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Abstract The eco-friendly and highly specific nature of enzymes has made these
biocatalysts widely used in the production of sweeteners. Traditionally, their
application is mostly associated with the production of starch-derived high-calorie
sugars, and at a minor scale, to the production of invert sugar syrup. Such pattern
still stands, albeit with significant developments toward improved biocatalysts for
those roles. These improvements have involved several approaches such as enzyme
screening/modification through genetic or chemical approaches, and enhanced
enzyme formulations. Additionally, in recent years, the public perception on the
impact of diet in public health has established the need for alternative low-calorie
sweeteners. These abridge a diversity of compounds, from high-intensity sweet-
eners to oligosaccharides with low sweetening power but with a prebiotic role. The
present work aims to provide an updated overview of the current enzyme-based
processes in the production of sweeteners. The rationale underlying the enzymatic
approaches as preferred alternative to chemical routes is addressed. Specific insight
is given on the operational conditions implemented in the enzymatic processes and
on biocatalyst development, while also providing the scope for the different types of
sweeteners manufactured enzymatically. The key issues on industrial scale sweet-
ener production are discussed. Finally, foreseen developments in the field are also
suggested.
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9.1 Caloric Sweeteners

9.1.1 Starch-Based Sweeteners

At industrial scale the production of starch-derived sweeteners is conventionally of
multienzyme nature and involves the use of: (1) amylases (o and B-amylases,
isoamylases); (2) gluconases (pullulanase); and (3) glucose isomerases. The process
flow includes several processing steps (Fig. 9.1) where under the scope of this
publication, the major ones are liquefaction of starch though the action of amylases
resulting into oligosaccharides and short-chain dextrins; saccharification of these
oligosaccharides into monomeric units of glucose, through the action of amy-
loglucosidase, highly active in the hydrolysis of a-1,4 glycosyl bonds, eventually
superseded with pullulanase, active in the hydrolysis of a-1,6 glycosyl bonds,
should these be in significant number; and isomerization of glucose to fructose with
glucose (xylose) isomerase (Parker et al. 2010; Hii et al. 2012). The equilibrium of
the isomerization of glucose to fructose depends on the temperature as it increases,
and equilibrium shifts to fructose. Commercially available immobilized glucose
isomerase formulations currently can operate at 60 °C, at which temperature
roughly 50% fructose is formed (DiCosimo et al. 2013).

Liquefaction of starch is performed under high temperatures, e.g., 105 °C,
therefore many efforts have been made to put into market highly active ther-
mostable amylases. These will be particularly addressed in this work.

o-Amylases

Starch can be found in roots, seeds, and tubers. Industrially, the most widely used
starch source is corn; nonetheless, there are others such as potato, wheat, tapioca,
and rice that are also broadly exploited. The first step toward the production of
starch-derived sweeteners is the liquefaction and partial hydrolysis of starch. In the
case of corn, the starch obtained from the wet milling of kernels undergoes enzy-
matic hydrolysis through the action of thermostable a-amylases (EC 3.2.1.1).
a-amylases are one type of endoamylases that catalyze the hydrolysis of internal
a-1,4-glycosidic linkages of starch into low molecular weight products such as
dextrins and progressively smaller polymers composed of glucose units. As a result,
a-amylases can rapidly reduce the viscosity of starch solutions (Windish and
Mhatre 1965; Gupta et al. 2003). Accordingly, o-amylases are among the most
important and widely used enzymes in industry, holding roughly 25% of the world
enzyme market (de Souza and Magalhdes 2010).

a-Amylases can be obtained from several sources such as plants, animals, and
microorganisms; yet microbial a-amylases more often fulfill the industrial demands
regarding catalytic performance and window of operation. During the liquefaction
of starch, pH is traditionally maintained on the 5.8-6.5 range to match the optimal
pH values of the a-amylases and because higher pH values increase by-product
formation. However, starch native pH is around 3.2-4.5 which gave the incom-
patibility with the biocatalyst operational range results in the need to introduce
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Fig. 9.1 Flowsheet for the production of sweeteners from starch. HFCS stands for high-fructose
corn syrup (Lloyd and Nelson 1984). Percent refer to the relative content of fructose, the remaining
being essentially non-isomerized glucose

additional steps of pH correction prior to and after the liquefaction step. Solid levels
are usually kept around 30-35% to achieve full starch gelatinization. Typically,
Ca”* is an important a-amylase cofactor that enhances activity and thermostability,
and it is added in calcium oxide or calcium chloride form at concentrations ranging
from 50 to 300 ppm depending on the source of the amylase. One of the drawbacks
of the Ca®* salt addition is the need of its removal downstream with ion-exchange
methodologies. Reaction times and temperatures are carefully tuned to provide
optimal operational conditions for enzyme performance and full starch gelatiniza-
tion (Sharma and Satyanarayana 2013; Singh et al. 2017).

The identification of extremozymes from extremophiles able to withstand the
demanding industrial conditions of starch liquefaction together with the protein
engineering of the novel and previously used a-amylases have raised considerable
attention among industrial players (Sharma and Satyanarayana 2013; Dey et al.
2016). Furthermore, process engineering options (e.g., reactor design, mode of
operation, biocatalyst immobilization methodologies, among others) also contribute
for process optimization, cost reduction, and overall increase in productivities
(Tufvesson et al. 2013). It is required to maintain activity at high temperatures,
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usually 105 °C for few minutes followed by 1-2 h at 90-100 °C, and low pHs,
understanding, and increasing a-amylases operational stability has been the focus of
considerable amount of research (Dey et al. 2016; Olempska-Beer et al. 2006).
The structural stability of proteins is largely dependent on the refined balance
among noncovalent forces or interactions such as ion pairs, van der Waals inter-
actions and H bonds, among others. Weakening of these interactions will result in
stability disturbance and consequently in protein unfolding and/or denaturation
(Dill 1990; Fitter 2005). Biocatalyst inactivation occurs when protein unfolds
becomes irreversible, which is generally attributed to aggregation, misfolding and
chemical modifications (Feller 2010). Currently, analytical technics such as circular
dichroism (CD) spectroscopy, X-ray crystallography, Fourier transform infrared
(FTIR), and nuclear magnetic resonance (NMR) spectroscopies among others are
widely applied to unveil protein structure and conformation and the mechanisms
that govern it (Moorthy et al. 2015). Comparison of extremophiles proteins with
their mesophilic homologues allows the establishment of a link between sequence
and function, and therefore, the mechanisms underlying protein rigidity and sta-
bilization are disclosed. It is now acknowledged the contribution of several factors
such as: the number of disulphide bonds, a high core hydrophobicity (Gromiha
et al. 2013), salt bridge formation (Chakravarty and Varadarajan 2002), ionic
interaction (Vogt et al. 1997), metal-binding activity, and ionic interactions, to the
overall thermal stability of proteins (Chen and Stites 2004; Yin et al. 2017).
Highly stable a-amylases have been obtained by three preferential routes:
(a) bioprospection of microbial extremophiles (thermophiles, hyperthermophiles,
halophiles, acidophiles, etc.), (b) genetically engineering of microbial extremo-
philes and mesophiles, i.e., application of site-directed mutagenesis and directed
evolution methodologies, and more recently by (c) metagenomics approaches.
a-amylases, and enzymes in general, produced by extremophiles present high sta-
bility at extreme temperatures. Thus, these enzymes are particularly relevant for
industrial processes that include steps performed at high temperatures such as the
case of the production of sweeteners from starch. Among the several microbial
species producing enzymes for industrial processing, the Bacillus species are par-
ticularly relevant because they produce enzymes with remarkable thermostability,
are regarded as nonpathogenic and also because efficient expression systems are
available (Olempska-Beer et al. 2006; Fitter 2005). Some examples of microbial
thermophiles-producing a-amylases with industrial relevant thermal characteristics
are presented in Table 9.1. More examples may be found elsewhere (de Souza and
Magalhdes 2010; Dey et al. 2016; Ajita and Thirupathihalli 2014). On the other
hand, fungal a-amylases usually have limited application due to lack of thermal
stability; nonetheless, several examples of fungal sources of a-amylases are found
in the literature. These are usually confined to terrestrial isolates and mostly belong
to Aspergillus species and a few to Penicillium spp. (Ajita and Thirupathihalli
2014). The following have been more widely applied: Aspergillus niger (Wang
et al. 2016a), Aspergillus oryzae (Porfirif et al. 2016), Aspergillus awamori (Karam
et al. 2017), Aspergillus fumigatus (Pervez et al. 2014), and Aspergillus terreus
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(Sethi et al. 2016) are some of the sources used for production of a-amylases,
employing submerged (SmF), or solid-state fermentation (SSF) methodologies.

