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PSPG box Plant secondary product glycosyltransferase box
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SG Steviol glycoside
ushA UDP-glucose hydrolase
zwf D-glucose-6-phosphate dehydrogenase

9.1 Introduction

In the biosynthesis of plant natural products, modification of their chemical structure
by tailoring enzymes is pivotal. These reactions include transfer of sugar units cata-
lyzed by carbohydrate-active enzymes (CAZymes; http://www.cazy.org/) which are
proteins whose functional domains are able to form, degrade or modify glycosidic
bonds [1]. Their general abundance is in accordance with their high biological sig-
nificance in Nature. In fact, most of the dry weight of plant biomass on earth exists
as carbohydrate polymers, which emerged from glycosyl transfer reactions [2]. Some
end products of primary plant metabolism are the major base of the food and the feed
industry (for example, starch in grain and tuber crops). Glycosides and glucose esters
of secondary metabolites are in general less abundant, but nevertheless of equal
importance. On a cellular level, glycosylation functions, among other roles, in energy
metabolism, pathogen virulence, molecular defense, and storage information signal-
ing [3]. Addition of a sugar residue also increases water solubility and stability, and
thus affects the bioactivity of acceptor molecules [4]. Therefore, the interest of the
pharmaceutical, cosmetics and food industry in these compounds has increased con-
tinuously. At present, glycosides are used as therapeutic drugs, functional ingredi-
ents, and dietary supplements. They can be produced either chemically, for example
by the Koenigs-Knorr reaction, or biochemically by the action of glycosidases, trans-
glycosidases, glycoside phosphorylases and glycosyltransferases [5].
Glycosyltransferases (GTs) form a vast class of CAZymes that transfer sugar
moieties from activated donors (usually nucleoside diphosphate (NDP) activated
monosaccharides) to specific acceptor molecules (generally alcohols and carboxylic
acids) (Fig. 9.1). However, transfer to N-, S-, and C-atoms, resulting in the forma-
tion of glycosylamines, thioglycosides, and C-glycosides, respectively, have also
frequently been observed [6-8]. Recently, family 1 GT enzymes have drawn special
interest from industry, because they change the physicochemical properties and
consequently the bioactivity of lipophilic small molecules, thus offering new and
exciting possibilities for the biotechnological production of bioactive glycosides [4,
9]. An advantage of family 1 GTs in this context is due to their ability to catalyze
glycosidic bond formation regio- and stereoselectively with high yield [10, 11].
Hence, the property of the molecule of interest can be adapted on demand. This is
especially important for the application of carbohydrate-tailored drugs, where the
precise identity and position of the glycosyl residue decides about the mechanism
of action and the bioavailability [12, 13]. The rapidly growing number of publicly
available genomes has enabled the identification of new GT sequences that encode
proteins with novel activities, and the first GT enzymes have now been successfully
applied in bio-catalytic processes [14]. The following chapter will cover the last
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Fig. 9.1 Reactions catalyzed by glycosyltransferase (a). Anthocyanin-storing vacuoles of Rhoeo
spathacea (b). Cells have been plasmolyzed. Picture was adapted from Wikipedia (https://en.wiki-
pedia.org/wiki/Vacuole; last accessed April, 2017). Hydrangea variety producing the anthocyanin
myrtillin (delphinidin-3-O-glucoside) (c), and Delphinium variety accumulating the anthocyanin
violdelphin  (delphinidin  3-O-rutinoside-7-0-(6-0-(4-0-(6-O-(p-hydroxybenzoyl)-glucosyl)-
oxybenzoyl)-glucoside) (d). Transport of glycosides into the vacuole (e). ABC ATP-binding cas-
sette transporter, AVI anthocyanin vacuolar inclusions, GST glutathion S-transferase, GT
glycosyltransferase, MATE multidrug and toxic extrusion protein, R alkyl or aryl
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10 years of research on family 1 GT enzymes with focus on the biotechnological
production of glycosides/glucose esters and special emphasis upon production in
whole cell biocatalysts and applications in industry.

9.2 The Significance of Glycosylation in Plants

Glycosylation is one of the most important tailoring mechanisms of bioactive com-
pounds in plants [15]. The addition of a glycon (sugar unit) fundamentally changes
the physicochemical properties of the acceptor aglycon (non-sugar component).
Through glycosylation by GTs, plants can modulate the structure and function of
secondary metabolites.

9.2.1 Glycosylation Increases Solubility

Glycosides and glucose esters of natural products are less hydrophobic than the
aglycon on its own [16]. Thus, upon glycosylation of the aglycon the water solubil-
ity increases. In particular, this is evident for hydrophobic metabolites like flavo-
noids that feature a complex phenolic ring structure [17]. Flavonoids are major
secondary metabolites in many fruits and vegetables, where they act among others
inter alia as colored pigments. Due to enhanced solubility by glycosylation, plants
can accumulate glycosylated flavonoids and related anthocyanins in the lumen of
the vacuole in high concentrations [18] (Fig. 9.1) (see also Chap. 3 of this book).
Glycosylation of flavonoids takes place in the cytosol right after the formation of the
aglycons, since some of the non-glycosylated precursor molecules are unstable
under physiological conditions. Utilizing a GT enzyme from apple, the 3,5-8-D-
glucoside of resveratrol was produced, thereby increasing the water-solubility of an
otherwise hydrophobic compound by 1700-fold [19] (see also Chap. 3 of this
book). As a currently applied dietary supplement resveratrol is administered orally
to patients. However, its medical exploitation is strongly limited by the low water-
solubility. Thus, the future usage of resveratrol glucosides as therapeutic agent is
envisaged [20, 21]. Similarly, the biological availability of the isoflavone gentistin
is limited by its insolubility in water. Consequently, water-soluble gentisin glyco-
sides were produced whereby solubility was increased 1000-10,000-fold and anti-
oxidant activity was maintained [22]. Likewise, quercetin glycosides were developed
to improve water solubility of the flavonoid for food and other applications [23].

9.2.2 Glycosylation Increases Stability

Glycosides and glucose esters exhibit not only a higher hydrophilicity but also an
enhanced stability. Glycosylation stabilizes and intensifies the color of plant antho-
cyanidins — secondary metabolites that are responsible for the red, blue, and purple
pigmentation of flowers and fruits in various plant species (see also Chap. 4 of this
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book). This stabilization is probably further enhanced by acylation of the anthocy-
anin core with phenolic acids, thereby promoting intermolecular sandwich type
stacking of the aromatic nuclei of the molecules [24]. However, the substitutions of
the aromatic acyl groups occur at glycosyl residues. Thus, without glycosylation, a
subsequent acylation with phenolic acids would be limited to the available hydroxyl
groups of the aglycon. The poly-acylated anthocyanin glycoside violdelphin, one of
the main color pigments of Delphinium flowers [25], is more stable and shows a
stronger blue color than its less modified form myrtillin (Fig. 9.1), which is found
in varieties of the genus Hydrangea [26]. Similarly, the O-glucosides of hydroxy-
cinnamic acids are more stable than the phenolic acids, of which 20-40% degrade
at room temperature during one year of storage [27]. Furthermore, the half-life of
furaneol-glucoside exceeds that of the free flavor molecule by 35-fold [28].

9.2.3 Glycosylation Controls Sequestration/
Compartmentalization

Anthocyanins are believed to be synthesized by a multi-enzyme complex located on
the cytosolic side of the endoplasmic reticulum [29]. The aglycons are promptly
glycosylated, and the glycosides are administered from the cytosol to the vacuole,
where they accumulate to high levels [30] (see also Chap. 4 of this book). The low
pH value of the vacuole suppresses oxidation reactions, and ensures anthocyanin
stability. Consequently, a specific transport mechanism is required that permits the
translocation of sugar-bound metabolites across the cytoplasm and through the
tonoplast [31].

