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Abstract Carbohydrate structures have been identified in
eukaryotic and prokaryotic cells as glycoconjugates with
communication skills. Their recently discussed role in
various diseases has attracted high attention in the devel-
opment of simple and convenient methods for oligosaccha-
ride synthesis. In this review, recent approaches combining
nature’s power for the design of tailor made biocatalysts by
enzyme engineering and substrate engineering will be
presented. These strategies lead to highly efficient and
selective glycosylation reactions. The introduced concept
shall be a first step in the direction to a glycosylation
toolbox which paves the way for the tailor-made synthesis
of designed carbohydrate structures.
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Introduction

Oligosaccharides with biological background have attracted
high interest both scientifically and industrially over the past
years. They are involved in various processes like inflam-
mation, viral and bacterial infections, cell–cell recognition
and immune response (Varki 1993; Yun 1996; Wong 2005).
Moreover, many oligosaccharides are currently produced
for commercial markets (Nakakuki 2002), e.g. isomaltoo-
ligosaccharides (IMO; Buchholz and Seibel 2003), leucrose

(O-α-D-glucopyranosyl-(1,5)-D-fructopyranoside; Buchholz
et al. 1998) and palatinose (O-α-D-glucopyranosyl-(1,6)-D-
fructopyranoside; Lina et al. 2002). Oligosaccharides are of
interest in the fields of food, pharmacy and cosmetics due
to their ability to prevent and treat diseases from various
biological origins. Isomaltose for instance enhances cytokine
interleukin (IL)-12 production by macrophages stimulated
by Lactobacillus gasseri in vitro. Dietary IMO significantly
increase the number of lactobacilli in the intestinal microflora
(Mizubuchi et al. 2005). However, the access to defined
tailor-made oligosaccharides in reasonable amounts is still in
demand. In this review, we will present chemo-enzymatic
approaches enhancing the accessibility of tailor-made oligo-
saccharides. We illustrate how combined chemical and
enzymatic approaches are able to expand the library of
accessible carbohydrate structures.

Tailor-made oligosaccharides by enzyme engineering

Altering the stereoselectivity of glycosyltransferases

In general, glycosyltransferases exhibit high stereo- and
regiocontrol in their glycosylation reactions. But two long-
standing questions about glycosyltransfer enzymes persist:
How do glycosyltransferases control oligosaccharide versus
polysaccharide synthesis and how do they achieve and direct
their glycosidic linkage specificity?

These questions were recently addressed and studied on
the basis of different classes of glycosyltransferases. The
characterisation of a glucosyltransferase from Streptococcus
oralis (Hellmuth et al. 2008) and two fructosyltransferases
(FTFs) from Bacillus subtilis and Bacillus megaterium
(Homann et al. 2007; Beine et al. 2008) gave further insights
into fundamental aspects of glycosyl transfer mechanisms.
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The glucosyltransferase R (GTFR) from S. oralis (E.C.
2.4.1.5) belongs to family 70 of glucosidhydrolases (GH)
according to the carbohydrate active enzyme (CAZy) database
(Cantarel et al. 2009). The wild-type enzyme utilises sucrose
to transfer the glucose moiety to a growing polymer chain.
The synthesised polysaccharide is a dextran with α-(1,6)
glucosidic linkages (Demuth et al. 2002; Dols et al. 1998). A
variety of approaches, involving both rational and random
mutagenesis, have been used successfully to alter protein
function (Bloom et al. 2005; Shao and Arnold 1996). How-
ever, examples of the expansion of the substrate specificity
and the control of the regioselectivity of glycosyltransferases
are rare (Shaikh and Withers 2008; Lairson et al. 2006).
Three catalytic residues crucial for the transfer of glucose
have been identified previously in family GH70 enzymes
(van Hijum et al. 2006). Using sequence alignments, the
corresponding catalytic amino acids in the GTFR were
identified as D516 (putative catalytic nucleophile), E554
(putative acid/base catalyst) and D627 (putative transition
state stabiliser; Seibel et al. 2006b). The putative nucleophile
D516 is involved in formation of the covalent glucosyl–
enzyme complexes (Mooser et al. 1991; MacGregor et al.
1996). The crucial role of this catalytic triad has been
verified by site-directed mutagenesis experiments (Kato et al.
1992; Monchois et al. 1997; Kralj et al. 2004; Devulapalle
et al. 1997). Based on structural modelling, a new “NNS”
motif was identified in a reuteransucrase from Lactobacillus
reuteri (GTFA). It putatively forms the enzyme active centre
(Swistowska et al. 2007; Seibel et al. 2005). By changing
this “NNS”-motif into the “SEV” motif, the stereoselectivity
of a dextransucrase was directed from reuteran (α-1,4) to
dextran (α-1,6) synthesis (Kralj et al. 2005). By a combina-
tion of rational and random mutagenesis, the stereoselectivity
of the GTFR was altered drastically. The enzyme activity
remained high (Hellmuth et al. 2008). For different gluco-
syltransferases, changes in the transglycosylation activity
have been reported for mutations in a highly conserved
motif (“RAHDSEV”) around the transition state stabiliser
(Monchois et al. 1999; Kralj et al. 2005, 2006; Remaud-
Simeon et al. 2000; Shimamura et al. 1994). This region was
randomised by polymerase chain reaction mutagenesis in
order to generate variants with novel acceptor substrate
properties. The screen yielded a double (R624G/V630I) and

