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Abstract

D-Tagatose, an isomer of D-galactose, is a rarenkatmse which can potentially be used as a
sugar-substitute bulking agent in food and as aaed energy sweetener. Furthermore, D-
tagatose has numerous medical benefits and is bemgjdered as a drug for type Il diabetes.
The enzymatic isomerization of D-galactose to Datage represents a potential alternative to
the recently patented chemical production procdésB-tagatose. The enzyme L-arabinose
isomerase is able to catalyze this reaction. Itiquéar there is interest in its thermostable
forms since the equilibrium is shifted toward Ddsage at high temperatures (T>60°C). This
work was an investigation of the enzyme L-arabinasemerase (TMAI) from the
hyperthermophilic bacteriunhermotoga maritima, immobilized on epoxy supports for the
bioconversion of D-galactose to D-tagatose. The/mez as a recombinant protein fused to a
His-tag, was expressed I coli and produced in 2-liter stirred bioreactors. TMAtract, a
partially purified solution containing TMAI obtaide after precipitating heat-denatured
proteins following heat treatment (80°C, 20 min) lgbate supernatant, was used for
immobilization. A further purification step by IMAGaking advantage of the His-tag fused to
the protein, was used to obtain a purified enzymée studied as free enzyme. Epoxy
supports (Eu), as such or functionalized with indilagetic acid and chelated with copper ion
(Eu-Cu) or manganese ion (Mn-Cu) to increase thectety of the immobilization process
were used for the immobilization starting from theIAl extract. The best results for the
immobilized biocatalysts, characterized in terméahobilization yield, specific activity and
catalytic efficiency determined at 80°C and pH “M&re obtained for Cu-Eu supports and
were respectively 33.9 mg of TMAI per g ds (dry gogt), 5.4:1.1 U/g ds and 920%. The
specific activity of the biocatalyst determined @t 7.5 decreased 5 times when the
temperature was decreased from 80 to 60°C. The bilimed enzyme, incubated at 80 and
90°C in absence of D-galactose for different timedjibited a higher half-life compared to
the free enzyme. However, in the presence of Detade, that is under operational
conditions, the immobilized enzyme exhibited a lowtability compared to incubation in
absence of D-galactose. A screening of three bugjstems each at two levels of pH in
activity experiments at 80°C with D-galactose olgrg incubation times identified Tris-HCI
buffer at pH 7.5 as the best system. The effediféérent post-immobilization treatments
consisting of incubating the immobilized derivasvander conditions that should favour

stabilization of the enzyme was studied: combinede uof glutaraldehyde and
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ethylenediamine, high temperature (50°C), high @#6) @nd long incubation time (72 h), use
of glutaraldehyde. The treatment that resulted he best operational stability of the
immobilized biocatalyst was the one with glutaralgle and ethylenediamine. In particular,
this treatment was also able to stabilize the goatg structure of the enzyme, a result that
was not obtained when applying the other treatmems further treatment with
mercaptoethanol on the biocatalysts, stabilizett Wie best method or non stabilized, further
increased the specific activity, most likely beaitswas able to remove the €uons from
the support, thus avoiding its release in the meeosion medium and its potential negative
effect on the enzyme activity. The results obtaiskeowed that the combined use of different
strategies, such as use of enzyme tags, functzat@in of epoxy supports, use of a
hyperthermophilic enzyme and use of post-immolilza methods for stabilization offers
great advantages over other methods in the developrof an immobilized-enzyme
biocatalyst. Recent studies on D-tagatose bioptomluérom D-galactose are focusing on the
use of thermophilic enzymes with optimum pH on dle&lic side. Another strategy is the use
of thermophilic or hyperthermophilic enzymes at pematures in the range 55-65°C in order
to avoid side reactions and deactivation of theyerez The use of the methods tested in this
work on TMAI coupled with the abovementioned stgis could further improve the
operational enzyme stability for D-tagatose isosaion at high temperatures making this
process feasible at the industrial scale.



1. Rare sugars

1.1 Definition of rare sugars

“Rare sugars” are sugars that occur naturally imeexely small amounts, usually because
they are the products of intermediary cellular rneliam and are converted within the cell to
another form as soon as they are created, anddm&¥i_-allose, D/L-altrose, L-glucose, D/L-
psicose, D/L-tagatose, L-fructose, and D-sorbosmoAding to the International Society of
Rare Sugar (ISRS) (Granstromt al., 2004) established in Japan, rare sugars are
monosaccharides and their derivatives that areimanature and oligo- and polysaccharides
containing rare sugars. Thus, this definition idelsi also the polyols, also known as sugar
alcohols. As shown in Fig. 1, among six carbon sugeonsisting of 34 hexoses (8
ketohexoses, 16 aldohexoses, and 10 hexitolsprilyecarbohydrate monomers that occur in
large amounts in nature are D-glucose, D-galacidseannose and D-fructose while among
five carbon sugars consisting of 16 pentoses (8padtoses, 4 ketopentoses, 4 pentitols),
D-xylose, L-arabinose, and D-ribose are the onlyosaccharides abundant in nature.

Figure 2 and Figure 3 report the structure of thioin of ketoses and aldoses, respectively,

containing 4, 5 and 6 carbon atoms.



@ Sugars that are @ Sugars which hardly
naturally abundant  exstin naturs

Figure 1. Distribution of the amount of monosaccharides #meir derivatives on earth.
Sugars shown in green exist in large quantitiedentaire sugars are represented by small red
circles (http://rare-sugar.com/en/research3e.html).
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Figure 3. D form of 4-carbon, 5-carbon and 6-carbon aldoses

1.2 Applications of rare sugars in the food industy

Because until now rare sugars have only been abtess very small amounts in nature,
their properties have not been evaluated. Untiemdy, research both on methods for the

production of substantial quantities of rare mowobarides and studies of their potential use

have been neglected. Expected application fieldspaoducts for rare sugars are:

(1) Foods and beverages, sweeteners, seasonings;

(2) Foods for specified health uses, healthy faousbeverages;

(3) Agricultural chemicals that induce resistangaiast diseases, control of plant growth;
(4) Pharmaceuticals, organ conservation solutions;

(5) Use as high value building block for the prep@an of pharmaceutical products.

1.3 Use of sugars and rare sugars as sweeteners
Sucrose and fructose, among the most abundantssimgaature are primary sugar sweeteners

that occur naturally or are added to foods. In @alilito their sensory qualities, they add
functional properties to foods through their eféeah physical (eg, crystallization, viscosity),
microbial (e.g., preservation, fermentation), ahdroical (e.g., caramelization, antioxidation)



characteristics (Davis, 1995). Sucrose is a disatd composed of glucose and fructose that
provides 4 kcal/g. The monosaccharide fructose @suwvides 4 kcal/g. Fructose is a
component of sucrose (50% fructose), is presenfruit (also known as fruit sugar or
levulose), and is added to foods and beveragesghsfiuctose corn syrup (HFCS; 42% to
55% fructose) or in the crystalline form. Fructdses replaced sucrose in many foods and
beverages because of its sweetening power, lovgy @ad functional properties that enhance
flavor, color, and product stability (Hanover anchivé, 1993). Fructose also synergizes the
sweetness potential of sucrose and certain swastene

Polyols are used as sugar substitutes for theie®meng powerSugar alcohols have less
energy per gram (averaging 2 kcal/g) compared ¢toose for example, because they are not
fully absorbed from the gut and thus are less akbal for energy metabolism. Table 1
provides a list of the approved polyols and nowgjass. In addition to containing less energy
than sugars, they have other potential health benéfe., reduced glycemic response,
decreased caries risk, prebiotic effects). Polymd® have a chemical structure that is
monosaccharide-derived (eg, sorbitol, mannitoljtall erythritol), disaccharide-derived (eg,
isomalt, lactitol, maltitol), or polysaccharide-dexd mixtures (eg, maltitol syrup,
hydrogenated starch hydrolysates [HSH]). Sorbobm the GRAS list for use in candies,
chewing gum, jams/jellies, baked goods, and frazariections.

Mannitol is permitted for use on an interim basenging further study of health effects,
including potential laxative effects. This statgsprovided to food ingredients that have a
history of use but whose safety has been brougbtguestion by new information, even if it
is not conclusive (FDA, 1996). Mannitol is usedaadusting agent for chewing gum and a
bulking agent in powdered foods. Xylitol is apprdva&s a food additive for use in foods for
special dietary use. The polyols offering reducalite sweetening are absorbed slowly and
incompletely from the intestine by passive diffusid\n excessive load (eg, greater than 50
g/day of sorbitol; greater than 20 g/day of marpitmay cause diarrhea. However,
incomplete absorption causes indirect metabolissnfermentative degradation by intestinal
flora.

Glycemic responses are lower for sweeteners thdergo incomplete absorption. The
potential for prebiotic effects of sweeteners thatlergo incomplete absorption is being
explored. These prebiotics are short-chain carbaltgd that are resistant to human digestive
enzymes and reach the cecum to exert effects oodlbeic bacteria (Van Loet al., 1999).
Because of their chemical structure, polyols cosdtve as a substrate for these bacteria
(Cummingset al., 2001).



Worldwide polyalcohol use is about 1.2 million thresar. Sorbitol has the greatest market
among the polyalcohols (around 1 million tons/ye®ith the cheapest price competitiveness
among the polyalcohols: US $1.2/kg. Other polyatdshsuch as xylitol, erythritol, mannitol,
and isomaltol, are consumed at 200,000 tons/yedrhame a higher price range (US $3-7/
kg) (Kim, 2004).

1.4Some rare sugars of potential application in the fod industry

Low caloric alternatives to the present dominaneet@ners are being sought due to the
increasing number of people suffering from diabetasesity, cancer and cardiovascular
diseases. Some isomers of monosaccharides, forpdxdwsugar or D-tagatose, have been
proposed as alternative carbohydrate sweetenersbalkthg agents as sugar substitutes
because of the disadvantages of sucrose intakeglyparipogenic potency, and high
insulinogenicity. (Zengt al., 2005).

1.4.1 Xylitol

Xylitol is one of most significant alternatives ¢onventional sweeteners and is the first rare
sugar with health properties that has global markeylitol is a five-carbon sugar alcohol that
can be found in nature in small quantities, forregke in fruits and vegetables. Xylitol has
almost the same sweetness as sucrose, but withesgyevalue of only 2.4 kcal/g. Xylitol
has a negative heat of solution and good solubilityater, causing a cooling sensation when
consumed orally (Granstréehal., 2007).

It was approved by the US Food and for use in foadiucts back in the 1960s. It has since
experienced remarkable growth following its commadigation in the early 1970s C. In 2002,
its worldwide annual production was estimated t@abeut 15,000 t.

Xylitol is industrially produced by the chemicaldrection of pure D-xylose, obtained from
hard-wood hydrolysates, in the presence of a Rarokgl catalyst (Granstroet al., 2007).
Xylitol production with yeasts has been studiedeasively as an alternative to the chemical
reduction process (Granstréenal., 2004). In fully aerobic conditions D-xylose isedsfor
cell respiration and biomass growth, but under exydimited conditions the yeast cells
produce xylitol. The advantage of using whole ceilstead of chemical reduction in xylitol
production lies in the fact that crude industrialesstreams could be used as a raw material.
Even though part of the D-xylose goes into cellmtemance metabolism, the xylitol yield is

significantly higher in the biotechnological prosg¢lan in chemical reduction.



Table 1 Polyols and novel sugars approved by FDA: E @nartake), from ADA
(American Dietetic Association) report (2004).

Type E Regulatory Description
kcall/g status

Monosaccaride polyols or novel sugars

Sorbitol 2.6 GRAS-Label 50-70% as sweet as sucrose; some individuals
must warn about aexperience a laxative effect from a load of
laxative effect >50g.

Mannitol 1.6 Approved food 50-70% as sweet as sucrose; some individuals

additive; the label experience a laxative effect from a load of
must warn about a>20g.
laxative effect

Xylitol 2.4 Approved food As sweet as sucrose; new forms have better
additive for use in free-flowing abilities.
food for special
dietary uses

Erythritol 0.2 Independent 60%-80% as sweet as sucrose; also acts as a
GRAS flavor enhancer, formulation aid, humectant,
determination; stabilized and thickener, sequestrant and
non questions texturized.
from FDA

D-tagatose 1.5 Independent 75%-92% as sweet as sucrose; sweetness
GRAS synergized; functions also as textutixer,
determination; stabilizer, humectant, and formulation aid.
non questions
from FDA

Disaccharide polyols or novel sugars

Isomalt 2 Gras affirmation 45%-65% as sweet as sucrose; used as a
petition filed bulking agent.

Lactitol 2 Gras affirmation 30%-40% as sweet as sucrose; used as a
petition filed bulking agent.

Maltitol 2.1 Gras affirmation 90% as sweet as sucrose; used as a bulking
petition filed agent.

Trehalose 4 Independent 45% as sweet as sucrose; functions also as a
GRAS texturizer, stabilizer, and humectant.

determination;
non questions
from FDA

Polysaccharide polyols

HSH 3 Gras affirmation 25%-50% as sweet as sucrose (depending of
petition filed the monosaccharide composition)




Xilitol is mainly used as an additive in commergmbducts such as chewing gums, mints,
sweets, and tooth paste. It has an insulin indeg@nehetabolism, and it can prevent dental

caries and acute otitis media in children (Gramstebal., 2004)

1.4.2 Xylitol in dental caries

Dental caries is a highly prevalent disease in humae. One recommendable preventive
measure is not to eat sugars such as sucrosedhatage insoluble glucans or acids by the
actions of oral bacteria. However, as sucrosedspensable for our diet as a seasoning and
food component, its intake is very difficult to aoXylitol is widely known to be used as an
additive for foods and sweets and to produce a etbpkeventive effect against caries.

A study, published online in the journal BMC Oraledith, evaluated the impact of
incorporating xylitol, already linked to fightingné harmfulMutans streptococci bacteria, in
the traditional confectionery product. Head redearcKiet Ly of the University of
Washington (WA, USA) said that controlled dosesyftol containing gummy bears could
be a more ideal solution than chewing gum for @eing the sugar alcohol to children as
xylitol is a cariostatic bulk sweetener (eyal., 2008).

1.4.3 D-psicose

D-psicose, a C-3 epimer of D-fructose, is presergmall quantities in commercial mixtures
of D-glucose and D-fructose, which is obtained frioydrolysis of sucrose or isomerization of
D- glucose. Supplement of D-psicose in the dietheen found to suppress hepatic lipogenic
enzyme activities in rats compared with supplemehni3-fructose or D-glucose and provide
zero energy. D-Psicose might be an ideal sucrds&titute for food products due to its sweet
taste, easy processing, and functional properties Caloric and low glycemic response)
(Yun et al., 2008). It might be useful in the food industryrem-caloric sweetener for obese
people as an aid for weight reduction (Zehgl., 2005).

The safety of D-psicose, mass production of whigh hecome possible, must be confirmed
before it can be used as a food material. Whertpsicose contents of various foods were
measured to evaluate the routine D-psicose intakel (Oshimaet al., 2006), its contents
were particularly high in sweets and seasoningdicating that we are regularly taking D-
psicose from various food materials (Figure 4).

D-Psicose was shown experimentally (in rats andangnto suppress increases in the blood

sugar level. Inhibition of digestive enzyme actest and promotion of glycogen synthesis



have been suggested as mechanisms of this effetsiikt al., 2002). Therefore, D-psicose

may be useful as a functional food.
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Figure 4. Daily D-psicose intake from various foods (Oshiehal., 2006).

1.4.4 D-psicose in dental caries

Currently scientists are examining the effects aine rare sugars on the proliferation of
bacteria responsible for caries, acid productiospluble glucan formation, etc. by adding
them to the culture medium of the bacteria.

Results indicate that some rare sugars are poodgarcely metabolized & mutans, which
causes dental caries. In particular D-psicose igedlst controls the bacterial growth and acid
production (anti-cariogenic) also in combinatiorthwexisting sweeteners (lidg al., 2010).
Table 2 reports comparison of D-psicose and xyhlugar substitutes. The authors of this
research anticipated the use of D-psicose in t#id &f drugs, foods and beverages, foods for

specified health uses and cosmetics.

Table 2 Comparison of D-psicose and xylitol as sucrogesstutes.

Sugar Use as a substitute  Risk of diarrhea Sweetness Cost
for glucose and by massive intake
fructose
D-psicose Wide Low Weak High
xylitol Narrow High Same as Low
sucrose

1.4.5 D-psicose and D-allose as improving of foadligy
Surimi, a water-leached and cryo-stabilized grotiskd muscle paste, is a raw material for
making gelled seafood products, such as kamabo#anrattation shellfish. Surimi proteins

denature during freezing and frozen storage, leathirsignificant deterioration in the quality



of final gelled seafood products. Currently, Pl©Ofawa from Kagawa University (Japan) is
investigating whether the rare sugars D-psicose yadlose prevent surimi proteins from
denaturing by freezing and frozen storage. D-psi@sd D-allose were found to prevent the
solubility of fish muscle proteins from reducingriohg frozen storage, similarly to D-sorbitol
(sugar alcohol), a conventional cryoprotectant.sTéifect was particularly high with D-
psicose. D-psicose was found to improve the elgstaé fish muscle proteins, which is an
index of the surimi quality, and to prevent the lohecin the gel-forming ability of surimi
occurring during its frozen storage.

If the cost of D-psicose is reduced to about 1066/kg, its application to surimi-based

products will become possible.

1.4.6 D-psicose and D-allose as healthy foods

The Maillard reaction is well known for the manyadges it produces in food. This non-
enzymatic browning occurs spontaneously when redusugars, such as glucose, are
incubated with protein over time. The carbonyl gr®wf reducing sugars react with protein
amino groups and lead to irreversible changesarctmformation and stability of the protein.
The resulting reaction products can potentiallyeralhe functional and/or the biological
properties of food. Maillard reaction products (MdRRre formed following heat processing
of food and the reaction products have some beakkéfect on food quality. The current
trend is to use MRPs as commercial food additiaesgpplications as emulsifiers, antioxidants
and antibacterial agents (Puangmagtest., 2008).

Proteins that are glycated with rare sugars haea ieund to have high antioxidant activity
and also show some improved functional propert@apared to native proteins or proteins
conjugated with conventional sugars. Glycated wpetein isolate (WPI) was prepared by
incubation of WPI with the rare sugars D-allose &rgsicose under controlled conditions
(Puangmaneet al., 2008). Its emulsion and foaming properties, d@adantioxidant activity
were determined and compared to those of the n&tiad and of WPI glycated with the
alimentary sugars D-glucose and D-fructose. WPtajgd with ketohexose showed a greater
ability to form emulsions and a higher foam stapithan control WPI or WPI glycated with
aldohexoses. Moreover, WPI glycated with the rargass D-allose and D-psicose had the
highest antioxidant activity even at low concentrat WPI glycated with rare sugars was
then applied to ice cream manufacture and the tregute cream properties were evaluated
and compared with ice cream made from skim milk gem(SMP). The ice cream made with

added glycated WPI showed ice cream overrun andhbkas that was intermediate between
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that of SMP and native WPI ice cream. On the offaerd, the modified ice creams containing
WPI glycated with the rare sugars D-allose andsi2gse had significantly higher
antioxidant activity than the other iceeam samples. Thus, glycation of WPI with D-ps&cos
improved emulsion and foaming properties and, afglication in ice cream manufacture
maintained high antioxidant activity. Fortificatioof ice cream with glycated WPI can
therefore produce ice cream with excellent antiartdactivity and good ice cream qualities.
Low-calorie and highly antioxidative foods can beegared by adding the rare sugar D-
psicose to bakery products, such as pudding. Pgduepared by the addition of D- psicose
showed high antioxidative activity and excellenbdoproperties, and is promising as a
functional dessert for elderly people (Saral., 2007).

