of Nagapsin® (lot#1). Moreover, it was impossilie confirm the
stabilising effectiveness of BSA observed in thevatent immobilisation of
penicillin acylase fronStreptomyces lavendula® Eupergit C (Torres-Bacets al
2000).

When the Nagapsin® concentration in the immobitjsselution was varied from 8
to 16 kg n’, the immobilized biocatalyst stabilised with giyeiexhibited a sudden
inactivation after just 5 days; however, it keptragch as 68916% of its initial
activity over the following 30 days independentlfytbe enzyme added per unit
mass of support used, as shown in Fig. 5.4.

The initial abrupt inactivation might be a conseqeenf the heterogeneity of the
immobilised biocatalyst with acid urease moleculi#ering in their orientation
toward the bulk solvent (Gémez de Segetral, 2004).

5.2.2 Chitopearl-based biocatalysts

Fig. 5.5 shows the storage stability at 4°C of asrdase immobilised on GA-
crosslinked chitosan beads, for as long as 170.days

Similarly to the biocatalysts prepared by Matsum@i®93), that exhibited about a
6% loss in A, after preservation in 0.1 M acetate buffer (pH) @b 5°C for 6
months, the biocatalysts obtained from Chitopeaflshe BCW and HP series
exhibited less than 5% loss is/fafter preservation in the aforementioned buffer at
4°C for 150-170 days.
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Figure 5.3
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Storage stability at 4°C of soluble acid urease wobitised on 25-mg Eupergit® C
250 L using different immobilising solutions at a),(8 (b) and 12 (c) kg Fof
Nagapsin® and used as such or after stabilisatidth @lycine (Gly) or bovine serum
albumin (BSA): ammonia formation ratedy against time (t).
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Figure 5.4 Effect of the concentration of Nagapsin® prepanatiay: ¢, 4.0; /7, 8.0; 4, 12.0; O,
16.0 kg ri¥) in the immobilising solution on the storage skapiat 4°C of soluble acid
urease immobilised on 25-mg Eupergit® C 250 L amabiised with glycine:
percentage specific biocatalyst activitys{Asgio) versus storage time (t).

Only the specific activity of the biocatalysts paegd using the Chitopearl BCW-
3001 tended to reduce by about 40% after 62-daggto However, throughout the
following 78 days its residual specific activity svdound to be approximately
constant (181+16 IU Y. Nevertheless, it was greater than that of thedialysts
obtained using Chitopearl BC-3010 (133+18 &) gr HP-3020 (58+4 U §) after
152 or 160 days.
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Figure 5.5 Storage stability of acid urease immobilised ontffedent GA-cross-linked chitosan
beads (BCW-3001% BCW-3003L} BCW-3010: O, HP-3020: A);specific activity
(Ag) against storage timedjt
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5.3 Urea degradation rate by free acid urease
The kinetics of free acid urease in the model wislat®on was assessed at different
concentrations of Nagapsin® (lot #1) in the ran§&® to 820 g 11, this being
equivalent to an enzyme content)(l& the range of 4.3-46.5 g hBSA equivalent,
as shown by the open symbols in Fig. 5.6.
It can be noted that the semilogarithmic plotshef lependent variable (Sagainst
reaction time (t) were approximately linear, thllsvaeing the product Q@ cg Y
k’';i) of Eq. (3.33) to be regarded as practically cartstactually, in the case of free
enzyme, the overall effectiveness fact@) {s intrinsically unitary, the product ogc
by Ygi coincides with the free enzyme concentratiof) (issolved in the liquid
phase, hence, kis equivalent to the specific pseudo-first ordeekic rate constant
relative to the free enzyme (| In fact, by plotting each slope of the abovetplo
versusits corresponding free enzyme concentratiah (flHg. 5.6), it was possible to
estimate the specific pseudo-first order kinetite raonstant relative to the free
enzyme (ki) by means of the least squares method:
kKi=(85+03)x10m*h!tg'!BSAeq.  (f=0.99) (5.1)

S (mol n?)

O_ 1 T T T T T T T T T T T T T T T T \\ \‘\ T T T T T T
0 5 10 15 20 25
t (h)

Figure 5.6 Time course of urea degradation at 20°C for a modaie solution when using
different concentrations of freé{ a=75; A, ¢=300; O, 6,=820 g m* Nagapsin®)
or immobilised onto Eupergit®M, c;,~= 3.8; 4, G~ 5.7; @, G~ 9.4 kg m wet
carrier) enzyme.
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5.4 Urea degradation rate by immobilised acid urease

5.4.1 Immobilised Acid Urease kinetics

The kinetics of immobilised acid urease in the basiclel wine solution in a stirred
bioreactor was measured using the Eupergit®-basexhtailysts, obtained using the
second procedure described in section 4.4.1 a#d lot the commercial enzymatic
preparation, at three different levels, that is 8.8 and 9.4 kg Mof wet carrier.

The closed symbols in Fig. 5.6 show almost linekatiaships between the natural
logarithm of the current urea concentratiop)(@d time (t) for anygy level tested,
thus confirming that even in this case the prod@rtcsw Yes K';i) of Eq. (3.42)
may be approximately regarded as a constant.

