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Chapter 1: General introduction

Introduction
For many centuries, micro-organisms (and their enzymes) have been employed
for the production of bread, beer, vinegar, etc. without any understanding of the
underlying biochemical principles. At present, we know that enzymes are
nature’s highly efficient and specific catalysts, performing a diverse array of
reactions. Enzymes catalyze all processes essential for life such as DNA
replication and transcription, protein synthesis, metabolism, etc. Conventional
enzyme applications include the addition of proteases and lipases to laundry
detergents, the clarification of fruit juices by pectinases or denim washing by
cellulases (bio-stonewashing).

More recently, enzymes have gained interest as industrial biocatalysts, due to
their ability to perform highly specific chemical reactions in aqueous media with
low energy inputs, which makes biocatalysis more cost effective and eco-friendly
than conventional chemical synthesis1,2. Moreover, the advent of recombinant
DNA technology made it possible to produce enzymes in relatively large
quantities, in order to meet the constantly increasing demand3. Initial drawbacks
of biocatalysts, such as low operational stabilities and limited substrate
specificities, can be overcome by enzyme engineering technologies, such as
directed evolution, high-throughput screening of mutant libraries and in silico
rational design4. In 2014, the global market for industrial enzymes was estimated
to have a value of roughly $4.2 billion. A compound annual growth rate (CAGR)
of approximately 7% was predicted, reaching a market of nearly $6.2 billion by
20205.

A fine example of a biocatalytic process with industrial potential is the enzymatic
glycosylation of small molecules. In vivo, glycosylation is a way to structurally
diversify natural products, such as alkaloids, steroids, flavonoids and antibiotics.
Glycosylated molecules typically display different physicochemical and biological
properties than their non-glycosylated aglycons6. The most obvious effect of
glycosylation is the improved solubility of hydrophobic compounds, which has a
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direct impact on their bio-availability. Moreover, the stability of labile molecules
against light and oxidation can be enhanced. For example, glycosylated ascorbic
acid is much more stable against oxidative degradation than the aglycon, making
high-value applications of ascorbic acid in cosmetics possible7. Interestingly, the
flavor of many food ingredients is modified by glycosylation. For example, steviol
glycosides, the molecules which give the leaves of Stevia rebaudiana its sweet
taste, display different degrees of sweetness, bitterness and other off-flavors
depending on the number, location and configuration of the attached glycosyl
moieties8. Glycosylation, more specifically galactosylation, offers the possibility to
target compounds towards the liver as a way of site-specific drug delivery9.
Furthermore, it has been demonstrated that glycosylation is an effective tool for
the modulation of the activity spectrum of glycopeptide antibiotics, a process
known as “glycorandomization”10. These examples illustrate the need for cheap
and efficient glycosylation technologies, useful both in the laboratory and in
industry. This PhD study focused on the optimization of glycosylation reactions
catalyzed by glucansucrase Gtf180 from Lactobacillus reuteri 180 and the
characterization of its glycoside products, with an important emphasis on the
glycosylation of steviol glycosides. This introductory chapter explores the state of
the art glycosylation technologies after which glucansucrase-mediated glycoside
synthesis is further elaborated. The scope of the thesis is presented at the end of
this chapter.

Synthesis of glycosides: state of the art technologies
A wide diversity of glycosides occurs in nature and could in theory be extracted
from their production host (mostly plants). However, extraction is a laborintensive, low-yielding process, restricting its application to highly priced
compounds such as anthocyanins11 and certain polyphenol glycosides12. The
quest for alternative approaches has led to the development of chemical,
enzymatic –and in vivo (bioconversion and fermentation) synthesis of glycosides,
each briefly discussed below.
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Chemical glycosylation

Although a large variety of chemical glycosylation protocols has been developed
over the years, chemical glycoside synthesis still largely relies on four reactions,
differing in the glycosyl donors and the activation agents applied13 (Figure 1).

Figure 1. Glycosyl donors and corresponding activation agents applied in chemical
glycoside synthesis. Ac = acetyl.

Chemical glycosylations generally follow a unimolecular SN1 mechanism
(unimolecular nucleophilic substitution). The activation agent assists in the
departure of the leaving group, resulting in the formation of an oxocarbenium ion
which is then attacked by the nucleophilic acceptor substrate14. Chemists face
two big challenges when developing chemical glycosylation reactions: regio –and
linkage (α or β linkage) selectivity. The former is adequately dealt with by the
application of appropriate protective groups. The latter is determined by the
nature of the protecting group on the C-2 of the donor substrate, i.e. by
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anchimeric assistance or neighboring-group participation. In short: a participating
group, traditionally an acyl moiety, sterically hinders one face of the glycosyl ring,
which results in the stereoselective formation of a 1,2-trans –or 1,2-cis linkage.
Depending on the nature of the donor substrate (e.g. glucose or mannose), this
stereoselectivity is translated into α –or β-selectivity15,16.

The chemical synthesis of glycosides typically includes multiple steps (resulting
in low overall yields), time-consuming activation and protection procedures, the
use of toxic catalysts and solvents and the production of a considerable amount
of waste15. Alternatively, several carbohydrate-active enzymes (CAZymes;
http://www.cazy.org) can be applied for glycoside synthesis, without the
limitations associated with chemical glycosylation. CAZymes display a high regio
–and

stereospecificity,

which

makes

labor-intensive

protection

steps

unnecessary, and act in eco-friendly, aqueous media. This results in a
remarkable improvement in efficiency, as 5-fold less waste is generated and a
15-fold higher space-time yield is obtained, compared to chemical glycoside
synthesis17.

Enzymatic glycosylation

Four classes of CAZymes, each displaying different advantages and drawbacks,
are applied in glycosylation reactions (Figure 2).
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Figure 2. CAZymes and corresponding donor substrates used for enzymatic glycoside
synthesis.

GH

Glycoside

hydrolases;

TG

Transglycosidases;

GP

Glycoside

phosphorylases; GT “Leloir” Glycosyl transferases.

Nature’s glycosylation catalysts are known as “Leloir” glycosyl transferases (GT,
EC 2.4)18. Despite their high specificity and efficiency, their industrial
breakthrough is hampered by their use of expensive nucleotide-activated sugars
(mostly UDP-sugars) as donor substrates. GT-mediated glycosylation with in situ
regeneration of nucleotide-activated sugars by sucrose synthase has been
proposed as most interesting solution, and was demonstrated for the synthesis of
a number of glycosides, e.g. curcumin glucosides19 and quercetin glycosides20.
This strategy not only permits the use of catalytic amounts of UDP, also the
glycosylation yields are increased as reverse glycosylation and inhibition of GT
by high concentrations of UDP are suppressed. Nevertheless, product
concentrations (~ 5 mM) and space-time yields (~ 0.1 g L-1 h-1) are still very low,
complicating scale-up to an industrial level. Heterologous enzyme expression (in
e.g. Escherichia coli), the poor water solubility of many acceptor substrates, and
the inhibition of GTs by substrates and products have been identified as most
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important bottlenecks, with an urgent need for adequate reaction –and enzyme
engineering21.

Glycoside phosphorylases (GP, EC 2.4), on the other hand, utilize glycosyl
phosphates (e.g. glucose-1-phosphate) for the transfer of a glycosyl moiety,
compounds

that

are

easily

synthesized

in

large

quantities.

Sucrose

phosphorylase (SP) can even use inexpensive sucrose as glucose donor
substrate for the synthesis of glycosides. Moreover, SP displays activity towards
a wide array of acceptor substrates, which makes it the most interesting GP for
glycoside synthesis22,23. The main disadvantage of GP is that their glycosylation
yields are significantly lower than those of “Leloir” glycosyl transferases, which is
caused by their low affinity for alternative acceptor substrates 24. Recently,
improved glycosylation yields were achieved by the construction of two SP
mutants with a better accessibility of the active site, allowing the efficient
synthesis of e.g. resveratrol glycosides25,26.

Glycoside hydrolases (GH, EC 3.2.1), in vivo catalyzing the hydrolysis of
carbohydrates, can be manipulated by dynamic or kinetic control to perform
glycosylation reactions in vitro. The former strategy, also called reverse
hydrolysis, consists of shifting the reaction equilibrium towards glycoside
synthesis by increasing the donor and acceptor substrate concentrations, or by
lowering the water content27. This approach is typically used for the glycosylation
of primary and secondary alcohols by exploiting the high operational stability and
robustness of GH towards acceptor substrates and solvents 28. For example, allylβ-D-glucoside was synthesized by almond β-glucosidase in a 90% allyl alcohol
solution with high yield29. Kinetic control implies that the donor substrate is
activated by a leaving group, e.g. a para-nitrophenyl moiety. The leaving group is
released, yielding an activated anomeric center which is then attacked by the
acceptor substrate. The resulting yield is consequently higher than the
equilibrium yield. However, the reaction has to be stopped on time, otherwise the
thermodynamically favored hydrolytic reaction takes over28. To cope with the
inherent hydrolytic nature of GH, many successful enzyme engineering strategies
have been developed over the past years, most notably resulting in the
13
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development of glycosynthases30. These enzymes constitute a class of GH
mutants that promote glycosidic bond formation, provided a suitable activated
glycosyl donor is supplied, but do not hydrolyze the newly formed glycosidic
linkage. A famous example is the E197S mutant of cellulase Cel7B from
Humicola insolens, capable of efficiently glycosylating several flavonoids with
reaction rates that are comparable with those of “Leloir” glycosyltransferases 31.