For transport across the cytoplasm, two main models have been proposed: the
ligandin model and the vesicle-mediated transport model, both being not mutually
exclusive (Fig. 9.1). The ligandin model suggests binding of cytoplasmic anthocya-
nins to glutathione S-transferase (GST) proteins, which function as carriers that
escort/stabilize anthocyanins until they are taken up into the vacuole [32-34]. As an
example, two GST proteins from Vitis vinifera were associated to this mode of
transport as their overexpression correlated with increased anthocyanin content in
grape suspension cells [33]. Furthermore, it was shown that Arabidopsis mutant
seedlings deficient in expression of the GST Transparent Testa 19 (TT19) barely
accumulated anthocyanins [32, 34], whereas by re-introduction of a functional
TT19 the mutant phenotype could be rescued [34]. Similarly, a GST seems to be
critical for anthocyanin formation in strawberry as comparative transcriptome anal-
yses of red- and natural white-fruited strawberry genotypes uncovered GST as
highly differentially expressed gene [35]. According to the vesicular transport
model, anthocyanins enter the ER lumen and are subsequently transported to the
vacuole in vesicles, which could be detected microscopically due to the fact that the
contained anthocyanins possess autofluorescence [36]. This process leads to the
vacuolar accumulation of the glycosides in anthocyanic vascular inclusions (AVIs).
AVIs have been described in more than 70 anthocyanin-producing species [31].
Since vanadate, a general inhibitor of ABC transporters, induced a dramatic increase
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of anthocyanin-containing sub-vacuolar structures it was suggested that cells utilize
components of the protein secretory trafficking pathway for the direct transport of
anthocyanins from the endoplasmic reticulum to the vacuole [37].

For transport into the vacuole two major mechanisms were suggested: On one
hand, active transport was proposed that is mediated by directly energized ATP-
binding cassette (ABC) transporters, such as the multidrug resistance-associated
proteins (MRPs) ZmMRP3 and 4 in maize (Zea mays) [38]. Genetic loss of
ZmMrp3 function in mutant plants led to a distinct pigmentation pattern, resulting
from mislocalized and significantly reduced anthocyanin levels. Furthermore,
yeast microsomes expressing the ZmMrp3 homologue ABCC1 from V. vinifera
demonstrated the transport of anthocyanins in the presence of GSH [39]. On the
other hand, a second transport involving Multidrug And Toxic Extrusion (MATE)
family proteins was proposed that depends on a pre-existing, vacuolar membrane
spanning H* gradient [40-42]. Characterization of MATE2 from Medicago trun-
catula [41] and anthoMATEI and 3 from V. vinifera [42] revealed the translocation
of glycosylated pigments that have been further decorated by acylation or malonyl-
ation. However, both transport mechanisms are presumably not mutually exclusive
and seem to strongly depend on the type and structure of the transported secondary
metabolite and may require other, not yet known factors. As an example, abscisic
acid glucosyl ester is transported by both, proton-antiport and ABC-binding cas-
sette mechanisms [43]. Only recently, a novel way of vacuolar transport has been
put forward (Fig. 9.1). The authors observed by confocal microscopy that cytoplas-
mic anthocyanins aggregate in AVIs in close proximity to the vacuolar surface, and
are directly enclosed by the tonoplast in a microautophagy-like process [44]. The
endoplasmic reticulum-to-vacuole vesicular transport of anthocyanins mediated by
a trans Golgi network-independent mechanism presumably contributes to the for-
mation of AVIs [37].

A new, putative flavonoid carrier has been found in epidermal tissues of carna-
tion petals [45]. The amino acid sequence is similar to mammalian bilitranslocase,
a plasma membrane transporter found in liver and gastric mucosa. There, the pro-
tein mediates the uptake of the pigment bilirubin, dietary anthocyanins and nicotinic
acid.

9.2.4 Glycosylation Affects Bioactivity and -Availability

Plants can regulate the level of bioactive secondary metabolites by linking them
to sugar units. The plant hormone abscisic acid (ABA), which has important func-
tions in plant responses to abiotic stresses, seed development, and germination
[46], is inactivated by esterification with glucose [47]. While “free”, unbound
ABA can trigger stomatal closure and is mainly found in extra-vacuolar compart-
ments, the ABA-glucose-ester (ABA-GE) is non-reactive and stored in the vacu-
ole [48]. A second, oxidative mechanism of ABA inactivation has been proposed
[49]. However, glucose conjugation has one decisive advantage to other modifica-
tions — it is reversible. ABA-GE is hydrolyzed by vacuolar f-glucosidases in a
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fast, one-step reaction to generate free cytosolic ABA [50, 51]. Therefore,
ABA-GE is thought to act as an easily accessible ABA reservoir that can be tapped
by plants to regulate ABA homeostasis [43]. Another example is the recent iden-
tification of xanthophyll-derived apocarotenoid glycosides (AGs) in leaves of
Arabidopsis thaliana [52]. Increased carotenoid pathway flux in leaves of trans-
genic plants resulted in higher levels of AGs. Accordingly, the authors hypothe-
sized that formation of AGs regulates the cellular level of carotenoids. Similarly,
it has been shown that glycosylation of monoterpenes reduces the concentrations
of free, aroma-active terpenols in grapes, which however, can be released again
during vinification [53].

Furthermore, glycosides and glucose esters act as precursors for various biosyn-
thetic pathways, because the glycon features several functional hydroxyl groups
that enable additional metabolic reactions [25]. For example, galloylglucose ester is
generally considered as precursor of ellagitannins and ellagic acid, polyphenolic
antioxidants in strawberry [54], raspberry [54], grapevine [55], pedunculate oak
[56], and pomegranate (Punica granatum) [57]. It is hypothesized that the galloyl-
glucose ester functions as gallic acid donor as well as acceptor and thus, enables
dimerization of the phenolic acid in the ellagitannin pathway [54].

9.2.5 Glycosylation Reduces Toxicity

As sedentary organisms, plants have developed strategies to mitigate the poisonous
effects of toxic chemicals they are confronted with. One possible detoxification
process is the conjugation of toxins to glucose molecules, making them more water
soluble and enabling transport into the vacuole. Spotted knapweed (Centaurea mac-
ulosa) is able to metabolize maculosin — a host-specific toxin produced by the fun-
gus Alternaria alternata — to the corresponding f-O-glucoside, which lacks the
phytotoxicity of the aglycon [58]. Moreover, it was shown that GT enzymes are able
to diminish the harmful effects of the mycotoxins zearalenone [59] and deoxyniva-
lenol [60]. Thus, the toxins become masked but remain present in the plant tissue.
Toxicological data are scarce, but several studies revealed the potential threat to
consumer safety from these substances due to possible hydrolysis during mamma-
lian digestion [61].

An interesting observation has been made by Australian wine producers. After a
number of vineyards were exposed to smoke from bushfires and the berries were
processed, the resulting wines exhibited a strong off-flavor [62]. Strong “smoky”,
“burnt” and “ashtray” characters were reported [62, 63]. Subsequently, the presence
of the f-D-glucosides of guaiacol, its conjugates, and other related phenolic smoky
compounds was confirmed [64, 65]. Apparently, the plants tailor the phenols by
glycosylation to cope with the toxic effect. However, during the winemaking pro-
cess (e.g. fermentation) and consumption of the wine, the glycosidic bonds are
hydrolyzed and the smoky compounds are released, thus causing an unpleasant taste
[66, 67]. The wines are disliked due to the off-flavor, which eventually leads to a
loss of income for the wine producers.
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9.2.6 Glycosylation Affects Perception

The elucidation of the cause of the smoke-tainted wines prompted further analyses
of the in-mouth hydrolysis of glycosidically bound flavor compounds [67]. It was
shown that enzymes of the human saliva are able to release the volatile aglycones
from their natural glycoconjugates even under low pH and elevated ethanol condi-
tions, confirming the in-mouth breakdown of monosaccharide and disaccharide gly-
cosides. Thus, the long, lingering aftertaste of wines, desirable or undesirable, may
be due to retro-nasal perception of aromas released from glycosides, which occur
naturally in grapes [67, 68].