a triple (R624G/V630I/D717A) variant forming a polymer
with different chemical and physical properties. The wild-
type polymer is water soluble. In contrast, the polymer of the
variants is not soluble in water and has a different texture.
Methylation analysis showed a shift from mainly α-(1,6)-
linkages (62%, wild-type polymer) up to 46% of α-(1,3)
glucosidic bonds (triple mutant polymer; Fig. 1). The
corresponding single amino acid variants do not show any
difference in polymer`s linkage types compared to the wild-
type (D717A) or just up to 7% more α-(1,3) linkages
(R624G and V630I). These combined rational and random
mutagenesis results show the potential of enzyme engineer-
ing for the synthesis of tailor-made oligosaccharides.

Altering oligosaccharide versus polysaccharide synthesis

Hellmuth et al. performed a mutagenesis screen yielding a
GTFR variant with drastically altered polymer formation
properties (Hellmuth et al. 2008). The variant S628D did
not form polymer anymore whereas the wild-type enzyme
synthesises up to 80% dextran (Figs. 1 and 2). When
glucose or fructose is added, the GTFR variant S628D
synthesises isomaltose (O-α-D-glucopyranosyl-(1,6)-α,β-
D-glucopyranose) or leucrose (D-glucopyranosyl-α-(1,5)-
D-fructopyranose). The yield was 50% (25-fold increase

Fig. 1 GTFR variants forming
oligosaccharides instead of
polysaccharides (S628D) and α-
(1,3) instead of α-(1,6) linkages
(R624G/V630I/D717A)

Fig. 2 GTFR variant S628D synthesises the oligosaccharides iso-
maltose, palatinose and leucrose with glucose or fructose as acceptors
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compared to the wild-type enzyme) or 60%, respectively
(Fig. 2). In contrast to the wild-type GTFR, the polymer
formation is negligible (Fig. 2).

In a parallel approach, two FTFs from B. subtilis NCIMB
11871 and B. megaterium were engineered. The aim was to
get control over the polysaccharide-forming activity. Na-
tively, these FTFs catalyse the synthesis of the high

molecular weight polysaccharide levan utilising sucrose as
substrate. In the presence of acceptor molecules like
galactose, xylose, fucose etc., low molecular weight fructo-
oligosaccharides were synthesised (Avigad et al. 1957;
Cheetham et al. 1989; Homann et al. 2007; Fig. 3). The
FTFs belong to family GH 68 of the clan GH-J according to
CAZy database (Cantarel et al. 2009). They are retaining

Fig. 3 Synthesis of novel
fructo-oligosaccharides
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glycosidases and have a typical five-bladed beta-propeller
core structure forming a covalent intermediate with the
fructosyl subunit in the active site (Meng and Fütterer 2003).
In order to get insights into the enzymatic mechanism,
random mutagenesis on the FTF from B. subtilis was
performed (Beine et al. 2008). A screen for an altered
polymer formation yielded a variant of asparagine in
position 242. This amino acid is located in the +2 subsite
of the enzyme’s active centre. For the B. subtilis FTF
variant N242H as well as for the corresponding variants
from B. megaterium (N252H, N252A), it was shown that
the asparagine is crucial for polysaccharide formation
(Beine et al. 2008; Homann et al. 2007). The crystal
structure of SacB from B. subtilis with raffinose in the
active site showed a potential influence on the third
carbohydrate unit positioned in the +2 site (Meng and
Futterer 2008). In former studies, arginine in position 360,
which is also crucial for polymer synthesis, was identified
in the +1 region of the FTF from B. subtilis (Chambert and
Petit-Glatron 1991).