Even, the kinetic analysis of acid urease immohiliseto Chitopearls in the model
wine solution yielded, a series of approximatelyeéir semilogarithmic plots of
(SL/SLp) against t (Fig. 5.7), thus confirming the appratgness of the mathematical
modelling described in section 3.5.

In accordance with Eq. (3.33), the slopes of su@grdims express the apparent
pseudo-first order kinetic rate constant=kQ cg, Y.z K, ), Which is to be

proportional to the free ¢eor immobilised (B enzymatic protein concentration
dissolved or dispersed in the liquid phase.

As shown in Fig. 5.2 (see squared open symbols)afiparent pseudo-first order
kinetic rate constant of acid urease immobilisetb dbhitopearls of different size
[ka= -0.13 In(q))+1.2] exhibited an almost linearly decreasing drevith In(d,). This
being in agreement with the aforementioned trendgvs.-In(d,), as also shown in
Fig. 5.2

When using EuperditC 250 L, the specific pseudo-first order kineter constant
relative to the free enzyme [k=(8.5:0.3)x10° m® h* g* BSAE] was estimated to
be about 4 times greater than that relative to ithenobilized counterpart
[k'i=(2.40.2)x10° m® h' g* BSAE], as shown by the broken lines and closed
symbols in Fig. 5.8.

As the lot#3 of the enzyme preparation was usesl,afpparent pseudo-first order
kinetic rate constants of freefkor immobilised (k) acid urease differed from
those determined when using the lot#1 (see opebaignn Fig. 5.8).
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Figure 5.7 Time course of urea degradation at 20°C for a nhadime solution when using
different concentrations of free enzyms, (G=1.25; % ¢=0.76; +, =0.51 kg i’
Nagapsin®) or immobilised enzyme onto GA-activaigitbsan beads of different size
(BCW-3001:¢, e~ 1.25; BCW-3003L), G~ 1.26; ; BCW-3010:4, czy= 3.13;
HP-3020: O, cs,= 3.13 kg Nt wet carrier): Semi-logarithmic plot of the ratie@tween
the current and initial urea concentrations {S) against time (t).

In this case, by plotting.kagainst the corresponding freg)(Br immobilised (B
enzymatic protein concentration dissolved or dispérin the bulk medium, it was
possible to derive a greaterskvalue [(1Z1)x10° m® h! g* BSA,, r’= 0.984)] as
shown by the continuous line in Fig.5.8.

Thus, the lot#3 of the purified acid urease prepamaused to immobilise acid
urease onto Chitopearisas found to be more active than lot#1, initiallsed to
immobilise acid urease onto Eupefyit

It was also observed thatskivas 1.5-5.3 times greater than,kkhus confirming the
greater performance of the GA-activated Chitopeairthe BCW series with respect
to Chitopearl HP-3020 and Eupefti€ 250 L, their kinetic performance being quite

similar.
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Figure 5.8 Effectof free (£ @, lot#1; O, lot#3) and Eupergit® C 250 L) or chitosan- ¢, [7,
A, V) immobilised (B enzymatic protein concentrations in the modelensolution
on the corresponding apparent pseudo-first orderekc rate constant gkor k,) of
urea degradation at 20°C by free or immobilizeddagiease.

5.4.2 Effectiveness factor estimation

To check for the contribution of the external amdfternal diffusion resistances to
the overall substrate reaction, independent estsnat the urea diffusivity in the
bulk liquid (Ds) and in the biocatalyst @, as well as the mass transfer coefficient
(ko) in the case of immobilised enzyme, were carriedby resorting to well known
literature relationships (Baley & Ollis, 1986; Garge Segurat al, 2004; Kosmerl

et al, 2000; Satterfielcet al, 1963; Spielet al, 1999;;, Tagatsujet al, 1998;
Treybal, 1968) on the assumption that the densitivascosity at 20°C of the model
wine solution coincided with those of a typical whivine with the same alcohol
content (Kosmerét al, 2000). All estimates are listed in Table 5.3.

By referring to the Eupergit®-based biocatalyststhlthe effectiveness factor@)
and f)) resulted to be pratically unitary.

To check further the negligible contribution of #veternal film resistance to the urea
reaction rate, two further tests using free or irbiliged acid urease onto Eupergit®

were performed at low (250 rev. rffinand high (400 rev. mif) stirring rates under
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constant concentrations of free enzymg=(cO kg m°) or wet biocatalyst ¢,=9.4
kg m), respectively.

The estimated pseudo-first order kinetic rate st for the free (¥ and
immobilized enzyme (B, as obtained by the least squares method andatbared
by a variance (§ and degrees of freedord))(equal to the overall number of trials
() minus 1, were compared with the classic inequalitthe hypothesis test for
means by resorting to the two-sided Student-teghi® confidence level of 0.005. In
this way, it was possible to assess that thergginate effect on the generig kalue
was practically insignificant, at least over th@esmental ranges tested. This result
was also checked by estimating the enhancemerteirpseudo-first order kinetic
rate constant as derived from the increase intihéng level from 250 to 400 rev.
min™ either for the free or immobilized enzyme, as shawFig. 5.9.

Thus, the urea hydrolytic process in the model veioleition by free or immobilised
acid urease onto Eupergit® was independent of ttermal and intraparticle mass
transfer resistances, but controlled by the readtioetics only.