Steviol glycosides, a mixture of glycosides of the diterpene steviol, have recently
been approved as sweetener in the EU [69]. Stevioside and rebaudioside A are the
main diterpene glycosides present in leaf tissues, but only rebaudioside A imparts a
desirable sweet taste, while stevioside produces a residual bitter aftertaste (Fig. 9.2).
Glycosylation of stevioside yields rebaudioside A and can increase the ratio of
rebaudioside A to stevioside in steviol glycoside products, providing a conceivable
strategy to improve the organoleptic properties of steviol glycoside products. Hence,
several enzymatic processes have been recently suggested to produce rebaudioside
A by glucosylation of stevioside [70-74].

9.3  Glucoside/Glucose Ester Synthesis

Glycosidic and glucose ester bond formation is mostly achieved chemically by a
series of steps involving the protection of interfering hydroxyl groups, activation of
a leaving group at the anomeric carbon proceeding in an Sy1 reaction mechanism,
use of a heavy metal catalyst in water free medium, exclusion of light, and eventu-
ally deprotection [75]. Although decisive progress has been made in improving the
methods and techniques since the classical Koenigs-Knorr reaction was published
[76], chemical glycosylation has considerable drawbacks. It still suffers from low
yields, high costs, usage of toxic heavy metal catalysts, and the formation of unspe-
cific products [9, 77].

In contrast, biocatalytic reactions are a promising alternative due to the mild
reaction conditions, the regio- and stereo-selectivity of the enzymatic reactions, and
the ability to accept both hydrophilic and hydrophobic substrates. Furthermore, the
protection of functional groups is not required. Consequently, fewer process steps
are needed, which reduces production costs and ecological damage [77, 78]. Among
the glycosidic bond mediating enzymes are (i) glycoside hydrolases that also effi-
ciently catalyze the reverse hydrolytic reaction (condensation) whereby glycosides
are formed, (ii) transglycosidases that are able to catalyze the transfer of glycosidic
bonds within carbohydrate molecules and between glycosides, (iii) glycoside phos-
phorylases that use phosphate-activated glycosyl donors, and (iv) glycosyltransfer-
ases that utilize nucleotide diphosphate activated sugar donors as co-substrates to
form glycosides [5].
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Fig. 9.2 Schematic representation of the biosynthetic pathway of steviol glycoside, rebaudioside
A. This biosynthetic pathway takes place in the leaf tissue of Stevia rebaudiana. The multi-step
methylerythritol 4-phosphate (MEP) pathway in the chloroplast stroma converts the initial precur-
sor pyruvate to kaurene. It is then transported to the endoplasmic reticulum (ER) where it is oxi-
dized by kaurene oxidase (KO) and kaurenoic acid hydroxylase (KAH) to form steviol.
Subsequently, steviol is glycosylated by multiple glycosyltransferases (GT) to form rebaudioside
A — the sweetest and least bitter tasting glycoside — which is transported into the vacuole for
storage

However, successful application of these CAZymes in industrial processes is
limited for various reasons, which also depend on the enzyme class [9]. Glycosidases
show high promiscuity regarding their acceptor substrate specificity, yet production
outcome is poor, and conversion of acceptors with multiple hydroxyl groups often
results in an isomeric product mixture. Thus, expenses for the purification of the
product make a considerable contribution to the overall costs. Transglycosidases
and glycoside phosphorylases accept only a limited number of acceptors and exhibit
poor regioselectivity, similar to glycosidases. GT enzymes on the other hand accept
a wide range of hydrophobic and hydrophilic acceptors, while showing regio- and
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stereoselective product formation. Their disadvantage is the requirement of expen-
sive co-substrates.

9.4 Family 1 Plant Glycosyltransferases

GT enzymes can be classified in families based on their reaction mechanism,
sequence similarity, as well as donor, acceptor and product specificity [79-82]. Up
to date, 103 GT families and approximately 316,000 annotated protein sequences
are contained in the CAZY database (http://www.cazy.org, last accessed April
2017). Recently, a specific PlantCAZyme database was established, giving credit
to the vast number of plant GTs [83]. Plant GT enzymes, similar to all GT proteins,
catalyze the transfer of sugar units from activated nucleotide diphosphate sugar
donors. Plant GTs mostly use UDP-glucose, although UDP-rhamnose, UDP-
galactose, UDP-xylose, UDP-arabinose, and UDP-glucuronic acid have also been
reported as donors [84-87]. Additionally, glycosides and glucose esters can be
distinguished by the type of bond that is formed. Although O-glycosylation is the
most common modification, N-, S-, and C-glycosides have also been described [3].
The sequence identity of plant GTs may vary, but they share distinctive character-
istics, such as structural folds, stereo-chemical mechanism of glycosidic bond for-
mation, and a conserved motif called plant secondary product glycosyltransferase
(PSPG) box.

Two structural folds (Fig. 9.3) have been characterized intensively, the GT-A fold
and the GT-B fold [92]. GT-A folded GTs possess a single Rossmann fold and a
conserved metal-binding motif [93, 94]. In contrast, GT-B enzymes do not require
metal ions and contain two Rossmann folds. These Rossmann folds are linked, fac-
ing one another, and form an active cleft between them [95, 96]. A third fold, named
GT-C fold, has been proposed along with the other two folds but the distinctiveness
of the GT-C fold remains controversial [97-99]. Recently, a new fold was reported
for a bacterial GT involved in the glycosylation of serine-rich repeat streptococcal
adhesins [91]. After X-ray crystallography the authors were able to identify a dis-
tinct structure, different from all known GT folds, and a new metal-binding site.
Consequently, this new structure was called GT-D fold.

GT enzymes can also be classified according to the anomeric configuration of the
product. Enzymes that retain the stereo-chemistry at the anomeric center of the
donor substrates are called “retaining” GTs. In contrast, enzymes that invert the
stereochemistry are called “inverting” GTs [82]. Family 1 GT proteins are inverting
enzymes that adopt the GT-B fold, and tailor lipophilic small-molecule acceptors
[100]. Additionally, most of the family 1 GT enzymes feature the so-called PSPG
box, a conserved C-terminal motif responsible for the interaction with the sugar
donor [101]. An interaction between the highly conserved HCGWNS motif and
UDP-glucose has been revealed [102], and the last amino acid of the PSPG box
probably controls the selection of the sugar donor [103].
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Fig. 9.3 Representative examples of the four possible structural GT folds. GT-A: PDB 1FOA
[88]; GT-B: PDB 4REL [89]; GT-C: PDB 3RCE [90], and GT-D: 4PHR [91]. The pdb-files were
downloaded from RCSB Protein Data Base (http://www.rcsb.org/pdb/home/home.do; last accessed
May, 2016), and visualized by the PyMOL v.1.7.4 software

9.5 Substrates of Family 1 Plant Glycosyltransferases

Plants produce a tremendous diversity of low molecular weight metabolites, many
of them being of commercial importance. The variety is mostly ensured by decora-
tion of a limited number of common skeletons by hydroxylation, methylation, acyl-
ation and glycosylation. Glycosylation is one of the most widespread
modifications.

9.5.1 Secondary Metabolites

Although secondary metabolites may not be essential for plant growth and develop-
ment under artificial growth conditions, they are of high relevance for survival in
natural environments. During evolution, when plants became sedentary, their inabil-
ity to move forced them to be able to adapt to constantly changing environmental
conditions. At times they are exposed to changes in temperature, UV radiation,
salinity, water status, and pathogen pressure. This has led to the development of a
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wide variety of secondary metabolites that are constantly modified to meet the
plant’s requirements. Many metabolites acting in defense responses are glycosyl-
ated for stabilization, detoxification, and sequestration.