The addition of D-psicose to butter cookies, astiglareplacement of sucrose, had no
influence on the cook loss while significantly adimtiting to a color change of the cookie
crust through a non enzymatic browning reactionttfeumore, D-psicose-containing cookies
possessed the highest antioxidant capacity ireatet cookies. It was found that there was a
close correlation between the crust color and thi@@dant activity of the cookie. The results
suggested that the addition of D-psicose enhanbedbtowning reaction during cookie

processing and, consequently, produced a stromgxatant activity (Suret al., 2008).

1.4.7 Erythritol

Erythritol is a polyol that occurs at low levelsrmany fruits and at higher levels in fermented
foods such as soy sauce, cheese, wine and basruded to reduce or replace traditional
sweeteners in low-sugar food and beverage apmitaind the benefits include low-calorie
content, low glycemic index and a low laxative effeln Europe, despite its low energy
content, regulations indicate that it cannot besllgd as a low calorie because it is classified
as a polyol (a sugar alcohol). Erythritol is a whitrystalline, odorless powder and is
approximately 70 percent as sweet as sucroseangtban, sweet taste similar to sucrose. At
0.2 calories per gram, erythritol has approximatetp 13% the calories of other polyols and
five percent the calories of sucrose. Erythritad baen allowed for use in the US since 1997
where it can be described as natural and low-@ldgrythritol and erythritol-containing
sweetening systems produced by the company CorduBt® Specialty Ingredients (USA)
come under the brandrysta and the company said it can be used alone ornmbowtion

with other polyols and sweeteners (Hills, 2008).
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1.4.8 D-tagatose

D-Tagatose is a ketosehexose monosaccharide sweef@Tagatose occurs naturally in
Serculia setigera gum, a gum exudate of the cacao tree (Hirs., 1949). D-tagatose was

also detected ad a component of an oligosacchandikchens of the Rocella species
(Lindberg, 1955). In bacterial metabolism of laetodD-tagatose may be formed from
galactose by enzymatic isomerization (catalyzedLigrabinose isomerase) (Szumilo and
Russa, 1982; Ibrahim and Spradlin, 1993). D-tagaiesalso found in small quantities in

various foods such as sterilized and powdered comvills hot cocoa, and a variety of cheeses,
yogurts, and other dairy products (Mendetal., 2005; Oh, 2007).

D-Tagatose has unique properties as a functioneétmer (Levin, 2002). It is an isomer of

D-galactose (Fig. 2 and Fig. 3). Its propertiesraported in Table 3.

Table 3. Physical, chemical and biological properties ofaDatose as a sweetener (Kim,
2004).

Property

Value

Chemical family

Molecular weight
Physical form

Odor

Melting point
Solubility

Stable pH range
Relative sweetness
Sweetness quality

Cooling effect
Caloric value

Maillard reaction and
caramelization

Potential field of
application

Regulation state

Carbohydrate ketose monosaccharide, isomer of 8ctyse

180

White crystalline solid

None

143°C

58% w/w 22C

2-7

92% of sucrose in 10% (w/w) solution

Similar to sucrose with faster onset like fructose

None
1.5 kcallg
Yes

Low- calorie dietary food, diabetic food, adjuvant

GRAS approved as drug, animal feed, food (repadade: 30
g/d for healthy male adult)
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The cyclic form of D-tagatose consists @D-tagato-2,6-pyranose (79%j);D-tagato-2,6-
pyranose (14%),a-D-tagato-2,5-furanose (2%), an@tD-tagato-2,6-furanose (5%) (Oh,
2007). No cooling effect is found, which is a ureqoroperty of polyalcohol sugar substitute
candidates. Since tagatose is a reducing sugatiniolved in browning reactions during heat
treatment (i.e., cooking processes) (Kim, 2004 dgatose is similar to the polyols in having
a low caloric value and tooth-friendly property. wiver, it has no laxative effect unlike
polyols (Levin et al., 1995). The sweetness profile of D-tagatose P& 9fhat of sucrose
when compared in 10% solutions, but its sweetnesteiected slightly sooner than that of
sucrose. D-Tagatose is less hygroscopic than sactand it has a lower viscosity [180 cP at
70% (w/w) and 20°C] than sucrose at the same cdratem but slightly higher than fructose
and sorbitol.

D-Tagatose has numerous health benefits, includimgiotion of weight loss (Buemareh
al., 2000), no glycemic effect (Donnet al., 1999; Seriet al., 1993), anti-plaque, non-
cariogenic, anti-halitosis, prebiotic, and antifthro properties (Bertelsegt al., 1999; Laerke
et al., 2000; Wong, 2000), enhancement of flavor (Rosmmtplt and Mende, 2004),
improvement of pregnancy and fetal development iL,e2000), treatment of obesity and
reduction in symptoms associated with type 2 dedethyperglycemia, anemia, and
hemophilia (Levin 2002; Sedt al., 1993). The heath benefits and applications oad@atose

are summarized in Table 4.

Table 4. Health benefits and applications of D-tagatose, @D07).

Health benefit Applications

Low caloric Low carbohydrate diets, cereals, health bars,dotk
No glycemic effect Diabetic food (type 2)

Anti-halitosis Anty-hyperglycemic agent, dietary supplement
Periodic Chocolate, candy, chewing gum

Anti-biofilm antiplaque Tooth paste, mouth wash

Flavor enhancement Yogurt, bakery, milk-based drink, confectionery
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D-Tagatose has attracted a great deal of attemticgcent years due to its health benefits and
similar properties to sucrose. Since it has bggmaved as GRAS (Table 5), D-Tagatose can
be used as a low-calorie sweetener in non chromigsd tooth paste, mouth wash and in a
wide variety of foods, beverages, health foods, @diethry supplements; it can be applied to
products of low carbohydrate diets, cereals, hebd#rs, chocolate, candy, chewing gum,
yogurt, soft drink, bakery, milk-based drink, arahfectionery. Its high solubility [58% (w/w)
at 21°C] makes it ideal as a flavor enhancer arfib soft drinks and yogurts. D-Tagatose is
also useful as an intermediate for synthesis oérotiptically active compounds and as an
additive in detergent, cosmetic such as flavoredtiktk, and pharmaceutical formulations
(Ibrahim and Spradlin, 2000Pnly 15% to 20% of D-tagatose ingested is absoftwed the
small intestine to provide 1.5 kcal/g (Bertelseinal., 1999). The majority ingested is
available for fermentation by colonic bacteria. Bugar D-tagatose has been shown through
in vitro studies to stimulate colonic bacteria femtation and production of short-chain fatty
acids (eg, butyrate) and may have the potentidiaee prebiotic effects (Bertelse al.,
1999).

Table 5.Main steps for the approval of the utilization@ptagatose as food grade.

Date Agency Status Reference

2001 USA Food and drug  GRAS (Generally Recognized FDA (2001)
Administration (FDA) as Safe)
July 2003 Korean Food and DrugAuthorized the use of tagatose Bar (2004)

Administration in foods
February Food Standards Issued a favorable final FSANZ (2004)
2004 Australia New Zeland assessment report permitting the

use of tagatose as a novel food

ingredient
June 2004 JECFA (Joint Stated that there is no need to INCHEM (2006)
FAO/WHO Expert limit the allowed daily intake of

Committee on Food tagatose
Addidives)
December European Union (EU) Tagatose was formally approve&A (2005)
2005 as a ‘novel food ingredient”
without any restriction of usages
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1.4.9 D-tagatose in bakery products

Bakery products may be formulated containing lowels of tagatose for its health benefits
without altering the product’s flavour. A study (Astronget al., 2009) evaluated whether
incorporating tagatose, into bakery products aff@cheir flavours. Cinnamon muffins, lemon
cookies, and chocolate cakes were prepared; 1 diagétose was added to the experimental
products while an equal amount of sucrose was atlldle control products. Untrained
consumer panels were unable to distinguish betweeflavour of products with and without
tagatose. In addition, the flavours of bakery prtdicontaining and not containing tagatose
were liked similarly.

Another study (Tayloet al., 2008) investigated the suitability of tagatose aareplacement
for sucrose in cookies. A sucrose-containing coakieipe was prepared as the control.
Sucrose was replaced with tagatose at variousdeaelging from 25% to 100%. The baked
cookies were evaluated for spread, color, and lesinWhen sucrose was replaced by
tagatose, doughs with similar rheological propsertie the control resulted. The tagatose-
containing cookies were harder and darker withveetospread than the control. Sensory data
indicated that panelists liked the brown color loé tL00% tagatose cookies better than the
control, but disliked their sweetness. Overall hi&ss scores of the control and cookies made
by replacing half of the sucrose with tagatose wWeeesame. Tagatose appeared to be suitable
as a partial replacer for sucrose in cookies basmedsimilar dough properties, cookie
properties, and likeness scores. Using tagatoseplace sucrose in foods would reduce the

amount of metabolizeable sugars in the diet asagefirovide the desirable prebiotic effect.

1.4.10 D-tagatose as antidiabetic and obesity obdtug with several health benefits
D-tagatose has been suggested as a potential airiigpke 2 diabetes thanks to its beneficial
effects on postprandial hyperglycaemia and hypelimsemia. In this paragraph the potential

use of D-tagatose as drug as reported bgtlal. (2008) is described.

Type 1l diabetes

Type 2 diabetes (regards 90% of the people witlhhedess around the world) is generally
characterized by two main abnormalities: periphersdilin resistance and progressive failure
of pancreati@d-cell function that leads to inadequate insulinregon. The principal cause of
diabetes complications (retinopathy, neuropathyd amteriosclerosis) is hyperglycaemia
caused by insufficient production of insulin andlosulin resistance. Diet management,

exercise and weight control may be not enough hieae targeted glycaemic goals and many
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individuals with type 2 diabetes ultimately requiresulin as primary therapy with oral
antidiabetic agents adjunctive therapy. Howevearc@se control in type 2 diabetics remains
unsatisfactory because average concentration valuglycosylated haemoglobin (Hhé, a
marker for average blood glucose levels over tl®ipus months prior to the measurement,
well above the normal range are reported in mamyeempologic studies.

D-tagatose as a drug for type |1 diabetes

Several studies showed that the pre-administratfoD-tagatose reduces the rise in blood
glucose after carbohydrate loading (glucose, secos controlled lunch). It seems that long-
term glycaemic control by D-tagatose leads to dimkedn HbA.. Spherix Incorporated
(Tysons Corner, VA , USA) is currently conductingphase 3 trial (NEET, Naturlose®
Efficacy Evaluation Trial) to evaluate a placebdisacted treatment effect based on a
decrease in Hb4 levels. The study is a double-blind, placebo-cdted trial with patients
randomized to receive 15 grams of D-tagatose tmees daily with meals for a period of up
to one year as an adjunct to diet and exercise pdacebo three times daily with meals for up
to one year as an adjunct to diet and exercise.

In October 2010 Spherix announced that preliminggsults from the study showed a
statistically significant (p<0.05) reduction in HRAevels of 0.4% at 10 months in relatively
healthy people with diabetes. The reduction washewe®re pronounced among patients
treated in the U.S., and the reduction in HbAgenerally increased over the 10 months
patients were treated.

These findings are encouraging for the use of itzge as a monotherapy for glycaemic

control.

Weight control

For many diabetics, weight loss is the key to ggttcontrol of blood sugar, and may
eliminate the need for medication. However, weggih is the main side effect of insulin and
drugs. D-tagatose does not increase insulin lefaisglucose control. Instead, it blunts
increase postprandial insulin. D-tagatose inducegght loss at medically acceptable rates,

rendering the drug effective against obesity.

Effect on HDL levels
Dyslipidaemia is one of the factors associated witbetes. It is also a major contributor to
the increased coronary heart disease risk in fdatigith type 2 diabetes and is characterized

by elevated levels of triglycerides and low-dengippprotein (LDL) cholesterol and low
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levels of high-density lipoprotein (HDL) cholester&esults of some clinical trials have
demonstrated that treating patients who have low. Kiith therapies that raise HDL can
reduce major coronary events. In a 14-month sthidl, levels of patients taking D-tagatose
rose from a mean baseline level of 30 to 41.7 mdidis it seems that D-tagatose increases
HLD levels.

D-tagatose as a prebiotic

D-tagatose can be considered a prebiotic. A prigbistdefined as ‘a non-digestible food
ingredient that beneficially affects the host byesgvely stimulating the growth and/or
activity of one or a limited number of bacteriathre colon that can improve host health’.
Potential benefits of prebiotics are constipatielef, suppression of diarrhea and reduction
of the risks of osteoporosis, atherosclerotic camscular disease associated with
dyslipideamia and insulin resistance, obesity aossibly type 2 diabetes. D-tagatose shows
promise in this area. Studies on humans and anih@ale demonstrated that 20-25% of the
amount of D-tagatose ingested is absorbed intdokbedstream passively, while the rest is
fermented by intestinal microorganisms yieldingrsiohain fatty acids (SCFA In a human
trial, D-tagatose ingestion of 10 g three timesag Was also characterized by changes in
microbial population species and densities. Pathicdeacteria were reduced in numbers and

beneficial bacteria were increased.

Plausible mechanisms for glycemic control

The mechanisms by which D-tagatose exerts its yoeitglycaemic effects are not entirely
clear. Lu et al (2008) described a plausible mesharof D-tagatose for glycemic control.
Absorbed D-tagatose is metabolized mainly in thver|i following a metabolic pathway
identical to that of fructose. D-tagatose is phasplated to D-tagatose-1-P by fructokinase.
D-tagatose-1-P is split by aldolase to yield glgtdehyde and dihydroxyacetone phosphate.
Although aldolase acts on both fructose-1-P an@datose-1-P, the cleavage of D-tagatose-
1-P occurs at only about half the rate of the fyaet1-P resulting in a transient accumulation
of D-tagatose-1-P that as fructose-1-P stimulaligsofginase activity, leading to an increased
phosphorylation of glucose to glucose-6-P, whictthier activates glycogen synthase. It is
possible that D-tagatose-1-P, similar to fructode;inhibits glycogen phosphorylase. The net
effects of the regulation of these enzymes arad¢oease glycogen synthesis, and to decrease

glycogen utilization (Fig. 5).
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Figure 5. Plausible mechanism of actions for D-tagatosa{ft.u et al., 2008).

The present mechanisms suggest that D-tagatosts exeanti-hyperglycaemic effect similar
to that of fructose. However, at least in the shemtn, fructose at high doses is associated
with increase lipid synthesis, dyslipidaemia, degms of lipid in the liver and skeletal
muscle, insulin resistance, obesity and diabetimpliwations. Also fructose is a potent
reducing sugar that promotes the formation of toadvanced glycation and products.
Because of fructose’s adverse effect on plasmaldjpin 2002, the American Diabetes
Association recommended avoiding fructose othan thlaat occurs naturally in fruits.

In addition to the effect on glycogen regulationtdgatose inhibits sucrose, leading to the
suppression of sucrose digestion in the small iimsAn in vitro study found that D-tagatose
also inhibits the activity of maltase derived froatbit small intestine mucous membrane and
thereby delays the digestion of starch.

In summary, the overall effect of D-tagatose, phbpatogether with other unknown
mechanisms, is to depress the rise in blood sugarcbeasing glycogen synthesis, decreasing
glycogen utilization and possibly also by reducitigg digestion of sucrose and other

carbohydrates in the small intestine.



2. Methods for the production of rare

sugars

The basis for the production methods of monosaabdsmwas laid by extensive research on
organic chemistry by E. Fisher in the later half tofe 1800s. The structures of
monosaccharides were determined in this era, mositii the establishment of their
production methods. For this reason, no systemasiearch was conducted on the synthesis
of monosaccharides, which was regarded as havieg templeted. It was also hampered by
the great difficulty in the synthesis of monosacdes by techniques of organic chemistry
because of their complex chiral structures. In gatoon of the central role that carbohydrates
play in many biological processes, there has beemneous effort by organic chemists to
make unnatural and rare sugars; none of these @tehas allowed the preparation of
substantial quantities of material and involve tiee of many steps by environmentally

unfriendly procedures.

2.1 Bioproduction strategies for rare sugars

It is advantageous to use cheap feedstocks, sustarat, wood or whey, as starting materials
for the production of rare sugars. D-Glucose isam@d from starch whereas D-xylose can be
derived from the hemicellulosic fraction of wood.h@y contains lactose, which can be
hydrolysed into D-glucose and D-galactose. 1zunf20i06), devised a scheme to display all
the rare sugars in a ring-form called an “lzumatingsing this display, it is possible to
describe the biochemical reactions needed to peothem and the connection between the D-

and L-configurations of these sugars. Three diffeteumorings have been proposed, one for
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tetroses, one for pentoses, and one for hexosasg thes approach, it has been possible to
produce many rare sugars allowing the determinaifdheir physical (such as conformation,
solution structure and solubility), chemical andlbgical properties. However, there is still
much to be done to determine the best biocatatgtites for the production of specific rare
sugars to ultimately produce them in optimal bi@essing scheme.

Figure 6 shows the interconversion of all 3-carb&rgarbon and 6-carbon sugars by
Izumoring. The red circles are aldoses, blue d@rele ketoses, and yellow circles are polyols.
Hexoses, as well as pentoses or trioses are cauhéctone another with a line, which
represents enzyme reactions. The red lines arsaldomerase (catabolic reaction between
aldose and ketose), blue lines are polyol ketosdoosductase (enzymes that oxidize or
reduce carbon 2 to transform polyols to ketosed)ow lines are D-tagatose-3-epimerase (an
enzyme that epimerizes position 3 of all free keilases), and white lines are aldose
reductase (enzymes that reduce aldoses to thesponding polyols). All D-type sugars are
shown in the blue region in the right, all L-typegars in the red region in the left, and
polyols and meso-polyols in the yellow region ie thiddle. In order to show how the display
can be used, we can follow the route of the Izungpfrom D-fructose to L-fructose for the
production of L-fructose via four reactions. Thesfiistep is epimerization of D-fructose to D-
psicose by D-tagatose 3-epimerase. The secondisstggluction of D-psicose to allitol by
oxidoreductase. The third reaction is transfornmatiballitol to L-psicose by oxidoreductase.
The final step is epimerization of L-psicose toruetose by D-tagatose 3-epimerase.

In the following paragraphs aldose isomerases agdtdse epimerases will be described in

detail.
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Figure 6. Izumoring strategy to design the production psses of all monosaccharides from
readily available raw materials; starch, wood auddse (from Granstrost al., 2004).

2.2 Aldose isomerases and tagatose epimerases

2.2.1 D-xylose isomerase

The chemical conversion of glucose to fructoseri@arout at high pH and temperature

(Barker et al., 1973) is non-specific and leads to the formatainundesirable colored
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products, the formation of off-flavors, and swesgereduction. For these reasons,
commercial HFCS production has since the 1960s @madl an enzymatic conversion using
xylose isomerase (EC 5.3.1.5) (XI). The advantages milder pH and temperature
conditions, no formation of side products, and pt& for catalyst improvement via
molecular evolution. XI mediates “isomerization”tlveen an aldose and a ketose. In XI, it
occurs through a “hydride shift” mechanism (ringenjmg of substrate, isomerization via a
hydride shift from C-2 to C-1, ring closure of pumd), and a divalent cation (i.e., Kfg
Mn%, C&") plays an important role in the mechanism (Kirip2). Several studies have
focused on improving Xl activity on glucose, thrbugjte directed mutagenesis, to create a
true “glucose isomerase” [Meng al., 1991; Sriprapundh et al., 2003). Site-directed
mutagenesis and molecular evolution provided egneliools for the alteration of optimal pH
in Xls (Sriprapundtet al., 2003; van Tilbeurghkt al., 1992).