Last but not least, transglycosidases (TG, EC 2.4) constitute an interesting class
of glycosylation biocatalysts. They only require readily available, non-activated
carbohydrates (e.g. sucrose) as donor substrates for glycoside synthesis. TG are
in fact retaining glycoside hydrolases that are able to avoid water as acceptor
substrate, instead catalyzing the glycosylation of carbohydrates by an intra- or
intermolecular substitution at the anomeric position of a certain glycoside32. In
addition, they can also be applied for glycoside synthesis. Cyclodextrin
glucanotransferases (CGTase, family GH13) have for example been used for the
glycosylation of resveratrol into α-glycosylated products with a conversion degree
of 50%33. Another interesting group of TG are glucansucrase enzymes (family
GH70). The glucansucrase Gtf180-ΔN (an N-terminally truncated version of the
Gtf180 enzyme) from L. reuteri 180 was the glycosylation biocatalyst studied in
this PhD project, therefore glucansucrases are discussed in more detail below.

In vivo glycosylation

The third option to glycosylate small molecules is in vivo synthesis, either by
bioconversion (resting cells) or fermentation (actively growing cells). Most
technologies are based on the overexpression of UDP-glycosyl transferases
(UGTs) in a micro-organism, consequently making use of its intracellular UDPsugar pool. As such, this technology intends to exploit the high specificity of
UGTs while circumventing their main constraint for application in vitro (i.e. high
cost of UDP-sugars)34.

Three major types can be distinguished, differing by the number of microorganisms used and whether the aglycon is added or not: bacterial coupling,
14
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single cell glycosylation and de novo fermentation. As the name suggests, the
bacterial coupling strategy consists of combining different hosts, each fulfilling
one of three steps in the formation of glycosides (i.e. UTP formation, UDP-sugar
formation and UGT-mediated glycosylation).35 Although successfully applied for
the production of oligosaccharides35,36, the inherent complexity of this system
(separate fermentations to obtain high cell densities of each host involved)
makes it an instable and relatively costly process. The development of single cell
glycosylations, merging all steps in one organism, thus is a logical next step.
Depending on the metabolic state of the cell, bioconversion (resting cells) and
fermentation (actively growing cells) can be distinguished. Of the two,
fermentation is preferred as it omits some of the disadvantages associated with
bioconversion. Indeed, the latter often requires permeabilization of the host and
suffers from decreasing productivities over time, caused by cell decay. In
contrast, actively growing cells display enhanced productivities over time34. Later
on, the advances in the field of metabolic engineering even resulted in the
development of de novo fermentation of glycosides, thereby eliminating the need
for the addition of acceptor substrates. A limited number of successful examples,
applying the traditional hosts E. coli and Saccharomyces cerevisiae, are
reported,

e.g.

vanillin

glucoside37,

resveratrol

glucosides38

and

steviol

glycosides8,39.

In general, the currently developed in vivo glycosylation processes all suffer from
very low product concentrations (~ 1 g/L), which can partly be explained by the
low solubility and toxicity of many of the target compounds 37-42. On the other
hand, the described processes lack the ability to efficiently (re)generate UDPsugars, which results in their rapid depletion and, hence, low product yields.
Much effort is thus still required to turn in vivo glycosylation, in whatever form,
into an economically feasible process.
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Case study: Glycosylation of steviol glycosides
The various advantages and disadvantages of the previously discussed
glycosylation technologies are nicely illustrated by using the glycosylation of
Stevia glycosides as case study. The steviol glycosides of the plant Stevia
rebaudiana, native in Paraguay and Brazil, were approved for use as highintensity sweetener (HIS) in food products by the European Commission in
201143. Although the share of HIS in the global sweetener market, estimated at
US$ 68 billion annually, is currently not significant (Figure 3), the HIS market is
predicted to grow significantly over the next years, due to increased consumption
of low-calorie food products, fueled by increased consumer awareness of dietrelated diseases. Stevia is currently the fastest growing HIS and is expected to
reach a value of US$ 565 million by 2020, reflecting a CAGR of 8.5% during
2014-2020, a significantly faster growth than the total sweetener market,
registering a CAGR of 5.7% during the forecast period. The volume consumption
of stevia is expected to reach 8507 tons on an annual basis by the end of 2020,
the majority of which will be used in beverages and table top sweeteners,
collectively accounting for around 72% of the global stevia market 44. Stevia is
projected by the World Health Organization to eventually replace 20% of the
sugar segment, equaling a US$ 10 billion industry45. This is significantly greater
than 2014 sales, estimated at around US$ 347 million44.

Figure 3. Global sweetener market, estimated at $68 billion, and global high-intensity
sweetener (HIS) market in 201444.
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Steviol glycoside

R1 (C-19)

R2 (C-13)

Stevioside

Glc(β1→

Glc(β1→2)Glc(β1→

Steviolbioside

H

Glc(β1→2)Glc(β1→

Rebaudioside A

Glc(β1→

Glc(β1→2)[Glc(β1→3)]Glc(β1→

Rebaudioside B

H

Glc(β1→2)[Glc(β1→3)]Glc(β1→

Rebaudioside C

Glc(β1→

Rha(α1→2)[Glc(β1→3)]Glc(β1→

Rebaudioside D

Glc(β1→2)Glc(β1→

Glc(β1→2)[Glc(β1→3)]Glc(β1→

Rebaudioside E

Glc(β1→2)Glc(β1→

Glc(β1→2)Glc(β1→

Rebaudioside F

Glc(β1→

Xyl(β1→2)[Glc(β1→3)]Glc(β1→

Rebaudioside M

Glc(β1→2)[Glc(β1→3)]Glc(β1→

Glc(β1→2)[Glc(β1→3)]Glc(β1→

Rubusoside

Glc(β1→

Glc(β1→

Dulcoside A

Glc(β1→

Rha(α1→2)Glc(β1→

Figure 4. Chemical structures of the most prevalent steviol glycosides found in the leaves of
Stevia rebaudiana. They are, without exception, glycosides of steviol, a diterpene compound.
Glucose (Glc), xylose (Xyl) and rhamnose (Rha) occur in the pyranose ring form. Glc and Xyl
have the D configuration and Rha the L configuration.
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Stevia extract mainly consists of the steviol glycosides rebaudioside A (RebA, 24 % of leaf dry weight) and stevioside (5-10% of leaf dry weight) (Figure 4). As
most steviol glycosides, they display a lingering bitterness which has limited their
successful commercialization46. Solving the taste issue of Stevia holds the
potential to greatly expand its use, for example by allowing the creation of zerocalorie stevia soft drinks. Although the correlation between the structure of steviol
glycosides and their taste quality is still not fully understood, it is clear that the
latter depends on the number, location and configuration of the glycosyl
moieties8. In general, the bitterness is correlated with the total number of
attached glycosyl units: steviol glycosides with fewer glycosyl residues are more
bitter than steviol glycosides with more glycosyl residues46. Glycosylation of
steviol glycosides has consequently been proposed multiple times as bitternesseliminating and taste-improving process.

Chemical glycosylation of steviol glycosides
Chemical glycosylation of steviol glycosides has – unsurprisingly – not been
widely reported since this strategy is characterized by a vast complexity of
(de)protection steps and the use of many toxic chemical reagents, which is
undesired for food applications. The importance of these studies is therefore
merely academic8. However, one patent application, reporting the chemical
synthesis of rebaudioside D (RebD) from RebA, has to be noted47,48. RebD is
considered the “holy grail” of Stevia glycosides due to its superior taste profile
compared to RebA and stevioside. Unfortunately, its low presence in the Stevia
plant (around 0.3% of leaf dry weight or 2.5% of total steviol glycosides) makes
RebD extraction impractical and costly, urging the need for its synthesis49. In
short, the reported chemical synthesis of RebD included 4 main steps (Figure 5):
1 conversion of RebA into rebaudioside B by alkaline treatment, 2 acetylation of
the free hydroxyl groups at the C-13 site, 3 glycosylation of the free C-19
carboxyl group with acetylated α-sophorosyl bromide by activation with silver
carbonate, and 4 deacetylation yielding RebD, resulting in a low overall yield of
8.1%, illustrative for chemical glycosylations in general 47,48.
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Figure 5. Chemical synthesis of rebaudioside D from rebaudioside A 47.