9.5.1.1 Phenylpropanoids

Phenylpropanoids consist of a three carbon side chain linked to a phenyl group
(Fig. 9.4). Like most phenolic secondary metabolites, their aromatic core structure
is derived from phenylalanine, which in turn is derived from the shikimate pathway.
Phenylalanine is converted in three reaction steps to the activated 4-coumaroyl-CoA
thioester, which gives rise to simple (e.g. hydroxycinnamic acids) and more com-
plex (e.g. flavonoids, stilbenes, lignins) phenolics; this biosynthetic pathway has
been well studied and reviewed [104, 105]. The phenylpropanoid biosynthetic path-
way provides metabolites acting as UV protectants (flavones) or as chemo-attrac-
tants for Rhizobia — mycorrhiza forming bacteria [106]. Furthermore, the precursors
for polymeric lignin, antimicrobial phytoalexins, and pigments (anthocyanins) are
derived from the general phenylpropanoid pathway [107] (see also Chap. 4 of this
book). Phenylpropanoids have also drawn attention for their health-promoting
properties. Anticancerogenic, antioxidative, and antimicrobial effects have been
noted [108-110]. The already high structural diversity is further increased by the
action of family 1 GTs through addition of sugar residues.

Caffeic acid (3,4-dihydroxycinnamic acid) is an example of a simple phenylpro-
panoid. Its esterification with glucose by GTs has been described frequently [10,
111], most recently by enzymes from the tea plant (Camellia sinensis) [112].
Strawberry, raspberry and grape GTs that produce phenylpropanoyl glucose esters
show substrate promiscuity as they form glucose esters of a variety of (hydroxyl)
cinnamic acids and (hydroxyl)benzoic acids, including gallic acid, and might also
to be involved in the biosynthesis of ellagitannins [54].

Monolignols are the precursors of lignins, which are integrated into the cell walls
of higher plants to enhance shoot stabilization. They are converted to glycosides by
GTs, as has been shown for UGT72B1 from Arabidopsis, which catalyzes the glu-
cosylation of coniferyl alcohol and coniferyl aldehyde [113]. Over-expression of
PtGT1 from poplar (Populus tomentosa) in tobacco plants led to increased lignin
content and an early flowering phenotype [114], indicating that monolignol gluco-
sides might play a role in the formation of lignin in plant cell walls (although their
specific functions remain elusive) [115].

Coumarins are yet another group of phenylpropanoids relevant for industry.
Coumarin (1-benzopyran-2-one), the eponym of this class of metabolites, is com-
monly used in perfumes and fragrances because of its vanilla-like odor. In planta,
coumarins are hydroxylated, which enables glycosylation of these functional
groups, and these metabolites rarely occur in aglycon form. Two GTs from tobacco
were found to glucosylate scopoletin (6-methoxy-7-hydroxycoumarin), which is
considered a phytoalexin because it possesses antimicrobial properties and is accu-
mulated by plant tissues upon pathogen infection [116]. Glycosylation of umbel-
liferone (7-hydroxycoumarin), another hydroxycoumarin with phytoalexin activity,
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was recently reported to be mediated by PNgt1 and 2, two GTs from Ipomoea morn-
ing glory (Pharbitis nil) [117].

9.5.1.2 Flavonoids, Anthocyanins

Flavonoids, which arise from phenylpropanoids by condensation with three mole-
cules of malonyl CoA, are characterized by a 15-carbon flavan skeleton (Fig. 9.4)
(see also Chap. 4 of this book). Among them are anthocyanins — glycosylated plant
pigments responsible for fruit color [118]. The first plant GT gene was identified in
a study on the genetic instability of transponsons in maize. Bronze I, the gene
responsible for the dark pigmentation of maize grains later turned out to encode an
anthocyanidin GT [101]. In most cases, UDP-D-glucose serves as the preferred
sugar donor for plant GTs, which is the reason why glucosides are so abundant in
the plant kingdom. However, in red-fleshed kiwifruit (Actinidia chinensis) cyanidin
3’-0-xylo-3-O-galactoside is the main anthocyanin. It is formed by two sequential
glycosylation steps. The first sugar (galactose) is transferred by F3GT1, whereas
xylose is transferred by F3GGT1 [87]. Similarly, malvidin-3,5-O-bis-glucoside is
synthesized by two sequential glycosylation reactions, but the monosaccharides are
transferred to different positions of the anthocyanidin skeleton. The second glyco-
sylation step is catalyzed by 5-O-glucosyltransferase Va5GT from grape (Vitis amu-
rensis), which converts malvidin-3-O-glucoside to the corresponding
3,5-0O-bis-glucoside [119, 120]. RhGTI1, a dual function anthocyanidin
3,5-O-glucosyltransferase from Rosa hybrida, produces the 3,5-O-bis-glucoside
directly from anthocyanidins and is able to glycosylate a wider spectrum of flavo-
noid metabolites including apigenin (flavone) and galangin (flavonol) [121]. The
diversity of plant natural products originates from such combinatorial
modifications.

9.5.1.3 Dihydrochalcones, Acylphloroglucinol, Stilbenes, Curcumin
Phloretin derivatives are classified as dihydrochalcones and belong to the group of
acylphloroglucinols (Fig. 9.4). They are the main phenolic metabolites in apple
(Malus x domestica) and pear (Pyrus communis) leaves, where they are thought to
act in pathogen resistance [122]. They mainly occur in glycosylated form, with
phloridzin (phloretin 2’-O-glucoside) being the most abundant product [123].
Phloridzin is produced by a GT in apple and pear that is specific for the acceptor
substrate phloretin but shows relaxed activity for the donor substrate. MdPGT1 can
glycosylate phloretin in the presence of three sugar donors: UDP-glucose, UDP-
xylose and UDP-galactose [124-126]. Trilobatin (phloretin-4'-O-glucoside) is
formed by MdPh-4'-OGT in apple [127].

Only recently, acylphloroglucinols have also been discovered in strawberry fruit
[128]. They are synthesized by a dual functional chalcone/valerophenone synthase,
which readily catalyzes the condensation of two intermediates in the branched-
chain amino acid metabolism, isovaleryl-Coenzyme A (CoA) and isobutyryl-CoA,
with three molecules of malonyl-CoA to form phlorisovalerophenone and phloriso-
butyrophenone, respectively. Glucosylation is finally catalyzed by the promiscuous
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H O
Ry =H, R; =H, Ry = H, Ry = OH apigenin
Ry =O0H, Ry = H, Ry = H, Ry = H galangin
Ry =0H, Rz = H, R3 = H, Ry = OH kaempferol
Ry =0H, R; = H, Ry = OH, Ry = OH quercetin
Ry =0H, Rz =H, Ry = H, Ry = OH scutellarein

Fig. 9.4 Chemical structures of GT acceptor molecules
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UGT71K3 enzyme [129], which also participates in the glucosylation of the key
strawberry flavor compound 4-hydroxy-2,5-dimethyl-3(2H)-furanone [130].

Similar to coumarins, stilbenes are considered as phytoalexins but are also
thought to act in defense response signaling and protection against UV-radiation
[131]. Trans-resveratrol (trans-3,5,4'-trihydroxystilbene) has received attention
lately, as it lowered blood pressure and insulin resistance when administered to
rodents [132]. Glucosylation of resveratrol significantly increases its solubility and
is catalyzed by PaGT3 (in Phytolacca americana) [133] or a bi-functional resvera-
trol/hydroxycinnamic acid glucosyltransferase (in Vitis labrusca) [134]. Four dif-
ferent glucosides of resveratrol, namely resveratrol 3-O-p-D-glucoside, resveratrol
4'-0-B-D-glucoside, resveratrol 3,5-O-p-D-diglucoside, and resveratrol 3,5,4’-O-f-
D-triglucoside are produced by an UDP glucosyltransferase from Bacillus licheni-
Sformis [21] (see also Chap. 3 of this book).