Site-directed mutagenesis methodologies are widely used for the construction of
de novo enzymes with improved catalytic features. Furthermore, it allows
researchers to link enzyme structure with function. In these methodologies, a tar-
geted amino acid located specifically on a known enzyme is modified and the
catalytic performance, i.e., kinetic parameters, stability, promiscuity, etc., and
production related properties, i.e., solubility, expression, correct folding, etc., of the
new enzyme are evaluated (Sindhu et al. 2017). On this process, amino acid
selection and 3D structure analysis are crucial criteria to obtain functional catalysts.
A recent example of the use of site-directed mutagenesis methodologies on the
development of a-amylases with enhanced catalytic performance was presented by
Ranjani and coworkers. On this work, o-amylases from Anoxybacillus species
(ASKA and ADTA) were proposed as part of a novel group of the a-amylases
family GH13. Given the high yields obtained in starch hydrolysis, ASKA was
chosen as a model system to study the residues that govern the catalytic features.
Four residues from the conserved sequence regions were selected and the mutants
F113V (CSR-I), Y187F and L1891 (CSR-II), and A161D (CSR-V) were charac-
terized. No major changes on optimum reaction temperatures and pHs were found.
The most remarkable change was observed for the A161D mutant that exhibits a
specific activity, turnover rate (K., and catalytic efficiency (K../K,,) higher (1.23,
1.17, and 2.88 times, respectively) than the values determined for the wild type
(Ranjani et al. 2015). In another recent study, Gai et al. improved the properties of
a-amylase from Bacillus stearothermophilus (AmyS) by deleting specific arginine
and glycine residues. With this approach, the authors were able to increase the
thermostability of the produced a-amylase. Additionally, the constructed mutant
presented greater acid stability and lower calcium requirements (Gai et al. 2018).
Liu et al., managed to improve pH stability of a native a-amylase from Bacillus
licheniformis by site-directed mutagenesis of two amino acids (Leul34 and
Ser320). In order to favor purification, high levels of expression, secretion and
stability of the targeted enzyme, protease-deficient strain Bacillus subtilis WB600
was used as host. The obtained a-amylase presented an optimum pH of 4.5 and pH
stable range of 4.0-6.5, compared to pH 6.5 and 5.5-7.0 of the wild type (Liu et al.
2008).