Even when using the Chitopearl-based biocatalysith the effectiveness factors
(Q) and ) were fount to be practically unitary, despi®eslightly decreased from
0.9999 to 0.996 as,ahcreased from 140 to 2,2@Bn. Thus, with all the biocatalysts
tested here the overall urea degradation rate waisatled by the reaction kinetics,
being negligible the contribution of the extern&hfand intraparticle mass-transfer
resistances.

Despite the estimates shown in Table 5.3 wereredddp biocatalysts with a unitary
tortuosity factor ) (Spief3et al, 1999), these estimates still hold even Was as
great as 7, the typicalvalues for industrial catalysts ranging from I7t(Satterfield
et al, 1963). In fact, the loss in both effectivenesstdrs ranged from as small as
0.03 to 2% for the range of bead size used.
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Figure 5.9 Enhancement in the pseudo-first order kinetic rebastant for the free (k or
immobilized (k) enzyme onto Eupergit® by increasing the stirriegel from 250
to 400 rev. miff when using constant concentrations of free enzggrd..0 kg
m?) or wet biocatalyst (5=9.4 kg ).
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Table 5.3  Estimates of the effectiveness factors for aciehse immobilized onto both the supports used & dkperimentation, different Chitopearls and
Eupergit® C250L (Andrich et al., 2009), in the mrse () or absence/f) of the external film transport resistance by misg to well known
literature relationships (Baley & Ollis, 1986; Gomele Segura et al., 2004; Kosmerl et al., 2000ie8feld et al., 1963; Spiel’ et al., 1999;;
Tagatsuji et al., 1998; Treybal, 1968).

Eupergit® Chitopearl Chitopearl Chitopearl Chitopearl

Parameter C250L BCw-3001 BCW-3003 BCWw-3010 HP-3020 Unit
Average bead diametergdd 180 142 298.5 1,015 2,200 pm
Bead porosityf]) 0.6 0.83 0.83 0.83 0.83 -

Bead tortuosity factortj 1.0 1.0 1.0 1.0 1.0 -
Particle densitypg) 370 1136 1136 1136 1136 kg/m®
Reaction temperature (T) 20 20 20 20 20 °C
Model wine densityg ) 998 998 998 998 998 kgfm
Model wine viscosity(Q, ) 0.00168 0.00168 0.00168 0.00168 0.00168 Pas
Urea diffusivity (Ds) (Treybal, 1968) 1.29x10  1.29x10° 1.29x10°  1.29x10°  1.29x10° m? s*
Urea effective diffusivity (R<=6/t Dg) (Satterfieldet al, 1963) 7.77x10° 1.07x10° 1.07x10°  1.07x10°  1.07x10° m’s!
Wet biocatalyst concentrationg(g 10 1.25 1.26 3.13 3.13 kg?m
Biocatalyst water fraction £y,) 8413 791 7515 7943 6612 % wiw
Protein loading (¥) 25.9 39.5 38.7 17.3 16.8 g BSAEkgs
Specific pseudoiorder kinetic rate constant;(k 0.0024 0.0109 0.0061 0.006 0.0032 g BSAE
Pseudo-first order kinetic rate constany) (k 0.099 0.539 0.296 0.323 0.166 Th
Schmidt number (Sc) 1300 1300 1300 1300 1300 -
Grashof number (Gr) 12.7 1.4 12.7 500 5089 -
Sherwood number (SkBaley & Ollis, 1986) 9.9 5.8 9.9 28.8 60.2 -
Mass transfer coefficient (k 711x10C 525x10 4.29x10° 3.68x10°  3.54x10° m s
Biot number [Bi= R k/D] 8.2 35 6.0 17.4 36.2 -
Thiele modulug6) 0.017 0.027 0.041 0.147 0.228 -
Effectiveness factomy) 0.99998 0.99995 0.9999 0.9986 0.9966 -
Global effectiveness factofQ) 0.99997 0.99989 0.9998 0.9981 0.9961 -
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5.5 Effect of grape seed tannins on immobilised eyxne kinetics

Owing to the greater inhibitory effect of the tammiextracted from grape seeds
observedby Esti et al, (2007), the sensitivity of the activity of aciugrease
immobilized on Eupergit® C250 L to such phenoliongmunds was assessed by
enriching the model wine solution of concern with@ g n® of the above tannin
source. To this end, another batch of biocatalysts prepared using the second
procedure, described in section 4.4.1 and lot#thefpurified enzyme preparation
(Table 5.1). These biocatalysts were added todhetion mixture so as to assure a
constant wet biocatalyst concentration of abou &g ni°.

Fig. 5.10 shows a semi-logarithmic plot of the odietween the current and initial
urea concentrations (&) against time (t) for the model wine solution ehed
with different concentration (P) of the phenolizism® of choice.

By fitting the natural logarithm of ($5,,) versust via the least squares method, it
was possible to determine the average value anddaté deviation of the
experimental pseudo-first order kinetic rate comistgk;) for immobilised acid

urease as a function of P.