Curcumin is the yellow pigment of turmeric, the dried rhizome of Curcuma
longa. 1t is used primarily as food colorant, but also supposedly possesses pharma-
cological activity. However, its low water solubility limits further pharmacological
exploration and practical application. Thus, glucosylation of curcumin was ana-
lyzed in cultured Catharanthus roseus cells and two GTs were characterized.
CaUGT?2 catalyzed the formation of curcumin monoglucoside from curcumin and
also the conversion of curcumin monoglucoside to curcumin diglucoside [135],
whereas UCGGT catalyzed the 1,6-glucosylation of curcumin 4’-O-glucoside to
yield curcumin 4’-O-gentiobioside [136].

9.5.1.4 Terpenoids

Terpenoids are synthesized in-vivo via two biosynthetic pathways, either by the
mevalonate or the 2-C-methyl-D-erythritol 4-phosphate/1-deoxy-D-xylulose
5-phosphate (MEP/DOXP) pathway [137]. In plants, terpenoids are involved in
defense and stress response, and plant insect interaction [138]. Many terpenoids are
fragrant volatile metabolites used in many different industrial applications, primar-
ily in the fragrance and food sectors. The monoterpene alcohol geraniol is a com-
mercially highly relevant terpenoid, as it possesses an odor commonly associated to
rose flowers [139]. In addition, it is also a crucial flavor contributor in various grape-
vine varieties, and several monoterpenol GTs mediating gluco-conjugation of gera-
niol among other terpenoid alcohols have been reported recently [53, 140]. Similarly,
AdGT4 from the kiwi plant (Actinidia deliciosa) glycosylates a range of terpenes
and primary alcohols which are found as glycosides in ripe kiwifruit. Two of the
enzyme’s preferred primary alcohol aglycones, hexanol and (Z)-hex-3-enol, con-
tribute strongly to the ‘grassy-green’ aroma notes of ripe kiwifruit [141]. In tea
plants (C. sinensis) terpenoid alcohols are stored as p-primeverosides, diglycosides
formed from glucose and xylose, by the sequential action of CsGT1 and CsGT2
[142].
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9.5.2 Plant Hormones

Phytohormones are bioactive compounds of plant origin that function as messenger
molecules and play essential roles in germination, growth, development, and
defense reactions. They are thought to be glycosylated by GTs to sustain cellular
homeostasis, in other words to maintain an equilibrium of active and inactive (non-
glycosylated and glycosylated) products [143]. Brassinosteroids, a family of steroid
hormones, regulate cell division and elongation. In A. thaliana it was shown that
homologous UGT73C5 and UGT73C6 catalyze the glucosylation of the brassino-
steroid castasterone, thereby causing its inactivation [144, 145]. Likewise, cytoki-
nins are involved in plant growth but also environmental responses, and GT activity
on cytokinins such as cis-zeatin has been verified [146]. Similarly, GT mediated
glucose esterification of auxins [147] and abscisic acid [148] has been shown, and a
promiscuous GT enzyme from the immature seeds of morning glory (Ilpomoea nil)
glucosylates 2-frans-abscisic acid, indole-3-acetic acid, salicylic acid (SA) and
(+/—)-jasmonic acid [149].

9.5.3 Miscellaneous Substrates (Alkaloids, Benzoxazinoids,
Furanones, and Xenobiotics)

Alkaloids are bioactive nitrogen-containing plant metabolites derived from amino
acids (see also Chap. 5 of this book). Capsaicinoids are branched or straight-chain
alkylvanillylamides produced by species of the genus Capsicum, which are impor-
tant sources of foods, spices, and medicines. Capsaicin (8-methyl-N-vanillyl-6-non-
enamide) is the most poignant compound among naturally-occurring capsaicinoids
and shows interesting bioactivity. However, capsaicinoids exhibit low water-solu-
bility and are consequently only poorly absorbed after oral administration [150].
The search for capsaicinoid GTs yielded PaGT3, which was isolated from poke-
weed (P. americana) and converted capsaicin and 8-nordihydrocapsaicin to their
corresponding glucosides [150].

Benzoxazinoids (Bx) are defensive metabolites in various species of the Poaceae
and are derived from tryptophan. DIBOA (2,4-dihydroxy-2H-1,4-benzoxazin-3(4H)-
one) and its C-7-methoxy derivative DIMBOA are the predominant benzoxazinoids in
maize, and were reported to be glucosylated by the GT Co-BX8 from larkspur
(Consolida orientalis) [151]. The Bx-glucosides possess reduced toxicity compared to
the aglycons and are stored in the vacuole. When the cells are disrupted upon wounding
and/or infection, the toxic aglycons are released by a pre-existing f-glucosidase (Glu)
that accumulates in plastids, defining them as phytoanticipins [152].

Furanones such as the key strawberry flavor compound 4-hydroxy-2,5-dimethyl-
3(2H)-furanone (HDME, furaneol®) are downstream metabolites of fructose-1,6-di-
phosphate [153]. HDMF is synthesized during strawberry development but becomes
glucosylated by UGT71K3a and UGT71K3b, rendering the volatile odorless [130].
UGT71K3 isozymes are promiscuous and also accept acylphloroglucinols and vanil-
lin as acceptor molecules, probably due to structural similarities with HDMF [129].
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Xenobiotics are man-made chemical substances, such as pesticides and indus-
trial chemicals that form residues in plants. Some of these have cytotoxic effects,
but plants can prevent these by conjugating xenobiotic breakdown products to sugar
residues. The explosive 2,4,6-trinitrotoluene (TNT) is one such chemical contami-
nating soil and groundwater today. Six GTs from A. thaliana were found to gluco-
sylate hydroxylaminodinitrotoluenes and aminodinitrotoluenes, degradation
products of the TNT-metabolism [154], while 44 GTs catalyzed the O-glucosylation
of chlorinated phenols, but only one, UGT72B1, showed appreciable N-glucosylating
activity toward chloroanilines [155]. Similarly, FaGT2, a multifunctional GT
enzyme from strawberry fruits, is involved in the metabolism of natural and xenobi-
otic compounds, such as the herbicide 2,4,5-trichlorophenol and the herbicide ana-
logue 3,5-dichloro-4-hydroxybenzoic acid [156].

9.6 Glucoside Production by Whole Cell Biocatalysts

Natural product glycosides/carbohydrate esters are new and promising bioactive
substances with prospective in functional foods, drug development, cosmetics, and
many other applications [157, 158]. The bio-catalytic synthesis of glucosides using
GT enzymes has many advantages over classic chemical approaches [159]. The
production can be carried out either in-vitro, employing purified, heterologously
produced enzyme [160-162], or in-vivo, utilizing a whole-cell biotransformation
system [74, 133, 163, 164]. Production of glycosides using living cells provides
major advantages (Fig. 9.5) [77, 165, 166], as the cells can be grown to high density
and cultivation is cost-efficient compared to chemical approaches or in-vitro sys-
tems. Furthermore, if supplied with appropriate nutrients, the cells will be able to
take up the substrates by diffusion or active transport. Consequently, endogenous or
exogenous GTs glycosylate the substrates and the products are excreted into the
medium, where they can be easily collected as the biocatalyst can readily be
removed. Moreover, addition of co-factors is not required, since the cells provide
their own recycling machinery [162]. Since many plant genomes and consequently
GT sequences are publicly available, the next step in the development of whole-cell
biocatalysts, currently applied in newest research, is the creation of transgenic cells
overexpressing the genes of interest (Table 9.1). However, the whole-cell approach
has also some limitations [189]. Often the availability of the substrate is restricted
by its solubility, and too high concentrations can be toxic for the cells. Furthermore,
some substrates are not able to enter the cells [159].

9.6.1 Production System

Glycoside production using whole-cell biocatalysts can be performed in two techni-
cal production systems; shaking flasks and stirred-tank reactors.