XlIs have been reported to catalyze several difterame sugar reactions. The use of divalent
ions (i.e., M§*, C&* and Mrf") is required for activity in most Xls. Pastinenal. (1999)
found that D-xylose isomerase can be used in tbeéyation of various rare aldohexoses from
ketohexoses, such as D-altrose, and D-allose frgpsi€bse, as well as D-gulose and D-idose
from D-sorbose. The use of €pin particular, often leads to optimal catalytificgency.
However, due to potential toxicity of this catianfoods and pharmaceuticals, investigations
of Xls for rare sugar synthesis have focused onMp&-dependent, commercially available
Sreptomyces XIs.

Although efforts have been made to improve enzyabstsate ratios (e.g., using cross-linked
Sreptomyces rubiginosus Xl crystals in bioreactors and effluent recycling)elds in rare
sugar reactions remain extremely low (Joketlaal., 2002). Rare sugars are expensive to
produce, especially when including a chromatogragibp is needed to remove a toxic metal.
Highly thermostable XlIs from hyperthermophiles, Isu&s Thermotoga maritima (Brown et

al., 1993) andr. neapolitana (Hesset al., 1998; Sriprapundbt al., 2003), are candidates for
rare sugar production, especially if protein-engnmgg techniques can improve their efficacy

in this regard.

2.2.2 L-Arabinose isomerase

L-arabinose isomerase (EC 5.3.1.4) (Al) catalyZzes t¢onversion of D-galactose to D-
tagatose (Figure 7) as well as the conversion afdbinose to L-ribulose, owing to the
similar configurations of the substrates (Cheetlaaoh Wootton, 1993; Rod# al., 2000).
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Many Al genes have been cloned from various badtepeciesE. coli strains,Salmonella
typhi, S. typhimurium, Yersinia pestis, Shigella flexneri, Vibrio parahaemolyticus, Bacillus
subtilis, B. halodurans, Oceanobacillus iheyensis, Lactobacillus plantarum, Clostridium
acetobutylicum, Bifidobacterium longum, Bacteroides thetaiotaomicron, T. maritima. These
Als are all potential candidates for galactose msomation. Since the process of D-tagatose
iIsomerization from D-galactose is commercially Wgabnuch of the relevant information on
Al has been recently documented in patents (KinQ420Among other patented sources, the
Als of G. stearothermophilus (Kim et al. 2001a),Thermotoga neapolitana (Kim et al., 2002),
Thermus sp. (Kim et al. 2003b) and Thermoanaerobacter mathranii (Jgrgensest al., 2004)

have been reported as D-tagatose isomerizatiomesgy

CH,0H CHO
——0O H——1—0H
HO——F—H HO——F—H
HO———H HO——H
H—F—O0H H———0H
CH,0H CH,0H
D-Tagatose D-Galactose

Figure 7. Chemical structures of D-tagatose and D-galactose

The structure of Al has not yet been solved. Toeustdnd the reaction mechanism, X-ray
crystallography studies are required. Only a fewhave been purified and characterized. Kim
reported thak. coli Al is composed of six identical subunits and haadecular weight of

approximately 60000 Dalton (Kim, 2004 coli Al is activated by MA', implying that

divalent cations play an important role in the eneyreaction mechanism. The Als from
Lactobacillus gayonii and Aerobacter aerogenes are also activated by divalent cations (Kim,
2004). The kinetic parameters of various bactdriarabinose isomerases for D-galactose

iIsomerization are presented in Table 6.
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Table 6. Kinetic parameter of L-arabinose isomerase (00,72

Strain for enzyme source Vhax Km Kcat Kcat Km
(Umg) (mM) (min?) ()

Aerobacter aerogenes US100 NR 270 NR NR
Alicyclobacillus acidocaldarius 7.5 129 NR NR
Bacillus halodurans 1.3 167 120 0.4
B. stearothermophilus 8.9 57 438 8.5
Escherichia coli NR 1480 NR NR
Geobacillus stearothermophilus T6 9 120 516 4.3
G. stearothermophilus 7.8 145 173 1.2
G. stearothermophilus (mutant enzymge 37.6 578 1.211 2.1
G. thermonitrificans 6.9 408 204 0.5
G. thermonitrificans (mutant enzyme) 35.4 399 1046 3.1
Thermoanaer obacter mathranii NR 120 NR NR
Thermotoga neopolitana 14.3 250 810 3.2
Thermotoga maritima 8.9 60 504 8.4

A summary of D-tagatose production from D-galactbgevarious L-arabinose isomerases
and cells containing the enzyme is shown in Tabl€h#z D-tagatose equilibrium conversion
from D-galactose depends on the isomerization temtpe and it is shifted toward D-
tagatose at higher temperatures (Oh, 2007): 2818304 inE. coli L-arabinose isomerase
(Kim et al., 2001b), 58% at 65°C in the enzyme fr@nthermodenitrificans (Ohet al., 2006)
and 68% at 85°C iffthermotoga neapolitana (Kim et al. 2002). Figure 8, reports a plot of the
maximum final ratio of D-tagatose and D-galactoshich was assumed as the equilibrium

ratio, as a function of isomerization temperatuai&td extracted from Table 7).



24

Table 7. D-tagatose production from D-galactose by L-arabe isomerases and cells
containing the enzyme: enzyme form (E, free enzyhte; immobilized enzyme; I,
immobilized cells), T (temperature), D-gal (initlalgalactose concentration), D-tag (final D-
tagatose concentration), X (D-galactose conversi&)productivity). Adapted from Oh

(2007).

Form Strain for enzyme T D-gal. D-tag. X P
source (°C) (g1 @rh (%) (gl d?

E Bacillus 70 0.9 0.4 48.0 15
stear othermophilus

E Escherichia coli 30 100 29 28.8 4.1

IE Escherichia coli 30 500 103 20.5 7.5

IE Escherichia coli 37 100 30 30.0 30

E Geobacillus 60 100 31 30.6 46
stear othermophilus

IE Geobacillus
stear othermophilus
(batch) 60 500 230 46.0 319
(continuous) 60 300 145 48.3 1296

| E. coli Geobacillus 60 300 59 19.7 70
stear othermophilus

E Geobacillus 60 300 158 52.7 190
thermodenitrificans

E Termoar aer obacter 65 300 126 42.0 63
mathranii

E Thermotoga 80 1.8 1.2 68.0 15
neapolitana

| E. coli Thermotoga 70 180 49 27.2 98
neapolitana

IE Thermotoga 70 300 138 46 20.7
neapolitana
Thermotoga mathranii 70 1.8 1.0 56.0 4.0
Thermos sp. 60 1.0 0.5 54.0 0.2
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Figure 8. !Effect of temperature on the equilibrium ratio Dftagatose and D-galactose
concentrations.

The highest levels of D-tagatose production hawenbreported as 230 ¢ D-tagatose from
500 g I* D-galactose using immobilize6. stearothermophilus L-arabinose isomerase in
continuous recycling mode of a packed-bed biorgasiith a tagatose productivity of 31979 |
! day* (Kim et al. 2003a). In continuous mode using the immobilizedyene, 145 g1 D-
tagatose from 300 ¢'ID-galactose was produced in the bioreactor wittaegrage tagatose
productivity of 1296 gt day* as the reported highest productivity (Ratal., 2003), which
was 5.6-fold higher than that in continuous recyglmode. The highest reported yield of D-
tagatose, which is catalyzed Blgermotoga neapolitana L-arabinose isomerase using 1.8'g |
D-galactose, is 68% at 85°C (Kiehal., 2002).

2.2.3 L-Rhamnose Isomerase

L-rhamnose isomerase (EC 5.3.1.14) reversibly isa@® L-rhamnose to its corresponding
ketose, L-rhamnulose.

An L-rhamnose isomerase from a mutant strainPséudomonas aeruginosa (sp.) strain
LL172 showed a broad specificity to various rardoaks and ketoses. The highest activity
was detected against L-rhamnose (100%), followedLHyxose (97%). However, this
enzyme was active on L-mannose, D-gulose, D-rib@s@llose, and L-talose. This L-
rhamnose isomerase was also immobilized on chitbpeads and produced L-mannose from
L-fructose at 68C, with a 30% vyield (Bhuiyast al., 1997).
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A L-rhamnose isomerase frofseudomonas stutzeri (Leanget al., 2004) had a broad
specificity being active on L-mannose, L-lyxoseglucose, L-tagatose, D-allose, and D-
ribose.

Large-scale production of D-allose from D-psicoseng a continuous bioreactor containing
immobilized L-rhamnose isomerase fréstutzeri has also been reported (Morimaitoal .,
2006). A 10% conversion rate of D-psicose to Dsalowas achieved, following the

completion of a 17-day reaction period.

2.2.4 L-Fucose Isomerase

L-Fucose Isomerase (Fl), isolated frofn coli catalyzes reversible ketol isomerization
between sugars with stereo-specific C2 and C3 renfEeessneret al., 2000). FI, a
homohexamer, required divalent ions @mand C8") for activity. D-tagatose-3-epimerase
from Pseudomonas cichorii ST-24 was combined with L-fucose isomerase figlebsiella
pneumoniae 40bXX to produce D-altrose from D-fructose at anera¥l yield of 6%
(Menavuvuet al., 2006). This work was significant as a proof ohoept of producing D-

altrose from an inexpensive substrate, D-fructose.

2.2.5 D-tagatose-3-epimerase

D-tagatose-3-epimerases frdPeseudomonas cichorii ST-24 (Ishidaet al., 1997; Takeshitat

al., 2000) and®seudomonas sp. (Itohet al., 1995) have been characterized. Further efforts on
D-tagatose-3-epimerase have focused on the cooweddi L-sorbose and L-psicose to L-
tagatose and L-fructose, respectively (Itoh andniating, 1996), D-fructose to D-psicose
(Itoh et al., 1995), and D-tagatose to D-sorbose (kbhl., 1995). Immobilized D-tagatose-3-
epimerase (chito pearl beads) produced D-psicas®m D-fructose with a yield of 25%,
compared to the unbound form of D-tagatose-3-emseerthat yielded 20%. This
immobilized form of D-tagatose-3-epimerase alsadpoed D-sorbose from D-tagatose with
a yield of 70%. D-tagatose-3-epimerase frehodobacter sphaeroides converted D-fructose

to D-psicose (17% conversion). This study compdahedrelative activities of thB. cichorii
D-tagatose-3-epimerase aAdrobacterium tumefaciens D-psicose-3-epimerase with the D-
tagatose-3-epimerase froRimodobacter sphaeroides and showed th&. sphaeroides enzyme
was more active on D-fructose at°@0 all of these enzymes required the metafMor
activity. In addition, A. tumefaciens D-psicose-3-epimerase produced D-psicose from D-

fructose with a yield of 99%.
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2.3 Critical aspects in the biological production bD-tagatose

In the future, L-arabinose isomerase will be ablgitoduce industrially D-tagatose because
the biotransformation has some advantages ovechémical process, such as mild reaction
conditions, D-tagatose production without by-pradumo salt in waste water, and D-

galactose recycling during purification (Oh, 2007).

The biological production of D-tagatose has beedistl using several substrates: galactitol,
D-sorbose, D-psicose and D-galactose.

2.3.1 Galactitol to D-tagatose

The lzumori group firstly reported in 1984 that dtmpe was produced from several
microorganisms by oxidation of galactitél:throbacter globiformis, Gluconobacter oxydans,
Mycobacterium smegmatis, Enterobacter agglomerans andKlebsiella pneumoniae have been
reported to convert galactitol into D-tagatose (Q007). The responsible enzyme for this
biotransformation is a sorbitol dehydrogenase (Ricdind Manzoni, 2005). Since the cost for
galactitol as a raw material is relatively high (8800-800/kg), this process is not considered

for bulk scale tagatose production (Kim, 2004).

2.3.2 D-sorbose to D-tagatose

Agrobacterium tumefaciens D-psicose 3-epimerase (Kit al. 2006a) andPseudomonas
cichorii D-tagatose 3-epimerase convert D-sorbose to Ddagditohet al., 1994; Ishidaet
al., 1997; Yoshidaet al., 2007). However, D-sorbose is an expensive substinat seems to

have little potential for commercial application.

2.3.3 D-psicose to D-tagatose

Various strains ofMucoraceae fungi convert D-psicose to D-tagatose (Yoshihatraal.,
2006). As the mass production of D-psicose frontuztbse has become industrially feasible
in recent years (Kinet al., 2006a; Takeshitet al., 2000), the production of D-tagatose from

D-fructose via D-psicose as an alternative metraxldeen proposed.

2.4 D-galactose to D-tagatose
To overcome the disadvantages of the chemical ispat®n of D-galactose to D-tagatose,
biological manufactures of D-tagatose using sevbiatatalyst sources have been studied

intensively in recent years.
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The cloned L-arabinose isomerizes Escherichia coli, Bacillus subtilis, and Salmonella
typhimurium mediate the conversion of D-tagatose from D-gatect@Rohet al. 2000). L-
Arabinose isomerase has been of interest and dtunliensively in recent years due to its
industrial feasibility in D-tagatose production (Kiet al. 2003a). Details about this
isomerization are reported above.

For effective D-tagatose productions using L-arab&isomerase, the reaction conditions
such as pH, temperature, and metal ion should bmiaed. The optimal reaction conditions
of these bacterial L-arabinose isomerases are aeahfra Table 8 (Oh, 2007).

Table 8 Optimal reaction conditions of L-arabinose isoaser for the isomerisation of D-
galactose to D-tagatose.

Strain for enzyme source Optimum Optimu Half-life Metal ion
T (°C) m (min)
pH

Aerobactere aerogenes 50 6.4-6.9 NR Mn?*
Alicyclobacillus acidoca Idariuse 65 6 NR Mn?*
Bacillus alodurans 50 7.5-8.0 20 (70°C) Mn*

B. stearothermophilus US100 80 7.5-8.0 110 (75°C) NR
Escherichia coli 30 8.0 60 (50°C) Fe&* Mn*
Geobacillus stearothermophilus T6 70 7.0-7.5 52 (80°C) Mn*

G. stearothermophilus 65 7.5 17 (70°C) Mn*
G.theromonitrificans 70 8.5 42 (75°C) Mn*
Lactobacillus gayonii 30-40 6.0-7.0 NR Mn?*
Mycobacterium sgmegamtis 45 7.0-75 10 (45°C) Mn*
Thermoanaer obacter mathranii 65 8.0 NR Mn**
Termotoga neopolitana 85 7.0 120 (90 °C) Co*

T. maritima 90 7.0-75 185(90°C) Co**,Mn*
Thermus sp. 60 8.5 NR Mn?*
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2.4.1 pH

The optimum pH of enzymatic D-galactose isomeraratianges from pH 6.0 to 8.5. The
optimum pH for L-arabinose isomerase fréhncyclobacillus acidocaldariusis 6.0 (Leeset al.
2005), while the enzymes frofa. thermodenitrificans andThermus sp. have optimum pH of
8.5 (Kim and Oh 2005; Kinet al. 2003b). The optimum pHs of the others are in drege
6.0-8.0. Commercial application of Al requires aoidic pH range to reduce non-specific

side reactions.

2.4.2 Temperature

Poor thermal stability of Al would limit the operah time of the reactor because industrial
tagatose production is suggested to be carriedab®0—-65°C in an immobilized enzyme
reactor (Kimet al., 2003a; Oflet al., 2001), because the galactose-tagatose equilitshifts
toward tagatose at higher temperatures (See FR)u@peration at temperatures higher than
80°C, however, would cause a browning reaction a8 as isomerization. The optimum
temperature for L-arabinose isomerase (Table &) the range of 30-50°C in mesophiles
such as Aerobacter aerogenes, Alicyclobacillus acidocaldarius, Bacillus halodurans,
Escherichia coli, Lactobacillus gayonii andM. smegmatis; of 60—80°C in thermophiles such
as B. stearothermophilus, Geobacillus stearothermophilus, G. thermodenitrificans, Thermus
sp., and Thermoanaerobacter mathranii; and of 85-90°C in hyperthermophiles such as
Thermotoga neapolitana andT. maritima (Oh, 2007).

2.4.3 Metal ion

The mesophilic and thermophilic L-arabinose isorsesarequire Mfi as a cofactor to
enhance the isomerization reaction rate, whilehtyygerthermophilic L-arabinose isomerases
require C6" (Kim et al. 2002; Leeet al. 2004) or MA*.

The use of CT, in particular, often leads to optimal catalytificency. However, due to
potential toxicity of this cation in foods and pheceuticals their use in commercial tagatose

production might not be approved in the food indust

2.4.4 Specificity

All reported bacterial L-arabinose isomerases hagker specificity for L-arabinose than D-
galactose. The ratio of catalytic efficiency () for D-galactose to L-arabinose decreased
when the optimum temperature of L-arabinose isosgeveas increased; the ratio of kcat/Km

was 128 in the mesophilic enzyme fr@@nhalodurans, 51 in the thermophilic enzyme from
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G. stearothermophilus, respectively, and 9 in the hyperthermophilic eneyfrom T.
maritima.
These results suggested that substrate specifatithigh temperatures altered from L-

arabinose into D-galactose. The specificity of & D- galactose should be increased.

2.4.5 Equilibrium-shifted production of tagatose

The equilibrium between substrate and product daroeo simply changed by protein
engineering of the enzyme, as it is controlledl®y/reaction temperature (Chagtgl. 1999).

To obtain a higher conversion yield of product thlat defined at the specific temperature,
the equilibrium should be shifted toward produtt tompound (like boric acid) binds more
selectively to product (D-tagatose) than subst(Btgalactose), an equilibrium shift occurs.
The formation of the product—compound complex reenlproposed as an alternative to high-
temperature biotransformation for feasible indastroduction of D-tagatose.

2.4.6 L-arabinose isomerase protein engineering

For the industrial use of Al for D-tagatose produtt a few characteristics of this enzyme
should be altered. Recent developments in DNA figci®s and protein engineering tools
(i.e., directed evolution, high throughput scregnisite directed mutagenesis, 3D structure
analysis) provide encouraging possibilities for eleping the desirable enzyme
characteristics. Mutations on or near the actite & the enzyme could change the substrate
specificity and alter the pH range for activity.

Based on the solved crystal structure and sequaigrements, the residues for the essential
catalytic site and substrate recognition @f stearothermophilus US 100 L-arabinose
iIsomerase was suggested (Rharal. 2007).

Directed evolution of the L-arabinose isomeraseedesis been suggested as a powerful tool
for increasing the reaction rate (Kiet al. 2001a). A mutateds. stearothermophilus L-
arabinose isomerase exhibiting the change of thnemo acids compared to the wild-type
enzyme was isolated. The mutated enzyme showedases in D-galactose isomerization
activity, optimum temperature, catalytic efficien¢gcat/Km) for D galactose, and the
production rate of D-tagatose from D galactose (Kdnmal. 2006b). A double-site mutant
enzyme of L-arabinose isomerase fr@nthermodenitrificans, was obtained by site-directed
mutagenesis. The double-site mutant enzyme comvétgalactose to D-tagatose with a
yield of 58%, whereas a wild type gave 46% of Datage conversion after 300 min at 65°C
(Ohet al. 2006).
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2.4.7 D-tagatose production using immobilized bialyest

To produce D-tagatose effectively, L-arabinose is@se or cells containing the enzyme
should be immobilized. Immobilize@. stearothermophilus L-arabinose isomerase entrapped
by alginate produces D- tagatose at an averag@@ese productivity of 1296 ¢ lday* as
the reported highest productivity (Rgual., 2003).