1

S./So

0.1

t [

Figure 5.10 Semi-logarithmic plot of the ratio between the reat and initial urea
concentrations (2S5 ) against time (t) for the model wine solution ehad with
different amounts of grape seeds extract — P=0; A, 4 - P=5g n¥; 0, e —
P=50 g m% ¢, ¢ - P=500 g n¥) using a constant wet biocatalyst concentration
(cew=6.25 kg nT). The continuous lines represent the mean squargsession
lines.
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The inhibitory effect of grape seed tannins was alssessed on the activity of acid
urease immobilised onto Chitopearls by enriching thodel wine solution of
concern with about 300 or 600 g°>nof the above tannin source. The resulting
almost linear In(§S.0)-vs.-t plots allowed the experimental pseudo-fiostier
kinetic rate constant {k for acid urease immobilised onto chitosan deiwabeads
to be determined (see open symbols in Fig. 5.2).

It was observed a general reduction jnds P was increased from 0 to 370 g GAE
m3. In particular, at P=187+1 g GAE #the apparent pseuddtbrder kinetic rate
constants for immobilized acid ureasg)(keduced to 75£14% of that pertaining to
the same biocatalyst in the model wine solutiomoikwef phenolics (P=0).

At P=374+2 g GAE i, such a ratio in kvalues reduced to 58+9%, with the
exception of the biocatalysts of the smaller sB€\(/-3001), its corresponding,k
value being as small as 21% of that (0.54+0.03 dbserved in the model wine
solution containing no phenolics.

This finding may be probably attributed to the lgladsorption capacity of BCW-
3001 chitosan-derivative beads for grape seed nanhecause of their greater
specific surface area (Table 4.1). This probabbulted in a local increase in the
phenolic content and thus in a greater inhibitoffeat on its overall urea
degradation kinetics. In fact, as recovered from tinea-exhausted wine model
solutions by vacuum filtration, these biocatalystsulted to be by far more tainted
with the same dark brown colour of grape seed tenthian the other larger beads.
Fig. 5.11 compares the effect of phenolic substrare the performance of the
chitosan-based biocatalysts prepared here to fhidteoEupergit ® C 250 L-based
counterparts, as well as to that of free acid weashe same model wine solution
enriched with grape seed tannins and some reabwitsiet al, 2007).

It can be noted that the general reduction in &t r(ki/kap=g9 with increasing
phenolic content (P) was by far attenuated for lbhecatalysts obtained from
Chitopearls BCW-3003, BCW-3010 and HP-3020 withpees$ to the Eupergit®-
based catalysts (Andriat al, 2009).

These results confirmed the protective action @& thitosan matrix against the
greatest inhibitory effect of grape seed tannimgrals free enzymes..
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Figure 5.11 Effect of phenolic compound concentration (P) oe #xperimental pseuddtl
order kinetic rate constants |(K) for acid urease immobilized onto chitosan
derivative- (*) or Eupergit® C 250 L-a) beads in model wine solutions enriched
with grape seed extract or for free acid ureasadnl wines () or model wines
enriched with grape seed tannin®) (Esti et al., 2007), as referred to the kinetic
rate constants for free (k=) or immobilized (kp=o) enzyme in model wines
devoid of any phenolic compound.

5.6 Urea degradation in real white wines by immobised acid urease
5.6.1 Wine characteristics

Two commercial Italian white wines, produced in tdebria region of Italy by
Sauvignon Blancor Grechetto grapes (2008 vintage) in Monrubio winery
(Monterubiaglio di Castel Viscardo, Terni, Italyere used as target real wines to
assess the performance of immobilised acid urease.

The main characteristics of these wines are showrable 5.4.
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Table 5.4 Mean values and standard deviations of the makenibo-physical analyses for the

commercial Italian white wines investigated in tRisD thesis.

Wine type Sauvignon Blanc Grechetto Unit
Parameter Value
Alcohol content 12.7£0.6 12.90£0.6 % viv
pH 3.48 +0.04 3.27 +£0.04 -
Total Acidity 5.5+0.3 55+0.3 kgn
Volatile Acidity 0.18 £0.02 0.21 £0.02 kgn®
Glycerol 57+0.3 51+0.3 kg™
Reducing Sugars 0.66 + 0.07 1.7+0.2 kg m
Total Extract 21.8+1.7 20.1+1.6 kg®m
Ash 2.7+0.2 22+0.2 gt
Overall SQ 102 +8 95+ 7 g
Urea nd nd mmol
Ammonium 50+0.4 11+1 g'h
Total Phenolics 364 + 24 450 = 29 g GAFm
Tartaric Acid 3.1+0.2 3.6+0.2 kg
L-Malic Acid 22+0.2 1.5+0.1 kg th
L-Lactic Acid 0.04 +0.00 nd kg th
Citric Acid 0.22 £0.03 0.16 £ 0.02 kg
Density 992 + 3 990 + 3 kg th

* as tartaric acid equivalent

# as acetic acid equivalent

nd not detectable

5.6.2 Urea degradation in real wines by immobiliseénzyme

To assess the urea degradation rat8anvignon Blan@nd Grechettowines, acid

urease (lot#3) was newly immobilised onto Eup&rgitd Chitopearls BCW-3003

and BCW-3010. Table 5.5 lists the experimental dents used for all the support

matrices used, as well as the protein concentr&tinorthe immobilising solution

(cpo) and overall filtrate (&), protein bound on support fg), protein loading (¥s),

immobilised acid urease activity per unit mass yf @gq) or wet (Asw) Support or

protein bound (Agi), as well as enzymé) and activity {a) coupling yields.