Directed evolution mimics natural evolution but at a considerable faster pace.
The starting point is known enzymes (wild type or engineered) in which, contrary to
rational design, random genome mutations are introduced. Following, screening of
the mutants for improved or pursued catalytic features is performed. Several cycles
of mutation and screening may take place until the targeted traits or level of per-
formance is achieved (Arnold 2018). The use of direct evolution is widely dis-
seminated and, as a result, several examples of enzymes stabilized by these
methodologies can be found in the literature (Wintrode and Arnold 2000; Wintrode
et al. 2000; Feng et al. 2017; Yuan et al. 2005; Kelly et al. 2009). Regarding the use
of directed evolution on the scope of a-amylase feature improvement, Liu and
coworkers successfully enhanced the stability of B. licheniformis o-amylase under
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acid conditions through direct evolution. A favorable mutation site, H281I, was
obtained in the targeted enzyme. Considerable increase in specific activity was
reported, furthermore, the pH optimum for the mutant decreased roughly 1 unit
when compared with the wild type, pH optimum 5.5 and 6.5, respectively (Yuan
et al. 2005). Wang et al. proposed a new direct evolution methodology, named
combinatorial coevolving-site saturation mutagenesis, in which focused mutant
libraries are constructed by choosing the functionally correlated variation sites of
proteins as the hotspot sites. Employing this methodology Wang et al. managed to
successfully improve the thermal stability of the a-amylase from B. subtilis CN7
(AMY7C) by roughly 10 °C (Kelly et al. 2009). Directed evolution coupled with
high-throughput automated platforms was used to improve the properties of an
a-amylase from Bacillus sp. TS-25, now available under the tradename Novamyl.
Two error-prone PCR libraries were generated and expressed recombinantly in B.
subtilis. Screening for mutants with enhanced thermal stability and activity at low
pH was performed. When compared to the wild type, several mutants presented an
increase in thermal stability superior to 10 °C at pH 4.5 (Jones et al. 2008).
Microorganisms have successfully colonized almost every corner of the earth
and represent the largest proportion of biomass on earth, with a total number of
bacterial prokaryotic cells estimated to be around 4 to 6 X 10°° (Bunge et al. 2014).
They have evolved and adapted to a myriad of environments, including some of the
most extreme places on earth, i.e., hot springs, acid mine water at pH near zero,
deep-sea hydrothermal vents, Antarctic ices (Berini et al. 2017; Mirete et al. 2016).
Nonetheless, it is estimated that using standard laboratory techniques less than 1%
of the prokaryotic biodiversity is successfully cultured (Culligan et al. 2014).
Metagenomics allows to easily bypass the complexities of isolation and cultivation
of microorganism, in order to access their exceptional diversity in terms of bio-
catalysts and bioactive molecules. Metagenomic techniques rely on the direct iso-
lation of genomic DNA from environmental samples often collected at locations
where microorganism communities had to adapt to specific conditions of complex
ecosystems (Tringe 2005). The sites of collection often correlate with the final
application of the biocatalyst. This is because microorganism will carry enzymes
that are active and stable under conditions similar to those in the ecosystems where
they were collected (Steele et al. 2009). While screening a metagenomic library
constructed from marine sediments, Nair et al., discovered an amylolytic clone
BTM109. The discovered a-amylase presented moderate tolerance to NaCl,
maintaining more than 51% of its initial activity in 2.5 M NaCl. At higher con-
centration of NaCl, it was observed that Ca®* improved enzyme stability (Nair et al.
2017). A cold-adapted o-amylase, Amyl3C6, was discovered by functional
metagenomics methodologies from a metagenomics library of a cold and alkaline
ecosystem. Sequence analysis showed similarities with a-amylase from the class
Clostridia. Optimum temperature was on the range of 10-15 °C, while more than
70% of activity was maintained at 1 °C (Vester et al. 2015). Pooja and coworkers
constructed a metagenomics library by cloning cow dung metagenomic DNA
fragments into a vector containing a GFP. The library was screened for clones
expressing GFP on maltose induction. A periplasmatic a-amylase was discovered
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and its expression enhanced by cloning its sequence in Escherichia coli Rosetta
using T7 expression system (Pooja et al. 2015). On another work, Xu et al. con-
structed a fecal microbial metagenomic library of the pygmy loris. The screening
for amylolytic activity resulted in the discovery of eight recombinant clones.
Subcloning and sequence analysis led to the discovery of a novel a-amylase gene
that was successfully cloned in E. coli BL21 (DE3) (Xu et al. 2014). An extensive
list of examples of industrially relevant enzymes recently discovered employing
metagenomics methodologies are presented elsewhere (Berini et al. 2017).
Enzyme production for industrial application is a challenging task, and some of
the difficulties often met include: (a) native producer strains are difficult to culture
under laboratory conditions, (b) production yields are low (c) presence of unde-
sirable enzymes (i.e., proteases that degrade the heterologous protein and/or
enzymes that catalyze undesirable reactions) (d) enzyme of interest is produced by
pathogenic or toxin-producing microorganism (c) produced enzymes do not present
enough stability, activity, or specificity (Olempska-Beer et al. 2006; Adrio and
Demain 2010). The advent of recombinant DNA methodologies has revolutionized
the application of enzymes for industrial processing by introducing the tools that
allow to tackle the aforementioned difficulties. Accordingly, nowadays, over 60%
of the enzymes used in detergent, food, and starch processing are of recombinant
origin (Adrio and Demain 2010). GRAS labeled microorganisms strains used as
hosts for the production of heterologous a-amylases include: B. subtilis (Li et al.
2018; Yan and Wu 2017), B. licheniformis (Niu et al. 2009), Bacillus amyloliq-
uefaciens (Wang et al. 2016b), Pseudomonas fluorescens (Landry et al. 2003), A.
niger (Juge et al. 1998) and A. oryzae (He et al. 2017) among others
(Olempska-Beer et al. 2006). Usually, the construction of a recombinant production
strain involves an expression vector which is a DNA plasmid that contains the
expression cassette. The latter is the gene that codes for the enzyme of interest
under the control of regulatory sequences. Further details regarding the construction
of recombinant production strains can be found elsewhere (Olempska-Beer et al.
2006; Xu et al. 2014). Taking advantage of genetic engineering methodologies,
enzyme manufacturers can bring to market biocatalysts with tailored properties.
These enzymes are designed to fit the demanding and harsh conditions of industrial
processes. Through the application of recombinant DNA methodologies, it is
possible to engineer o-amylases with increase thermal and pH stability.
Accordingly, Li et al. constructed a recombinant plasmid containing the gene of a
thermostable maltogenic amylase (SMMA) and a constitutive promoter, and then
transformed into a GRAS B. subtilis strain. The obtained recombinant SMMA from
B. subtilis presented a specific activity two times higher than that obtained from
E. coli (Adrio and Demain 2010). A hyperthermostable and Ca**-independent
a-amylase from Pyrococcus furiosus was expressed successfully in Nicotiana
tabacum. This plant expression system allowed to overcome the production diffi-
culties overserved when using E. coli as host, i.e., the formation of insoluble
inclusion bodies (Zhu et al. 2017). In another study, Ghasemi et al. amplified and
cloned the hyperthermostable a-amylase gene from Pyrococcus woesei into a
pTYB2 vector, and E. coli BL21 was used as expression host. Activity values of
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roughly 185,000 U/L of bacterial culture were obtained (Ghasemi et al. 2015).
A putative highly thermostable a-amylase gene of Thermotoga petrophila was
successfully cloned and expressed in E. coli BL21 (DE3) using the expression
vector pET-21a(+). The authors managed to optimize the production conditions
regarding temperature, pH and induction protocol. The produced enzyme presented
remarkable stability at 100 °C and its activity was increase in the presence of Ca>*
(Zafar et al. 2016).

9.1.2 Other Common Caloric Sweeteners

Production of pure fructose from starch requires thus a chromatographic
step. A more straightforward manner to obtain fructose involves the hydrolysis of
inulin, a polyfructan widely available in Jerusalem artichoke tubers, dahlia tubers,
and chicory tubers. Hydrolysis of inulin is performed by the action of exoinulinase
(EC 3.2.1.80) that sequentially releases fructose units form the terminal endoinulin
and of endoinulinase (EC 3.2.1.7) that randomly hydrolyzes internal bonds, thus
releasing fructo-oligosaccharides. Free and immobilized enzyme formulations have
been used for the hydrolysis of inulin, in solutions with concentrations within
50-150 g/L (Singh et al. 2018).

Invert syrup, resulting from the hydrolysis of sucrose to yield an equimolar
mixture of fructose and glucose that is slightly sweeter than sucrose. It is used as
sweetener in common beverages. Moreover, due to its hygroscopic nature, invert
syrup is used in the manufacture of candies and fondants and. Invertase, in both free
and immobilized form, is a sound alternative to acid hydrolysis as it prevents the
formation of color compounds and unwanted flavors (Kotwal and Shankar 2009).