Enzymatic glycosylation of steviol glycosides

Due to the many disadvantages of chemical glycosylation routes, enzymatic
glycosylation has been applied – with and without success - to improve the taste
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profile of steviol glycosides, mainly by using cyclodextrin glucanotransferases
(CGTases)50-56, UDP-glycosyltransferases (UGTs)57-59 and glycoside hydrolases
(GHs)60-65. Although CGTase-catalyzed glycosylations often result in high yields,
a poor C-13/C-19-regiospecificity is obtained51, which has been shown to be of
major influence for the taste quality of the glycosylated products. For example,
(α1→4)-glycosylation of stevioside and rubusoside at the C-13 steviol position
yielded products with improved intensity and quality of sweetness, whereas
(α1→4)-glycosylation at the C-19 position resulted in an increased bitterness52-54.
Moreover, several studies reported that the many multiglycosylated products
synthesized

by

monoglycosylated

CGTases

were

counterparts50,53.

perceived

as

more

bitter

than

their

This lack of selectivity resulted in a

complicated and costly purification process to obtain the monoglycosylated
product with improved taste, limiting the industrial application of CGTases for the
glycosylation of steviol glycosides. Some progress has been made by using
micro-wave assisted glycosylation with a CGTase from Bacillus firmus (from 46%
to 66% monoglycosylation)55 and, more recently, by application of a CGTase
found in a Paenibacillus sp. isolated from Stevia farmland, yielding a single
monoglycosylated product but, unfortunately, also displaying a low total
conversion56. To this date, the shortcomings of CGTase-catalyzed glycosylation
of steviol glycosides largely remain. Improvement of the product specificity by
mutational engineering is consequently strongly required.
Few studies report the glycosylation of steviol glycosides by UGTs in vitro57-59. Of
industrial interest is the application of UGT76G1 from S. rebaudiana in
combination with sucrose synthase from Arabidopsis thaliana, regenerating the
costly UDP-glucose, for the conversion of stevioside into the better-tasting RebA.
Although a reasonably high conversion degree was obtained (78%), the
productivity was very low: less than 2 mM RebA was synthesized in 30 h59.
Similarly, UGT91D2 from S. rebaudiana has been used for the synthesis of RebD
from RebA, however, only a 4.7% conversion was obtained 57. In order to
circumvent the usage of UDP-glucose as donor substrate, UGT76G1 and
UGT91D2 have been applied in vivo for the synthesis of RebD and rebaudioside
M (RebM), as described in detail below.
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The substrate promiscuity of glycoside hydrolases has been exploited for the
glycosylation of various alternative acceptor substrates, including steviol
glycosides. For example, incubation of stevioside with maltose in the presence of
Biozyme L, a commercially available β-amylase preparation, resulted in the
(α1→6)-glycosylation at the C-19 site and the (α1→6) –and (α1→3)-glycosylation
at the C-13 site. Only the former product displayed an improved taste profile,
again illustrating the importance of regio –and linkage specificity on the sensory
properties60. More recently, an α-amylase from B. amyloliquefaciens was applied
as biocatalyst for the glycosylation of stevioside, using soluble starch as donor
substrate (38% conversion) 61. Remarkably, RebA turned out to be a much poorer
acceptor substrate (1% conversion), results that were repeated with an αamylase from A. oryzae62. A biocatalyst capable of glycosylating stevioside and
RebA holds great commercial potential since it could be applied for the
glycosylation of Stevia extract instead of the more expensive high-purity steviol
glycosides. To date, no biocatalyst has been shown to efficiently glycosylate both
steviol glycosides.
Also of great potential value is the application of β-glucosidases for the
glycosylation of steviol glycosides, as these enzymes introduce the naturally
occurring β-linkages. However, the currently described processes suffer from
several drawbacks, including low conversions, the use of rare donor substrates
(e.g. curdlan, a (β1→3)-glucan), very long incubation times, but most importantly,
the hydrolysis of the steviol glycoside substrates63-65. For example, the cell-free
extract from the fungus Gibberella fujikuroi used stevioside as acceptor substrate
and as donor substrate, resulting not only in the formation of RebA but also of
steviolbioside, steviolmonoside and finally even steviol, all of which are unwanted
side-products with an inferior taste profile65. Despite their own shortcomings,
UGTs are therefore more suitable for the β-glycosylation of steviol glycosides, as
they display mainly transglycosylation activity.

The presented examples illustrate that industrial biocatalysts for the glycosylation
of steviol glycosides need to combine an adequate regio –and linkage specificity
with high conversion degrees and product yields. This PhD research therefore
21
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studied in more detail the potential of glucansucrase Gtf180-ΔN (mutants) of L.
reuteri 180 to glycosylate RebA and stevioside, and the sensory properties of the
glycosylated products (Chapters 4, 5 and 6). To date, only two studies have
reported the glycosylation of stevioside with glucansucrases, whereas RebA
glycosylation

with

glucansucrases

has

only

been

described

once8.

A

dextransucrase from Leuconostoc citreum converted stevioside with a high
conversion degree (94%), but its volumetric productivity was low (< 2 g/L/h),
despite the addition of 4500 U/mL enzyme66. Additionally, glycosylation of
stevioside was achieved with an alternansucrase from L. citreum, displaying an
insufficient conversion degree of 44%67. In contrast, the patented L. reuteri
glucansucrase Gtf180-ΔN based process appears to be much more promising
(Chapters 4, 5 and 6)68-70.

In vivo production of steviol glycosides

In addition, de novo fermentation of RebD and RebM, steviol glycosides with
improved taste compared to RebA and stevioside, has been reported. The
patented process applies S. cerevisiae to express the complete steviol glycoside
pathway, using (mutants of) UGT76G1 as key enzyme39,58,71. One of the main
challenges faced is that RebD and RebM are not formed in a linear pathway from
steviol, but result from a metabolic glycosylation grid. Their formation is directly
dependent on the promiscuous “chameleon” enzyme UGT76G1, not only
involved in the synthesis of RebD and RebM, but also catalyzing the formation of
many side products, e.g. 1,3-bioside (Figure 6). Homology modelling of
UGT76G1 followed by docking of RebD and RebM into the active site of the
obtained 3D model, revealed 38 amino acid residues which may play a role in
UGT76G1’s acceptor substrate specificity. A site-saturation library of these
residues was generated in order to create mutants favoring the synthesis of
RebD and RebM. Several mutants indeed displayed an increased accumulation
of e.g. RebD, however, this was typically accompanied with a decrease of RebM,
and vice versa. Moreover, these same mutants often displayed an increased
accumulation of e.g. stevioside, which is obviously undesired71. In addition, the
product concentrations reported in the patent application are in the range of 0.5
22
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to 3 g/L, which should be improved in order for the process to reach a viable
scale58. Nevertheless, a joint-venture of Switzerland-based Evolva, the patent
holder, and Cargill, offering its facilities, has announced to launch fermentationbased RebD and RebM (EverSweet™) in 2018 (http://www.evolva.com). It
should be noted that the initial launching date was set back several times since
2013. The joint venture has indicated that the production costs are still
problematic, due to inadequate strain characteristics and too high fermentation
and downstream processing costs.

Figure 6. Steviol and the metabolic grid of glycosylation reactions resulting in the
synthesis of rebaudioside D and rebaudioside M71.

Conclusions

From the discussion it is clear that the glycosylation of steviol glycosides holds
great commercial potential, resulting in an ongoing development of novel and
improved glycosylation processes, enzymatic as well as fermentation-based. The
main advantage of de novo fermentation over most enzymatic glycosylation
reactions is that nature-identical steviol glycosides, i.e. RebD and RebM, are
synthesized. On the other hand, these processes may suffer from disputes
concerning their GMO nature, possibly resulting in their (partial) rejection by
consumers72. In contrast, many enzymatic glycosylation reactions yield products
which will be classified as novel food, requiring additional regulatory approval by
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e.g. the European Food Safety Agency (EFSA). To their advantage, biocatalysts
are generally classified as a processing aid, omitting the obligation for labelling.

Glucansucrases
Glucansucrases are glycoside hydrolase enzymes (GH70) from bacterial origin
with an average molecular weight of approximately 160 kDa. They catalyze the
conversion of sucrose into α-glucan polysaccharides,

linking the α-D-

glucopyranosyl units by (α1→2), (α1→3), (α1→4), or (α1→6) bonds, depending
on the enzyme specificity73,74. In addition, they catalyze the so called acceptor
reaction, thereby glycosylating a wide array of carbohydrate and noncarbohydrate acceptor molecules, using sucrose as donor substrate. As such,
they form a cheaper alternative for “Leloir” glycosyltransferases, which require
rare and expensive nucleotide-activated sugars as donor substrate. Their
promiscuity towards different acceptor substrates and their use of inexpensive
sucrose as donor substrate have attracted interest from industry for the
application of glucansucrases as glycosylation biocatalyst. This section
discusses their distribution, structure, reaction mechanism and in particular the
acceptor reaction and the optimization thereof.