It is worth noting that acid urease, as immobilizedo Chitopearls BCW-3003 or

BCW-3010, was characterized by a specific actigitg a protein loading of 2603

or 12744 U g ws and 36 or 14.4 mg BSAE'gvs, respectively. These parameters

resulted to be quite near to those obtained prelyaiTable 5.2), thus allowing the
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preparation procedure for these biocatalysts taebarded as quite reproducible. On
the contrary, the specific activity of the Eupefgl 250 L-based biocatalysts,
prepared in this case (~10 IU gvet support, ws), was found to be slightly smaller
than that (19 IU § ws) pertaining to the same biocatalysts attairetiez (Table
5.2).

Moreover, the enzyme coupling yiel¢k] was of about 65% for the smaller chitosan
derivative beads (BCW-3003), but reduced to 27286 2or the larger (BCW-3010)
or smaller (EuperditC 250 L) particles, respectively. Finally, the wit§i coupling
yield ((a) was of more or less 50% for the beads of the B&&es, but it dropped
to as little as 5% for the 18@m Eupergif C 250 L particles.
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Table 5.5 Experimental conditions and specific activities unit mass of dry (ds) or wet (ws) support dflarease immobilised on Eupef§i€ 250 L and some

GA-activated chitosan beads of different size.

Parameter Eupergit® Chitopearl Chitopearl Unit

C 250L BCW-3003 BCW-3010
Mass of wet support 4] 1204.0 1200.7 1200.2 mg
Water fraction Xaw 80+1 75+5 79+3 % wiw
Immobilising solution volume 1% 70 70 70 c
Nagapsifi conc. in the immob. sol. NC 24 24 24 kg i
Protein conc. in the immobilizing sol. pcC 978 £ 19 950 + 24 913 +4 g BSAE®m
Initial protein mass 51} 68+1 66 £2 63.9+£0.3 mg BSAE
Prot. Added per unit mass of ws Y 57 55 53 mg BSAE fws
Immobilising solution activity Ao 16.8 +0.2 16.2+0.2 15.8+0.2 U th§SAE
Protein concentration in the filtrate piC 106 +1 47 +1 93+4 g MBSAE
Filtrate volume \V2 500 500 500 cth
Protein bound on support PN 15.3 43.2 17.3 mg BSAE
Protein loading ¥ 12.75 36.0 14.4 mg BSAE'gvs
Specific immobilised enz. activity =AY 51.3+04 1059 + 11 609 £ 20 U gls
Specific immobilised enz. activity &y 10.3+0.1 260+ 3 127 +4 IU'gvs
Immobilised enz. specific activity o 0.80+0.01 7.24 £ 0.07 8.79+0.29 IU TBSAE
Enzyme coupling yield (e 22.4 64.9 27.1 %
Enzyme activity coupling yield N 48+0.1 47.2+0.5 56 £ 2 %
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5.6.3 Effectiveness factor of immobilised acid usse in real wines

By using the same stirred bioreactor and operatimglitions ($,=1 mol m°, E~47
g BSAEmM™) previously used to study urea degradation in rhadiee solutions, it
was assessed the time course of urea degradatioio itarget Italian white wines of
concern.

Depending on the different protein loadings of éhbéocatalysts used (BCW-3003,
BCW-3010, or Eupergit® C 250 L), their concentrati@s,) in any wine sample
under testing was respectively estimated as ab@, B.13 or 3.53 kg mof wet
carrier, in order to keep the immobilised enzymatiotein concentration (Ecgy
Ypp) dispersed in the liquid phase approximately camseind equal to 478§
BSAEmM®,

a) b)
1
A N A N
X o
X X o.o
X °
L]
) %)
01 e N 01 \\\\\\\ e L N
0 2 4 6 8 0 2 4 6 8

t (h) t (h)

Figure 5.12 Time course of urea degradation at 20°C for Gretthé¢d) and Sauvignon Blanc
(b) wines when using free enzyme (#=t.2 kg m® Nagapsin®) or immobilised
enzyme onto different matrices (BCW-3003: @, c,~ 1.25; BCW-3003.48, /7,
Cew= 3.13; Eupergit ® C 250 L:4, G~ 3.53 kg n? wet carrier): Semi-
logarithmic plot of the ratio between the currentdainitial urea concentrations

(S/9) against time (t).
Fig.5.12 shows the semi-logarithmic plot of theadietween the current (Fand
initial (S.o) concentrations of urea against time (t) for twe teal white wines of
concern when using free or immobilised acid ure&sall cases, such plots were

approximately linear.
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By accounting for Eq.(3.33) and assuming the oVesfibctiveness factor(}) as
practically unitary, use of the least squares netyielded the average values and
standard deviations of the experimental pseudo-dnder kinetic rate constant,(k
for any wine sample and biocatalyst examined,stediin Table 5.6.

The apparent pseudo-first order kinetic rate constias) for urea degradation by
free acid urease iGrechetto Sauvignan Blanand model wines at 20°C was also
listed in Table 5.6.

To contribution for the contribution of the externand/or internal diffusion
resistances to the overall substrate reactionHesd biocatalysts was assessed as
reported in Table 5.7.

For any of the three biocatalysts used, both thectfeness factorsQ)) and @)
resulted to be practically unitary, as establisfegdhe biocatalysts used to remove
urea in model wine solution. Thus, whatever thecaialyst used here, in a model
wine solution and in real wines, the overall uregrddation rate was controlled by
the reaction kinetics, being negligible the conttibn of the external film and
intraparticle mass-transfer resistances.