9.2 Low-Caloric Sweeteners

9.2.1 Sugar Alcohols

Sugar alcohols (or polyols) are noncyclic hydrogenated carbohydrates, where either
an aldehyde or a ketone group is reduced to a hydroxyl group. They convey a
varied array of sweetness, albeit not exceeding that of sucrose, impart a cooling
effect, have a low-caloric and non-cariogenic nature and a low glycemic index, as
they are typically poorly absorbed into the bloodstream from the small intestine.
Additionally, sugar alcohols are nonhygroscopic and display high solubility and
thermal stability (Park et al. 2016a; Chattopadhyay et al. 2014). Sugar alcohols are
thus widely used within the scope of the food industry as additives, namely as
sweeteners, but also with humectant, stabilizing, and thickening roles
(Chattopadhyay et al. 2014; Grembecka 2015). Catalytic hydrogenation is used for
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the industrial production of most of the sugar alcohols currently in the market,
namely hydrogenated starch hydrolysates (HSH), lactitol, maltitol, and sorbitol.
Mannitol and xylitol are produced either by catalytic hydrogenation or by fer-
mentation, although the former can be also obtained by extraction from seaweeds.
Erythritol is produced exclusively by fermentation, mostly due to the high cost of
erythrose and only in the production of isomalt, a mixture of gluco-mannitol and
gluco-sorbitol, is an enzymatic step involved (Grembecka 2015; Godswill 2017).
Thus, o-glucosyltransferase (EC 5.4.99.11), commonly known as sucrose iso-
merase, promotes the transglycosylation of sucrose into isomaltulose, in a process
where trehalulose, glucose, and fructose are also formed as by-products (Fig. 9.2).

The ratio between isomaltulose and trehalulose formed depend on enzyme
source and concomitant features of the active site but also on environmental con-
ditions (Ravaud et al. 2009; Xu et al. 2013; Wu and Birch 2005). Isomerization
typically occurs in mildly acidic and mesophilic environment (5.0 < pH < 6.0 and
20 °C < T < 40 °C) and substrate concentrations within 10-65% (w/w) (Hellmers
et al. 2018; Mu et al. 2017; Orsi and Sato 2016; Li et al. 2017; Wu et al. 2017).
Food grade sucrose is used as substrate, yet the use of crude raw materials, e.g.,
cane molasses has been reported (Orsi and Sato 2016; Wu et al. 2017). Isomaltulose
can then be converted into sugar alcohol isomalt, again by catalytic hydrogenation
(Hellmers et al. 2018; Varzakas and Labropoulos 2012). When implemented on
industrial scale, fermentative production of sugar alcohols is preferred over cell-free
enzymatic pathways, as these require costly cofactors, e.g., NADH or NADPH
(Park et al. 2016a; Godswill 2017). Notwithstanding its intermediate role in the
production of isomalt, isomaltulose (Palatinose) has also been increasingly used as
food additive, mostly as an alternative to sucrose to yield healthier goods. Thus,
albeit with a sweetening power 30-40% that of sucrose, when compared to the later,
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glucose, and fructose by-products are also formed
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isomaltulose has higher bacterial and chemical stability, lower cariogenicity and
glycemic index, and slower digestibility, hence making it widely used as sweetener
but also as a bulking agent in a wide variety of beverages, confectionary and cereal
products (Sawale et al. 2017; Irwin and Striter 2001). Like isomaltulose, trehalu-
lose also displays non-cariogenic, high solubility, and slow digestion in the small
intestine features and it is about 70% as sweet as sucrose. Accordingly, it is used as
additive in sweetened foods, such as jams and jellies (Daudé¢ et al. 2012; Desai et al.
2017; Wach et al. 2017).

Sucrose isomerase can be obtained from several microorganisms, yet the most
efficient currently is likely that obtained from Protaminobacter rubrum CBS
574.77, namely if catalyst efficiency (k../Ky,) ratio is considered (over one order of
magnitude above that of other enzymes), in addition to isomaltulose-to-trehalulose
ratio above 22, one of the highest identified (Mu et al. 2017). Accordingly, this
sucrose isomerase is used in commercial processes for the preparation of isomal-
tulose, where conversion close to 100% and yield and selectivity of 85% are
reported (Orsi and Sato 2016; Liese et al. 2006). Still, some sucrose isomerases
have exhibited virtually no trehalulose production, e.g., sucrose isomerase from
Pantoea dispersa displayed on the cell surface of Yarrowia lipolytica (Li et al.
2017). Oppositely, the sucrose isomerase from Pseudomonas mesoacidophila
MX-45 produces virtually no isomaltulose (Mu et al. 2017; Nagai et al. 1994).
Irrespectively of the enzyme source, due to the relatively high cost/complexity of
recovery and purification of the intracellular enzyme, isomerization of sucrose for
isomaltulose/trehalulose production is typically carried out using whole cells, either
free or immobilized, in both bench and industrial scale (Hellmers et al. 2018; Mu
et al. 2017; Orsi and Sato 2016; Li et al. 2017; Wu et al. 2017; Liese et al. 2006).

9.2.2 Rare Sugars

Rare sugars abridge monosaccharides that are seldom found in nature (Mooradian
et al. 2017; Manthey and Xu 2010). Their use as sweeteners, bulking and browning
agents in food products has become particularly appealing in recent years due to
their low, if any, caloric value and the lack of (or at least slow) metabolization in
humans and a sweetness that is 70-92% that of sucrose. In addition to these
features, rare sugars present no questionable aftertaste (Chattopadhyay et al. 2014;
Mooradian et al. 2017; Manthey and Xu 2010). Rare sugars such as p-allose,
p-allulose, Dp-tagatose, and D-talose have been incorporated into health foods and
beverages. Moreover, p-allulose and D-tagatose have generally regarded as safe
(GRAS) status (Mooradian et al. 2017; Manthey and Xu 2010; Mu et al. 2015).