Distribution of glucansucrases

Glucansucrases have only been isolated from Gram-positive lactic acid bacteria
(LAB), such as Lactobacillus, Leuconostoc, Streptococcus and Weissella75. As
their name suggests, LAB produce lactic acid as the major metabolic end product
of carbohydrate metabolism. For centuries, this trait has been exploited for the
fermentation of food products, such as yogurt and sour beer. The importance of
LAB for the food industry is further evidenced by their use as probiotics, as such
conferring health benefits on the consumer76. More recently, LAB have attracted
interest for their production of various exopolysaccharides, compounds attributed
with health-enhancing properties. Many of these LAB exopolysaccharides are
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produced by glucansucrases, extracellular enzymes which are, depending on the
bacterial source, either cell wall-attached, free or both77.

Up until the beginning of 2017, 63 GH70 glucansucrases had been
characterized, representing a wide variety of linkage specificities, and are listed
in the CAZy database (http://www.cazy.org). Most of them were obtained from
the genera Leuconostoc (24 of 63) and Streptococcus (21 of 63) and a minority
from Lactobacillus (13 of 63) and Weissella (5 of 63). Some LAB strains express
more than one glucansucrase. For example, L. citreum NRRL B-1299 (originally
L.

mesenteroides

glucansucrases78

NRRL

B-1299)

is

known

to

produce

whereas Streptococcus mutans produces

six

different

three79.

Structure of glucansucrases

The primary structure of all glucansucrase proteins can be divided in four distinct
regions: 1) signal peptide (SP), 2) N-terminal variable region (VR), 3) conserved
catalytic domain (CD) and 4) C-terminal glucan-binding domain (GBD)80. As
glucansucrases are extracellular enzymes, their N-terminus contains a signal
peptide, typical for Gram-positive bacteria, of 36 to 40 amino acids. Adjacent to
SP is a highly variable region which contains between 200 and 700 amino acids,
depending on the glucansucrase. Exception to the rule is glucansucrase DsrA
from L. citreum NRRL B-1299 which has no VR, suggesting that this region is not
essential for glucansucrase activity81. Deleting the VR of several glucansucrases
confirmed this hypothesis, since no effect on the enzyme activity nor structure of
the α-glucans synthesized could be determined. For example, deleting the VR
(residues 0-742) of Gtf180 from L. reuteri 180 resulted in an enzyme (Gtf180-ΔN)
with nearly identical biochemical characteristics. Moreover, the N-terminally
truncated enzyme could be produced in E. coli with a higher yield, compared to
production of the WT enzyme80,82.

The crystal structures of four GH70 glucansucrases are currently available
(Figure 7): Gtf180-ΔN from L. reuteri 18083, GtfA-ΔN from L. reuteri 12184, Gtf-SI
(amino acid residues 244-1163) from S. mutans85 and the ΔN123-glucan-binding
25

Chapter 1: General introduction

domain-catalytic domain 2, a truncated form of DsrE from L. citreum NRRL B129986. They all share a common domain organization and a common
architecture. Interestingly, the elucidation of these crystal structures revealed a
different domain organization than the one predicted by sequence alignment: all
crystal structures represent a U-shape, composed of five domains (A, B, C, IV
and V). Domains A, B, IV and V are formed by discontiguous N- and C-terminal
stretches of the polypeptide chain, while domain C consists of a contiguous
polypeptide chain, forming the bottom part of the tertiary U-shape structure.

Figure 7. Three-dimensional structures and schematic domain organization of GH70
glucansucrases (Gtf180-ΔN (PDB: 3KLK, 1.65 Å), GtfA-ΔN (PDB: 4AMC, 3.60 Å), Gtf-SI
(PDB: 3AIE, 2.1 Å) and DsrE ΔN123-GBD-CD2 (PDB: 3TTQ, 1.90 Å). Domains are colored
in blue (A), green (B), magenta (C), yellow (IV) and red (V). This figure has been adapted
from Leemhuis et al. 201375.

Similarly to GH13 enzymes, domains A, B and C form the catalytic core. In
contrast, enzymes from family GH13, including amylosucrases, lack domains IV
and V. Their role in GH70 glucansucrases has remained largely unknown,
however, it was proposed that domain IV acts as a hinge, supporting the rotation
of domain V, thereby allowing the latter to bring the bound glucan chain in
proximity of the catalytic site85. This hypothesis is supported by the positional
variability of domain V among the different crystal structures 83-86. Moreover, the
flexibility of domain V was demonstrated by the elucidation of an alternative
crystal structure of Gtf180-ΔN: a 120° rotation of domain V was observed
compared to the previously elucidated crystal structure87. Deletion of Gtf180-ΔN’s
domain V also heavily impaired its polysaccharide forming ability, confirming the
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hinge hypothesis yet again88. Domain A adopts a circularly permuted (β/α)8-barrel
fold, as predicted by sequence alignment with GH13 enzymes89, containing the
three catalytic residues (nucleophile, acid/base catalyst and transition state
stabilizer) at loops following β-strands β4, β5 and β7, respectively. The complete
active site is located in a pocket-shaped cavity at the interface of domains A and
B. In fact, several amino acids belonging to domain B assist in shaping the
substrate binding sites, consequently influencing the reaction specificity83.
Additionally, some amino acids between domains A and B form a calcium binding
site near the nucleophilic residue; the Ca2+ ion is absolutely essential for
glucansucrase activity75. The function of domain C is not known yet, although it is
widely distributed within G13 and G70 enzymes. It is composed out of an eightstranded β-sheet with a Greek key motif83.

Catalytic mechanism of glucansucrases

According to the CAZy classification system which is based on amino acid
sequence similarity90, glucansucrases are classified as glycoside hydrolase
family GH70. Structurally, mechanistically and evolutionary, they are closely
related to enzymes of the GH13 and GH77 families, together forming the GH-H
clan91. Typical for members of the GH-H clan is their use of the α-retaining
double-displacement reaction mechanism, involving 3 catalytic residues: a
nucleophile, an acid/base catalyst and a transition state stabilizer 74,92 (Figure 8).
Firstly, the glycosidic linkage of donor substrate sucrose is cleaved by the
nucleophile. Simultaneously, the acid/base catalyst protonates the fructosyl
moiety, resulting in the release of fructose. An β-glucosyl enzyme intermediate,
stabilized by the transition state stabilizing residue, is consequently formed. In
the next step, this β-glucosyl enzyme intermediate is attacked by the nonreducing end

of

the acceptor

substrate

(i.e.

sucrose,

or

a growing

oligosaccharide or polysaccharide chain), resulting in product formation with
retention of the α-anomeric configuration.
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Figure 8. Reaction mechanism used by glucansucrases for α-glucan synthesis. 1 Donor
substrate binding, 2 Transition state, 3 β-glucosyl intermediate, 4 Acceptor substrate
binding, 5 Transition state, 6 Product formation.

This reaction mechanism is supported by the observed interactions of the
catalytic triad (D1025, E1063 and D1136) of the inactive mutant Gtf180-ΔND1025N from L. reuteri 180 with donor substrate sucrose83. The latter is bound in
subsites −1 and +1, which results in the adoption of a distorted half-chair
conformation by the −1 glucosyl ring. The seven strictly conserved residues
found in subsite −1 (R1023, D1025, H1135, D1136, E1063, Y1465 and Q1509)
all interact with the glucosyl moiety of sucrose, orienting the substrate in such
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manner that the formation of the covalent intermediate is favored. The anomeric
C1 carbon of the glucosyl unit is attacked by the nucleophilic residue (D1025),
resulting in the formation of the covalent β-glucosyl enzyme intermediate via an
oxocarbenium ion-like transition state. Residue E1063 serves as the acid/base
catalyst initially donating a proton to activate fructose as leaving group and
subsequently deprotonating the acceptor substrate to increase its nucleophilicity.
The partly planar transition state is stabilized by interactions with the transition
state stabilizer (D1136), an arginine residue (R1023) and a glutamine residue
(Q1509).
The active site of Gtf180-ΔN stretches no further than subsite −1 due to
adequate “blocking” by residues Q1140, N1411 and D1458. This creates a
pocket-like shape which

is also observed in

Neisseria polysaccharea

amylosucrase (belonging to GH13) and is the reason why glucansucrases can
only transfer one single glucose moiety per catalytic cycle, while GH13 αamylases,

which

have

a

longer

binding

groove,

can

also

transfer

oligosaccharides. In contrast to subsite −1, the residues found in subsite +1 are
much less conserved, which is reflected in the different product specificities that
are displayed by glucansucrases and which can be exploited for the glycosylation
of alternative acceptor substrates.

Reactions catalyzed by glucansucrases
The β-glucosyl enzyme intermediate, formed in the first step of the catalytic
cycle, can not only react with a growing glucan chain to form polysaccharides but
also with the hydroxyl group of several carbohydrate and non-carbohydrate
acceptor substrates, resulting in the synthesis of oligosaccharides and α-Dglucosides, respectively. Furthermore, also water can act as acceptor substrate,
with the hydrolysis of sucrose into glucose and fructose as result 73,75 (Figure 9).
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Figure 9. Reactions catalyzed by glucansucrases using sucrose as donor substrate.