The immobilizedE coli cells containingG. stearothermophilus L-arabinose isomerase in
alginate produces a productivity of 70 §d* in a bioreactor (Jungt al. 2005) while the
immobilizedE coli cells containingrhermotoga neapolitana L-arabinose isomerase attained a
productivity of 98 g T day* (Honget al., 2007).

2.4.8 GRAS host

D-Tagatose production by enzyme or cell of gengraitognized as safe (GRAS) host should
be studied for the use of tagatose as food to awydpotential poisoning problems (Burdock
and Carabin, 2004). The problem can be solved @aysferring the gene of L-arabinose
isomerase to GRAS host suchBeillus megaterium, Corynebacterium ammonagenes, and

C. glutamicum. Efforts to develop industrially feasible tagatgseduction using Al are

underway.

2.5 Chemical production of D-tagatose

D-tagatose is commercially produced by isomerizatid D-galactose, which is prepared
from lactose. The conversion of D-galactose inttafatose can occur in one of two ways:
using a chemical process (Beaeéteaal., 1992) or an enzymatic process (Kanal., 2003a)
(Fig. 9). The current production process, basetherchemical isomerization was developed
and recently patented by Spherix Incorporated (figstorner, VA , USA) (Beadlet al.,
1991, Beadlet al., 1992).

In the chemical process D-galactose is isomeripe®-tagatose under alkaline conditions
preferably using calcium hydroxide as a complexa@alcium hydroxide shifts the
isomerization equilibrium between D-galactose anth@atose in the direction of D-tagatose
because it forms an insoluble complex with thisasugt elevated pH (pH 12). In the
precipitated calcium complex, D-tagatose is precand does not participate in side-
reactions that usually occur with sugars underagyglied alkaline conditions. Treatment of
the suspension with carbon dioxide liberated D4@gm by neutralizing the mixture and by

precipitating calcium as calcium carbonate (Beat., 1992) (Fig. 9).
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Lactose
enzymatic hydrolysis
hvdrolvsis
Glucose + Galactose
urifiesdin l separation
Ca(OH) > CaCl, enzyme column reactor
Galactose
isomerization l l
Tagatose-Ca Complex Tagatose
co,
neutralization 1
Tagatose

Figure 9. Schematic enzymatic and chemical process of Bttsg production. The
enzymatic isomerization process is described iaidigt chapter 2, and involves the use of a
thermostable L-arabinose isomerase.



3. Immobilized-enzyme technology

Biocatalysts are able to catalyse reactions undét oconditions of pH, temperature and
pressure with high efficiency, specificity and stidty. Among the technigues available to
improve the enzyme features, immobilization hasnbeealed in the last times as a very
powerful tool, if properly designed. Since 1972,ewhChibata and coworkers pioneered the
use of immobilised enzymes in industrial processasjerous methods of immobilisation on
a variety of different materials have been devealojpeorder to improve the stability, activity
and reusability of enzymes and whole cells. Num&tmaoks and reviews on several specific
aspects of immobilized enzymes are available todhg. reader is addressed to Blanch and
Clark (1996), Bickerstaff (1997), Chibaghal. (1986) and Hartmeier (1985) for a general

overview on the subject.

3.1 Advantages and limitations of immobilized enzayes

Table 1 summarises advantages and disadvantagesobilized enzymes and cells.

Table 1 Advantages and disadvantages of enzyme and vdedléemmobilization (adapted
from van de Veldet al., 2002).

Advantages Disadvantages

Easy recycling of catalyst Extra costs

More simple down-stream processing-oss of activity
Stabilization of enzymes Diffusion limitations

Good reaction control Increased catalyst volume
Flexibility of reactor choice A time-consuming effort

(continuous of fixed bed) to obtain a suitable carrier
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The industrial-scale use of a relatively costly yane as a catalyst generally asks for its
recovery and reuse for long times to make a proeessomically feasible. Moreover, the use
of an immobilized enzyme allows to simplify the @gsof the reactor and the control of the
reaction (Bickerstaff, 1997; Chibath al., 1986; Hartmeier, 1985; Katchalski-Katzir, 1993;
Cheetham, 1993). However, the stability of the emzyhould allow its reuse for long times.

Therefore, the enzyme needs to be very stable dretmme highly stabilized during the

immobilization process. Finally, since the finaleusf the enzyme derivative will be as

industrial catalyst, the ideal immobilization preses should limit the use of toxic or unstable
reagents, be very simple, robust, etc.

3.2 Immobilisation techniques

The available methods of immobilization can be didd into five different categories, i.e.,
adsorption, ionic binding, covalent attachmentgsstlinking, and entrapment. The following
section gives an overview of the different methedsextracted from van de Velde al.
(2002). Figure 1 depicts the different methods a/fi&ble 2 reports the characteristics of the
different methods of enzyme immobilization and esponding examples with supports and

reagents used for each method.
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Figure 1. Schematic representation of the main enzyme inilieation techniques (from van
de Veldeet al., 2002).

3.2.1 Adsorption

Adsorption of enzymes is based on physical intevast between the biocatalyst and the
support surface. The bond is generally weak, nacifip and affected by pH, temperature,
and contact with salts and solvents. In most of dases, the support is macroporous and
adsorbs the enzyme at the internal pore surfacenolilized derivatives obtained by
adsorption can be subject to leaching of the enzygntlee aqueous medium. The use of cross-
linking after adsorption may prevent leaching ametease enzyme stability, although activity
can be adversely affected (Woudenberg -®taad., 1998).
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3.2.2 lonic Binding

In ionic binding procedures, enzymes are regardegdayelectrolytes that will bind to
supports of opposite charge. lonic binding of enggrgives much more stable preparations
than physical adsorption, although the stabilityhaf preparation may be sensitive to changes
in pH and ionic strength. Hence, the carrier isydasregenerate. Whether the carrier has an
anionic or a cationic character, the resulting emzyload and activity will depend on the

enzyme charge.

3.2.3 Covalent Attachment

Covalent attachment is probably the most widelydusethod of enzyme immobilization.
The bond is created through the reaction of readmoups at the protein surface, e.g., the N-
terminus, lysine amino groups or hydroxy, sulphydoy phenolic functional groups, with
corresponding groups at the surface of water-ifdelgupports. Examples of carriers which
are used for the covalent immobilisation of enzyrmaes activated cellulose, dextran and
starch (pre-activated via the formation of reactiw@docarbonates from native hydroxy
groups and cyanogen bromide), isocyanate prepo$yaed the very popular Eupergit C or
C250L (copolymer of methylacrylamide containingraxie groups).

One of the advantages of covalent attachment ofre@z compared to other immobilisation
methods is the resulting increased stability. Hosvethe stronger interaction with the carrier
decreases the enzyme molecular flexibility, whicaynihave a negative effect on activity.

Finally, the often expensive carrier material gaiigrcannot be reused.

3.2.4 Cross-Linking

Cross-linking involves the connection of molecutgdsenzyme to each other via covalent
bonds. They usually react with amino groups abiiter surface of the protein. The method is
very simple and allows to obtain an almost pure ohiised enzyme, but the process is
difficult to control. Crosslinking of protein prgmtates can be more easily controlled. Robust
catalysts have been obtained via the cross-linkihgnzyme crystals and, recently, good
results were obtained with so-called cross-linkedyene aggregates. Although cross-linked
enzyme crystals are chemically and mechanicallyequbust catalysts, the development of

suitable protocols for crystallisation and croseiing is time-consuming and labour-
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intensive, which is a distinct disadvantage of ¢hpseparations, when compared with cross-

linked enzyme aggregates.
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Table 2 Comparisons of the characteristics of differerdthnds of enzyme immobilization and correspondirgngles with
supports and reagents used. Table adapted fromeyBadnd Ollis (1986) and van de Veldet al. (2002).

Carrier binding method

- . lonic Covalent - : Micro-
Characteristic Adsorption binding binding Cross-linking Entrapping encapsulation
Preparation Easy Easy Difficult Difficult Difficult Difficult
Activity Low High High Moderate High -

Substrate specificity Unchangeable Unchangeable Changeable Changeable Unchangeable  Unchangeable
Binding force Weak Moderate Strong Strong Strong Strong
Regeneration Possible Possible Impossible  Impossible Impossible Impossible
General applicability ~ Low Moderate Moderate Low High -
Cost of immobilization Low Low High Moderate Low -
Accurel EP100 DEAE- Cellulose Glutaraldehyde (R) Polyacrylamides Nylon
Mesoporous cellulose Dextran Diazobenzidine (R) Carrageenan
molecular Chitosan beads Starch Tannic acid (R) Cellulose nitrate
sieves Amberlite Isocyanate  Dimethyl 1,6-diaminohexane
Silica DEAE- repolymers adipimidate (R
Support, Reagents (R) Eudragit S-100 Sephadex FI;ur?erg)j/itc P ®
Teflon Cellulose Eurpergit
phosphate C250L
Dextran

sulphate




39

3.2.5 Entrapment

Entrapment is based on the encapsulation of enzwitegr matrices, membranes, or lattice
structures without any modification or binding dletenzyme. Entrapment in a polymeric
matrix can be accomplished by polymerising or cilodsng, e.g., thermally or chemically, a
monomer or polymer solution containing the enzy@entrary to the other immobilisation
methods, this procedure can be applied to eveny &firenzyme. However, a disadvantage of
this method is that a large pore size could canggree leakage whereas a small pore size
could prevent the diffusion of large substrate rooles into the matrix to reach the

biocatalyst.

3.2.6 Microencapsulation

In microencapsulation semipermeable polymer mendsrame used to enclose the enzyme in
microcapsules. The usual membrane pore size rdrggasl to 100 nm, which is sufficient to
prevent enzyme or cell leakage and to allow sutestri@ dialyse freely across the membrane.
Microcapsules can be likened to artificial cellfhieTuse of permeated, whole dead cells is a
closely related technique. Another method for erzyncapsulation is their confinement in
liposomes (a liposome is an artificially-preparessicle composed of a lipid bilayer) (Cioci
and Lavecchia, 1995)

3.3 Choice of immobilization method

The selection of an immobilisation method and gbpsut depends on the nature of the
biocatalyst (e.g., whole cells or purified enzymelsg process conditions, the type of reactor
to be used, and the specific application of thedtialyst (van de Velde, 2002). In general, the
important characteristics of the immobilized biatgét to use are: operational stability,
particle size, solubility (or insolubility), biodemdability, diffusivity of substrates and/or
reactants (effectiveness factor), and in the caselbimmobilisation, the growth parameters
inside the support.

Most processes in the pharmaceutical industry regamall-scale operations with high
research and development costs. These costs alyusecouped by charging relatively high
prices for the produced drugs. In contrast, thel fioedustry is mainly composed of large-scale
operations with a low profit margin (Takata, 1980hnsumers expect a safe product, readily
available for a reasonable price.
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For food and pharmaceutical applications the reguprotocols are different than those used
for chemical applications. Regulatory entities, lswas the FDA, require more extensive
studies when new supports, cross-linking agentd, @her chemicals are introduced for
enzyme immobilisation. Hence, in most cases a tioressuming effort, such as the
determination of the leaching levels of materiatsl dheir toxicity, has to be carried out
before the process will be FDA-approved. To saviene and costs it could be helpful to use
food-grade chemicals, as well as cheap (bio)polgngenerally recognised as safe (GRAS),
as suitable carriers. The biodegradability of blgpwrs is a major issue in cases where large

amounts of biocatalyst have to be discarded.

3.4 Immobilization of enzymes on epoxy supports

Epoxy supports are one of the most suitable methodshe industrial immobilization of
enzymes through covalent attachment (Hernaiz anoutCr2000; Katchalski-Katzi and
Kraemer, 2000). There are several reasons for Ty are very stable, allowing a long
storage and a prolonged transport from manufacgtuit@rconsumers. Epoxy supports are
reactive with different groups of proteins (amitteépl, hydroxyl groups) yielding very stable
protein-support bonds (secondary amine, thioetttber). Furthermore, the remaining epoxy
groups can be easily blocked after enzyme immatibn with different chemicals yielding
an inert surface. More recently, it has been prawamn epoxy supports may lead to enzyme
stabilization via an intense enzyme-support muitipoovalent attachment by controlling the
incubation conditions (Mates al., 2000a; Mateet al., 2002).

3.4.1 Eupergft: an epoxy support of industrial application
Eupergif (Boller et al., 2002) consists of porous beads carrying oxiramegs made by
copolymerization of N,Nmethylene-bis-(methacrylamide), glycidyl methaatgl allyl

glycidyl ether and methacrylamide (Figure 2).
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Figure 2. Chemical structure of Eupergishowing the epoxy group of the support and the
amino group of the enzyme (from Katchalske-Katzl Kmaemer, 2000).

Eupergif is stable, both chemically and mechanically, cagsH range from 0 to 14, and
does not swell or shrink. Thus, Eupefgitan covalently bind enzyme molecules practically
at the pH range in which they are stable.

Eupergif C and Euperdft C 250 L are two commercially available forms ofpEtgit®. Both
forms have a diameter of 100-2pth (Figure 3) but differ in the content of oxiran@gps
and in their porosity. Euper§iC has an average pore size of 10 nm and an oxitemsity of
about 600umol/g dry beads while Euper§iC 250 L has larger pores (100 nm) and a lower
oxirane density (about 30@mol/g dry beads). Table 3 reports the main chariaties of
these two supports extracted from the literaturéedermined in this work. Thanks to the high
density of oxirane groups on the surface of Eup&rginzymes are immobilized at various
sites of their structure, yielding to the so-call&adulti-point-attachment”, responsible for the
high operational stability of enzymes immobilizech cEupergi. Enzymes can be
immobilized on Eupergit® thorough a simple proceduhe enzyme is dissolved in buffer,
mixed with Eupergit® and allowed to stand at 20-2%6r 24 to 100 h. The immobilized
enzyme is then washed with water and buffer to $edun its subsequent application. A
second incubation step with an aqueous solutiomglgéine or mercaptoethanol may be
necessary to block the unreacted oxirane groups.
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Figure 3. Images of Eupergit® beads as such obtained fibachalski-Katzi and Kraemer
(2000) (A) or from Bortonet al. (2012) (B) or after a crushing treatment (C) (Boget al.,
2012).

Table 3. Main characteristics of the Eupergit® C and Egp@r C250L supports.

Parameter Eupergit® Eupergit®  Unit Ref.

C C250L
Average bead diameter 150 180 pm Gomez de Segura et. al. (2004)
Average bead pore diameter 10 180-300 NnspieRet al. (1999)
BET surface area 4.5 49.3  *pds Gomez de Segura et. al. (2004)
Specific surface area 40,000 33,333  mi Bortoneet al. (2012)
Total pore volume 0.06 1.89 mL/g ds SpieRet al. (1999)
Density of epoxide groups ~ 732+12  283+0  pmol/n? Bortoneet al. (2012)
Water content 2.5+0.2 3.6+0.2 % wiw Bortoneet al. (2012)
Water content after swelling 70£2 7512 % wiw Bortoneet al. (2012)
Bead porosity - 0.6 - Sundberg and Porath (1974)
Bead tortuosity factor - 1.0 - Sundberg and Porath (1974)

Particle density - 0.37 kg ds/L SpieRet al. (1999)
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Mateoet al. (2000b) suggested a two-step mechanism for immakibn on epoxy supports.
In the first step, the enzyme is physically adsdrmn the support by hydrophobic
interactions, thus bringing amino and thiol groupsthe surface of the enzyme in close
proximity to the oxirane groups of the carrier.thre second step they react with the oxirane
groups by nucleophilic attack. In this way, vergldé C—N and C-S bonds are formed. The
binding capacity of Euperditsupports is of about 100 mg protein/g Eup&r(iry weight).

3.4.2 Heterofunctional Chelate-Epoxy supports

The availability of pure enzymes is a key factothia preparation of very active immobilized
biocatalysts. However enzyme purification is tineesuming, requires high costs and can
lead to enzyme inactivation. To overcome these Ipro, one possibility is to couple
purification and immobilization steps by developiag immobilization process with high
selectivity. Immobilized metal-chelate affinity dmatography (IMAC) is a well-developed
tool at industrial scale to purify proteins fusedpoly-His-tags ghort tract ofpoly-histidine
taggedto the N terminus or C terminu@jlubert and Porath, 1980; Porath, 1992; Pozath.,
1975). IMAC is mainly used for enzyme purificati@amd not for protein immobilization
because the adsorption of a poly-His-tagged prataithe chelate support is reversible and
may lead to leaching of the enzyme. Also, the uineéselease of metals to the reaction
media may become a problem in many cases. The misohaf enzyme immobilization in
epoxy supports has led to the development of foualttional epoxy supports to purify and
immobilize proteins (Wheatley and Schmidt, 1993)e3e supports have different moieties
that are able to physically adsorb proteins vided#int structural features, plus a dense layer
of epoxy groups that are able to covalently reatt the enzyme.

One of the types of multifunctional supports thaaynbe easily produced are the metal
chelate-epoxy supports (CES) Matetoal. (2001). These supports may combine the good
properties of epoxy supports for enzyme immobil@astabilization with the high
possibilities of IMAC to purify poly-His-tagged peans (Figure 4)
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Figure 4. Proposed strategy for the purification-immobitiaa of a poly-His-tagged protein
(Al) using copper chelate-epoxy supports. P1 andeB&sent contaminating proteins.

An example of their use may be found in the workPlegselat al. (2003) and is illustrated in
Figure 5 which depicts the steps involved in theetlgpment of a cobalt-chelate expoxy
support. Briefly, epoxy supports are incubatetha presence of iminodiacetic acid (IDA) to
introduce a few IDA groups in the support. The IBédpports are incubated with cobalt salts
to obtain metal chelate-epoxy supports. These stppoe used to immobilize the proteins,
after which they are incubated in the presence lgdige to block the remaining epoxy

groups. To eliminate cobalt from the support, acubation with mercaptoethanol may be
enough.
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Figure 5. Steps involved in the development of a Co-chelapoxy support for the
immobilization of a poly-His-tagged protein.

3.5 Stabilization of enzymes via immobilization

Generally the improvement of enzyme stability @eaired property in immobilization. In the
following section, the different levels of enzymialslization that can be obtained through
immobilization of enzymes are briefly describedhmitarticular regard to immobilization on

pOrous epoxy supports.

3.5.1 Operational stabilization of enzymes by imiizdtion on porous epoxy supports
Immobilization protocols of an enzyme which yieletenzyme immobilized inside a porous
solid as the final product may lead to a stabiioratof the enzyme, even without really
affecting its structural stability. In fact, the nmobilized enzyme molecules will not be in
contact with any external hydrophobic interfaceshsas air bubbles originated by supplying
some required gases or promoted by strong stirfihgse gas bubbles may produce enzyme

inactivation of soluble proteins, but cannot ineate the enzymes immobilized on a porous
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solid (Bolivar et al., 2006). It is worth mentioning that this stabitioa is not expected in
any immobilization. For example, when using nongpsr nano-particles (mainly magnetic
nano-particles) to immobilize enzymes (Zegtgal., 2006) all the mechanisms of enzyme

stabilization described above are lost.