p-allose

In addition to common features of rare sugars, anticancer, antihypertensive, antiox-
idative, and immunosuppressive roles have been associated with this cis-aldohexose,
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which is 80% as sweet as sucrose (Chattopadhyay et al. 2014; Mooradian et al. 2017).
p-allose is produced by the reversible isomerization of p-allulose, a reaction that can
be catalyzed by several enzymes, namely L-thamnose isomerase (EC 5.3.1.14),
D-ribose-5-phosphateisomerase (EC 5.3.1.6), p-galactose-6-phosphate isomerase (EC
5.3.1.26), and glucose-6-phosphate isomerase (EC 5.3.1.9), from diverse microbial
sources (Mu et al. 2015; Zhang et al. 2017; Chen et al. 2018). The isomerization is
typically performed in mild acidic environment (7.0 < pH < 9.0) and at temperatures
within 60°-85°, with conversion yields around 30% (Chen et al. 2018). L-thamnose
isomerase is the preferred enzyme for the isomerization of p-allulose to p-allose, due
to the high thermal stability and detailed information gathered (Chen et al. 2018).
Accordingly, large-scale biological production of p-allose has been reported to be
performed with recombinant rhamnose isomerase from Pseudomonas stutzeri
expressed in E. coli, and immobilized either as a cross-linked aggregate or preferably
on Chitopearl beads (Chen et al. 2018; Menavuvu et al. 2006; Morimoto et al. 2006).
In the latter case, a continuous operation set-up allowed 30% conversion in D-allose
out of a feed p-allulose solution (500 g/L) at 42 °C and pH 9.0 (Morimoto et al. 2006).
Recently, Dp-ribose-5-phosphate isomerase from Thermotoga maritima ATCC
43589D-5 and glucose-6-phosphate isomerase from P. furiosus have been suggested
as potential candidates for large-scale production of p-allose, given their high thermal
stability and high specific activity (Chen et al. 2018). As p-allulose is an expensive
substrate, efforts have been made to produce p-allose from a cheap substrate such as
fructose. The implementation of this approach combines the use of either p-tagatose
3-epimerase or p-allulose 3-epimerase for the first step, where fructose is converted to
p-allulose; and either L-rhamnose isomerase or ribose 5-phosphate isomerase to
produce p-allose (Lee et al. 2018). Based on this approach, a one-pot, two-reaction
system involving p-allulose 3-epimerase and ribose 5-phosphate isomerase has been
recently suggested, that allowed the production of p-allose (79 g/L) from 600 g/L
fructose solution.

p-Allulose (p-psicose)

This hexose has a sweetness that is 70% that of sucrose. Blood glucose suppressive
and neuroprotective effects, as well as anti-obesity and reactive oxygen species
scavenging feature have been reported for this sugar (Mooradian et al. 2017,
Mu et al. 2015). p-Allulose is obtained from the epimerization of pD-fructose using
D-tagatose 3-epimerase family members from different microbial sources. Among
these enzymes, one of the most effective is from A. tumefaciens, although other
strains such as Clostridium bolteae, Clostridium cellulolyticum, Clostridium scin-
dens, Desmospora sp., Dorea sp., Flavonifractor plautii, Rhodobacter sphaeroides,
or Ruminococcus sp. have also displayed high catalytic efficiency toward p-allulose
production. Hence, these enzymes are usually named b-allulose (psicose)
3-epimerase (EC 5.1.3.30) (Parker et al. 2010). The epimerization typically occurs
in mild alkaline environment, temperatures from 40 to 65 °C and substrate con-
centration up to 750 g/L, with conversion yields that can reach 35%. The use of
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(partially) purified enzymes and whole cells, often permeabilized to ease mass
transfer, both in free form, is the most often reported biocatalyst formulation (Mu
et al. 2015; Park et al. 2016b, c; Mu et al. 2012). E. coli cells are often used for
heterologous 3-epimerase expression but since generally recognized as safe
(GRAS) host, thus limiting the application as food additive of d-allulose produced
by such recombinant strains. To overcome this, expression of b-allulose
3-epimerase from F. plautii in Corynebacterium glutamicum has been assayed and
implemented successfully. Thus, 235 g/L p-allulose were produced from 750 g/L
D-fructose by the recombinant permeabilized whole cells, resulting in a volumetric
productivity of 353 g/L h (Park et al. 2016b). Immobilized p-allulose 3-epimerases
have been also used for this isomerization such as those immobilized on Duolite
AS586 beads (Lim et al. 2009) and on graphene oxide (Dedania et al. 2017). In the
former case, continuous operation was performed for 384 h, with a productivity of
606 g/L h. In the latter, the immobilized enzyme formulation was reused over 11
cycles. Throughout this process, the relative activity decreased noticeably, to about
20% of the initial activity at the final cycle, a feature that may condition its wider
application.

The production of p-allulose from p-glucose has also been described, involving
the combination of xylose isomerase and p-allulose 3-epimerase. This has been
implemented either by immobilization of both enzymes in Saccharomyces cere-
visiae spores (Li et al. 2015) or their co-expression in E. coli (Men et al. 2014; Chen
et al. 2017). In the former case, a two-step approach, enabling glucose isomeriza-
tion at 85 °C and fructose isomerization at 60 °C, allowed the conversion of 3 g/L.
glucose with a final yield of 12%. The strategy enabled each enzyme to operate
under the most adequate temperature. The product was obtained at a much lower
concentration as compared to a traditional single reaction, fructose-based approach.
Still, both immobilized enzymes could be reused in eight cycles with minor loss of
activity (Li et al. 2015). The co-expression approach developed by Men and
coworkers allowed the production of 135 g/L. p-allulose from a mixture of p-
glucose (520 g/L) and p-fructose (380 g/L) from high-fructose corn syrup (HFCS),
at 65 °C (Men et al. 2014). The approach developed by Chen and coworkers was
evaluated over either cellulose hydrolysate, containing 24.5 g/L. p-glucose, or
microalgae hydrolysate, containing 26.4 g/L. p-glucose. Final p-psicose concen-
trations of 1.42 and 1.69 g/L, respectively, were reported, at 40 °C (Chen et al.
2017). As far as currently known industrial production of p-allulose is still limited
to Japan and Korea (Mu et al. 2012).

p-Tagatose

D-tagatose is 92% as sweet as sucrose, has a caloric content half of that of sucrose
and low glycemic effect. It is hence used in the prevention of diabetes and tooth
care (Mooradian et al. 2017; Beerens et al. 2012). Detailed information on the
properties of D-tagatose can be found in a recent review (Jayamuthunagai et al.
2017). Several approaches have been used for the biocatalytic production of
D-tagatose, as summarized in Table 9.2 (Jayamuthunagai et al. 2017; Li et al. 2013).
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Table 9.2 Biocatalytic production of p-tagatose using a single enzyme

Substrate Enzyme Comments

p-altritol Oxidoreductases | Cofactors, typically expensive, required

D, L-galactitol

p-fructose Epimerases Substrate specificity required

D-sorbose

D-galactose Isomerases By-product formation, purification difficult due to substrate/
D-talose product similarities