α-Glucan synthesis
The dominant reaction of glucansucrases is α-glucan synthesis, also referred to
as polymerization reaction. Glucansucrases synthesize a remarkably large
diversity of α-glucans, differing in the type of α-glycosidic linkages connecting the
glucose moieties (1→2, 1→3, 1→4 or 1→6), the types and degrees of branching
and the molecular mass. Furthermore, the ratios of α-glycosidic bonds and the
frequency and length of the branches also vary greatly75. The α-glucan structures
are classified according to their predominant linkage type. Dextran contains
mainly α(1→6) bonds, mutan mainly α(1→3) and reuteran mainly α(1→4). As the
name suggests, alternan is composed of alternating α(1→3) and α(1→6) bonds.
Except for the latter, the different glycosidic linkages are more or less randomly
distributed within the polymers93,94. Very often glucansucrases are also named
after the product they synthesize, e.g. dextransucrase (EC 2.4.1.5) or
alternansucrase (EC 2.4.1.140). The above mentioned parameters have an
impact on the physicochemical properties of the α-glucans, such as viscosity,
stickiness, solubility, mass, etc.75.

Despite the elucidation of several glucansucrase crystal structures and the
structural characterization of their α-glucan products, it is still not entirely clear
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how glucansucrases synthesize such a wide array of α-glucans. Essentially, αglucan synthesis is the step-wise addition of glucose moieties to a growing αglucan chain74. Every catalytic cycle starts with the cleavage of the glycosidic
bond of sucrose which results in the covalent attachment of the glucosyl moiety
at subsite −1, forming the so called β-glucosyl enzyme intermediate. Which type
of glycosidic linkage is subsequently formed depends on the orientation of the
acceptor substrate. Hence, it is the architecture of the active site, and in
particular that of acceptor subsite +1, that determines the glycosidic linkage
specificity95. Indeed, it has repeatedly been shown that mutations in residues of
subsite +1 and +2 lead to the synthesis of α-glucans with altered ratios of
glycosidic linkages96-102. Unfortunately, there is still little understanding about how
the glycosidic linkage specificity is affected by such mutations. Rational design of
glucansucrase mutants for the synthesis of pre-defined α-glucan products is thus
still very complicated.
For many years, it remained unclear how α-glucan synthesis is initiated, or in
other words, which molecule acts as primer. Several studies have since been
performed on the structural characterization of the initially formed products,
revealing that the formation of α-glucans most typically starts with the
glycosylation of sucrose103,104. The latter is thus not only the donor substrate of
glucansucrases but at the same time also the acceptor substrate. The
consequence is that the glycosylation of alternative acceptor substrates will
unavoidably face competition from the synthesis of α-glucans, unless the latter is
adequately suppressed by reaction –or enzyme engineering. It has to be noted
that one study, investigating the mechanism of DsrS from L. mesenteroides, has
proposed both sucrose and glucose as primers for α-glucan synthesis, however,
it is still unknown if this can be extended to other glucansucrases 105. During the
initial phase of α-glucan synthesis, hydrolysis of sucrose into fructose and
glucose is the dominant reaction, as the affinity of glucansucrases for sucrose as
acceptor substrate is relatively low. Once the preferred acceptor substrates, i.e.
α-glucan oligosaccharides, have been formed in sufficient quantities, the
hydrolytic activity is suppressed in favor of α-glucan synthesis and α-glucan
polysaccharides are efficiently synthesized103.
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Whether glucansucrases function as a processive or non-processive enzyme has
been subject to considerable debate. A number of studies revealed that highmolecular-mass (HMM) glucans reached maximum size after a relatively short
time, suggesting that glucansucrases act processively103,105,106. However, also
oligosaccharides could be detected in the reaction mixture, indicating a nonprocessive mode of action105. Interestingly, no intermediate size α-glucan
products were detected. Taking into account all the available information,
Remaud-Siméon et al. suggested that glucansucrases follow a semi-processive
mechanism: in the initial phase of the reaction, oligosaccharides are synthesized
non-processively.

When

the

oligosaccharides

polysaccharides are formed in a processive

mode105.

reach

a

certain

size,

The structural basis of this

mechanism is proposed to lie in both domain V and the acceptor binding sites,
representing remote and close binding sites for glucan chains, respectively. This
was nicely illustrated for Gtf180-ΔN: the truncation of its domain V heavily
impaired polysaccharide synthesis in favor of oligosaccharide formation 88.
However, mutations of residues located in the acceptor binding sites (in particular
L940 mutants) partially restored the polysaccharide synthesis of the ΔVtruncated enzyme98,106. The elucidation of glucansucrase crystal structures with
HMM glucan chains bound to the enzyme is necessary to shed more light on the
mechanism of α-glucan synthesis and will without doubt offer new opportunities
to engineer the reaction specificity of glucansucrases. The following study serves
as good example: the crystal structure of amylosucrase, a special glucansucrase
belonging to family GH13, bound with maltoheptaose revealed the absence of
domains IV and V but the presence of three oligosaccharide binding sites (OB1,
OB2 and OB3)107,108. Molecular modeling and mutational studies confirmed the
importance of OB1 and OB2 for polysaccharide synthesis, suggesting that OB2
provides an anchoring platform for the polysaccharide107,109.

Additionally, the elucidation of several glucansucrase crystal structures has
revealed that their acceptor substrate binding region is reasonably spacious83,84.
Indeed, the synthesis of branched α-glucans demands an acceptor substrate
binding region which is capable of accommodating bulky α-glucan chains. As a
consequence, glucansucrases display a broad acceptor substrate specificity,
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which is exploited in the glycosylation of alternative acceptor substrates such as
phenolic compounds, sugar alcohols, etc. Here again, it is still not clear how the
formation of branches is triggered in favor of chain elongation.

Hydrolysis

Glucansucrases also are able to catalyze the hydrolysis of sucrose into glucose
an fructose, basically acting as a hydrolase enzyme. Especially at low acceptor
substrate

concentrations,

hydrolysis

is

the

dominant

reaction.

When

oligosaccharide products become available, glucansucrases preferentially
transfer the glucosyl moiety to these growing α-glucan chains103. The crystal
structure of the inactive mutant Gtf180-ΔN-D1025N revealed that residue
W1065, located at subsite +2, is an important structural determinant for
hydrolysis, interacting with the carbohydrate acceptor substrate through
hydrophobic stacking. The mutation of W1065 to non-aromatic residues resulted
in a significantly increased hydrolysis102. Also the mutations of residues N1029,
providing a direct hydrogen bond to carbohydrate acceptor substrates at subsite
+1, and L981, strictly conserved in all glucansucrases, substantially enhanced
hydrolysis99. The application of these mutants for the glycosylation of noncarbohydrates (such as catechol or hexanol) resulted in improved (mono)glycosylation yields (Chapter 2)110.

Acceptor reaction
Glucansucrases are not only able to utilize growing α-glucan chains and water as
acceptor substrate. Due to their rather wide acceptor substrate binding region,
they show a relatively high promiscuity towards several other acceptor
substrates111-113. This promiscuity can be exploited for the glycosylation of
carbohydrates

and

non-carbohydrates,

resulting

in

the

synthesis

of

oligosaccharides and α-D-glucosides, respectively. Enzymes are particularly
suited for glycosylation reactions as they display a high regio –and
stereospecificity, a feature that is hard to achieve by chemical synthesis 13. In
nature, glycosylation is performed by “Leloir” glycosyltransferase enzymes (EC
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2.4.-.-). Their industrial use is hampered by the high price of their donor
substrates, nucleotide-activated sugars21. Glucansucrases offer a cheaper
alternative, since they only require the energy stored in the glycosidic linkage of
sucrose (~ 27.6 kJ.mol-1) to synthesize their glycosylated products114. In 1953,
this so called acceptor reaction was first reported by Koepsell et al115. Their study
demonstrated the glycosylation of a large number of sugars and sugar
derivatives such as maltose, isomaltose, glucose, and methyl glucoside by a
dextransucrase from L. mesenteroides NRRL B-512F. Since then, many other
carbohydrates were added to the list of acceptor substrates. This makes
glucansucrase-mediated glycosylation an effective tool for the production of a
wide array of interesting oligosaccharides. Isomalto-oligosaccharides (IMO) of
controlled size are produced from sucrose plus maltose or glucose, using a
dextransucrase from L. mesenteroides NRRL B-512F116. They are attributed with
prebiotic properties (i.e. altering the composition and/or activity of the
gastrointestinal microflora, as such conferring health benefits upon the
consumer) and used as a low calorie sweetener in a variety of foods like bakery
and cereal products117. Also lactulosucrose, another prebiotic oligosaccharide, is
effectively synthesized by this dextransucrase enzyme, using lactulose as
acceptor substrate118. Another example is the glycosylation of the bitter prebiotic
gentiobiose with alternansucrase, producing several oligosaccharides with
reduced or even eliminated bitterness119.