3.5.2 Rigidification of the enzyme structure by tipdint covalent immobilization

A rigidification of the structure of the immobilideenzyme can be obtained by the
abovementioned multipoint covalent attachment ofyeres on highly activated epoxy
supports via short spacer arms and involving masydues placed on the enzyme surface
Mateo et al. (2007) (Figure 7). This rigidification does notoa¥ to the relative distances
among all residues involved in the multipoint imniiahation to vary when the enzyme is
exposed to distorting agents (heat, organic sodventtreme pH values) and this reduces any

conformational change involved in enzyme inactwati

PURE IMMOBILIZATION OF ENZYMES Multipoint immobilization

No rigidification Enzyme rigidification

Figure 7. Effect of immobilization on enzyme stability.

These intense multipoint covalent attachments batwbe enzyme and the support are not
easily achievable and depend on the choice offdaitenmobilization systems. In same cases,
the possibility of getting a significant stabilikat by this technique had even been discarded,
due to the only moderate geometric congruence legiwlee enzyme and the support (Mateo
et al., 2007). For example, Bortorat al. (2012) observed that incubation of the enzyme
urease immobilized on Eupergit® C250L under coodgi that should favour multipoint
covalent attachment between the enzyme and thacteteepoxy groups did not result in any
improvement of the stability of the enzyme. Thieg tharacteristics of the support, reactive
groups and immobilization conditions have to beefidly selected so that the maximum
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number of enzyme groups are involved in the imnzdtilon, this being correlated with the
enzyme stabilization (Pedrocheal., 2007).

The stabilization factors obtained with the immuaation of several proteins on glyoxyl
agarose under optimized conditions can be extretmgly (1000-10,000-fold factors) with
activity recoveries usually above 60%. Lower oriEnresults have been obtained also with
epoxy-activated supports. (see Table 4). It is irtgd to consider that the stabilization of an
enzyme by multipoint covalent attachment can bel tisgether with any other method used
to obtain a stable enzyme (protein engineeringgestng, etc.). For examples, enzymes from
extremophiles have been also stabilized by muhipoopvalent attachment (Matea al.,
2007).

Use of glutaraldehyde is another widely used teglito immobilize enzymes by covalent
attachment which has given good stabilization facto many cases. This technique is very
versatile and may be used in very different waysg(dault, 2004; Betancaat al., 2006).
One possibility is the treatment with glutaraldé@yof proteins previously adsorbed on
supports bearing primary amino groups. This alldkes crosslink between glutaraldehyde
molecules bound to the enzyme and glutaraldehydeaules bound to the support leading to
enzyme stabilization. However, it implies the cheshimodification of the whole enzyme
surface (Lopez-Galleget al., 2005).

Table 4 Immobilization-stabilization of several enzymeaseapoxy supports. Yields based on
percentage of immobilized protein that retains emz¥yactivity. Stabilization factor calculated
with respect to the soluble enzyme (adapted frortebkt al., 2007).

Stabilization
Epoxy support Enzyme Reference
factor

pHEMA-GMA Cholesterol oxidase 2.5 (50°C) Akgol et al. (2002)
Poly(HEMA-GMA-2) Alpha-amylase 2 (70°C) Bayramogluet al. (2004)
pHEMA-GMA Invertase 2 (70°C) Danismaret al. (2004)
Eupergit® C Dextransucrase 30 (30°C) Gomez De Segurat al. (2004)
Eupergit® C 250L Dextransucrase 40 (30°C) Gomez De Seguret al. (2004)

Eupergit(R) C250L  Urease 1-1.5 (65°C) Bortoneet al. (2012)
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3.5.3 Stabilization of multimeric enzymes by mulbsinit immobilization

The use of a multimeric enzyme poses some spequmifiblems. The dissociation of these
enzymes in their individual subunits (Poltorakal., 1998) can affect adversely the enzyme
stability, and contaminate the final product (eagfpod). Immobilization is a simple strategy
to deal with this problem. In this case the immiahtion—stabilization strategy should
consider this multimeric nature of the enzyme, pimg not only the multipoint attachment of
the protein, but also the multisubunit attachmérie multimeric structure of dimeric
enzymes has been easily stabilized by immobilipatan highly activated supports
(Fernandez-Lafuente, 1999) (Figure 8). In the adsmore complex enzyme structures, it is
quite likely that not all the subunits of the enzymay be attached to a plane surface (Figure
9).
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Figure 8. Stabilization of dimeric enzymes by multisubustabilization: the dimeric enzyme
is immobilized on the support under mild conditiof#y and undergoes a multisubunit
stabilization when incubated under conditions thabur multipoint covalent attachment (B).

Figure 9. Multisubunit covalent immobilization.
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The difficulty of stabilizing the quaternary strucé of a complex multimeric enzyme
immobilized on an epoxy support under conditiongt tthould favour multipoint covalent
attachment was observed also by Bortenal. (2012) with the enzyme urease immobilized
on Eupergi® C250L. The authors attributed the unsuitabilityttef immobilization system to
stabilize the enzyme to geometrical incongruendw/dzen urease and Eupergit C250L. The
authors argued that the pore diameter (180-300af&upergit ® C 250 L (Table 3) is much
larger than the diameter of ureage€8 nm). In the circumstances, each molecule ofserea
should see the support internal surface as a pllalsenaking geometrically impossible for all
the enzyme subunit to establish a connection waghstupport.

The effect of the internal support morphology wéso alescribed by Fernandez-Lafueste
al. (1999)who immobilizedE. coli extracts on highly activated amino-supports, sash
Toyopearl support formed by very thin fibres witlppeoximately the same protein
dimensions, and Sepabeads support having a larg@ah surface with pore size of about 20
nm. While after the heat treatment (used to relsabenits not directly or indirectly linked to
the support) Sepabeads derivatives released omig pootein subunits, Toyopearl derivatives
freed many proteins, thus signifying that the moitppy of the support surface plays a role in

the stabilization of the quaternary structure aitgins.



4. Materials and Methods

4.1 Materials

Eupergit® C 250 L (lot no. B060519592) was kindlpyided by R6hm GmbH (Darmstadt,
Germany). The water content of the beads as suaftay 2 h of swelling in 0.05 M sodium
phosphate buffer, pH 7.0 (SPB7) was determined \snalrying at 80 °C for 72 h. The
oxirane content of both supports was assayed Ing &iindberg and Porath’s method (1974).
More specifically, 300 mg of beads were suspendeden gentle stirring in 15 ml of
deionised water, the pH being adjusted to 7.0 i€l M HCI. After addition of 15 ciof an
aqueous solution of N&0O; (1.3 M), the suspension was stirred for 2 h tovalthe reaction

to complete. Then, the Okbns were back titrated with a 0.01 M HCI solutitmndetermine
the bead oxirane content. Such procedure was atpticwice.

All reagents used in this work were of analyticedag.

4.2 Gene insert, plasmid and microorganism

The expression vector was supplied by GenscrippCdtJ, USA). Based on the published
amino acid sequence of TMAI (Genbank accession eumAD35365.1, Bensort al.,
2009), a corresponding DNA sequence optimized Eorcoli was synthesized. The
OptimumGen&* algorithm, proprietary of Genscript Corp., useddene optimization, takes
into consideration a variety of factors that reggiland influence gene expression levels. In
particular, the native gene employs tandem rarem®dhat can reduce the efficiency of
translation or even disengage the translationahmacy. The codon usage biaskncoli was
changed by upgrading the CAIl (Codon Adaptation xydeom 0.59 to 0.94. GC content and
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unfavourable peaks were optimized to prolong thiélifi@ of the mRNA. The Stem-Loop
structures, which impact ribosomal binding and isitglof MRNA, were broken. In addition,

the optimization process screened and successhljified some negative cis-acting sites.

ATG
ATCGATCTGAAACAGTATGAATTTTGGTTCCTGGTGGGTAGCCAGTATCTGTACGGCCTGGAAACCCTGAAAAAA
GTTGAACAGCAGGCCAGTAAAATTGTGGATAGCCTGAACGATGATCCGATTTTTCCGTCTAAAATCGTTCTGAAA
CCGGTGCTGAAAAGCTCTAGTGAAATCACGGAAATCTTTGAAAAAGCAAATGCCGATCCGAAATGCGCGGGTGTT
ATTGTGTGGATGCATACCTTCAGCCCGTCTAAAATGTGGATTCGCGGCCTGAGTATCAACAAAAAACCGCTGCTG
CATCTGCACACGCAGTATAATCGTGAAATTCCGTGGGATACCATCGATATGGATTACATGAACCTGAATCAGAGC
GCGCATGGCGATCGCGAACATGGCTTTATCCACGCACGTATGCGCCTGCCGCGTAAAGTGGTTGTGGGTCACTGG
GAAGAAAAAGAAGTTCGCGAAAAAATTGCGAAATGGATGCGTGTGGCCTGTGCAATCCAGGATGGTCGTATGGGC
CAGATTGTGCGCTTCGGCGATAACATGCGTGAAGTTGCGAGTACGGAAGGTGATAAAGTGGAAGCCCAGATTAAA
CTGGGCTGGAGCATCAATACCTGGGGCGTTGGTGAACTGGCCGAACGTGTGAAAGCAGTGCCGGAACGTGAAGTG
GAAGAACTGCTGAAAGAATATCGCGAAAAATACATCATGCCGGAAGATGAATATTCTCTGAAAGCGATTCGCGAA
CAGGCCAAAATTGAAATCGCACTGCGTGAATTTCTGAAAGAGAAAAACGCAGTTGGTTTTACCACGACCTTCGAA
GACCTGCATGATCTGCCGCAGCTGCCGGGCCTGGCCGTGCAGCGCCTGATGGAAGAAGGCTACGGTTTTGGCGCG
GAGGGTGATTGGAAAGCGGCCGGCCTGGTTCGTGCCATCAAAGTTATGGGCACCAGCCTGCCGGGCGGCACCAGC
TTTATGGAAGATTATACGTACCATCTGACGCCGGGCAATGAACTGGTGCTGGGCGCACACATGCTGGAAGTGTGC
CCGACCATTGCGAAAGAAAAACCGCGCATCGAAGTTCACCCGCTGAGCATTGGCGGTAAAGCAGATCCGGCGCGT
CTGGTGTTTGATGGTCAGGAAGGCCCGGCCGTTAATGCATCTATCGTGGATATGGGCAACCGTTTCCGCCTGGTT
GTGAATAAAGTTCTGAGTGTGCCGATTGAACGCAAAATGCCGAAACTGCCGACCGCCCGTGTTCTGTGGAAACCG
CTGCCGGATTTTAAACGTGCGACGACCGCCTGGATTCTGGCAGGCGGTAGCCATCACACGGCATTCTCTACCGCG
ATTGATGTGGAATATCTGATCGATTGGGCGGAAGCCCTGGAAATTGAATACGTTGTGATCGATGAAAACCTGGAT
CTGGAAGATTTTAAAAAAGAACTGCGCTGGAATGAACTGTATTGGGGTCTGCTGAAACGT

Figure 1. Optimized sequence of TMAI gene.

Figure 1 reports the optimized sequence for the Tlyke.

The plasmid pET-22b(+) (Cat. No. 69744-3, Novadg8A) was used as expression vector.
This vector carries an N-termingdi B signal sequence for potential periplasmic locélra

as well as optional C-terminal His-tag sequenceaqumn sites are shown on the circle map
(Figure 2). The sequence is numbered by the pBR®2®ention, thus the T7 expression
region is reversed on the vector map. Figure y shihw cloning-expression region of pET-
22b(+).
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Figure 2. Circle map of pET-22b(+) vector.

T7 promoter primer #69348-3

Bglll T7 promoter > lac operator Xbal rbs
AGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGA

e | BspM | pelB leader M LNcol BamH| EcoR1 Sacl
TATACATAT GAAATACCTGCTGCCGACCGCTGCTRCTGETCTGCTGCTCCTCGCTGCCCAGCCGGLGATE "CL'A‘_JF'.'.I'A'C_ SAATTAATTCGGATCCGAATTCGAGCTCC

MetlysTyrLeuleuProThrAloAlcAloGlylLeuleuleuleuh lcAl aGinProA lcMetAigMetAspl

Eagl Aval* signal peptidase
Sall  Hind il Notl Xhol Bpu1102 |
: GCGGCC C GATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGT TGGC TGCTGCCACCGC TGAGCAAT AAC

T7 terminator primer #69337-3

Figure 3. Cloning/expression region of pET-22b(+).

The optimized gene was ligated into thdel and Hindlll sites of pET-22b(+) yielding the
expression vector pET-TMAI encoding also for a @ri@al six-histidine sequence. The
expression hodk. coli BL21(DE3) (New England Biolabs, USA) was transfethwith pET-
TMAI. Induction was performed with with IsopropfdD-1-thiogalactopyranoside (IPTG) at
final concentrations of 0.1-1 mM and at preset @alof ORyo according to the procedures
described below.
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In order to check for the successful ligation @ tiptimized gene several an agarose gel was
run with pET22b(+) and pET-TMAI undigested or diggeswith Ndel and Hindlll.

4.3 Culture vessels, media and culture conditions

In preliminary experiments aimed at checking exgies and purification of TMAI and at
screening culture conditioni, coli BL21(DE3) was cultivated in 250-ml baffled shakasks
on an orbital shaker (Figure 4). For the productidriarger quantities of proteirk. coli
BL21(DES3) was cultivated in 2-l jacketed stirredigiactors (Figure 5).

Figure 5. 2-| stirred bioreactors used for TMAI production.



54

Two different media were used. The first medium Wwaara-Bertani (LB) medium with the
following composition: Bacto tryptone, 10 g/l; Bacgeast extract, 5 g/L; NaCl, 10 g/l. The
second medium (TB) used was a rich medium withféhlewing composition: Bacto yeast
extract, 25 g/l; tryptic soy broth, 15 g/l; NEl, 1 g/l; NgHPO,, 6 g/l; KH.POy, 3 g/l; glucose,
10 g/l. Antifoam 204 (Sigma-Aldrich Corp, St. LouiMO, USA at 0.2 ml per liter of
medium was added when the medium was used for-tigoPeactor.

The media were sterilized in glass bottles or diyan the 2-1 bioreactor. For the TB medium,
glucose was sterilized in a feed bottle separdte, the rest of the ingredients and was
transferred to the culture vessel prior to inocatat Filter-sterilized ampicillin at a final
concentration of 10Qug/ml was added to both shake flasks and bioreaxtibures prior to
inoculation.

Culture conditions for shake flasks and bioreactoitt LB or TB medium are reported in
Table 1. In general, the culture vessel was indedlavith an overnight seed culture in LB to
reach an initial Oy of 0.1 and cells were allowed to grow at 37°C. Whee O reached

a preset value (induction Q) the cells were induced with Isopropys-D-1-
thiogalactopyranoside (IPTG) at a final preset emi@tion and allowed to grow at 37°C or
at 30 °C (induction temperature). A 1-ml samplecokure was withdrawn at the time of
induction and at preset time intervals from indoictto measure Odg, and to perform SDS-
PAGE analysis. At the end of the induction phas#isavere harvested by centrifugation at
12000g for 10 min at 4°C and the cell pellet staee?0 °C.
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Table 1 Media, culture vessels, growth (dissolved oxygemperature, aeration flow rate,
agitation speed and culture volume) and inductiondiions (induction Oy or induction
time, IPTG concentration, temperature and duratfanduction).

Medium Culture vessel Growth Induction
LB 250-ml baffled | 250 rpm, 37°C, | ODg,=0.5-0.6, IPTG=1 mM,
shake flasks | 25-50 ml of culture 5hat 37°C
Bacto tryptone 10 g/L
Bacto yeast extract 5 g/L DO>30%, 37°C,
NaCl 10 g/L 2-| stirred 1 vvm aeration, | ODg,~0.5-0.6, IPTG=1 mM,
bioreactor 400-1600 rpm, 5hat 37°C

1.5 | of culture

induced at 3 —4 h from

1B 250-ml baffled 400 rpm, 37°C, inoculation,
shake flasks | 25 ml of culture IPTG=0.1-1 mM,
Bacto Yeast Extract 25 g/L 20 h at 30°C

Tryptic Soy Broth 15 g/L
Induction at 4 h from

NH,CI 1 g/L D0O>30%, 37°C, . .
Na,HPO, 6 g/L 2| stirred 1 vwm aeration inoculation,
KE P043 /L bi_orségcr:(teor | IPTG=1 mM,

2P0 39 400-1600 rpm, 18 h at 30-37°C
Glucose 5-15 g/L 1.5 | of culture

4.4 Preparation of partially purified TMAI extract

Cells from two 50-ml cultures or one 100-ml cultg®wn in LB medium in shake flasks
were harvested by centrifugation at 120009 for 10 &h 4°C and the cell pellet stored at -20
°C. The cell pellet was re-suspended in 8 ml of@-sodium phosphate buffer (pH=8) and
sonicated on ice to disrupt cells by using an stirec liquid processor (Model S-4000,
Misonix Ultrasonic Liquid Processors, NY, USA). Aft cell debris was removed by
centrifugation at 12000g (10 min, 4 °C), the sunp&ant was subjected to heat treatment at 80
°C for 20 min and centrifuged at 12000g (10 mirfCG} to remove heat-denatured proteins,
thus obtaining a supernatant rich in TMAI. Thistfly purified enzyme solution, referred to
as TMAI extract, was used for preparation of thenwbilized enzyme or freeze-dried for later
use. When cells were grown in LB or TB medium ie 8tirred bioreactor, because of the
larger amount of broth to be treated, a biggerrdage was used to recover cells and to
remove heat-denatured proteins and disruption i weas obtained by using a refrigerated
high pressure homogenizer (GEA Niro Soavi S.p.Aarnk, Italy). Briefly, the cell pellet
from 1.5 | of LB or TB culture was re-suspendedL20-200 or 250 ml of phosphate buffer,
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respectively and fed to the homogenizer. The liguas$ allowed to pass two times through
the homogenizer and then was discharged.

Figura 6. The ultrasonic liquid processor (Model S-4000, Migo Ultrasonic Liquid
Processors, NY, USA) (left) and the refrigerateghhpressure homogenizer (GEA Niro
Soavi S.p.A., Parma, Italy) (right) used for cgfds.

4.5 Purification of TMAI by metal ion affinity chro matography (IMAC)

Purification of 6xHis-tagged TMAI was carried out MAC by using the QIAexpress® Ni-
NTA Fast Start Kit (Qiagen, Italy). Briefly, the Itpellet from two 50-ml LB cultures was
treated as described above by using 8 ml of Hidibgbuffer (500 mM NaCl, 20 mM Tris,
10 mM imidazole; 1 mg/ml lysozyme, pH=8) insteadtlod phosphate buffer. The partially
purified enzyme solution thus obtained was loadedhe His-bind resin column (2 ml of wet
resin) pre-equilibrated with the His-binding buff@he column was washed with the washing
buffer, and the elution buffer containing 250 mMidazole was applied to elute the
recombinant protein. The fractions containing theyene as monitored by absorbance at 280
nm measured by the Nanodfp1000 spectrophotometer (Thermo Fisher ScientidE,
USA) were pooled and dialyzed against 20- or 50-im-HCI buffer (pH 7.9) by using the
Thermo Scientific Slide-A-Lyzer G2 Dialysis Cassettith molecular weight cut-off of 7
kDa (Pierce Biotechnology, IL, USA). The dialyzenkzgme preparation was stored at 4°C

and used for free enzyme activity measurements.
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Figura 7. Luer lock, non-jacketed, liquid chromatographjuoan loaded with the Ni support
for IMAC (A), Thermo Scientific Slide-A-Lyzer G2 Rlysis Cassette (B) and Zeba Spin
desalting columns for buffer exchange (C).