The most widely used approach, which will be detailed, involves the isomer-
ization of Dp-galactose to D-tagatose promoted by L-arabinose isomerase (EC
5.3.1.4), from diverse microbial sources (Jayamuthunagai et al. 2017; Li et al.
2013). Thermodynamic equilibrium is shifted to the product side with temperature
increase, thus enzymes with high thermal stability are favored, such as those from
Anoxybacillus flavithermus, Geobacillus stearothermophilus, T. maritima, and
Thermotoga neapolitana. Enzymes from those sources enabled operation at
60-95 °C, and conversion yields from 48 to 68% (Jayamuthunagai et al. 2017; Li
et al. 2013). However, browning reaction becomes significant when the temperature
exceeds 70 °C, with a negative impact in the final product, hence commercial
production favors isomerization at temperatures around 60 °C (Mei et al. 2016).
The isomerization is typically performed in mild alkaline environment
(Jayamuthunagai et al. 2017; Li et al. 2013). The higher p-tagatose production
reported so far involved: (a) the use of L-arabinose isomerase from E. coli immo-
bilized in calcium alginate and packed into a reactor operating in continuous
recycling model, yielding 230 g/L tagatose from 500 g/L galactose, with a pro-
ductivity of 9.6 g/(L h); (b) the use of L-arabinose isomerase mutant enzyme from
Geobacillus thermodenitrificans in the presence of boric acid, that has a higher
affinity to D-tagatose than to the substrate. The isomerase produced 370 g/L
D-tagatose from 500 g/l Dp-galactose, corresponding to a productivity of
15.4 g/(L h) (Li et al. 2013; Kim et al. 2003; Lim et al. 2007). Boric acid removal,
required to enable the use of tagatose as food additive, was performed with
Amberlite IRA-743 and Dowex X50X8 resins (Lim et al. 2007). Most arabinose
isomerases require metal cofactors such as Mn>" and Co** at concentrations of
1-5 mM for improvement of thermal stability and optimal activity. This require-
ment increases the cost and complexity of the downstream process, to remove (or
significantly reduce) the titer of metal ions, as to comply with requirements for food
applications. Efforts are hence being made toward the identification/engineering of
enzymes that display high stability and activity under negligible metal ion con-
centration (Jayamuthunagai et al. 2017). A pioneering work involved cloning and
overexpression of mutant L-arabinose isomerases from B. stearothermophilus
US100 in E. coli (Rhimi et al. 2009). The addition of metal ions had no effect on
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activity and stability of the mutant at temperatures below 65 °C. Moreover, a
double mutant displayed optimal activity at pH 6.0-6.5 and at temperatures from
50 to 65 °C, operational conditions that minimize browning reaction. The mutant
enzymes displayed optimal conversion rates within 41-47% (Rhimi et al. 2009).
A more recent example is the aspartate isomerase of Bacillus coagulans NLO1
overexpressed in E. coli. The recombinant E. coli cells displayed optimal pH and
temperature of 7.5 and 60 °C, respectively. High activity was observed in the
absence of metal ions, and the thermal stability trend at temperatures from 70 to
90 °C remained roughly unchanged irrespective of either the absence or the pres-
ence (0.5 mM) of Mn**. Under pH 7.5 and 60 °C, 70 g/L of p-tagatose were
produced from 250 g/L. p-galactose corresponding to a productivity of roughly
1.5 g/(L h) (Mei et al. 2016). The L-arabinose isomerase from Clostridium hyle-
monae cloned and expressed in E. coli also displayed features that also suggest its
potential for large-scale application (Nguyen et al. 2018). Thus, the activity peaked
at 50 °C and pH 7.0-7.5, only requiring 1 mM of Mg** as cofactor, conversion
yield was highest at 60 °C. Moreover, the catalytic efficiency 3.691/(mM s) on
galactose exceeded that of several other enzymes (Mei et al. 2016; Nguyen et al.
2018).

Recently, a one-pot three-step enzyme cascade was used to produce D-tagatose
(144 g/L)) from p-fructose (180 g/L). In the first step, hexokinase was used for
fructose phosphorylation with equimolar amount of ATP yielding fructose-6-
phosphate; fructose-1,6-biphosphate aldolase epimerized fructose-6-phosphate to
tagatose-6-phosphate; and finally, phytase fully dephosphorylated the latter, to yield
tagatose. Although high-yield conversion was achieved, the process is likely to be
economically unfeasible for large-scale application unless external ATP requirements
are overcome. One possibility, as suggested by the authors of the work, relies on
expression of the pathway in genetically engineered cells expressing the pathway and
fulfilling endogenously ATP requirements (Lee et al. 2017).

D-Sorbose

D-sorbose is 70% as sweet as sucrose and besides its role as low-calorie sweetener,
it may be used as insect control agent and as a building block for commercially
relevant compounds (Mooradian et al. 2017; Li et al. 2013). This hexose was
produced from galactitol using resting whole cells of Pseudomonas sp. ST 24 under
pH 7.5 and temperature 30 °C. A product yield of 70% from 10 g/L galactitol was
obtained after 48 h of incubation (Khan et al. 1992). A two-enzyme cascade system
was involved in the biotransformation, combining a dehydrogenase, that converts
galactitol to D-tagatose, with an epimerase, that transforms p-tagatose into b-sorbose
(Khan et al. 1992). The p-tagatose 3-epimerase from Pseudomonas ST-24 was later
partially purified, immobilized on BCW 2503 Chitopearl beads. This formulation
was used for the direct epimerization of 100 g/L p-tagatose to p-sorbose, at pH 7.5
and temperature 30 °C, to form 70 g/L of product after 24 h incubation. This yield



168 F. Carvalho and P. Fernandes

was kept constant for five consecutive batch runs (Itoh et al. 1995). Glucitol,
prepared from D-gulono-1,4-lactone, a relatively cheap starting material, by
borohydride reduction, was used as a substrate for the synthesis of p-sorbose by
oxidation at C-5 position, with resting Pseudomonas sp. Ac whole cells with
dehydrogenase activity at pH 6.6 and 30 °C. A product yield of 97% out of an
initial substrate concentration of 22 g/LL was obtained after 35 h incubation. The
cells were effectively reused in four consecutive batch runs of 22 h in average, with
initial substrate concentration of 10 g/L in average, as product yields exceeding
95% were obtained (Huwig et al. 1996). More recently, a recombinant L-glucitol
oxidizing dehydrogenase from Bradyrhizobium japonicum USDA 110 was shown
to oxidize 18 g/L rL-glucitol to 16 g/L. p-sorbose in 25 h of incubation, when
coupled to a cofactor regeneration system (Gauer et al. 2014).

9.2.3 High-Intensity Sweeteners

High-intensity sweeteners designation abridge a set of compounds that display
significantly higher sweetness that sucrose, yet they are noncaloric and
non-cariogenic. Overall, these features make high-intensity sweeteners appealing to
be used as sweeteners and occasionally as flavor enhancers, so that healthy foods
are produced (Mooradian et al. 2017). The most widely disseminated and approved
for most foods with GRAS status high-intensity sweeteners are: acesulfame
potassium (200 fold sweeter than sucrose); advantame (20.000 fold sweeter than
sucrose); aspartame (200 fold sweeter than sucrose); neotame (7.000-13.000 fold
sweeter than sucrose); saccharin (200-700 sweeter than sucrose); Siraitia grosve-
norii (Luo han guo) fruit extracts (100-250 fold sweeter than sucrose); steviol
glycosides, that include dulcoside A, rebaudiosides A to E, steviolbioside, and
stevioside (200-400 fold sweeter than sucrose); and sucralose (600 fold sweeter
than sucrose) (Chattopadhyay et al. 2014; Mooradian et al. 2017; Li et al. 2014;
Carocho et al. 2014). Most of these are artificial and chemically synthesized, while
stevia glycosides and Luo han guo fruit extracts are natural products.