Glycosylation of non-carbohydrate compounds

The glycosylation of non-carbohydrates, such as aromatic or aliphatic
compounds, is a valuable tool for the glycodiversification of these molecules (for
examples, see 1. Introduction). A wide range of (poly)phenolic and aliphatic
compounds are glycosylated by glucansucrases. The highest conversions are
obtained with phenolic compounds with two vicinal (ortho-substituted) hydroxyl
groups as acceptor substrate (Figure 10). Meta –and para-substituted phenolics
as well as aliphatic compounds are typically not very well glycosylated110,120.
Examples of compounds that are glycosylated by glucansucrases are listed in
Table I. To obtain insight into the economic viability of these glycosylation
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processes, the respective conversion degrees and product yields are given.
Although medium to high conversions are obtained, the product yields are
usually low. This is partly due to a lack of reaction engineering: the water
solubilities of many acceptor substrates are low, which could be improved by the
addition of cosolvents.

Figure 10. Phenolic compounds with two vicinal hydroxyl groups (ortho-substituted) are
preferred over meta –and para-substituted phenolic compounds. A catechol, B resorcinol,
C hydroquinone.

Engineering glucansucrase reaction specificity
Glucansucrases are capable of catalyzing three reactions, using sucrose as
donor substrate: α-glucan synthesis, hydrolysis and glycosylation of acceptor
substrates. The ratio between these reactions is first of all dependent on the
enzyme specificity but can be altered by reaction engineering and enzyme
engineering. The former strategy consists of optimizing the reaction conditions
(donor/acceptor ratio, cosolvent concentration, agitation rate, etc.) whereas the
latter strategy alters the enzyme specificity by mutational engineering. In case
the glycosylation of acceptor substrates is targeted, α-glucan synthesis and
hydrolysis become unwanted side reactions, lowering the yield of the
glycosylated acceptor substrates and complicating their downstream processing.
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Reaction engineering

Dealing with the low affinity for alternative acceptor substrates

Although many alternative acceptor substrates are indeed glycosylated by
glucansucrases, very often incomplete conversions, with low to moderate yields,
are obtained. Alternative acceptor substrates are per definition not the natural
acceptor substrates of glucansucrases and, hence, they generally have rather
high Km values (Chapter 2)110. High concentrations of acceptor substrate are
consequently required to outcompete α-glucan synthesis and hydrolysis as
possible glucansucrase reactions. In this way, the relative balance between the 3
reactions may shift towards the acceptor reaction, as was already shown in 1993
by Su and Robyt132. Moreover, high volumetric productivities (space-time yields),
which greatly reduce production costs, can only be achieved if the acceptor
substrate concentrations are sufficiently high. However, glucansucrases may be
inhibited by high concentrations of non-carbohydrate acceptor substrates.
Phenolic compounds, such as catechol, displayed inhibitory effects on
glucansucrase GtfD from S. mutans GS-5 at a concentration of 200 mM but not
at a concentration of 40 mM125. A similar effect was obtained for the glycosylation
of catechol by Gtf180 from L. reuteri 180, which was inhibited at concentrations
of catechol higher than 400 mM (Chapter 2)110. The inhibition of amylosucrase
from N. polysaccharea by several flavonoids was also reported 124.

Many (poly)phenolic and aliphatic acceptor substrates have limited water
solubilities, which complicates their glycosylation. A common strategy to increase
the solubility of the acceptor substrate is the addition of organic solvents such as
DMSO, ethanol, acetone, etc. Since the 1980s it has been repeatedly shown that
enzymes can be used in solvent systems with great efficiency133. However,
enzyme activity and stability typically decrease with increasing solvent
concentration. Hence, a compromise between substrate solubility and enzyme
activity needs to be found for each individual case. The determination of the
initial activity of the dextransucrase from L. mesenteroides NRRL B-512F in the
presence of organic solvents, revealed a 50% loss in activity in 20% DMSO, 15%
36

Chapter 1: General introduction

ethanol, 15% acetone, 10% DMF and 7% acetonitrile134. Diglyme or bis(2methoxyethyl) ether (MEE) displayed lower inhibitory effects on glucansucrases:
the

dextransucrase

from

L.

mesenteroides

NRRL

B-512F

and

the

alternansucrase from L. mesenteroides NRRL B-23192 retained more than 50%
of their activity at a MEE concentration of 30%120. It is clear that the combined
use of high concentrations of certain acceptor substrates and high solvent
concentrations will be even more detrimental for glucansucrase activity. Hence,
the optimal balance between acceptor substrate concentration, solvent
concentration and enzyme activity will differ for every individual case.

Dealing with unwanted side reactions

Applying glucansucrases for the glycosylation of alternative acceptor substrates
usually requires high concentrations of donor substrate sucrose to drive the
glycosylation reaction. This is not without negative consequences: the
unavoidable accumulation of relatively high concentrations of fructose results in
competitive inhibition of the desired glycosylation reaction by fructose. In other
words, fructose is under these circumstances used by glucansucrases as
acceptor substrate, resulting in the synthesis of sucrose isomers such as
leucrose and trehalulose135. For example, a Ki value (inhibitor constant) for
fructose as low as 9.3 mM has been observed for GtfD from S. mutans.
Surprisingly, in the same study, glucose did not act as an inhibitor123. It is clear
from the reaction mechanism of glucansucrases that formation of fructose is
inevitable. The solution to this problem is therefore found externally, i.e. by the
addition of a micro-organism that removes fructose from the reaction mixture and
consequently reduces its inhibiting effect. In order for this strategy to work
properly, it is essential that sucrose itself is not metabolized by the microorganism. The methylotrophic yeast Pichia pastoris and the mutant S. cerevisiae
T2-3D136 are viable options as both strains are incapable of fermenting sucrose.
In addition, these micro-organisms should not be inhibited themselves by the
presence of acceptor substrates nor metabolize the glycosylated product. The
incubation of P. pastoris and S. cerevisiae T2-3D in a (+)-catechin glycosylation
reaction mixture revealed that their fructose consumption resulted in a
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prolongation of the transglucosylation activity of GtfD. However, the (+)-catechin
glucoside yield was only slightly improved, indicating that the conversion of
alternative acceptor substrates is dependent on other factors as well123.
The main glucansucrase catalyzed reaction, i.e. the synthesis of α-glucan oligo –
and polysaccharides from sucrose, is the most important side reaction and
strongly impedes the efficient glycosylation of alternative acceptor substrates. As
previously discussed, sucrose acts as primer for α-glucan synthesis, and
increased concentrations of sucrose will result in the formation of more (growing
chains of) α-glucan oligosaccharides, the preferred acceptor substrates of
glucansucrases103,104,135. Their generation initiates a vicious circle of increased αglucan synthesis and, hence, needs to be avoided. Suppressing α-glucan
synthesis can be accomplished by performing a “fed-batch” reaction, in which the
donor substrate sucrose is gradually added to the reaction mixture. In this way,
an excess of acceptor substrate relative to sucrose is maintained throughout the
complete reaction, conditions which theoretically favor the glycosylation of the
acceptor substrate by suppressing the synthesis of α-glucans. Successful
attempts include the glycosylation of stevioside with dextransucrase from L.
citreum66 and the glycosylation of rebaudioside A with the Q1140E-mutant of
Gtf180-ΔN from L. reuteri70. However, performing glucansucrase-catalyzed
glycosylation reactions in fed-batch mode is mostly limited to the glycosylation of
highly soluble compounds, which in addition display very little inhibitory effects on
the enzyme. High ratios of non-carbohydrate acceptor substrate over sucrose are
indeed known to strongly inhibit glucansucrases, as described previously110,125.

Furthermore, te Poele et al. have demonstrated that, upon sucrose depletion,
glucansucrases from L. reuteri use several phenolic glucosides as donor
substrate for the synthesis of α-glucans and the further glycosylation of these
phenolic glucosides into multiglycosylated products137. Hence, the incubation
time and enzyme loading (U/mL) of glucansucrase catalyzed glycosylations need
to be carefully selected in order to prevent suboptimal conversion degrees.
Another remarkable characteristic displayed by glucansucrases is their ability to
add multiple α-D-glucosyl moieties to one acceptor substrate, forming α-D38
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glucosides of different sizes and structures. A prominent example concerns GtfAΔN of L. reuteri 12180: after incubation with catechol and sucrose, several
glycosylated catechol products up to DP5, differing in their combination of
(α1→4) and (α1→6) linkages, were characterized138. From an industrial point of
view, the synthesis of only one glycoside, typically the monoglycosylated product,
is

desired

in

order

to

facilitate

downstream

processing.

Indeed,

the

monoglycosylated product often displays better functional properties than
multiglycosylated products. A comprehensive study on the anti-oxidant activities
of various phenolic glucosides revealed that an increasing level of glycosylation
results in reduced radical-scavenging abilities139. The number of glycosyl
moieties attached to steviol glycosides is also known to have pronounced effects
on their taste8.