Despite the estimates shown in Table 5.7 wereredddp biocatalysts with a unitary
tortuosity factor ) (Spief3et al, 1999), these would still hold evertifvas as great
as 7, the typicat values for industrial catalysts ranging from 17t¢Satterfieldet
al., 1963). In fact, for=7 the loss in both effectiveness factors variednfias small
as 0.01 to 0.4% for the range of bead size used.

The specific pseudo-first order kinetic rate consi{i’,y) for free acid urease from
lot#3 was equal to [(E71)x10° m® h* g* BSAE (F= 0.984)].

In these final experiments, since \Eas equal to 481 g BSAEm™, the apparent
kinetic rate constant ) should have been equal to (Gt8202) K. It was instead
estimated as equal to (00102 hY), thus differing by about 10% from the

aforementioned value (Table 5.6).
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Mean values and standard deviations of apparent urea degradation pseudo-first order kinetite constant () in model, Grechetto, and

Tavle 56 Sauvignan Blanc wines at 20°C by free or immotilizazyme at different concentrations of the comialeacid urease preparation (§ or wet
biocatalysts (g,) and their corresponding enzymatic protein dissdI{g) or dispersed (F in the liquid bulk.
Wine sample Parameter Free Enzyme Eupergit ® C 250 BCW-3003 BCW3010 Unit
Model Wine Gw Or Gy 1.25 6.25 1.26 3.13 kg m*
Ei orE; 495 19.0 48.6 54.3 g BSAE it
Kaj 0.74+£0.02 0.18+0.01 0.43+0.02 0.45+0.01
(r’=0.994) (r*=0.986) (r’=0.991) (r’=0.998) R
Grechettowine Gw Or Gy 1.20 3.53 1.26 3.13 kg m*
E orE 47.5 45.0 45.4 45.2 g BSAE i
Kajj 0.23+0.01 0.06+0.01 0.122+0.002 0.120+0.006
(r*=0.992) (r*=0.800) (r*=0.998) (r’=0.983) R
Sauvignon Blanavine Gy OF Gy 1.20 3.53 1.25 3.13 kg m*
E orE 47.4 45.0 45.0 45.1 g BSAE i
Kajj 0.152+0.01 0.051+0.008 0.139+0.005 0.135+0.005
(r’=0.961) (r’=0. 828) (r’=0.994) (r*=0.987) R
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Table 5.7 Estimates of the effectiveness factors for ac&hse immobilized on Chitopearls BCW-3003 andl@36r Eupergit® C250L in the presenc®)(or
absence /) of the external film transport resistance by misg to well known literature relationships (Baléy Ollis, 1986; Gomez de Segura et al.,
2004; Kosmerl et al., 2000; Satterfield et al., 396piel3 et al., 1999; Tagatsuji et al., 1998; Traly 1968).

Biocatalyst matrix Eupergit® C Chitopearl Chitopearl Unit
250L BCW-3003 BCW-3010

Wine sample Grechetto Sauvignon Grechetto SauvignonGrechetto  Sauvignon
Parameter Blanc Blanc Blanc
Average bead radius (R) 90 149 508 pm
Bead porosity) 0.6 0.83 0.83 -
Bead tortuosity factort} 1.0 1.0 1.0 -
Particle densitypg) 1136 1136 1136 kg ws/n?
Reaction temperature (T) 20 20 20 °C
Wine density ) 990.5 991.5 990.5 991.5 990.5 991.5 kg/m®
Wine viscosity(j,) 1.56 1.61 1.56 1.61 1.56 1.61 mPa s
Urea diffusivity (D) (Treybal, 1968) 1.29 x 10 1.29x10° 1.29x10° m? s*
Urea effective diffusivity (R=6/1 Dg) (Satterfieldet al, 1963) 7.77 x 10'° 1.07x10° 1.07x10° m® st
Wet biocatalyst concentrationg(g 3.53 3.53 1.26 1.26 3.13 3.13 kg/m
Biocatalyst water fraction £y, 801 7515 7943 % wiw
Protein loading (¥s) 12.8 36.0 14.4 g BSAE Kgws
Apparent pseudo-first order kinetic rate constépi ( 0.060 0.051 0.122 0.139 0.120 0.135 1 h
Schmidt number (Sc) 1217 1255 1217 1255 1217 1255 -
Grashof number (Gr) 3.4 3.2 15.5 14.4 607 567 -
Sherwood number (SHBaley & Ollis, 1986) 7.0 6.9 10.2 10.1 30.0 29.7 -
Mass transfer coefficient (k 501x10 4.97x10 4.44x10° 4.39x10° 3.83x10° 3.78x10° m s*
Biot number (Bi= R k/Dsg 5.8 5.8 6.2 6.1 18.1 17.9 -
Thiele modulug6) 0.013 0.012 0.027 0.028 0.089 0.095 -
Effectiveness factom) 0.99999 0.99999 0.99995 0.99995 0.99947 0.99940 -
Global effectiveness factofQ) 0.99998 0.99998 0.99992 0.99990 0.99932 0.99923 -
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By referring the experimentakkvalues to kg, it was possible to compare directly the
performance of the three biocatalysts tested inntbeel and real wines, as shown in
Fig. 5.13.