Production in partitioned shaking flasks, as described for the production of
B-glucosides employing plant GTs, consists of three sequential steps [162, 166]. (I)
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Fig. 9.5 Possible starting points for optimization of the whole cell biocatalyst (host cell).
Utilization of improved plasmids to regulate heterologous GT expression (a) (ori: origin of replica-
tion, ABR: antibiotic resistance). Amino acid sequence mutation for enhanced protein expression,
increased enzyme stability, modified substrate specificity and enzymatic activity (b). Host
improvement through deletions and insertions/additions to the host genome, including metabolic
engineering to improve the metabolic flux towards glycoside formation (c). R alkyl or aryl

Biomass production: Recombinant cells are grown to a high cell density using a
complex medium. (II) GT production: The culture medium is changed to a defined
minimal medium. This is done to reduce unwanted byproducts and to simplify the
downstream applications. Subsequently, the expression of the recombinant GT is
actively induced. (III) Glycosylation: The aglycon is added to the medium and the
conversion takes place. Although the use of shaking flasks is simple, it offers very
little process control and is not suitable for up-scaling.

The stirred-tank reactor on the other hand offers superior aeration and can be
scaled up [166]. Furthermore, it provides online data like, among others, pH value,
precise temperature, and dissolved O, concentration. This enables a more precise
control of the process by, for example, using intelligent software and protocols
[190]. The production of 3-O-xylosyl quercetin using an engineered E. coli strain
was improved through up-scaling. By changing the cultivation vessel from 5-mL
culture tubes to a 3-L bioreactor, the production of quercetin 3-O-xylose was
boosted from 55-98% [170].
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9.6.2 Types of Whole-Cell Biocatalysts

Presently, E. coli is the biocatalyst of choice in most natural product glycol-diversi-
fication approaches, as it is a well-studied bacterium with many genetic tools already
available [191] (Table 9.1). A broad range of natural plant products has already been
successfully glycosylated in transgenic E. coli cells expressing GTs [192]. The fla-
vonol quercetin was transformed to the 3-O-rhamoside and 3-O-N-acetylglucosamine
by E. coli cells expressing GTs from A. thaliana [172, 174], and anthocyanidins
[167], kaempferol [171] and 2(4-hydroxyphenyl)ethanol [182] were glycosylated
employing various GT enzymes in transgenic E. coli cells (see also Chap. 4 of this
book). C-glucosides of flavonoids and related compounds (2-hydroxyflavanone,
dihydrochalcone, and trihydroxyacetophenone) were produced by E. coli express-
ing a buckwheat C-glucosyltransferase [178].

However, depending on the substrate compatibility or the final application, a dif-
ferent host organism might be of advantage. For example, Saccharomyces cerevi-
siae cells expressing GTs from Dianthus caryophyllus (carnation) or Scutellaria
baicalensis have been successfully applied as whole-cell biocatalyst for the produc-
tion of naringenin glucosides [177] and scutellarein 7-O-glucoside [164], respec-
tively. Furthermore, yeast expressing an Arabidopsis GT was used for the production
of zearalenone 4-O-glucoside [60], and Schizosaccharomyces pompe cells express-
ing human GTs were utilized for the generation of drug metabolites [180].
Additionally, the GT-mediated production of rebaudioside A from stevioside was
catalyzed by an engineered S. cerevisiae strain [74].

Plant cells have also been used as biocatalysts in glycosylation processes.
Glucose esters of cinnamic acid, 4-coumaric acid, caffeic acid and ferulic acid were
produced by suspension-cultured cells of Eucalyptus perriniana [193], and bio-
transformation of raspberry ketone and zingerone to the correspondent glucosides
was achieved by cultured suspension cells of P. americana [194]. p-Thujaplicin
(hinokitiol), a tropolone derivative present in the heartwood of cupressaceous plants
and used as medicine, food additive, and preservative, is transformed by cultured
plant cells of Nicotiana tabacum to two glucosides and two gentiobiosides [195].

9.6.3 Process Optimization

Although living cells as biocatalysts provide advantages over in vitro cell-free sys-
tems, there are also limitations. The harvested product suspension may contain cell
debris, secretion products of the host metabolism, and other by-products, which
result in more intensive downstream purification. Some organisms also express their
own glycosyltransferases potentially interfering by drawing co-factors and UDP-
sugars, and produce unwanted side-products. Depending on the choice of host
organism, only specific metabolic pathways employing specific carbon sources are
available for glucoside production. However, decisive progress has been made to
overcome these hindrances. Nowadays, many properties can be added to or removed
from the employed host or enzyme using strategies such as those shown in Fig. 9.5.
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9.6.3.1 Vector Conveyed Process Optimization

Many studies engaged in optimizing the product formation use vector construct
transformation strategies (Fig. 9.5a). Glycosides produced by E. coli strains are
mostly conjugates of glucose or galactose. However, more and more UDP-sugar
modifying enzymes are being identified and investigated. Microorganisms contain-
ing plasmids that harbor one or more of these enzymes can produce a broader range
of different activated sugars and corresponding glycosides. Bioactive flavonol
3-O-rhamnosides have been successfully synthesized via co-transformation of two
vectors in E. coli containing a flavonol rhamnosyltransferase and a rhamnose syn-
thase both from A. thaliana [172]. The heterologously expressed rhamnosyltrans-
ferase produced rhamnosides and the rhamnose synthase ensured the conversion of
UDP-glucose into UDP-rhamnose, thereby increasing the product formation rate.
The NDP-sugar biosynthesis circuit of E. coli was also shifted towards the produc-
tion of flavonoid glucosides and rhamnosides by employing a multi-monocistronic
synthetic vector containing multiple genes [183]. Another study employed GTs and
a sucrose synthase in enzymatic cascade reactions to enable utilization of sucrose as
a carbon source, and to facilitate in-sifu recycling of the NTP-sugar donor from the
NDP leaving group [162]. Correspondingly, shifting of the nucleotide sugar path-
ways of E. coli towards the production of UDP-xylose and -arabinose for
GT-conveyed synthesis of flavonoid O-pentosides was demonstrated [86]. To pro-
duce flavonoids attached to sugars such as glucuronic acid and galactoside, E. coli
was genetically modified to express GTs specific for UDP-glucuronic acid
(AmUGTI10 from Antirrhinum majus and VVUGT from V. vinifera) and UDP-
galactose (PhUGT from Petunia hybrida), along with the appropriate nucleotide
biosynthetic genes to enable simultaneous production of their substrates, UDP-
glucuronic acid and UDP-galactose [169]. Using these strategies, luteolin-7-O-
glucuronide, quercetin-3-O-glucuronide, and quercetin 3-O-galactoside were
successfully synthesized.

Overall, the success of metabolic engineering depends on a balanced expression
of the biosynthesis enzymes. Factors that influence protein levels include gene copy
number, promotor strength, ribosomal binding site (RBS), inducer concentration
and codon usage [191, 196]. Besides, coupling to a fusion partner like GST (gluta-
thione S-transferase), NusA (N-utilization substance protein A), MBP (maltose-
binding protein), Trx (thioredoxin) or SUMO (small ubiquitin-related modifier) can
increase enzyme solubility and prevent accumulation of inactive protein aggregates,
thus providing enhanced biocatalytic activity [191].