4.6 Analysis of protein fractions

Enzyme fractions for each purification step werealgred by Experion automated
electrophoresis system (BIO-RAD, USA) or submittéd SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) by using mini-precadb 1polyacrylamide gels and the Mini-
PROTEAN Tetra Cell electrophoresis system (Bio-Riaboratories), following the
supplier’s instructions. Protein marker was sumplyy Biolabs Inc. (Ipswich, MA, USA).

The gels were stained with Bio-Safe Coomassie §tam Bio-rad Laboratories.

4.7 Enzyme concentration determination

TMAI concentration for all enzyme solutions was atatined indirectly from D-tagatose
formation rate measurements, as described in pgrhagt.12.1. The concentration of a sample
of the dialyzed TMAI was estimated according to Bnadford protein assay by using the Plus
protein assay kit (Pierce, USA) and the associptetkin standard solution (containing 2 kg
m™ of bovine serum albumin, BSA). The BSA standariittan was diluted with deionised
water to vary the BSA concentration in the rang®.@t1 kg of BSA rii. By using the least
squares polynomial equation of protein concentnati® absorbance obtained for BSA, it was
possible to estimate the sample TMAI concentraiticterms of BSA equivalent (BSAE).
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4.8 D-Tagatose determination

The amount of D-tagatose in the reaction mixture watermined by using the carbazole-
cysteine method described by Dische and Borenfré@@81) with slight modification. L-
Cysteine-HCI (3Qul, 0.15 g in 10 ml of water) was added to 16®f sample, 0.9 ml of 9-M
H.SO, aqueous solution and 30 of 0.0120 g in 10 ml of ethanol were then add&iter 10
min at room temperature the absorbance of the isnluvas measured at 560 nm. The
concentration of D-tagatose was determined usirigrieal calibration standards with five
different concentrations in the range 5-50 g m

The abovementioned procedure gave results affdégtedriability from day to day and from
test to test. The accuracy of this method was spulesely improved by controlling the
temperature of the reagent solutions used at 3@tCirrcubating the samples at the same
temperature for 15 min before absorbance readinagh&more, the effect of different buffer
systems and pH and the presence of galactose cas#ag results (see section 4.13.2) was
assessed systematically.

D-tagatose was also confirmed by high-performanienaexchange chromatography with
pulsed amperometric detection by using a Dionexegsyquipped with the CarboPac PA1
column and the ED50 electrochemical detector (Dio@@rporation, Sunnyvale, CA) by
using aqueous 20-mM NaOH at 1 ml/min flow rate le®’t. Lactose was used as internal
standard. During the operation of the HPLC systejactions of groups of 5 samples were

alternatively followed by injections of deionizecter and standards to check for calibration.

4.9 Support for TMAI immobilization

The epoxy support Eupergit C250L was used as gkch) or chemically modified to obtain a
cupper-chelate epoxy support (Eu-Cu) or a mangactesiate epoxy support (Eu-Mn).
Cupper-chelate epoxy supports were prepared acgptdi Mateoet al. (2001). Eu (0.1 g)
was incubated in 1.8 ml of buffer (0.1 M sodiumdier 2 M iminodiacetic acid disodium salt
[IDA]) at 25 °C for 2 h under gentle shaking. TH®Al matrix thus obtained was recovered by
centrifugation, washed with distilled water andtlfier incubated in 6 ml of 33.3 g/l CusO
aqueous solution for 2 h. Beads were finally recede washed with deionized water and
stored at 4 °C in deionized water for later use.

Manganese-chelate epoxy supports were prepareddangdo the abovementioned procedure
by using a 35.15-g/l MnSsolution instead of the Cug®olution.

For the preparation of larger quantities of IDA ries the same mass of support/liquid ratios

were used in the two steps.
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4.10 Immobilization of TMAI
Several immobilization experiments were carriediouhis work and are reported in Table 2.

A first set of experiments (Exp. 1-4, Table 2) wasried out to study the immobilization
capacity and selectivity of the two supports (Ed &u-Cu) for TMAI and the effect of
TMAI extract volume in the range 4-12 ml on TMAI mobilization on Eu-Cu support. An
amount of wet Eu or Eu-Cu support correspondind.io g ds was suspended in a given
volume of TMAI extract and incubated at 25 °C fa8 4 on an orbital shaker. After
incubation the biocatalyst was collected by cemgyation and washed in sequence with 5 ml
of deionized water, 5 ml of 200-mM imidazole aquaoatution (pH adjusted to 8 with HCI)
and 24 ml of deionized water. The biocatalyst, veced by centrifugation, was soaked in 3
M glycine at pH 8.5 at 25 °C for 24 h and followingshing and recovery by centrifugation
was stored at 4 °C in a storage buffer (SPB7 buifdr 20% v/v ethanol).

A second set of experiments was performed to stivelymmobilization capacity and activity
of purified TMAI immobilized on Eu (Exp. 5-7, Tab[@). In this case 3 ml of a purified
enzyme solution in phosphate buffer at pH 8 anfiéidiht ionic strengths (0.05, 0.33 and 0.66
M) was used with 0.040 g of dry Eu. The same procediescribed above was used except
for the use of only deionized water for washingithenobilized derivative.

A third set of experiments (Exp. 8, 9) was caroedl to compare the immobilization capacity
of Eu-Cu and Eu-Mn supports. Eu-Cu or Eu-Mn suppbitained from 0.5 g of dry Eu was
incubated with TMAI extract at 25°C for 48 h..

A fourth set of experiments (Exp. 10) was performedstudy the effect of several post-
immobilization stabilization strategies. (see tbkofving paragraph).

The last immobilization experiment (Exp. 11) wasdigo prepare a large quantity of
immobilized biocatalyst to be stabilized under dtnd A (see the following paragraph).

The effect of treatment with mercaptoetanol atnalficoncentration of 5% v/v in phosphate
buffer (0.05 M, pH=7.75) (treatment carried outafihcubation in glycine 3 M) was studied
with supports labeled as 10 or 11 in Table 2.

During immobilization, supernatant samples weréhdriawn for TMAI activity, total protein
assay and electrophoresis analysis. Before asgeBsIAI activity, supernatant samples were
subjected to buffer exchange (from 50-mM sodiumgphate buffer [pH=8] to 50-mM Tris-
HCIl with MnCl, buffer [pH=7.5]) by using Zeba Spin desalting eohs with 7 kDa
molecular weight cut-off (Thermo Fisher Scientifnc., IL, USA).
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Table 2 Immobilization experiments carried out in thisrkioln each experiment a preset
mass (M) of the support (Eu, Eu-Cu or Eu-Mn) wasubated in a volume @ of
immobilizing solution at a given concentration ofal proteins (TE) and TAMI.

Exp. Support Source of TMAI M (Q) Vo (Ml) TPo (mg/ml)  Cpo (mg/ml)

1 Eu LB medium, fresh 0.1 8 1.31 0.31
extract
2 Eu-Cu LB medium, fresh 0.1 4 1.07 0.34
extract
3 Eu-Cu LB medium, fresh 0.1 8 1.07 0.34
extract
4 Eu-Cu LB medium, fresh 0.1 12 1.07 0.34
extract
5 Eu-Cu LB medium, 0.040 3 0.21 0.21
purified enzyme
6 Eu-Cu LB medium, 0.040 3 0.19 0.19
purified enzyme
7 Eu-Cu LB medium, 0.040 3 0.19 0.19
purified enzyme
8 Eu-Cu TB medium, 0.5 95 1.37 0.24
lyophilized extract
9 Eu-Mn TB medium, 0.5 95 1.37 0.24
lyophilized extract
10 Eu-Cu LB mediu, 0.5 95 0.91 0.15
lyophilized extract
11 Eu-Cu TB medium, 1 190 0.98 0.23

lyophilized extract

4.11 Post-immobilization stabilization

In order to test different post-immobilization stetation methods, 0.5 g dry Eupergit was
used to prepare Eu-Cu supports according to theedrtoe reported above (Exp. 8, Table 2).
After the 48-h incubation of Eu-Cu supports with AMextract, the resulting immobilized
derivatives were washed with deionized water anbjested to one of four different
procedures (referred to as A-D) for their stabtlima before the final incubation in 3 M
glycine. Derivatives labeled as E were treatedctlyavith 3-M glycine for 24 h after the 48-
h incubation with TMAI extract and used as a cdntBelow we report the five treatments

tested.

A. Ethylenediamine (EDA)-glutaraldehydienmobilized Eu-Cu derivatives were incubated in

an aqueous solution of Ethylenediamine (5% v/v; p&{=adjusted with concentrated HCI) at

25°C for 30 min. After washing with deionized watére derivatives were incubated in a
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solution of gluteraldehyde (0.2% w/v; phosphatefdnf0.05 M, pH 7) at 25°C for 30 min.
The derivatives were then washed and treated wythig 3 M as described above.

B. Sodium carbonatémmobilized Eu-Cu derivates were incubated in qunesus solution of
sodium carbonate (0.1 M, pH=10, adjusted with cotreged HCI) at 25°C for 72 h. After
that, the derivatives were washed with deionizetewand subjected to the glycine treatment

as described above.

C. Heat treatmentimmobilized derivatives were incubated in phosphbauffer (0.1 M,

pH=8) at 50°C for 3 h before washing and treatmetit glycine.
D. Glutaraldehydelmmobilized derivatives were incubated in a solutof gluteraldehyde
(0.2% wlv; phosphate buffer, 0.05 M, pH 7) at 258€ 30 min. The derivatives were then

washed and treated with glycine 3 M as describedeab

E. Non stabilizedimmobilized derivatives were incubated directly3irM glycine as for the

unstabilized Eu-Cu supports. This treatment wasndrol treatment.

Immobilized enzyme preparations corresponding tongOof wet weight were suspended in 1
mL of buffer, obtained by mixing equal volumes 00® sodium phosphate buffer (pH 7.0)
and Laemmli sample buffer (Bio-Rad Laboratories, ,CASA) pre-added with 2-
mercaptoethanol at a concentration of 5% (v/v), hedted at 95 °C for 10 min. The heat
treatment in presence of sodium dodecyl sulphaBsjScontained in the Laemmli sample
buffer) ensured the release of any protein moleaulesubunit that was not, directly or
indirectly, covalently linked to the support (Fendéz-Lafuenteet al., 1999). Supernatants
were submitted to SDS-polyacrylamide gel electropbis (SDS-PAGE) as describe above.

4.12 Determination of bound enzyme

The amount of bound protein ggh was indirectly assessed by subtracting the amotint
protein (¢: Vo) present in the immobilising solution at the eridnemobilization from the

initial amount (eoVo):

Mpp = Gro Vo - Gt Vo (1)

where 4 is the volume of the immobilising solution angh@ndcerits initial and final TMAI
concentration, respectively.
The protein loading (¥s) was defined as the amount of bound proteip,(imer unit mass of

dry support (r8q) and calculated as follows:
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Y p/g= Mpy Mgy g bound protein/g dry support (2)

where mq is the mass of dry carrier supplied.

4.13 TMAI activity assay

4.13.1 Free enzyme

For the free enzyme, activity was assayed usinm2Eppendorf tubes immersed in a water
bath to maintain the reaction temperature at 80yCnieans of a thermostat. Reaction
mixtures contained 50-mM Tris-HCI| (pH=7.5 at rooemperature), 5 mM Mng| D-
galactose and TMAI at preset concentrations.

When using D-galactose at 4.5 g/l the above reaatiixture was referred to as standard
reaction mixture (STR). The reaction was startednioybating the tubes in the water bath at
80°C and after 15-20 min of incubation it was segpy cooling on ice. D-tagatose was
determined by subjecting the reacted mixture adetjudiluted with the reaction buffer to
the carbazole-cysteine method.

A first set of experiments was performed with 55D-@l of reaction mixture at D-galactose
concentration of 4.5 kg thunder different concentrations of the enzyme @rénge of 19.4-
58.1 g BSAE rif so as to check for a linear relationship betweBt\Ilconcentration (G
and volumetric D-tagatose formation ratgg(rto be used for indirect determination of
enzyme concentration in immobilization experiments,

A second set of experiments was carried out with [d5of reaction mixture to estimate the
kinetic parameters of the free enzyme. In this theeenzyme concentration was kept at 120-
230 g BSAE nit and D-galactose was varied in the range 1.5-300%g

In all cases, the specific enzyme activity of anjuson was estimated by dividing the D-

tagatose formation raterf) by its corresponding protein concentratiogg)(c
The = elope 1U/g™ BSAE (3)

One unit of TMAI activity was defined as the amoohenzyme that produced 1 pmol of D-

tagatose per min under the assay conditions.

4.13.2 Immobilized enzyme
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For the immobilized biocatalysts, the enzyme antiwas determined in 2-chEppendorf
tubes immersed in the water bath under constargeeature. Each tube was pre-charged with
10-60 mg of wet bead. Then 4Q0of SRM was added and the tube incubated in theewa
bath at the desired temperature for 10-20 min.r€hetion was stopped by cooling on ice and
an aliquot of the supernatant of the reaction mextusas used for D-tagatose determination.
The effect of pH in the range 4-7.5 and buffer comgnts on immobilized TMAI activity
was studied with Eu-Cu immobilized derivatives at¢a under condition 3 of Table 2 by
using three different buffer systems at 50 mM iagtrength: sodium acetate (pH 4 and 5.14),
sodium phosphate (pH 6.25 and 7.31) and Tris-HBI§@nd 7.5). Buffer pH adjustment was
carried out at room temperature. Each reactionurgxtontained 4.5 kg thof D-galactose
and 5 mM MnCij.

The effect of temperature at the three levels ¢f76@0and 80°C on the activity of immobilized
TMAI was determined with the immobilized derivatsvebtained under condition 2 (Table 1)
with the SRM.

The specific activity of any immobilized biocatalygas estimated by dividing the D-tagatose
formation rate () by the concentration of dry biocatalysgdcor bound enzyme §&=Ypss

Cgg) aS:
Tirg = I1/Cad IU g* dry support (4)
THBE = T[TB/YP/B U g'l bound enzyme (BSAE) (5)

Eu-Cu immobilized derivatives tested at differeht pnd buffer components as described
above were incubated also for long times (1320 mmiwyder to test their operational stability.
The activity of Eu-Cu immobilized derivatives sutid to post-immobilization treatments
(A-E) was studied in activity experiments with ibegion times of 20 min or 860 min.
Furthermore, the activity was tested in tris-HCHeuat pH 7.5 in presence of MnCbr
MgCl, or in absence of both salts.

Heat-induced non-enzymatic isomerisation was adeouror in determining activity of
TMAI by comparing absorbance readings of samplemfreaction mixtures incubated in

presence and absence of the biocatalyst.

4.14 Thermal stability assays

The thermal stability of free and immobilized enzymas assessed at 80 and 90°C.
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For the free enzyme, a series of 22dBppendorf tubes were filled with 5@ of reaction
mixture containing the purified enzyme in 50-mM sSFHCI buffer (pH=7.5) with 5-mM
MnCl, and conditioned at the above temperatures usswé#ter bath. At different times (0-3
h) the tubes were removed and quickly cooled orbe&fere determining the residual activity
of the free enzyme at 80°C. To this aim, the tub@staining the enzyme residual activity
were added with 10Qul of D-galactose in Tris-HCI buffer with Mnglso that its final
concentration was 4.5 g/l and the reaction wasezhout by incubation at 80°C for 20 min as
described before.

For the immobilized enzyme, given amounts (10-40 ofigvet bead (sample 2, Table 1) were
suspended in 39l of SRM in Eppendorf tubes, that were submergéd the water bath at
the above temperatures. At different times in twege 0-5 h the tubes were removed and
quickly cooled on ice before determining the realdactivity of the immobilized enzyme at

80°C and 4.5 g/l D-galactose by addition of a sofubf D-galactose (1Ql).

4.15 Repeated batch bioconversion experiments

In order to study the operational stability of ih@mobilized biocatalyst, repeated long-time
bioconversion experiments with the immobilized eneywere performed at two levels of
temperature of 60 or 80°C and at initial D-galaetosncentration of 4.5 and 18 g/l or 18 g/l

respectively.

The experiments at 60°C were carried out with sampl capped 10-ml conical tubes
containing 2 ml of reaction mixture (50 mM Tris-HRUffer with 5 mM MnC}) with 190 or
176 mg of Eu-Cu (sample 4, Table 2) at 4.5 or 1®&fgD-galactose, respectively. The tubes
were incubated on an orbital shaker under gent&isy. Samples of 3l were withdrawn
during incubation for D-tagatose concentration deieation. After 32.1 and 93.4 h of
incubation, at the end of the first and secondegyaspectively, the immobilized biocatalyst
was recovered by filtration, washed with deionigeder and suspended again in 2 ml of fresh
reaction mixture to repeat the reaction for a tofahree cycles.

In the experiment at 80°C, a luer lock, non-jacietguid chromatography column (0.7 x 10
cm) (Sigma Chemical Co., St. Louis, MO) was usecdatain the immobilized enzyme.
Column temperature (measured by a portable thertmesmevas maintained at 80°C by
immersion in a water bath. The column was loadeti 869.5 (sample 3, Table 2) or 1780
mg of Eu-Cu (sample 10, Table 2) stabilized underatment A and treated with
mercaptoethanol and 3.6 or 4 ml of 50-mM Tris-H@ffer (pH=7.5) with 5 mM of MnGl
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respectively. The two biocatalysts exhibited ariahiactivity of 5.4:1.1 or 0.7%0.06 IU/g

ds, corresponding to a total immobilized activify2d0 and 1.26 U, respectively. The column
was equilibrated at 80°C. Then the reaction wasestaby adding 0.4 ml of a D-galactose
solution in buffer so as to set the inititial D-getlose concentration at 18 g/l and the flow
recirculation was started at a volumetric flow rafel.4 ml/min. Samples of 1l were
withdrawn during time for D-tagatose determinatiétiter about 6-8 h, the reaction was
stopped by discharging the liquid and cold buffersweirculated through the column. The
biocatalyst was finally washed with deionised waiied the cycle repeated again for a total of

three cycles.