1
[ M Sauvignon Blanc wine
- B Grechetto wine
0.8 + %
r Model wine
0.6 +
M %
3
0.4+ /
~ |
0.2+ / E
E[E =
0 T T T E

BCW-3003 BCW-3010 Eupergit® dree enzyme
250L

Figure 5.13 Experimental apparent pseudd-arder kinetic rate constants(f for free acid urease
or enzyme immobilized onto different matrices (B8W3, BCW-3003, Eupergit® C
250 L) in Grechetto, Sauvignon Blanc and model sviag referred to the value,fk
pertaining to free acid urease in the model winkeitson.

When using free acid urease, the apparent psetstosfider kinetic rate constant in

Grechettoand Sauvignon Blanavines reduced to 30 or 20% of that observed in the

model wine solution owing to their different comgims, and especially to their higher

phenolic content (Table 5.4).

When using acid urease immobilised onto Chitopea@%V-3003 and BCW-3010 or

Eupergif C 250 L, the apparent pseudo-first order kineti rconstant itGrechetto

andSauvignon Blanevines reduced to about 18 and 17% or 7% of thafrée enzyme

(kar) in the model wine solution, respectively. Thisnftoned that the biocatalysts

obtained from Chitopearls BCW-3003 and BCW-3010 everore than twice less

sensitive to the wine phenolic compounds than ineeEgit®-based catalysts.

To explain such a peculiar behaviour of the twotevkwines assayed, the purified acid

urease preparation used here was assumed to bappr@ximately as the whole cell
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acid urease preparation (i.e., Enzeco® Acid UreBseyme Development Corp., New
York) used previously (Fidaleet al, 2006). In the circumstances, using an initigaur
concentration of 1 mol fhthroughout all the experimental design, the effesft the
main inhibitory wine components [i.e., malic (M) dadactic (L) acids, potassium
metabisulfite (K), and ethanol], as well as pH, the pseudo-first order kinetic rate
constant for free acid ureasegs(kn different model wine solutions were reconsteac
by using the P-order canonical regression developed by Fidateal (2006) — see
Eq.s (3.15), and (3.16)-(3.19).
Then, to account for the inhibitory effect of theepolic compounds (P) present in the
real wines under testing, the effective pseudd-brrder kinetic rate constant;{ was
guessed by resorting to the competitive inhibitoadel set up by Es#t al. (2007) —
see Eq. (3.20) — with the inhibition constant$R1.1+0.5 g GAE 1) referred to the
Italian white and rosé wines studied by Estal (2007).
As shown in Table 5.8, the different compositioritae real wines under study exerted a
limited effect on the effective pseudo-first ordé&inetic rate constants, this
corroborating the overall results shown in Fig.35.1
Thus, use of Eg.s (3.15) and (3.16)-(3.19) may éeommended as a short-cut
procedure to assess roughly the kinetic responfe®ficid urease in wines of different
composition and figure out the likely effectivenes$ the wine treatment by
immobilised enzyme.
Table 5.8 Apparent pseudo-first-order kinetic rate constafiaisa killed cell acid urease preparation in
model wine solutions having the same pH and charistics of the real wines assayed in this

work in the absence (kor presence (k) of phenolic compounds (P), as estimated by using
Eq.s (3.36) and (3.40)-(3.45).

Wine sample Coded levels Real Values

Malic  Lactic K,S,0s Ethanol pH P ki X10° Kite X10°

acid acid

X1 Xo X3 Xs Xs gGAEm dm’mg’ dm’mg*
3 min™ min™

Sauvignon
Blanc -0.24 -1.95 -0.47 -0.23 -0.09 364 8.0 4.4
Grechetto -0.80 -2.00 -0.70 -0.07 -0.92 450 94 4.2
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The immobilisation of acid urease on Eupétdit 250 L via the direct binding of the
enzyme to the carrier oxirane groups (Knezatial, 2006), followed by stabilisation
with glycine (Oliveiraet al, 2001), gave rise to quite a stable biocatalystce its
residual activity resulted to be as much as1@% of its initial value even after 34 days
of storage at 4°C. This finding was independenthef enzyme added per unit mass of
support used. However, the observed enzyme logiigg) appeared to be extremely
dependent on the stability of the original sourteurified acid urease used. In fact,
Yg reduced from about 27 to 11 mg of bound enzymegpef dry carrier when the
lot#1 was replaced with the lot#2 of the same jrdificid urease preparation, probably
because at the moment of their use to preparenthebilising solutions the specific
activity of such lots reduced from 76B to 42@27 IU per g of Nagapsh
respectively.

The immobilisation of acid urease onto glutaraldbhgctivated chitosan-derivative
beads gave rise to more stable biocatalysts, wittegheir residual activity resulted to
be as much as 95% of their initial values evenrdft®-170 days of storage at 4°C.
Only the specific activity of the biocatalysts paepd using Chitopearl BCW-3001
reduced by about 40% after 62-day storage and tasmapproximately constant for
the subsequent 78 days.