Dealing with low operational stability: Enzyme immobilization

Immobilization is an established strategy to increase the operational activity and
stability of enzymes. In this way, immobilization may compensate for the
decrease of enzyme activity and stability provoked by high solvent and acceptor
substrate concentrations140. An additional advantage is the reusability of the
immobilized biocatalyst, which can drastically lower the economic cost of the
enzymatic process141. A number of immobilization methods can be distinguished:
reversible methods (adsorption and affinity binding) and irreversible methods
(entrapment, aggregation and covalent binding). Reversible immobilization
methods typically result in enzyme leaching, preventing biocatalyst reuse and
representing economic loss. On the contrary, irreversible immobilization methods
minimize enzyme leaching due to much stronger interactions between enzyme
and support, which also stabilizes the enzyme more effectively. On the downside,
enzyme activity may decrease due to active site occlusion and inherent diffusion
limitations142.

Glucansucrases have been described as difficult to covalently immobilize, mainly
due to inactivation of the enzyme, e.g. by the participation of a lysine residue in
the active site. Typical immobilization yields (ratio of activity of immobilized
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enzyme to the activity of enzyme prior immobilization) range from 3% to 22%143146.

In contrast, encapsulation of glucansucrases in alginate beads has been

more successfully applied as immobilization method. Several studies report
immobilization yields up to 90%147,148. However, this method cannot be used for
the production of α-glucan polysaccharides as their accumulation in alginate
results in rupture of the beads.

Enzyme engineering

Although of value, applying reaction engineering to optimize the acceptor
reaction of glucansucrases is faced with limitations. Enzyme engineering offers
an alternative, more direct optimization method, by altering the reaction
specificity of the enzyme itself. Over the years, many studies have reported
successful attempts to engineer the specificity of enzymes. For example, the
affinity of sucrose phosphorylase (SP) for glucose as acceptor substrate could be
dramatically enhanced by a double mutation, resulting in the efficient synthesis of
the rare disaccharide kojibiose149. Additionally, SP has been engineered twice
towards the more efficient synthesis of polyphenolic glycosides. The first study
attributed the enhanced yields to a better accessibility of the active site, caused
by a single mutation removing a sterically hindering active site loop, more
specifically by the mutation of an arginine residue into an alanine residue (R134A
mutant)25. As such, it forms a good example of loop engineering, i.e. the
alteration of loops, a diverse class of very flexible secondary structures
comprising turns, random coils, and strands connecting the main secondary
protein structures (α-helices and β-strands) and which very often play a vital role
in the catalytic function of the enzyme150. Also the single mutation used in the
second study yielded a loop shift in the active site of SP, as revealed by analysis
of the crystal structure of the mutant. It was argued that the loop shift resulted
from a cascade of structural changes arising from the Q345F exchange,
ultimately causing a widened access channel26. This nicely illustrates how
substantial the effect can be of a – at first sight – simple single mutation,
demonstrating the great power of enzyme engineering, but also revealing one of
the difficulties to rationally design biocatalysts.
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To date, only a few enzyme engineering studies on glucansucrases have been
dedicated to the glycosylation of non-carbohydrate acceptor substrates. This is
partly due to the lack of available crystal structures (and consequently lack of
docking experiments) with bound acceptor substrates, complicating rational
design of glucansucrase mutants for the synthesis of glycosides. In theory,
glucansucrases can be engineered towards a more efficient acceptor reaction in
three distinguishable ways: lowering their affinity to catalyze side-reactions (in
particular α-glucan synthesis), enhancing their affinity for alternative acceptor
substrates, or both simultaneously. In 2016, Liang et al. expanded the acceptor
substrate promiscuity of GtfD from S. mutans by simultaneous site saturation
mutagenesis of residues Y418 and N469. Significant improvements in
glycosylation yield of several flavonoids were obtained with the best double
mutant (Y418R and N469C), the major products being monoglycosylated.
Docking studies based on the crystal structure of Gtf180-ΔN from L. reuteri 180
suggested that the mutant enzyme formed three additional hydrogen bonds with
the flavonoid acceptor substrate, resulting in an increased catalytic efficiency of
the mutant enzyme compared to the wild type151. Another study reported that the
I228A mutant of the amylosucrase (EC 2.4.1.4) from N. polysaccharea displayed
a significant improvement in luteolin monoglycosylation, compared to the wildtype enzyme. Docking studies revealed that the introduction of the alanine
residue reduced the steric hindrance, resulting in a better positioning of luteolin in
the catalytic pocket129. Finally, Devlamynck et al. reported that applying Gtf180ΔN mutants with an impaired α-glucan synthesis resulted in an improved
glycosylation of several non-carbohydrate acceptor substrates (Chapter 2)110.

Other enzyme engineering studies with glucansucrases have focused on the
formation of oligosaccharides. Their synthesis is of considerable interest for the
food industry, which already produces prebiotic oligosaccharides such as
isomaltooligosaccharides (IMO)152, leucrose153 and isomaltulose (palatinose)154.
Random mutagenesis of the most conserved motif around the transition state
stabilizer in glucansucrases (RAHDSEV motif) yielded variants of GtfR from
Streptococcus oralis with altered reaction specificity. In particular the S628D
mutant displayed a drastic 25-fold increase of conversion degrees for the
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synthesis of isomaltose and leucrose, using glucose and fructose as acceptor
substrate, respectively. In contrast, this variant lost most of its ability to
synthesize α-glucan polysaccharides. Unfortunately, the absence of the GtfR
crystal structure prevented a rational explanation of the obtained results155. The
mutational improvement of Gtf180-ΔN for the glycosylation of rebaudioside A,
with the steviol glycoside here considered as an oligosaccharide, has also been
reported8,68-70. The increased conversion degree from approximately 50% to 95%
was attributed to the improved deprotonation of the HO-6 of the C-19 glucosyl
moiety of rebaudioside A, caused by the mutation of a glutamine residue into a
glutamate residue (Q1140E mutant)68,70.

Although some progress has been made in the rational design of enzymes,
enzyme engineering still mostly relies on directed evolution, i.e. mimicking
natural selection through random mutagenesis and subsequent screening of the
resulting enzyme libraries156-158. High-throughput screening for the identification
of improved variants is thus a key factor. For glucansucrases, glycosylation
reactions can in theory be screened by measuring the release of fructose from
sucrose. However, no distinction can then be made between the glycosylation of
the desired acceptor substrate and α-glucan synthesis, possibly resulting in an
overestimation of the glycosylation potential. Directly screening the formation of
α-D-glucosides is thus preferred. For example, Seibel et al. identified new
acceptor specificities of GtfR with the aid of substrate microarrays. Firstly, the
acceptor substrates were immobilized on the surface of a microtiter plate. After
incubation of GtfR with sucrose and subsequent removal of the reaction mixture,
fluorescein-labelled (FITC) concanavalin A, a glucose-specific lectin, was added.
Hence, successful glycosylation reactions could be detected by an increase of
fluorescence159.

Conclusions
The broad acceptor substrate specificity of glucansucrases offers a good starting
point
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oligosaccharides

and

α-D-glucosides,

using

carbohydrates

and

non-

carbohydrates as acceptor substrate, respectively. The structural diversity of
alternative acceptor substrates requires a similar diversity of optimal reaction
conditions and optimal (mutant) glucansucrases. The combination of reaction –
and enzyme engineering is thus essential to meet the industrial requirements of
high conversion degrees and product yields. The operational stability of enzymes
is an equally crucial factor for industrial applications. Glycosylation biocatalysts in
particular need to be sufficiently robust to withstand the harsh conditions that are
typically applied: high temperatures of 55-60 °C to avoid microbial contamination
and the presence of organic cosolvents, added to the reaction mixture to
solubilize hydrophobic acceptor substrates.

Scope of the thesis
As discussed in this chapter, GH70 glucansucrases have been repeatedly shown
to glycosylate several carbohydrate and non-carbohydrate molecules with low to
moderate yields. From the discussion, it was clear that an important impediment
to the efficient glycosylation of these molecules is the competition from the main
glucansucrase catalyzed reaction, i.e. α-glucan synthesis. Furthermore, it was
illustrated that another drawback in the use of GH70 glucansucrases as
glycosylation biocatalyst is their relatively low operational stability. Chapters 2
and 3 of this PhD thesis address these issues by applying a combination of
reaction –and enzyme engineering. In order to select a GH70 glucansucrase
enzyme from our in-house collection (Gtf180-ΔN from L. reuteri 180, GtfA-ΔN
from L. reuteri 121 and GtfO-ΔN from L. reuteri ATCC 55730), their potential to
glycosylate catechol was examined (Figure 11). Based on the obtained results,
Gtf180-ΔN was preferred since it demonstrated a higher operational stability
(deactivated by catechol concentrations higher than 400 mM, compared to 300
and 200 mM for GtfA-ΔN and GtfO-ΔN, respectively) and a higher glycosylation
productivity, compared to the other enzymes.
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Figure 11. Time-course synthesis of monoglycosylated catechol (catechol-G1) by ●
Gtf180-ΔN (400 mM catechol), ○ GtfA-ΔN (300 mM catechol) and

▼

GtfO-ΔN (200 mM

catechol). 1000 mM sucrose, 4 U/mL enzyme (total activity), T = 37 °C, pH = 4.7.