9.6.3.2 UGT Optimization

Another strategy to improve the product yield and diversity is to optimize
enzyme function (Fig. 9.5b). Usually, the GT is chosen for a specific activity or
for its promiscuity towards a spectrum of aglycon substrates. However, if an
enzyme with the desired substrate specificity is not available, known GTs can be
modified. For example, the protein sequence of the GT OleD from Streptomyces
antibioticus was mutated to broaden the accepted substrate spectrum. A more
than 180-fold higher activity towards the therapeutically important acceptor
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7-hydroxycoumarin-4-acetic acid was achieved [197]. The most common
approach to achieve improved or altered substrate specificity, usually involves
mutating amino acids positioned in the active cleft of the enzyme. For example,
the activity of GTs from Panax ginseng towards ginsenosides, bioactive natural
glycosides from the ginseng plant, was altered by this approach [184]. However,
other researchers demonstrated that also amino acid substitutions outside of the
active cleft, but in its vicinity, can procure changed product conversion rates
[53, 54], and alteration of sugar donor specificities of plant GTs [103]. The cata-
lytic mechanism and basis for O- and N-glucosylation specificity was also
probed by mutagenesis and domain shuffling [198]. Mutation of an O-specific
GT at just two positions installed high levels of N-GT activity, whereas molecu-
lar modeling revealed the connectivity of these residues to the catalytically
active histidine-19 on UGT72B1, with its mutagenesis exclusively defining N-
GT activity in UGT72B1.

Furthermore, it is imperative to secure a balanced protein expression, as overex-
pressed enzymes are a metabolic burden for the cell. This can lead to protein aggre-
gation or incorrect folding, in addition to subsequent formation of enzymatically
inactive inclusion bodies. Accumulation of inactive protein aggregates can be pre-
vented by co-expression of proteins that assist in folding. It has been demonstrated
that co-expression of recombinant GT enzymes with chaperones resulted in an
increased enzymatic activity and a lower aggregation rate [199].

9.6.3.3 Host Genome Optimization — Metabolic Engineering

Along with process optimization through extrachromosomal gene expression,
modification of the host metabolism can also be achieved by direct insertion/dele-
tion of sequences into/from the genome (Fig. 9.5¢). Thereby, futile metabolic
cycles can be shut down, and product utilization by the host and nonessential
metabolic effluxes can be avoided. Although plasmids are a quick and easy way to
test out new enzyme additions without having to design a whole new expression
cassette, permanent changes by gene deletion/insertion secure a stable metabo-
lism within the cell population. However, in most cases, a combined approach of
extra- and intra-chromosomal modifications achieves the best results. Figure 9.6
illustrates how the metabolic carbon flow of E. coli Waksman was modified to
exclusively use sucrose and fructose as cheap carbon sources for the production
of phenolic glucose esters [186]. The vector conveyed introduction of the sucrose
phosphorylase from Bifidobacterium adolescentis, and the permanent deletion of
the endogenous phosphoglucomutase gene created a split in the usage of sucrose.
In this manner, half of the carbon was utilized for the production of phenolic glu-
cose esters, while the second half was spared for other cell metabolism. Another
strategy to increase GT product formation is the deletion of UDP-glucose con-
suming pathways, e.g. the UDP-glucose hydrolase (ushA) in E. coli, to prevent
metabolization of the co-substrate UDP-glucose and to promote glycosylation
reactions [163, 175] (Fig. 9.7a). The production of 3-O-xylosyl quercetin was
improved in mutant strains deficient in phosphoglucoisomerase (pgi), D-glucose-
6-phosphate dehydrogenase (zwf) and ushA genes, paired with over-expressed
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strain used for glycoside production (b) [170]. Up-regulated and deleted enzymes are shown in red
and blue, respectively

UDP-xylose biosynthetic genes phosphoglucomutase (pgm), glucose 1-phosphate
uridylyltransferase (galU), UDP-glucose dehydrogenase (calS8) and UDP-
glucuronic acid decarboxylase (calS9) [170]. Thereby, the level of glucose-
1-phosphate, UDP-glucose and consequently of UDP-xylose was increased
(Fig. 9.7). A similar engineered E. coli mutant, lacking the over-expressed UDP-
xylose biosynthetic genes, was further developed for the efficient whole-cell bio-
catalysis of flavone 7-O-p-D-glucopyranosides [168], phloretin glucosides [187]
and isoflavonoid glucosides [188].

The deletion of galU can also be used to shift the metabolic pathway of E. coli
towards the formation of alternative sugar donors, such as UDP-N-acetyl-D-
glucosamine [174] and dTDP-6-deoxytalose [173], thereby increasing the produc-
tion of novel quercetin glycosides employing extrachromosomal GTs.

Combinatorial intra- and extrachromosomal optimization approaches have
recently been introduced as a successful strategy to increase product yields [167].
The authors made use of previously published advances, such as the optimization of
the medium pH and the UDP-glucose supply, as well as introducing gene expression
cassettes [176, 179, 200]. They combined these conditions with (i) optimized culture
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conditions and induction parameters, (ii) a bicistronic expression cassette for bal-
anced co-expression of a GT and a precursor forming enzyme, and (iii) overexpres-
sion of transporter proteins for improved transportation of substrate and product
across the host cell membrane. In doing so, a final titer of 350 mg/L of cyanidin
3-0-glucoside was achieved [167].

Aside from E. coli, other biocatalysts have been successfully engineered as well.
For example, the metabolism of yeast strains was optimized by integration of mul-
tiple genes including GTs into the genome for de novo biosynthesis of ginsenosides
and vanillin glucosides [14, 181, 184, 185] (see also Chap. 1 of this book).

9.7 Recent Applications of Glycosyltransferases
for Production of Small Molecule Glycosides

Numerous remarkable characteristics arise from the glycosylation of natural prod-
ucts providing auspicious applications in new drug development, making it a hotspot
in natural product biosynthesis and modification. Natural and biological approaches
for glycosylation of aglycons to form glycosides have attracted substantial attention
and interest, as it involves the formation of novel compounds under mild conditions.
In comparison to ‘traditional’ chemical synthesis methods, biotransformation
implements an environmentally friendly option for the synthesis of fine chemicals.
GT enzymes that partake in the biosynthesis of natural products have demonstrated
to be advantageous for the chemo-enzymatic synthesis or biosynthesis of functional
compounds with new bioactivities. This enzymatic process influences their biologi-
cal and chemical properties by the attachment or alteration of sugar moieties in
natural or synthetic compounds. The common strategy utilizes the promiscuity fea-
ture of natural product GTs by transferring various sugar moieties to different agly-
cons in-vivo or in-vitro. Precise regio/stereo-selectivity and moderate reaction
conditions lay the groundwork to manipulate and apply the enzymatic glycosylation
of natural product GTs. In the recent years, the composed research and known fea-
tures aid in the comprehensive understanding and has shed light on many GT
sequences, which have been correlated with novel glycosylation reactions and per-
spective applications of GTs.

9.7.1 Glycosyltransferases and Glycosylation in Product
for Consumer Consumption

In the 1960s, the discovery and extraction of glycol-conjugated forms of monoter-
pene alcohols has unraveled a new expanse of nonvolatile aroma precursors where
researchers can indulge in the study of scents and flavor [4]. In general, nonvolatile,
glycosylated aroma precursors produce an aroma when the glycosidic bond is
removed and the molecule becomes volatile, and is then able to interact with the
olfactory receptors [4, 67, 201-203]. The applications of fragrance and flavor chem-
ical compounds have been vastly applied in food, medicine, tobacco, textiles,
leather, papermaking, cosmetics, and further products for consumer consumption
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[4]. Among the many aromatic compounds, vanillin, phenylethanol, benzyl acetate,
linalool, menthol, and geraniol are economically important aroma chemicals, which
exceed annual consumption rates of 5000 tonnes [4, 137] (see also Chap. 1 of this
book).