The specific activity (8;) of the chitosan-based biocatalysts decreased &ioza 308
to 70 IU g* wet support as the bead average diametdriidreased from 0.14 to 2.2
mm. Nevertheless, in all cases tested, these ligstd were by far more active than the
biocatalysts obtained when using Eupér@it250 L (1943 IU @ ws). On the contrary,
the protein loading of the latter (26 mg BSAE gs) fell within the range of protein
loading values (17-40 mg BSAE'gus) detected for all the biocatalysts preparethis
experimentation.

The kinetics of urea degradation in a model winletsan by free purified acid urease
was confirmed to be of the pseudo-first order witspect to urea concentration, in
agreement with previous findings in real and madekes using killed cell preparations
(Estiet al, 2007; Fidaleet al, 2006; Kodamat al, 1996; Trioliet al, 1989). Such a
mechanism was even corroborated when using purdoed urease immobilised on all
the aforementioned matrices. More specifically, fhseudo-first order kinetic rate

constant relative to the free enzymeg)(kesulted to be 1.5-5.3 times greater than that
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relative to the immobilised counterpart;)Ykunder constant concentration of the
enzymatic protein dissolved {jor dispersed (ft in the liquid bulk.

For all biocatalysts tested hereg, &ccounted for the effect of the external resistawic
urea transport from the bulk solution to the enzites only, while kincorporated the
effects of simultaneous film and interparticle massisfer resistances (Treybal., 1968).
However, by resorting to well known literature tedaships (Baley & Ollis, 1986;
GOmez de Segurat al, 2004; Satterfielcet al, 1963; Spiefet al, 1999; Treybal,
1968), the contribution of the external film andiietraparticle diffusion resistances to
the overall substrate reaction rate was found tgigible, the overall urea degradation
rate being just controlled by the reaction kinetics

Further testing allowed the activity of acid ureasemobilized onto Eupergit® or
Chitopearls to be assessed in the presence ofigharthibitory tannins extracted from
grape seeds (Estit al, 2007)at levels ranging from 5 to 600 g GAE3mFor all the
immobilised biocatalysts tested here, a protectigBon against such compounds of
enzyme immobilization towards free enzymes wassasse In particular, the chitosan-
based biocatalysts exerted a higher protectivemactot only about free acid urease, but
also towards acid urease immobilised onto Eup@&dit 250 L.

The kinetics of urea degradation by immobilisechges in two target Italian wines (that
is Grechettoor Sauvignon Blanavines) using a stirred bioreactor was of the peeud
first order with respect to urea concentrationagreement with previous findings in
real and model wines using killed cell preparati¢Bsertrand, 2003; Estt al, 2007;
Fidaleo et al, 2006; Trioli et al, 1989) and in model wines using immobilised
biocatalysts (Andrich et al., 2009). Moreover, ure@oval rate was not limited by urea
external and intraparticle mass transfer. Owingthte peculiar phenolic content of
Grechettoor Sauvignon Blanavine, the apparent pseudo-first order urea degjrada
kinetic rate constant for acid urease immobilisatbcEupergi? C 250 L-, BCW-3003-
or BCW-3010-particles at;Eapproximately constant reduced to about 7, 18766 bf
that observed for free enzyme in the model winatgm, respectively.

By accounting for their intrinsic positive charatiécs of being resistant to the
compression stress exerted by a column bed (Mateyrh®93), sterilizable, non-toxic,
biocompatible and biodegradable (Clegral, 1999), and for being more than twice less

sensitive to the wine phenolic content than the efgip®-based biocatalysts, the
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chitosan-based catalysts, in particular ChitopeB@3V-3003 (¢~0.3 mm) or BCW-
3010 (¢~1.0 mm), seem to be potentially employable in rireke up of packed-bed
cartridges to remove continuously urea not onlynfreake (Matsumoto, 1993), but also
from commercial wines.

Wine treatment by using the commercially availdblied cell acid urease preparations
generally involves too low urea degradation ratesalobse of the presence of numerous
inhibitory components in real wines.

In fact, by referring to the Enzeco® Acid Ureaseparation previously used (Esti

al., 2007; Fidaleeet al, 2006), the maximum dose allowable was equivaiemjuite a
low enzymatic protein concentration (14006 g BSAE rit) and yielded a low urea
degradation rate.

To accelerate the process it would be necessamstot to a dosage by far higher than
the maximum allowable one (i.e., 75 ¢nfor wine treatment (Bertrand, 2003). Thus,
strictly speaking, the wine detoxification trialsrfprmed here with free acid urease (see
* symbols in Fig. 5.12) could not be practicallypéoited, since the dissolved enzymatic
protein concentration ¢ewas about four times greater than the maximummwealble
one.

In contrast, the wine treatment tests using imniwdxl acid urease allowed the present
regulatory to be circumvented because immobilizeziyge was insoluble in wine. In
addition, recovery of the catalyst from the urehasted wine by filtration may result
in significant cost savings owing to multiple enzynecycles in consecutive batch trials
with no negative effect on the typical bouquethd tvine treated, this being altered at
>50 g m"® of the aforementioned killed cell preparation (Bamd, 2003).

To increase the urea degradation rates achievex] bee needs to increase further the
biocatalyst concentrationsg(f) in the agitated bioreactor or alternatively tsar to
specifically designed packed-bed cartridges.

Further work is required to assess both the opmesratiperformance and stability of a
laboratory-scale packed-bed bioreactor to detama) wines and economic feasibility.
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