This introductory chapter also illustrated the commercial potential of glycosylating
steviol glycosides to improve their sensory characteristics. Therefore, our inhouse collection of GH70 glucansucrases was screened for their ability to
glycosylate the most prevalent steviol glycosides, rebaudioside A (RebA) and
stevioside. Once again, Gtf180-ΔN demonstrated most potential. In fact, it was
the only GH70 glucansucrase of our collection capable of glycosylating RebA.
The second part of this PhD thesis (Chapters 4, 5 and 6) consequently focusses
on the use of Gtf180-ΔN and derived mutants to glycosylate RebA and
stevioside. Chapter 7 is another illustration of the relatively high acceptor
substrate

promiscuity

of

Gtf180-ΔN;

also

the

high-intensity

sweetener

neohesperidin dihydrochalcone (NHDC) was glycosylated in order to improve its
sensory –and physicochemical properties. Conclusively, this PhD thesis
describes the improvement of glucansucrase Gtf180-ΔN from L. reuteri 180 as
glycosylation biocatalyst by applying mutational engineering, optimization of
reaction conditions and development of downstream processing. Furthermore,
the sensory properties of the glycosylated products were determined by a trained
panel.
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Chapter 1 discusses the state of the art glycosylation technologies, illustrating
their respective advantages and drawbacks by using the glycosylation of steviol
glycosides as case study. Secondly, it reviews current knowledge of GH70
glucansucrases and in particular their use as biocatalyst for the glycosylation of
non-carbohydrate compounds, such as (+)-catechin, and Stevia glycosides, such
as stevioside and rebaudioside A. Conclusively, reaction –and enzyme
engineering are discussed as strategies to improve the glycosylation potential of
GH70 glucansucrases.
Chapter 2 demonstrates that suppressing α-glucan synthesis by mutational
engineering of the Gtf180-ΔN enzyme of Lactobacillus reuteri 180 resulted in the
improved glycosylation of several non-carbohydrate acceptor substrates, such as
catechol and butanol. Three mutants (L938F, L981A and N1029M) were selected
from a previously constructed library of 61 mutants with single amino acid
residue changes, targeting 10 amino acid residues of the Gtf180-ΔN acceptor
binding sites +1 and +293,94. Kinetic analysis revealed that impairing α-glucan
synthesis resulted in a higher affinity of the mutant enzymes for the model
acceptor substrate catechol, explaining the improved monoglycosylation yields.
Finally, the chemical structures of the glycosylated acceptor substrates were
elucidated by NMR spectroscopy.

Chapter 3 discusses solvent engineering strategies (biphasic and cosolvents
systems) for the glycosylation of poorly soluble acceptor substrates by Gtf180ΔN of L. reuteri 180. Also the immobilization of this enzyme onto mesoporous
silica particles is described. The covalently immobilized WT enzyme retained
most of its activity at 60 °C, whereas the free WT enzyme lost all activity at
temperatures above 50 °C. Moreover, the covalently immobilized WT enzyme
was much more active at high DMSO concentrations and high acceptor substrate
concentrations than the free WT enzyme, allowing the glycosylation at higher
acceptor substrate concentrations of poorly soluble acceptor substrates, such as
ethyl gallate, gallic acid and (+)-catechin.
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Chapter 4 reports the glycosylation of rebaudioside A (RebA), a natural highintensity sweetener obtained from the leaves of Stevia rebaudiana, by Gtf180-ΔN
and its Q1140E-mutant, which was selected from a mutant library99,100 in view of
its reduced α-glucan synthesis, enhanced RebA glycosylation potential and
introduction of a single extra glucose unit. Structural analysis of the main product
showed that both enzymes exclusively glucosylate RebA at the Glc(β1C-19
position, with the formation of an (α16) linkage. This result was explained by
docking of RebA in the enzyme’s active site, using its high resolution 3D
structure78: only the steviol C-19 β-D-glucosyl moiety is available for
glycosylation. The reaction conditions for the batch process were optimized by
response surface methodology (RSM), revealing the importance of the ratio of
donor substrate sucrose over acceptor substrate RebA to obtain high RebA
conversions. The product yield could be further enhanced by developing a fedbatch reaction, which further suppressed the remaining and competing α-glucan
synthesis still present in mutant Q1140E. Sensory analysis of the glycosylated
RebA product by a trained taste panel revealed a near complete removal of
bitterness, compared to RebA. In other words, an efficient process for the
synthesis of a novel steviol glycoside (RebA-G1), displaying a superior taste
profile, was developed.

Chapter 5 continues the work on Stevia glycosides by reporting the glycosylation
of stevioside, the most abundant steviol glycoside extracted from the leaves of
Stevia rebaudiana, with the Gtf180-ΔN-Q1140E enzyme. The chemical
structures of the glycosylated stevioside products were elucidated by NMR
spectroscopy, revealing an identical regiospecificity as with RebA glycosylation.
Surprisingly, a minor diglycosylated product with an (α14) linkage was isolated
from the glycosylation reaction mixture, a specificity that is normally not displayed
by the Gtf180-ΔN enzyme. The reaction conditions for the batch process were
again optimized using RSM, indicating that stevioside glycosylation is
significantly less productive than RebA glycosylation. Analysis of the sensory
properties of the glycosylated stevioside product by a trained taste panel
revealed a substantial decrease in bitterness compared to stevioside and RebA.
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Equally important, its taste profile was nearly identical to that of the glycosylated
RebA product.

Chapter 6 discusses the scale-up of the Gtf180-ΔN-ΔV-Q1140E-catalyzed
glycosylation of RebA and stevioside. Firstly, the enzyme production was
investigated. It was shown that the N- and V-terminally truncated Gtf180-ΔN-ΔVQ1140E protein was more efficiently produced than the N-terminally truncated
enzyme, whereas its biocatalytic potential was identical. Secondly, an ecofriendly and efficient downstream processing of the glycosylated products was
developed and demonstrated at pilot-plant scale, allowing the production of 200 g
glycosylated RebA product. A cost analysis demonstrated the economic
feasibility of the process and pointed out the steviol glycoside substrate (RebA,
stevioside) cost as major factor in the total production cost. The use of low-grade
stevia extract, half the price of high-purity RebA, was therefore proposed as cost
reducing strategy. In this context, the simultaneous glycosylation of stevioside
and RebA was demonstrated, a technology which holds strong commercial
potential.

Chapter 7 illustrates the potential of Gtf180-ΔN-Q1140E to glycosylate
neohesperidin dihydrochalcone (NHDC), a high-intensity sweetener obtained
from citrus fruits. NHDC finds many applications as flavor enhancer (E959) in the
food- and pharmaceutical industry due to its ability to suppress bitterness and
astringency, but also draws interest due to its strong anti-oxidant capacity. The
main drawback of NHDC, its low water solubility, was overcome by its
glycosylation, while the glycosides retained strong anti-oxidant capacities.
Sensory analysis of the flavor enhancing effects of NHDC and the NHDC
glycosides on RebA by a trained panel revealed a slight decrease of bitterness
and an increased sweetness. Although the obtained conversion degree of
roughly 65% was not of the same order as for RebA and stevioside glycosylation
(95%), it forms a good starting point for a profound optimization of the reaction
conditions.

Chapter 8 summarizes and discusses the results presented in this PhD thesis.
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85
65

S. oralis
S. mutans
S. oralis

dextransucrase1

dextransucrase

dextransucrase1

glucansucrase

dextransucrase

(±)-Catechin

Catechol

(-)-Epicatechin

Epigallocatechin gallate

Hydroquinone

L-DOPA

25
<1
n.a.
65
44
49
23
5
74

L. mesenteroides
L. mesenteroides
L. mesenteroides
N. polysaccharea
L. mesenteroides
L. mesenteroides
L. mesenteroides
N. polysaccharea
S. oralis

dextransucrase

amylosucrase2

dextransucrase

alternansucrase

glucansucrase

amylosucrase

dextransucrase

Luteolin

Luteolin

Myricetin

Quercetin

(±)-Taxifolin

(±)-Taxifolin

59

90

S. mutans

dextransucrase

(+)-Catechin

ND

L. mesenteroides

dextransucrase

Astragalin

94

L. mesenteroides

dextransucrase

Ampelopsin

Conversion (%)

Glucansucrase

Compound

Micro-organism

7.4

<1

<1

4.4

4.0

3.2

n.a.

2.0

1.0

5.9

26.0

8.5

9.0

ND

65.8

Yield (mM)

131

131

130

120

120

129

128

127

126

124

125

124

123

122

121

Reference

Table I. Examples of compounds, shown in Figure 10, that are glycosylated by glucansucrases. The specific glucansucrase, microbial
source, conversion degree (ratio of converted acceptor substrate to total acceptor substrate added) and yield (amount of glycosylated product
synthesized) are given. 1In vivo synthesis. 2Mutant enzyme.
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