5. Results and discussion

5.1 Expression vector checking

Plasmid DNA was obtained by miniprep from transfedit. coli cells and a restriction
analysis was carried out. pET22b(+) and pET-TMAIdigested or digested with the
restriction enzymes Ndel and Hindlll were run onagiarose gel (Figure 1) which showed the
presence of the 1.5-kb TMAI fragment inserted i tight position.
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Figure 1. Agarose gel of pET22b(+) and pET-TMAI: lane Adigested pET22b(+); lane B,
undigested pET-TMAI; lane |, ladder; lane C, pEMIAI digested with Ndel and Hindlll;
lane D, pET22b(+) digested with Ndel and HindllheTfragment in the digested pET-TMAI
(lane C) at about 1.5 kb corresponds to the TMAlege

5.2 Selection of expression colonies

Four single freshly transformed colonies were pickeom the transformation plate and
spread onto four fresh plates. From each plateglescolony was picked and transferred into
a tube with 3-ml of LB medium with ampicillin andayvn overnight at 37°C. Each culture
was used to inoculate 25 ml of LB medium plus amfipicand allowed to grow at 37°C in a
125-ml shake flask. The selected colonies were k&tbfor protein expression levels using
IPTG-induced expression. Figure 2 shows the SDS#PAGalysis of protein expression by
the four colonies while Figure 3 shows the timersewf biomass growth. It can be noted that
TMAI, corresponding to the band indicated by thewat was overexpressed in all cases. By
analysing the two gels it was decided to seleatropl # 2 and to harvest the cells for protein
purification after 5 h from induction. The selectadony was used for preparation of glycerol

stocks which were stored at -80°C in a freezer.
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Figure 2. SDS-PAGE of protein expression in LB medium ialghflasks starting from four
different colonies from the transformation plate:ladder; Bl, cell pellet before induction; 3
h, 5 h and on, cell pellet recovered after 3 h,d hfter an overnight(8 h) from induction.
The arrow indicates the 55-kDa ladder band cormedipg to TMAI molecular weight. The
same amount of biomass was loaded in each well.
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Figure 3. E. coli biomass expressed as optical density at 600 nmgo@Dds a function of time
(t) for the expression experiments carried out 25-inl baffled flasks with 25 mL of LB

medium incubated at 37°C and 250 rpmcolony # 10, colony #2; x, colony #3;, colony
#4.
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5.3 Expression experiments in LB medium

Several growth and expression experiments wergedaout in shake flasks in LB medium
according to Table 1 of the section Materials aretidds. Figure 3 reports a typical growth
curve forE. coli cells induced at O§o of about 0.6 with 1 mM IPTG used for TMAI

production. The maximum Qg corresponding in many cases to theg®f harvesting,

varied in the range 3-4.

2
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Figure 4. E. coli biomass expressed as optical density at 600 nmgogo&> a function of time
(t) for the expression experiments: 250-ml baffiddke flasks with 50 ml of LB medium
(closed symbols), 500-ml baffled shake flasks vilil® ml of LB medium (open symbols),
incubated at 37°C and 250 rpm. Induction was peréar with 1 mM IPTG at O¢=0.6.

ODsoo ()
N

Figure 5 reports the time course of pH, dissolvegggen (DO) and biomass expressed as
ODsoo measured during the batch fermentationEofcoli in LB medium in the 2-| stirred
bioreactor. It can be observed that oxygen wadimiting, the dissolved oxygen controller
being able to assure a dissolved oxygen concemtrdtigher than 30%. It is interesting to
note that from a biomass growth point of view théiures obtained in shake flasks and in the
bioreactor were equivalent, yielding a final §&in the range 3-4, corresponding to a mean

concentration of biomass in all growths, estimatedvet weight, as equal to 509 g/I.
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Figure 5. Time course of pHK), dissolved oxygen (DOp) and biomass expressed as«D
(A) measured during the. coli batch fermentation in LB medium under the condsidisted
in Table 1 of Materials and Methods.

5.4 Expression experiments in TB medium
Table 1 reports the conditions used in shake flagksession experiments with TB medium

together with overnight (about 23 h of culture tjr@g.

Table 1 Shake flask expression experiments in TB mediline. experiment is a three-factor
fractional factorial design with induction time ¢horrespondently induction QR), IPTG
concentration and glucose in TB medium at two kevéither experimental conditions are
reported in Table 1 of Materials and Methods.

Experiment Induction Induction IPTG concentration Glucose in TB  Final

time (h) ODsgoo (mM) medium (g/L)  ODgoo
D1 3 2.38 1 5 20.26
A2 3 2.27 0.1 15 23.7
C3 4 5.99 0.1 5 17.94
B4 4 6.25 1 15 21.72

E. coli in TB medium grew much more than in LB mediumeapected. Furthermore, it is
interesting to note that the use of baffled shd&skE together with low filling volumes (10%
of flask volume) and high agitation rate (400 rpatipwed the cultures to reach very high
ODgoo values (20.93.4).

The results obtained in terms of biomass growthegpression experiments with the TB
medium carried out in 2-| bioreactors are repoited@able 2 while the time course of Qg

dissolved oxygen and pH for a batch experimenteperted in Figure 6.
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Table 2. Bioreactor expression experiments in TB medium.hEbatch experiment was
replicated twice at two different induction temgeras (30 and 37°C). All the experimental
conditions are reported in Table 1 of Materials &tethods.

Experiment Induction Induction ODgpp at 3 h Final ODgg
ODsoo temperature (°C)  from induction
1 5.9 37 29.68 30.92
2 6.08 37 31.32 30.04
3 6.8 30 28.2 31.16
4 7.14 30 28.2 28.12
35 - 120
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Figure 6. Time course of pHK), dissolved oxygen (DOp) and biomass expressed as«xD
(A) measured during the. coli batch fermentation in TB medium under the condgitisted

in Table 1 of Materials and Methods. Induction tengpure was 37°C.

It can be observed that, thanks to the high oxycpgrability of the stirred bioreactor, the
dissolved oxygen was maintained always at vak@3%, even at the high cell densities
obtained with the TB medium. On the other handhake flasks oxygen might have become
a limiting factor and been responsible for the loW®s00 Obtained compared to the results in

2-| bioreactors.

5.5 Purification of TMAI
From the virtual gel of protein fractions during AVproduction and purification (Figure 7),
it is possible to note that TMAI, which corresporidghe 55-kDa band, was overexpressed,
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the heat treatment removed the majorityeottoli endogenous proteins and the purification

through IMAC was successful.
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Figure 7. Virtual gel of protein fractions for the purificah of TMAI by heat treatment and
IMAC: molecular weight markers (M); crude extraxftE. coli BL21 (pET-TMAI) before
(Bl) and after induction (Al), respectively; supatant of lysate (L) and of heat treated
fraction (H), respectively; flow trough (FT), eleat (E1-E3), and wash (W) through the
IMAC column. TMAI corresponds to th&5-kDa band.

Several purifications were carried out to prodube TMAI used in this work. Each
purification process was monitored by using eitl8DS-page or Experion automated
electrophoresis system, absorbance measureme@&0aitm and Bradford assay. Figure 8
reports the SDS-page gel of a different purifamatprocess without the heat treatment step

which confirms the results shown in Figure 7.
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Figure 8. SDS-PAGE of protein fractions for the purificatiohTMAI by IMAC: molecular
weight markers (M); supernatant of lysate (L)Fotoli BL21 (pET-TMAI); flow trough
(FT), eluates (E1-E3), and wash (W1-W3) throughlth&C column. TMAI corresponds to

thed55-kDa band.

By collecting the results of several partial pwdtions by heat treatment or purifications
through IMAC it was possible to build Table 3 anigufe 9. From Table 3 the following
mean purities estimated by the Experion automattdrephoresis system and corresponding
standard deviations were estimated: 18.4 , 52.@ 8.3, 92.4 0.8. for lysate supernatant,
heat treatment supernatant and elution pool ad&q, respectively.

Table 3. Main results of the partial purification or pucdtion by IMAC of TMAI. Vg and
ODsoo, Volume and ORyo of fermentation broth; ¥, volume of buffer used for pellet
resuspension; ] mass of wet biomass recovered from the brath;,Purity of TMAI in the
lysate supernatant as determined by Experion syskfayr, mass of total proteins in
supernatant after heat treatment;f?, purity of TMAI in the supernatant after heat treant

as determined by Experion system; Mr or Ma e mass of TMAI in the supernatant after heat
treatment or in the elution pool after IMAC, resipesly; Pa e purity of TMAI in the elution
pool after IMAC as determined by Experion system.

Vs ODgo Vea Mx Par Mipur Par Manr or Mae!”  Pae

mL - mL g % mg % mg %
100 365 8 0578 11 4.6 44 1.9 93
200 3.76 16 1.216 21 21 50 5 -
400 3.76 24 22051831 257 51 8.2 -
- - - - 155 - 57.5 - -
130 376 8 051 - 472 655 -

1500 3.8 120 6.607 16  106.9 44 2% 91.87
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From Figure 9, it can be observed that the amotlitdtal proteins in the supernatant of heat
treated samples is linearly correlated to the armotigell paste treated. This is true also for

TMAI either present in the supernatant after hesgttnent or present in the elution pool.
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Figure 9. Main parameters characterizing the partial peaitfon by heat treatment or
purification by IMAC of TMAI: A, Py (®), Paiut, (A), Pae (¢) purity of TMAI in the
lysate supernatant, in the supernatant afterthegtinent or in the elution pool after IMAC as
determined by Experion system, respectively, ws.stlarting mass of wet cell pellet ¢M B,
M+p u1, mass of total proteins in supernatant after treatment &), Ma; ut Or Ma g mass of
TMAI in the supernatant after heat treatment othim elution pool after IMAC, respectively
(o) vs. the starting mass of wet cell pelletyM
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5.6 D-tagatose determination

5.6.1 Carbazole-cysteine method

Although the carbazole-sulfuric acid method hasnbeged extensively, we found that the
results obtained by applying the original methodDidche exhibited a large variability. In
order to improve its reproducibility a study waslartaken to control the different sources of
variability, based on the work of Holzmaa al. (1947). It was found that vortexing the
samples after the addition of each kit reagent elé @ conditioning the temperature of all
reagents at 30°C and incubating the samples diféeaddition of the last kit reagents at the
same temperature for 15 minutes reduced considethélvariability of the results. For the
optimized procedure, the error between replicatesays for samples of two different
concentrations of D-tagatose was equal to 1.8 aidl-tagatose.

The effect of buffer components and pH was stuthiedugh a factorial experiment with two
factors: concentration of D-tagatose, two leveldfdy type, six levels. Figure 10 reports the
results obtained. It can be seen that the datafaparallel straight lines suggesting that the
buffer system produced only a shift of the intetseffhis was confirmed by the analysis of
variance that did not reveal any main effect oerattion of the buffer on the net absorbance

response (A-4, difference between the absorbance of a sampléhencbrresponding blank).
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Figure 10. Absorbance readings (A) of D-tagatose solutionseaeral concentrations {C
with different buffer components and pH: phospHhauéfer at pH 7.31 €) or 6.25 6); tris
buffer at pH 7.5 A) and 6 QA); acetate buffer at pH 5.14a) and 4 (). Each sample
contained 4.5 g/l of D-galactose.
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Further experiments were carried out to test ifgtesence of D-galactose had an effect on D-
tagatose determination. As can be seen in Figurghklpresence of D-galactose at 4.5 g/l

produced a shift in absorbance that could be cadamit by subtracting the blank.
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Figure 11 Absorbance readings (A) of D-tagatose solutidnsegeral concentrations {)Cin
presence (closed symbols) or absence (open syndddlspalactose at 4.5 g/l with tris buffer
(A ,A) or water ¢).
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Figure 12 Concentration of D-tagatose solutions (CT) agretion of net absorbance (AsA
for all the studied systems.

By correlating all the @vs-(A-Ap) data (Figure 129 by the least-squares method the
following equation was obtained:
Cr=(45.2+0.3) - (A-A), r’=0.998. (1)

5.6.2 High performance anion-exchange liquid otatography method

Carbohydrates can be detected by high- performanmmn-exchange chromatography with
pulsed amperometric detection (Cataddal., 2000). Figure 16 reports the chromatogram of a
standard solution containing D-galactose and Dttesga It can be seen that the shape of the
peaks and the separation was quite good even thatugigher concentrations the D-tagatose

peak tended to be right-tailed.
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Figure 13. Chromatogram showing D-galactose, D-tagatose amtoda peaks at
concentrations of 9.5, 12.6 and 20 mg/l, respebtivunder the following conditions:
CarboPac PA1 column with ED50 electrochemical detg®ionex Corporation, Sunnyvale,
CA), aqueous 20-mM NaOH at 1 ml/min flow rate aseet.

By correlating the concentration data as a functibthe ratio between the peak area of the
sugar and that of the internal standard (lactase}dveral standard solutions (Figure 14) the
following regression equations were obtained:

Co=(12.9+0.4) AJA., ’=0.997 2)
Cr=(20.0+0.3) A/A_, r’=0.999 (3)
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Figure 14.Concentration of D-galactose {Ca) and D-tagatose (Co) as a function of the
ratio of their correspondent peak areg @k Ar) and lactose peak area (A

5.7 Characterization of free TMAI

Prior to the immobilization studies, the activitiyfoee TMAI was studied. As shown in Fig.
15, the D-tagatose specific activityirf) exhibited a typical saturation pattern as the D-
galactose concentration was increased from 1.B@og3I* and was therefore fitted by using
the well-known Michaelis-Menten kinetic model:
Kot S
e K ¥s (4)
where kg is the maximum D-tagatose specific formation @estant and k£ the Michaelis-

Mentent constant.
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Figure 15. Effect of D-galactose concentration (S) on the sjge@MAI activity (T4g) at
pH=7.5 (50 mM Tris-HCI, 5 mM MnG) and 80°C. The continuous line was calculatedgisin
Eq. (4) together with the estimated parameters.s Bapresent standard deviations of
replicated experiments.

By referring to the specific enzyme activityrf) and resorting to non-linear last squares
method it was possible to fit the kinetic data asimain the estimates of the mean and
standard errors ascd 1.8£0.1 IlU/mg and (=0.43+0.09 M. TMAI was characterized by Lee
et al. (2004) under different conditions. The authorsoreg k,and k, values of 8.9 1U/mg
and 0.06 M, respectively, at 90°C, pH=7-7.5 in pree of 1 mM C& and 10 mM MA".
This difference in the catalytic properties is iideely due to different temperature and the
simultaneous presence of Krand C* used by Leet al.. While CE* could increase the
activity of the enzyme, it was not used in thisdgtibecause its presence causes potential

problems in food applications.

By setting D-galactose concentration at 4.5 gl eancreasing the concentration of
TMAI (cpp from about 19 to 58 g BSAE Pnrre was found to increase almost proportionally
to o (Fig. 16) thus allowing to estimate the D-tagatfsenation rate (re) at 4.5 g/l of D-
tagatose as follows:
I'Te = The Cpr (5)
where e IS the specific D-tagatose formation rate at 415Dggalactose, estimated as the

slope of the least square regression line as 0.06H0/mg BSAE (mean xstandard error).
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Eq. (5) was used to estimate indirectly TMAI cortcation from D-tagatose formation rate
data.
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Figure 16. Effect of TMAI concentration (&) on D-tagatose formation rate) in standard
reactiom mixture (50 mM Tris-HCI pH 7.5, 5 mM MnCH.5 kg ni® D-galactose) at 80°C.
The continuous line represents the least squagessEon line.

5.8 Immobilization of TMAI on Eu, Eu-Cu or Eu-Mn supports
Epoxy support modification (Figure 16) was usedcteate bifunctional supports, with
moieties able to adsorb the His-tagged proteindi@late or Mn chelate) and groups enabling

protein covalent immobilization (remaining epoxygps).

) B
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Figure 16. Schematic structure of immobilized TMAI with EA)(or Eu-Cu (B): Al, TMAI,
P1, P, endogenouk. coli proteins.

Table 4 reports the results of the first set of whihzation experiments carried out in this
work starting from the fresh TMAI extract. The val gel reported in Figure 17 shows SDS

protein analysis for immobilization experiments adnat comparing the immobilization
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capability of Eu and Eu-Cu (Exp. 1 and 3, TablePjysical adsorption on Eu appeared slow
and non-selective. On the contrary, after 14 hnhotibation, most of TMAI contained in the
extract was physically adsorbed on Eu-Cu while ofiteteins remained in the supernatant,
thus proving the higher selectivity of this supptmiard TMAI. Furthermore, after 48 h of
enzyme-support interaction, most proteins remaibednd to either support, not being

released after washing steps, indicating covatantaobilization.

kba M L H E1 E2 E3 E4 H CR C3 C4

100.0
75.0 ——
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37.0 .

20.0 =
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Figure 17. Virtual gel of proteins during immobilization hé 3 of Table 2 of Materials and
Methods: molecular weight markers (M); supernatdiysate (L) and of heat treated fraction
(H), respectively; supernatants after 14 (E1, G134h (E2, C2) of immobilization; proteins
released by washing with deionised water (E3, G330® mM imidazole (E4, C4). E label
refers to Eu while C to Eu-Cu supports.

Table 4. Immobilization of TMAI from extract on 0.1 g @) of Eu or Eu-Cu: Y, Cpo, Cpy,
TMAI extract volume, initial and final concentratipo respectively; R, percentage of
immobilization; Ysg, immobilization yield; &g, specific activity; Y, catalytic efficiency.
Activity experiments were run in duplicate. Valugish the same letter were not significantly
different (Fisher’'s method applied to the natuogldrithm ofrgg or Y+ to stabilize variances,
90% confidence level). Each data set in the tablakelled with the same number as in Table

1 of Materials and Methods. Protein concentratiese determined indirectly from activity
measurements.

Vo | Cro Chrt R YrB Tt Yt
Exp. Support
m M mg/ml mg/ml % mgBSAE/gds IU/gds %
1 Eu 8 005 031 0.22 2875 7.2 0.44:t0.04  39+3°
2 EuCu 4 005 034 000 100.13 13.7 1.9+0.4° 86+17°
3 EuCu 8 005 034 0.03 90.98 25.0 3.1+0.4 77+11°
4 EuCu 12 005 0.34 0.06 8234 33.9 5.4+1.1¢ 99+20°
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Eu-Cu incubated with the TMAI extract under the sasonditions of Eu (Exp. 1 and 3, Table
4) resulted in a 3.5-fold higher immobilization iie(Yp) and a 5.5-fold higher specific
activity (Tgg). Furthermore, by contacting increasing amount3 MRl with Eu-Cu, it was
possible to obtain ¥gincreasing from 13.7 to 33.9 mg BSAE of TMAI peofgdry support
and specific activitiestgg) increasing from 1.9 to 5.4 IU/g. The catalytidéi@éncy of the
immobilized enzyme was higher with the Eu-Cu supgpas compared to Eu, suggesting that
adsorption through His tags resulted in fewer confdional changes of the adsorbed protein,

which could lower the enzyme activity.

Table 5. Immobilization of purified TMAI on 0.04 g (ga) of Eu: Vo, Ces, Cpr, TMAI
solution volume, initial and final concentration,espectively; R, percentage of
immobilization; Yes, immobilization yield; &g, specific activity; Y, catalytic efficiency.
Activity experiments were run in duplicate. Valueish the same letter were not significantly
different (Fisher’'s method applied to the natuogldrithm ofrgg or Y+ to stabilize variances,
90% confidence level). Protein concentrations vestenated by using the Bradford method.

Vo | Cro Chrt R YpB Tt YT
Exp. Support
m M mg/ml Mg/ml % mgBSAE/gds IU/gds %
5 Eu 3 005 0.21 0.06 72.09 11.5 0.520.04 28+2*
6 Eu 3 033 019 0.02 88.90 12.8 0.6#0.17° 33+5°
7 Eu 3 067 0.19 0.02 90.03 12.7 0.820.27 40+112

The use of the purified enzyme for immobilizatiom Bu yielded ¥ values which appeared
independent of the ionic strength of the bufferduaed equal to 3% % (exp. A-C, Table 5).
Thus the use of a purified TMAI with Eu did not wésin any increase in the catalytic

efficiency compared to immobilizations on Eu-Cu.
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Table 6. Immobilization of purified TMAI on 0.04 g (ga) of Eu: Vo, Cro, Cpr, TMAI
solution volume, initial and final concentration,espectively; R, percentage of
immobilization; Yes, immobilization yield. Activity experiments weraurr in duplicate.
Protein concentrations were estimated indirectiynfiactivities measurements.