Aspartame

Besides chemical synthesis, aspartame, N-(L-o-Aspartyl)-L-phenylalanine methyl
ester or Asp-Phe-OMe, is produced enzymatically, an approach that is well docu-
mented (Liese et al. 2006; Yagasaki and Hashimoto 2008; Pitzer and Steiner 2016).
Industrial production relies on the use of thermolysin (EC 3.4.24.27), a heat stable,
enantioselective Zn>* protease from Bacillus thermoproteolyticus, that catalyzes
the condensation of carbobenzoxy-L-aspartic acid (protected amino acid) and
L-phenyl-alanine methyl ester to yield carbobenzoxy-L-aspartyl-L-phenylalanine
methyl ester, a protected precursor of aspartame that is subsequently deprotected by
catalytic hydrogenation over Pd catalyst to obtain aspartame. The process is carried
out at neutral pH and 50 °C, in aqueous or biphasic media, and precipitation of the
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product in salt form has been suggested to shift equilibrium to product formation
(Liese et al. 2006; Birrane et al. 2014). Recently, the use of a mutant of organic
solvent stable protease PT121 from Pseudomonas aeruginosa expressed in E. coli
was suggested for this process. As the mutant protease retains significant activity at
pH 6.0, at which the product significantly precipitates, the condensation reaction
can be performed at such pH, to shift the thermodynamic equilibrium to product
formation with no need for further action. Condensation in aqueous medium at pH
6.0 and 37 °C led to product yields close to 90% for carbobenzoxy-L-aspartic acid
and L-phenyl-alanine methyl ester concentrations of 13.4 and 89.5 g/L, respec-
tively, in 12 h runs. Product yield slightly decreased to 82.2% when the concen-
tration of carbobenzoxy-L-aspartic acid doubled, thus molecular docking studies
were developed to highlight the inhibition mechanism of this substrate in product
synthesis (Liu et al. 2015). The simplicity of the process and high yields suggest
potential application of this protease for large-scale synthesis of aspartame.

Sucralose

Sucralose, 1,6-dichloro-1,6-dideoxy-B-p-fructofuranosyl-4-chloro-4-deoxy-o-p-
galactopyranosid, is a chlorinated derivative of sucrose, obtained by the replace-
ment replacing the hydroxyl groups in positions 4, 1’ and 6" with chlorine.
Large-scale production relies on chemical synthesis, but efforts have been made
involving an enzymatic contribution toward the production of this sweetener
(Chattopadhyay et al. 2014). Recent efforts have mostly focused on the synthesis of
sucrose 6-acetate from sucrose and, at a minor scale, on the deacetylation of
sucralose-6-acetate to sucralose. The synthesis of sucrose-6-acetate from sucrose
typically relies on the use of glucose 6-acetate and sucrose as substrates. Fructosyl
transferases have been often used to catalyze this reaction, but product yields have
been far from satisfactory, in both aqueous and organic environment. The use of
ionic liquids as cosolvents has however been shown to improve product yield and
limiting substrate conversion of 3.18-fold and 2.90-fold, respectively, as compared
to pure aqueous environment. Thus, in the presence of a mixture of 1-decatyl-
3-methylimidazolium hexafluorophosphate and Tris—HCI buffer pH 8.0 (20:80, v/v
ratio) and a temperature of 55 °C, glucose 6-acetate conversion of 88.2% and sucrose
6-acetate yield of 77.2% were observed after 8 h of reaction, for initial concentrations
of sucrose and glucose 6-acetate of 10 and 2.5 g/L, respectively (Wei et al. 2016).
Still, the use of ionic liquid in the reaction medium for the production of goods to the
food industry may cause some concern (Martins et al. 2017).

Cross-linked aggregates of Lipozyme TL 100 L, based on glutaraldehyde
reticulation, were also used for the synthesis of sucrose 6-acetate, with sucrose and
vinyl acetate as substrates. A product yield of 87.46% and a product concentration
of 49.8 g/L. were obtained, for initial sucrose concentrations of 20 and 60 g/L,
respectively, and vinyl acetate-to-sucrose mole ratio 8:1. Moreover, the immobi-
lized enzyme could be reused up to eight times (Yang et al. 2012).

Sucralose 6-acetate was effectively converted to sucralose with alginate
entrapped B. subtilis cells. This green approach which allowed full conversion of
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10-300 g/LL substrate was observed for incubation periods within 48-250 h.
Moreover, the immobilized cells could be used for three consecutive batch bio-
conversions (Chaubey et al. 2013).

Recently, B. amyloliquefaciens WZS01 was shown to allow for the regiose-
lective acylation and deacetylation within the scope of sucralose synthesis. Thus,
whole cells immobilized on polyurethane foam were used to synthesize sucrose
6-acetate, with product yield in excess of 95% for initial sucrose and vinyl acetate
concentrations of concentration of 20.5 and 60.3 g/L, respectively, after 22 h of
reaction. Free cells hydrolyzed 33 g/L sucralose 6-acetate to produce sucralose,
with product yield in excess of 99% yield after 24 h of reaction. These results
suggest the potential application of these microorganisms in the chemical enzymatic
production of sucralose (Sun et al. 2017).

Steviol glycosides

Steviol glycosides are mostly obtained from Stevia rebaudiana Bertoni by
extraction (Mathur et al. 2017) but as a major component, namely stevioside,
display an unpleasant aftertaste, enzyme-catalyzed changes have been developed to
overcome this, without altering the remaining properties. These modifications
mostly consider C-13 and C-19 positions of stevia glycosides, as these compounds
share the same backbone, only differing in the carbohydrate residues attached to
those positions (Kochikyan et al. 2006; Adari et al. 2016). For instance, rebau-
dioside A, the second major steviol glycoside from stevia leaves, displays an
additional glucose unit at C-13, that improves its sweetness and taste, as compared
to stevioside (Adari et al. 2016; Chranioti et al. 2016). There are several published
works from the late 1980s henceforth, where enzymatic transglycosylation is used
as a tool to increase the organoleptic properties of steviol glycosides. Most of those
works involve enzymes with transglycosylation activity used for related applica-
tions, such as a-amylase, B-cyclodextrin glycosyltransferase, dextranase, isomal-
tase, and pullulanase, coupled with different glycosyl donors, namely cyclodextrins,
glucose, lactose, maltose, and partially hydrolyzed starch. These works often aim at
increasing the rebaudioside A, but other steviol glycoside derivatives with
improved organoleptic properties as compared to stevioside were obtained. Several
drawbacks have been associated with these enzymatic processes such as low yields,
lack of selectivity of the product, and relatively poor thermal stability of the
enzymes (Mathur et al. 2017; Adari et al. 2016). Moreover, it can be established
that the glycosyl donor and its ratio to stevioside is casuistic.
Recent examples of the enzymatic modification of stevioside include:

(a) The use of a-amylase from B. amyloliquefaciens with starch as donor (Ye et al.
2013). Under optimized conditions, namely pH 6.5, temperature 70 °C, and
stevioside and starch concentrations of 20 and 80 g/L, respectively, 38.3%
conversion yield was achieved after 12 h. Two major products, accounting for
96% of the final product were identified as 13-{[2-O-(B-p-glucopyranosyl)-p-
D-glucopyranosyl]oxy }ent-kaur-16-en-19-oic acid 2-O-(a-D-glucopyranosyl)--
D-glucopyranosyl ester and 13-{[2-O-(B-p-glucopyranosyl)-p-p-glucopyranosyl]
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(b)

(©)

(d)

(e)

oxy} ent-kaur-16-en-19-oic acid 2-O-[(4-O-a-p-glucopyranosyl)-a-pD-glucopyr-
anosyl]-p-p-glucopyranosyl ester. Challenged for sensory evaluation, the
products displayed improved sweetness and decreased aftertaste, as compared to
the substrate.

The use of alternansucrase (EC 2.4.1.140) from Leuconostoc citreum
SK24.002 with sucrose as donor (Musa et al. 2014; Hii et al. 2012). Under
optimized reaction conditions of pH 5.4, temperature 20 °C, donor, and ste-
vioside concentrations of 10 g/L, the authors reported a maximum transgly-
cosylation yield of 43.7%. The products were a mixture of mono-, di-, and
tri-glycosylated steviosides, yet no sensory evaluation was performed in the
study. On the other hand, operation at 20 °C suggests significant energy
saving, a positive feature for large-scale operation.

Dextransucrase from L. citreun KM20 was used for transglycosylation of
stevioside to produce an o-D-glucosyl stevioside (Ko et al. 2016). More
specifically, the stevioside molecule was glycosylated at the free hydroxyl
group of the glycosyl moiety at the 13-carboxyl group. Under optimized
reaction conditions, pH 5.5, temperature 30 °C, 200 g/L stevioside, and a total
of 600 g/L sucrose as glycosyl donor were incubated in a 30 L reactor for
5 days to achieve a production yield of 94%. As sucrose hampered transg-
lycosylation and favored the formation of by-products above 171 g/L, the
donor was periodically fed to the reaction medium so that the concentration of
the donor never exceeded 60 g/L. The organoleptic properties of the glycosyl
stevioside were assessed to establish that flavor and sweetness were twofold
improved as compared with stevioside but did not match rebaudioside A,
being instead similar to those of rebaudioside E. Nevertheless, the stability of
the glycosyl stevioside in soft drinks either matched or exceeded that of ste-
vioside and rebaudioside A. Overall, it was suggested that the glycosyl ste-
vioside formed is a potential candidate for use as sweetener in soft drinks.
The use of cellulase for the pretreatment of stevia leaves that releases intra-
cellular glycosyl-transferases present in the leaves. These enzymes catalyze
the transglycosylation of stevioside into rebaudioside A (Adari et al. 2016).
The pretreatment of the leaves was performed at pH 4.6, 50 °C, at a
buffer-to-leaf ratio of 15:1, 10 g/L. soluble starch and 10 g/L cellulase. The
outcome led to an increase in the rebaudioside A:stevioside ratio to 5.3, as
compared to a ratio of 0.11 when untreated leaves were considered. This
approach is quite original, as it relies on the use of stevia leaves endogenous
transglycosylation enzymes.

A mechanistic approach was developed by Singla and Jaitak to establish the
debittering features of rebaudioside A as compared to stevioside (Singla and
Jaitak 2016). Through molecular simulation, these authors established that the
sugar moiety in the C-3" position in rebaudioside A limits the access to the
bitter taste receptor. The authors then synthesized rebaudioside A from ste-
vioside with B-1,3-glucanase from Irpex lacteus and curdlan as glycosyl
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donor. Under optimized reaction conditions, pH 4.5, temperature 55 °C,
donor-to-stevioside ratio 2:1, and a production yield of 62.5% from 200 mg
stevioside was observed after 3 h of incubation. Unfortunately, no data for
concentration was given.

(f) The combined application of a recombinant UDP-glucosyltransferase from S.
rebaudiana and a sucrose synthase from Arabidopsis thaliana to produce
rebaudioside A from stevioside (Wang et al. 2016¢). Under optimal reaction
conditions, pH 7.2, temperature 30 °C, 1.9 g/L stevioside, 2.5 g/L. sucrose,
and 2.4 mg/L. UDP, and a product yield of 78% was obtained after 30 h. In
this approach, that involves the combined activity of the two enzymes,
UDP-glucosyltransferase transfers a glycosyl unit from UDP-glucose to ste-
vioside so that rebaudioside A is formed and UDP is formed. Using sucrose as
substrate, sucrose synthase regenerates UDP-glucose with the release of a
fructosyl unit, so that minimal amounts of expensive ADP are required. This
approach was also used by Li et al. (2016), but using as biocatalyst perme-
abilized whole cells of S. cerevisiae, engineered to express S. rebaudiana
UDP-glucosyltransferase. In this work, glucose, rather than sucrose, was used
for the in vivo regeneration UDP-glucose, through the endogenous
UDP-glucose synthesis pathway, where sodium citrate was added to inhibit
the action of phosphofructokinase during glycolysis, hence preventing diver-
sion of glucose-1-phosphate into fructose 2,6-bisphosphate. Under optimized
conditions, pH 7.2, temperature 30 °C, 40 g/L glucose, 15 g/L sodium citrate
and 6 g/l MgCl,, and 1.2 g/L. rebaudioside A were produced from 2 g/L
stevioside after 48 h, again with no need for exogenous UDP-glucose.

9.2.4 Oligosaccharides

Oligosaccharides are low-calorie sweeteners which have mostly a prebiotic role
(Chen 2018). The most common are galacto-, fructo-, and xylo-oligosaccharides,
that can be produced either by partial hydrolysis of a polysaccharide, e.g.,
hydrolysis of inulin with endoinulinases that yield long-chain (2-9 fructosyl resi-
dues) fructo-oligosaccharide (Singh et al. 2016); hydrolysis of corncob with xyla-
nases (Boonchuay et al. 2014). Short-chain (2—4 units) fructo-oligosaccharides and
galactooligosacharides, on the other hand, can be synthesized using fructosyl-
transferases or f-D-fructofuranosidase, and sucrose as substrate (Singh et al. 2016;
Wang 2015) or B-galactosidase and lactose as substrate (Chen and Génzle 2017).
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