Tailor-made oligosaccharides by substrate engineering

Synthesis of sucrose analogues

Chemically modified substrates together with certain
promiscuity of glycosyltransferases to accept substrate
analogues expand the diversity of tailor-made oligosaccha-
rides (Seibel et al. 2006a, b). Bacterial glycosyltransferases

of the non-Leloir type are able to use easily accessible
substrates like sucrose as monosaccharide donor. It was
shown that both GTFs and FTFs are able to glycosylate
various kinds of acceptors, e.g. alcohols, amino acids,
mono- and disaccharides (Seibel et al. 2005, 2006b). The
enzymatic synthesis of sucrose analogues has recently been
established for a variety of structures. The FTF from B.
subtilis transfers the fructosyl residue of the substrate
sucrose to different monosaccharide acceptors (D-mannose,
D-galactose, 2-deoxy-D-glucose, D-fucose, D-xylose) to yield
the β-D-fructofuranosyl-α-D-glycopyranosides (D-Man-Fru,
D-Gal-Fru, D-2-deoxy-Glc-Fru, D-Fuc-Fru, D-Xyl-Fru;
Cheetham et al. 1989; Seibel et al. 2006c). A range of these
structures have been formed in high yields (up to 300 g/L),
with respect to the quasi-equilibrium, under kinetic control
and optimum conditions (Beine et al. 2008). Even L-
glycopyranosides as acceptors led to the formation of β-D-
fructofuranosyl-β-L-glycopyranoside (L-Glc-Fru, L-Gal-Fru,
L-Fuc-Fru L-Xyl-Fru, Rha-Fru). These sucrose analogues
have a β-(1,2)-glycosidic linkage (Seibel et al. 2006a).
Additionally, a range of new sucrose derivatives can be
obtained in aqueous medium from 3-ketosucrose by chemo-
enzymatic approaches. Agrobacterium tumefaciens elabo-
rates a dehydrogenase, which oxidises sucrose specific at the
3-position. The product synthesised is α-D-ribo-hex-3-
ulopyranosyl-β-D-fructofuranoside (3-ketosucrose; Fig. 3;
Stoppok et al. 1992). Subsequent chemical steps provide
access to a range of products, including α-D-allopyranosyl-
β-D-fructofuranoside by selective hydration (Pietsch et al.
1994; Timme et al. 1998).

Fig. 4 Active centre of the
levansucrase from B. subtilis
with docked substrate analogue
xylosyl-fructosid (Xyl-Fru; pre-
viously unpublished data). The
position of Asn242 is shown in
subsite +2. Docking procedure
was performed with Autodock 4
(Scripps Institute, La Jolla, CA,
USA), visualisation by pymol
(DeLano 2002). With Xyl-Fru
as substrate, the wild-type
levansucrase forms dominantly
a polyfructoside (left) while
variant N242H (right)
synthesises the 6-kestose
analogue
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From sucrose analogues to novel functional oligosaccharides

Short-chain fructo-oligosaccharides like kestose and nys-
tose are well known for their health benefits in human
nutrition (Yun 1996). Until today, there has been no
convenient and effective method to produce tailor-made
fructo-oligosaccharides. Recently, a strategy for a two-step
enzymatic synthesis of novel 1-kestose and 1-nystose ana-
logues has been investigated by Zuccaro et al. A genetically
optimised strain of Aspergillus niger was used to overexpress
the β-fructofuranosidase Suc1. This enzyme transforms
sucrose and sucrose analogues with high yield to the 1-
kestose and 1-nystose analogues. They are headed with
different monosaccharides (galactose, mannose, xylose,
fucose; Fig. 3) of potential interest (Zuccaro et al. 2008).
The concerted action of the two enzymes led to the highly
efficient synthesis of defined fructo-oligosaccharides. These
novel structures may provide beneficial prebiotic and
immunostimulating effects.

Sucrose analogues have also been evaluated as donor
substrates for many bacterial FTFs (Biedendieck et al.
2007; Seibel et al. 2006c). For example, the wild-type FTF
from B. subtilis converted 52% of the sucrose analogue
galactosylfructosid into transglycosylation products. These
are almost exclusively levan-type polysaccharides (Beine et
al. 2008). Also, Xyl-Fru as a substrate yielded new xylosyl-
fructo-oligosaccharides (Xyl-(Fru)n-Fru (n=1–26) mixtures).
As previoulsy discussed, the substitution of the glucose
moiety to a different glycopyranosyl unit like xylose
influences structural and biochemical properties of the new
molecule. In contrast to short-chain fructo-oligosaccharides,
the glycopyranosyl residue in polysaccharides may not
influence its structure and properties significantly. Conse-
quently, in a recent approach, substrate and enzyme engineer-
ing were combined. A random mutagenesis approach of the
FTF from B. subtilis yielded the variant N242H (Fig. 4;
Beine et al. 2008). In contrast to the wild-type enzyme, the
variant N242H with Xyl-Fru as substrate synthesised one

Fig. 5 Acceptor substrate-
directed synthesis followed by
nucleophile substitution
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main product. It was identified as the 6-kestose analogue
Xyl-Fru2 (β-D-fructofuranosyl-(2,6)-β-D-fructofuranosyl-
(2,1)-α-D-xylopyranoside; Fig. 3; Beine et al. 2008). As 6-
kestose and xylo-oligosaccharides have strong prebiotic
activity, this novel product has most likely a beneficial
impact on the mammalian gut system’s probiotics.