Terpenes are volatile, unsaturated hydrocarbons that serve as essential oil con-
stituents of many plants and are often used as natural flavor additives for food, fra-
grances in perfumery, as well as medicine, and aromatherapy [4, 204]. A number of
volatile hemiterpenoids (C5), monoterpenoids (C10), and sesquiterpenoids (C15)
greatly contribute to the odor of a product. At the same time, higher terpenoids can
contribute to the perception of taste. As an example, steviosides are sweet tasting
glycosides of the diterpenoid steviol extracted from Stevia rebaudiana, a herb from
the Asteraceae family [205]. These glycosylated secondary metabolites are bioac-
tive constituents of the commonly used sweetener, Stevia. Aside from other metabo-
lites found and glycosylated in the fruit tissue, the steviol glycosides are
biosynthesized in the leaf tissue [206]. Steviol glycoside synthesis commences with
steviol, which is a product from the MEP pathway (Fig. 9.2). The subsequent four
steps include the addition of sugar molecules to the carbon backbone catalyzed by
GTs. The final product of this multi-step process is the glycosylated rebaudioside A,
which is transported to the vacuole for storage [207]. Previous studies of the various
enzymes involved in steviol glucosylation led to the isolation of two protein frac-
tions from S. rebaudiana leaves revealing significant GT activity [207, 208]. Each
enzyme possessed a unique activity; one that exhibited high specificity and ability
to catalyze the transfer of UDP-glucose to steviol and subsequent glycosides, and a
second that exhibited low specificity and activity. Interestingly, both enzymes were
found to also accept flavonol substrates, such as kaempferol, quercetin, and hydro-
quinone [206]. The different properties of the individual glycosides can vary signifi-
cantly, and their characteristics are determined by the type of sugar and pattern of
glycosylation. Among various tested steviolglycosides, rebaudioside A was ascer-
tained as the sweetest tasting and least bitter glycoside [73]. Thus, several biotech-
nological processes involving GTs have already been suggested to manipulate the
glycosylation status of steviosides [70-74].

Similarly, a plant GT partially purified from pomelo fruits has been immobilized
and used in bioprocessing for de-bittering citrus juice by converting the astringent
triterpene limonoid into glycosides [209].

Monoterpenes (linalool, menthol, and geraniol) are volatile and predominantly
poorly water-soluble flavor and fragrance compounds, thus limiting their utility for
industrial applications. The glycosylation of these monoterpenes enhances their
water-solubility, thus rendering them odorless. Therefore, they are of interest for the
flavor and fragrance industry due to the possibility of a controlled release of the
bound aroma compound upon cleavage of the glycosidic bond. Moreover, monoter-
pene glycosides have been proposed to inhibit unpleasant odor for various products,
enhance the quality of cigarette smoke, augment the aroma of freshly cut flowers,
and improve longer-lasting deodorants. Besides, they can be utilized in personal
hygiene products for continuous release of scents and as air fresheners [4]. Utilizing
odorless volatiles bound via a glycosidic bond as fragrance materials was


https://doi.org/10.1007/978-3-319-67903-7_1

9 Tailoring Natural Products with Glycosyltransferases 249

exemplified by incubating skin microflora with numerous glycosides. The majority
of the glycosidically bound volatiles, in particular B-D-glucosides of monoterpenes,
are hydrolyzed by glucosidases excreted by the skin microbiome, thereby releasing
the aglycones as fragrance ingredients [210, 211].

GTs are mainly involved in natural product glycosylations via O-glycosidic
bonds. In contrast, glycosylation at the carbon atom (C-glycosylations) is quite rare,
and only a few C-GT enzymes are therefore available [155]. Aryl glycosides are
derived from aglycons resembling flavonoids, which denote either an O- or
C-glycosidic bond [212]. These glycosides have been proposed to show significant
biological activities, including antioxidant properties, antiviral, and cytotoxic
impacts [213, 214]. Commonly, direct isolation from plants is impractical and
chemical methodologies involve a series of steps resulting in poor yield and toxic
byproducts. Therefore, a single-step reaction catalyzed by GTs in-vitro represents a
powerful tool for the synthesis of aryl C-glycosides [215]. Nothofagin (3-C-glucoside
of phloretin) is a natural secondary metabolite found in redbush herbal tea with
applications in the food industry [216]. For a proficient synthesis of nothofagin, a
C-GT reaction was coupled to an enzymatic supply of glucosyl donor substrate in-
situ. This step-by-step reaction results in efficient and high-yielding bio-catalytic
production of nothofagin [215].

9.7.2 Glycorandomization

GT enzymes with broad substrate specificity have been utilized in the development
of powerful tools for glycorandomization [217]. This has led to the development of
an E. coli platform for the combinational biosynthesis of antibiotics where numer-
ous new glycoderivates were generated, some of which may become valuable drug
candidates [218]. Another ‘in-vitro glycorandomization’ experiment is based on the
flexibility of glycosyltransferases fD and fE (GtfD, GtfE). These two GTs were
used on NDP-sugar libraries to generate glycorandomized natural products and then
the applied method of chemo-selective ligation produced monoglycosylated vanco-
mycins. The obtained products’ bioactivity varied significantly and at the same time
possessed notably improved antibacterial properties [219].

9.7.3 Glycosyltransferases and Their Role in Cancer Therapies

In the 1970s, mitoxantrole (MXT), a synthetic anthracenedione, was discovered and
developed for the treatment of various human cancers [220, 221]. Additionally,
MXT has been proposed to exhibit in-vivo activity against rheumatoid arthritis in
several animal models [222]. Moreover, MXT supposedly acts as anti-tuberculosis
agent, functioning through the inhibition of a specific mycobacterial kinase (PknB)
controlling pathogen growth and evolvement [223]. However, MXT treatments are
associated with various serious side effects such as irreversible cardiomyopathy.
Therefore, stimulating research to generate analogues with diverse therapeutic
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effects, such as increased potency and reduced cardiotoxicity, has been conducted
[224-226]. The recently identified GT OleD produced by S. antibioticus catalyzes
the transfer of a glucose moiety from UDP-Glucose to various macrolide antibiotics
[227]. Protein engineering of OleD and subsequent screening for variants capable of
executing extended glycosylation reactions has led to the discovery of a promiscu-
ous triple mutant, OleD-ASP [228]. Initial liquid chromatography mass-spectrome-
try (LC-MS) evaluation of the OleD-ASP acceptor flexibility revealed its ability to
glycosylate a range of pharmaceuticals including anthraquinones, indolocarbozoles,
polyenes, cardenolides, steroids, macrolides, beta-lactams, and enediyenes [217].
As engineered GT with unique promiscuity, OleD-ASP, was shown to regio- and
stereo-selectively modify and glycosylate also MXT, thus providing an asymmetric
MXT 4'-p-D-glucoside [228]. Interestingly, OleD-ASP is the first engineered GT
that is able to asymmetrically glycosylate an anticancer drug whilst retaining its
activity. At the same time, this is a single-step reaction requiring no protecting
groups or sugar activation guidance. The single glucoside of MXT may potentially
offer a beneficial toxicity profile leading to a reduction of side effects with the
potential to be further optimized [228].

9.8 Conclusions and Future Prospects

Synthetic biology has been driven by the development of new powerful tools for
DNA synthesis, sequencing and genome editing, which enable microbial engineer-
ing for the production of pharmaceuticals and other high-value chemicals. There is
great diversity in the type and number of sugar units that could be added to naturally
occurring aglycones, and the biological relevance remains elusive [229]. It is antici-
pated, that the attachment of sugars to natural products, or altering an existing sugar
moiety, can improve pharmacological properties and specificity at multiple levels.

Glycotechnologies have been used for the generation of novel glycosylated com-
pounds either in in-vitro or in-vivo experiments. Several GTs are suitable for alter-
ing glycosylation patterns, but strict substrate specificity remains a limiting factor in
natural product diversification. Engineering GTs is the most promising way to dis-
cover and develop new GTs with clearly defined specificities. Suitable high-
throughput screening systems will support glycodiversification technologies.
Further structure elucidation of GTs will help to understand the mode of action of
these enzymes [229]. Modifying the specificity of current natural product GTs and
enhancing the biosynthetic technologies in the discovery of new GTs to improve the
yields of applicable natural products, is increasingly becoming of utmost impor-
tance for researchers.
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