Exp. Support Vo I Cro Crs R Yes
m M  mg/ml mg/ml %  mg BSAE/g ds
8 Eu-Cu 95 0.05 0.24 0.05 78.7 35.7
9 Eu-Mn 95 0.05 0.24 0.20 175 8.0
10 Eu-Cu 95 0.05 0.15 0.03 79.7 23.1
11 Eu-Cu 190 0.05 0.023 0.05 76.5 335

Two immobilization experiments were carried outctompare the immobilization capability
of Eu-Cu and Eu-Mn supports. The results obtaifegh(8 and 9, Table 6) show that Eu-Mn
supports are characterized by a low immobilizayaid, of the same order of Eu supports
(see Exp. 1, Table 4). The idea of using Eu-Mn sugpfor the immobilization of TMAI
came from the fact that the ion Kiris required for TMAI activity/stability and thussing a
support chelated with M instead of C& could have represented an advantage. The low
Y s Obtained could be due to low quantities of Wnhelated with the support (in fact it is
known that MA* has a lower affinity for the IDA matrix comparenl €%, C&* or Ni*)
and/or to the low adsorption affinity of the Hisysapresent on TMAI towards the Kin
chelated to the IDA support.

Finally, the last two immobilization experimentselged immobilized biocatalysts with
immobilization yields reported in Table 6 (Exp. &0d 11). It can be noted that the obtained

Ypsare in line with the ones obtained previously (€abl Exp. 3 and 4).

5.9 Thermal stability assays
Under the conditions studied, the decay in enzyotity, expressed as the ratio (R) of the
measured activityrgg(t) or Tee(t), at time t of heat treatment to the initial ety (Tego Or

Theg) Was described by a first-order decay as follows:

R=exp(-k 1) (6)
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where lg is the deactivation rate constant at a given m®demperature. Fitting of the
experimental data through Eq. (6) allowed to ediémlg values and the corresponding
standard errors, as reported in Fig. 18.

Fig. 18 shows that for immobilized TMAI it was npbssible to determine its deactivation
behaviour at 80°C because the enzyme did not losgeasurably significant amount of
activity under the conditions studied for approxieiya 5 h. At 90°C immobilized TMAI
halved its original activity in about 1 h compated h and 0.3 h for free TMAI at 80°C and
90°C respectively. Such a stabilization effectresponding to a stabilization factor (ratio of
first order deactivation constant for the free amenobilized enzyme) of about 7 at 90°C,
may be attributed to a mild multipoint covalent iwinilization which can occur with epoxy

supports.
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Figure 18. Time course of irreversible thermal inactivationfafe (A,A) and immobilized
(e, o) TMAI after various periods of incubation at 80{€losed symbols) and 90°C (open
symbols). Activity of heat treated samples were snead at 80°C with the standard reaction
mixture.
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5.10 Effect of temperature on immobilized TMAI actvity

The activity of immobilized TMAI with the standardaction mixture increased by about five
times when temperature was increased from 60 t&€ &§6g. 19). This is in line with the
behaviour of thermophilic enzymes which generalbylile their activity for a temperature

increase of 10°C.
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Figure 19.Effect of temperature on immobilized TMAI activity.

5.11 Effect of pH on immobilized TMAI activity

5.11.1 Initial activity
Immobilized TMAI had broad pH optima at 80°C (F&f) and its specific activity changed
little between pH 5 and 7.5.
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Figure 20. Effect of pH on immobilized TMAI activity at 80°CThe buffers used were
sodium acetate®(), sodium phosphateA() and Tris-HCI @).

5.11.2 Activity over long incubation with different buffer systems and pH

In order to investigate the effect of the buffeisteyn and pH on TMAI activity under
operational conditions, reactions over long incidmattimes were studied. In activity
measurements we always incubated reaction mixturepresence and absence of the
immobilized biocatalyst to study the non-enzymatmtribution to the isomerisation. This
has not been described or stated explicitly inliteeature, except for the work of Bandlish

al. (2002) in the case of the isomerisation of gluctuséructose. The absorbance readings
determined by the cysteine-carbazole method foctia mixtures incubated in absence of
immobilized TMAI, were converted in terms of D-tagse and are reported as a function of
time in Fig. 20. It can be observed that with sdw#ers (phosphate, pH=7.3 and pH=6.25;
tris-HCI, pH=7.5) the reaction mixtures developedom-negligible colour with the cysteine-
carbazole method. Analysis of this mixtures (sap ER) for the phosphate buffer by HPLC
identified the presence of D-tagatose and otheridentified peaks.
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Figure 21 Colour development expressed as D-tagatos¢ ¢Btained by the cysteine-
carbazole method for reaction mixtures correspandin different buffer systems and pH:
phosphate buffer at pH 7.31 (x) or 6.28;(tris buffer at pH 7.5) and 6 ¢); acetate buffer
at pH 5.14 {) and 4 ¢). Each sample contained 4.5 g/l of D-galactose.
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Figure 22 Chromatograms of a reaction mixture incubatedhisence (A) or presence (B) of

immobilized TMAI in phosphate buffer, pH 7.3.

Figure 23 reports the concentrations of D-tagatosmasured by the cysteine-carbazole
method for reaction mixtures incubated in presarcabsence of the immobilized catalyst. It

can be observed that the highest production ofgattsse in presence of TMAI was obtained
for tris-HCI buffer at pH 7.5. The chemical cobtrtion to isomerisation was different for the

different buffers used. In particular, the factttitatagatose production for the phosphate
buffer at pH 7.31 was higher in absence of TMAIntha its presence seemed apparently
strange.
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Figure 23. Effect of buffer system and pH on D-tagatose préidndn presence (enzymatic)
or absence (chemical) of immobilized TMAI at 80°@& fong incubation times (1345 min).
The buffers used were Tris-HCI (T), sodium acefateor sodium phosphate (P) at several
pH values.

We hypothesized that in each system the suppor @izie immobilization adsorbed or
sequestered part of D-tagatose, subtracting it ftbenliquid medium. Thus the final D-
tagatose observed resulted from the difference dmw production by TMAI and
sequestration by the support. Based on these sesalidecided to use tris-HCI buffer at pH
7.5 for subsequent studies and discard phosphdter.blihe lower activity observed with
phosphate buffer in long incubation experiments rbayattributed to the fact that when
MnCl, is added to the buffer a precipitate is formedbpbly manganese phosphate, thus
depriving the reaction medium of Mnwhich is important for the stability of TMAI (Leet
al., 2004).
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5.12 Post-immobilization stabilization treatments

The post-immobilization stabilization treatmentd dot affect appreciably the initial activity
of the Eu-Cu immobilized derivatives, as can bendeamn Figure 24. Furthermore, there was
not a decrease of the initial activity of stabitizderivatives (A-D) compared to the non-
stabilized one (E). In general, an effective stahilon treatment can produce a decrease of
the initial activity but such an activity declineaild be compensated with an enhancement in
the stability of the enzyme. The activity of thalstized derivatives was practically nil when
the buffer did not contain M or contained Mg instead of MA'.

Support Type

Figure 24. Results of activity measurements of Eu-Cu suppsubjected to different post-
immobilization stabilization treatments: concentmatof D-tagatose (g obtained after 20
min of incubation at 80°C in presence of Mor Mg?*. Treatments of the same series tMn
or Mg®") with the same letter do not differ significanfty=5%, Fisher's LSD method).

The method of post-immobilization stabilizationeadfed the activity of the biocatalyst over
long incubation times and thus its operational istgl{Figure 25). The treatment with EDA
and glutaraldehyde (A) resulted the best, the Istali derivatives producing an almost
double D-tagatose quantity compared to the othmatrhents and to the non-stabilized

derivatives (E).
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Figure 25. Results of activity measurements of Eu-Cu suppsutgected to different post-
immobilization stabilization treatments: concentmatof D-tagatose (§ obtained after 860
min of incubation at 80°C in presence or absenc#of’. Treatments within each group
(Mn?* or No Mrf") with the same letter do not differ significan{g=5%, Fisher's LSD

method).

5.13 SDS-PAGE analysis of the multi-subunit stabi&ation of immobilized TMAI

Fig. 26 shows the SDS-PAGE analysis of supernatents the five immobilized derivatives
subjected to the stabilization treatment (A-E), thezated in presence of SDS and 2-
mercaptoethanol. Severgl coli proteins along with TMAI subunit, corresponding ttee
band at about 55 kDa, can be observed. It is thedrthe stabilization treatment with EDA
and glutaraldehyde (treatment labelled as A) wds &b bind covalently all the TMAI
monomers to the support, directly or indirectly,vasl as all the other proteins immobilized
on the support. Thus, the higher stability of theswoport was also associated with a multi-
subunit stabilization/immobilization. Treatments 8,and E did not seem to stabilize the
multi-subunit structure of TMAI. For the treatmewith glutaraldehyde (D), it was not
possible to obtain a clear SDS-PAGE gel. This maydbe to the fact that the proteins
released from the support bound at the top of gieag the beginning of the run or that some
proteins are crosslinked by glutaraldehyde andreleased as an about 200-kDa molecular
weight aggregate. Thus, it is not clear if treattmerwas effective in stabilizing the multi-

subunit nature of TMAI.
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Figure 26. SDS-PAGE analyses of supernatants obtained bftéing the immobilization
solution at the beginning and at the end of immpdiiion and five different derivatives in the
presence of SDS as described in the Materials agithdds section. Lane L, molecular mass
marker; lane Bl and Al, immobilization solution #te beginning and at the end of
immobilization, respectively; lane A, B, C, D, Eqrmobilized enzyme derivatives stabilized
under different conditions (see section 4.11).

The unsuitability of Eupergit ® C 250 L under thespimmobilization treatment protocols B,
C and E to stabilize the quaternary structure ofATMnd, consequently, to improve its
thermal stability shows that it is difficult to kncovalently all the subunits of a multimeric
enzyme on the support internal surface. In padicuihe pore diameter (180-300 nm) of
Eupergit ® C 250 L is much larger than the diamefeFMAI (18 nm), that can be estimated
starting from its molecular mass as the minimunmaiter of a smooth sphere containing the
whole protein (Erickson, 2009). Thus, each molecilf@MAI should see the support internal
surface as a plane and this could make it georadifriecnpossible for all the enzyme subunits
to establish a connection with the support evenrwdexeral nucleophiles on each subunit are
available to react with the un-reacted oxirane gsou

The effect of the internal support morphology wso alescribed by Fernandez-Lafueste
al. (1999) who immobilizecE. coli extracts on highly activated amino-supports, sash

Toyopearl support formed by very thin fibres witlppeoximately the same protein
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dimensions, and Sepabeads support having a larg@ah surface with pore size of about 20
nm. While after the heat treatment Sepabeads dimegareleased only some protein subunits,
Toyopearl derivatives freed many proteins, thugi§ygng that the morphology of the support
surface plays a role in the stabilization of thatgumary structure of proteins. The difficulty
of stabilizing the quaternary structure of a compheultimeric enzyme immobilized on an
epoxy support under conditions that should favourdtipoint covalent attachment was
observed also by Bortoret al. (2012) with the enzyme urease immobilized on Egigfer

C250L (see section 3.5.3 for more details).

5.14 Effect of mercaptoethanol treatment on immobited/stabilized derivatives.

The activity over long times of derivatives treateith mercaptoethanol was higher compared
to non-treated derivatives. Figure 26 shows theult®sobtained for non-stabilized
derivatives. At short times, the produced D-tagatesms not affected by mercaptoethanol
treatment while at long times there was a markeprawvement. A similar behaviour was
observed for derivatives stabilized by EDA and glaldehyde (labelled as A). It can be
observed that at long times, when using derivatives treated with mercaptoethanol, D-
tagatose concentration reached a plateau or startdecrease after a maximum, while with
derivatives treated with mercaptoethanol its cotregion continued to increase even if at a
smaller rate compared to its rate at short timésisT treatment of immobilized derivatives
with mercaptoethanol appeared to improve considgidiagatose production.

It has been reported that mercaptoethanol is ableslease all Cii ions from the Cu-Eu
supports (Mateat al., 2000b). A possible explanation of the reducedviggtwhen using
derivatives not treated with mercaptoethanol i the C4" gradually released from the
support affects negatively the activity of the eneyat a point that the activity is fully
stopped. In order to validate this hypothesis weéopmed activity experiments with the free
enzyme incubated with M in absence or presence of Cand observed no D-tagatose
production in the latter case (data not shown)c&mercaptoethanol is used as an alternative
to glycine to block unreacted epoxy groups presenthe support, we suggest the use of

mercaptoethanol instead of glycine for the immahtiion of metal-chelate epoxy supports.
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Figure 27. Concentration of D-tagatose (Cvs. time (t) in long incubation experiments for
derivatives treated (open symbols) or not (closgdb®ls) with mercaptoethanol. Data refer
to non stabilized derivatives (Ay,m) or to stabilized derivatives (B,e) obtained under the
condition A (derivatives stabilized with EDA andutdraldehyde).

5.15 Repeated-batch bioconversion experiments

The possibility of using immobilized TMAI at 60°@rf repeated bioconversion experiments
was checked at 4.5 or 18 g/l initial D-galactoseaamtration. Fig. 27 shows the time course
of D-tagatose production for three cycles. It candeen that the biocatalyst did not lose
appreciably its activity after 242 h of operatan60°C. D-galactose conversiondXlefined
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as the ratio between the mass of consumed D-ga®a&nd its initial mass) and average
productivity were estimated for the second cycld4d % and 0.02 g/l h or 29.1% and 0.06
g/l h at 4.5 g/l or 18 g/l initial D-galactose cemtration, respectively.
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Figure 28. Production of D-tagatose at 60°C and 4.5 (A) orgliBof initial D-galactose
concentration (B) in repeated batch experimentscenotration of D-tagatose (P) vs. time (t)
(e, first cycle;m, second cycleA, third cycle).

The maximum conversion of D-galactosegfXhat can be produced in the isomerisation
reaction corresponds to the equilibrium conditiansl is linked to the chemical equilibrium

constant (K) by the following equation:

Xe=KI(K+1) (1)
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where K is a function of temperature only. An apgmate value of K equal to 1 at 60°C can
be obtained from the data of Figure 8, yielding@imum D-galactose conversion at 60°C
of 50%. The batch bioconversion experiments at 6Qiglded conversions of 44.4% and
29.1% for initial D-galactose concentrations of drkl 18 g/l, respectively. It is not clear why
the bioconversion seemed to stop at conversiongrldhan the equilibrium one but this
behaviour has already been reported in the litexatuim et al. (2008) investigated the
production of D-tagatose at 70°C and pH 7.5 iniraest tank reactor containing immobilized
L-arabinose isomerase froffhermotoga neapolitana. The conversion attained decreased
from 38% to 20% when the initial concentration efBlactose increased from 100 to 500 g/I.
The authors attributed this result to the pH chadgeng the reaction. The corresponding
conversions obtained with pH control were 53 an&o38till lower than the equilibrium
conversion at 70°C corresponding to about 58%hiswork we measured the initial and the
final pH of the solution and we did not observe appreciable change.

The possibility of using immobilized TMAI at 80°@if repeated bioconversion experiments
was checked at initial D-galactose concentratidn8og/l. Figure 29 shows the time course
of D-tagatose production for three cycles for twibedent immobilized biocatalysts. A direct
comparison between the results presented in Figdeand 29B cannot be done since the
initial activity and the quantity of the dry weight the biocatalyst used was different. It is
however clear that the biocatalyst stabilized aedted with mercaptoethanol (Figure 29B)
decreased its activity at a slower rate duringthinee cycles compared to the biocatalyst that
was neither stabilized nor treated with mercaptm®h In fact the change in the productivity
from the first cycle to the third one was from 01400.09 g/l h for the untreated biocatalyst
and from 0.41 to 0.34 g/l h for the one stabilizadd treated with mercaptoethanol.
Furthermore, the experiments carried out with tloedialyst non stabilized (Fig. 29A) show
that for each cycle a plateau concentration is @ggred which is different from the one
corresponding to equilibrium (2.9-13.9% against §6¥his behaviour is consistent with the
repeated batch experiments carried out at 60°Gaaticthe long time incubation experiments
carried out at 80°C (see Fig. 27A and 27B). Tleatment with mercaptoethanol seems to
avoid this problem, since both long incubation expents and repeated batch experiments at

80°C (Fig. 29B) are characterized by a continuogssase of D-tagatose.
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6. Conclusions

His-tagged L-arabinose isomerase frdermotoga maritima (TMAI) was immobilized
selectively on copper-chelate Eupergit C250L. 8tgrfrom a partial purified preparation, it
was possible to obtain high immobilization yields3@ mg BSE /g ds with a high catalytic
efficiency of almost 100%. While it has been repdrthat MA" and/or C6" ions are required
for the stability of TMAI, in view of its potentiapplication in the production of food-grade
D-tagatose, only the M ion at a concentration of 5 mM was used in thisrkwio
characterized the catalytic properties of the imiimdzl enzyme. The maximum specific
activity of the immobilized biocatalyst at 80°@H 7.5 and 4.5 g/l D-galactose obtained in
initial rate measurements was equal tat®.4 1U/g ds. When kept at 80°C in absence of D-
galactose the biocatalyst was stable for more #hhours. However, when incubated under
operative conditions with D-galactose a 18 g/l anh80°C, the activity vanished after 3 cycles
of 6 hours each. This results suggest that at 80@Qleactivation of the enzyme in presence
or absence of D-galactose is different, most likedgause when the sugar is present several
side reactions could occur leading to the deadtimadf the enzyme. Furthermore, repeated
batch isomerisation experiments at 60°C and 80°@wveld that a plateau conversion is
obtained in each cycle that is lower than the areesponding to chemical equilibrium, that
is 50% and 66%, respectively. The effect of sevpadt-immobilization treatments on the
immobilized-biocatalyst activity under operatiogahditions was studied. It was found that a
post-immobilization treatment with EDA and glutalahyde stabilized the multi-subunit
nature of the enzyme (there was no leakage of eazyranomers from the immobilized

derivatives), a desirable property for enzymesdaaubed in food applications. Furthermore,
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this type of stabilization was accompanied by arrdase in D-tagatose production under
operative conditions compared to the non-treatemtdtalysts most likely because of an
increase in thermal stability. Immobilized derivas as such or stabilized with EDA and
glutaraldehyde were subjected to a further postofmhzation treatment with 3-
mercaptoethanolB-mercaptoethanol can reduce the’Cion and thus facilitate its release
from the matrix. Experiments with both stabilizeddanot stabilized derivatives aimed at
estimating the effect oB-mercaptoethanol showed that when the biocatalgdt ot been
treated withp-mercaptoethanol, the concentration of D-tagatesehed a plateau while it
continued to grow when not treated wimercaptoethanol. This finding suggests that'Cu
interferes negatively with the enzyme activity. iAal experiment was carried out with the
biocatalyst stabilized and treated wiamercaptoethanol in repeated batch isomerisations
carried out at 80°C in a packed-bed column. D-tggatconcentration grew continuously
during each cycle and the biocatalyst did not lgpreciable activity after three cycles of 8
hours each. While further studies are requiredivestigate the use of TMAI for the industrial
production of D-tagatose, this study showed thatdbmbined use of selective adsorption of
IMAC (immobilized metal affinity chromatography) ward His-tagged L-arabinose
isomerase with the properties of Eupergit C250bvaithg for covalent immobilization and
post-immobilization treatments can result in imntiabd enzymes with improved operational

stability and performances.
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