Substrate-directed stereoselectivity of glycosyltransferases

In a new strategy using substrate engineering, the stereo-
selectivity of the glucosyltransferases GTFR (from S. oralis)
and GTFA (from L. reuteri) was changed without engi-
neering the enzyme itself. For this approach, acceptor

Table 1 Chemo-enzymatic synthesised structures and their application

Oligosaccharide Synthesis Application (potential)  Structure 

Sucrose analogue Donor: Sucrose

Acceptor: Glycopyranosyl
residue

Fructosyltransferase SacB from 
Bacillus subtilis or megaterium

Nutrition (low caloric, 
non-caryogenic 
sweetener, prebiotic)  

Fructo-
oligosaccharides

(a) inulin type; b)
levan type)

Donor: Sucrose analogue

Acceptor: Sucrose analogue

(a)  β-fructofuranosidase
Suc1 from Aspergillus
niger

(b) Fructosyltransferase
variant SacB from
Bacillus subtilis
(N2424H) or
megaterium (N252A) 

Nutrition (prebiotic), 

Pharma (immuno-
stimulation) 

Isomaltose Donor: Sucrose

Acceptor: Glucose

Streptococcus oralis GTFR
variant S628D

Nutrition (low caloric 
sweetener), cosmetic 

Novel α–(1,3)
glucan with α–
(1,6) branches 

Donor: Sucrose

Acceptor: Glucan

Streptococcus oralis GTFR 
variant R624G/V630I/D717A 

New material 
(surfactant), cosmetic 

Gal-Tn analogue Donor: UDP-Gal 

Acceptor: 1-allyl-2-N-acetyl-
glucosamine 

β-(1,4) galactosyltransferase 
from bovine milk 

Medicine (vaccine) 

Cell surface
glucan analogues

Donor: α-D-1-thio-fucose 

Acceptor: 1-allyl-6-p-
toluenesulfonyl-Gal-Tn 

DMF, 80º C

Medicine (vaccine) 
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substrates were designed which allow the control of linkage
specificity by the enzyme and further chemical reactions.
The blockage of the preferred transglycosylation site by 6-
O-p-toluenesulfonyl switched the glycosylation activity of
the GTFR from the major α-(1,6)- to the minor α-(1,3)-
activity (Fig. 5; Hellmuth et al. 2007). This principal was
extended to a two-step chemo-enzymatic synthesis. The
chemoselectivity of the GTFR is guided from α-1,6 to α-1,2,
α-1,3 or α-1,4 linkage. Furthermore, the p-toluenesulfonyl
group can be substituted via a SN2 mechanism by diverse
nucleophilic thio-sugars (Blanchard et al. 2007; Hellmuth
et al. 2007). The two-step reaction cascade enables the
successful construction of various complex glycoconjugates
containing thio-glycosidic linkages. The substituents are
glycopyranosides of choice (e.g. galactose, glucose, neura-
minic acid; Fig. 5; Hellmuth et al. 2007). The concerted
application of thio-sugars helps to expand the structural
diversity of conventionally synthesised oligosaccharides
(Pachamuthu and Schmidt 2006; Hellmuth et al. 2007).
Because of the stability of thio-glycosidic bonds against
enzymatic and acidic cleavage, thio-glycosides have been
considered very promising candidates for the preparation of
carbohydrate-based therapeutics (Pachamuthu and Schmidt
2006). Thio-oligosaccharides have already been described
as cytostatic agents with tumour-inactivating capabilities
(Witczak et al. 2003). Further expansion offers the allyl group
which can be transformed into an aldehyde by ozonolysis.
This gives the opportunity of coupling the oligosaccharide to
an aglycon-like proteins, drugs or solid carriers or to other
functionalised carbohydrates.

Concluding remarks and future prospects

The novel strategies in this review for the synthesis of
glycoconjugates shall open new opportunities for answering
tantalising questions like how carbohydrates influence the
immune system, infection and inflammation processes or
cell signalling. For investigations of carbohydrate interac-
tions with proteins and even living systems, one has to
synthesise target structures. For this purpose, an expansion
of today’s existing library of accessible oligosaccharide
structures is necessary. A combination of enzyme and
substrate engineering offers the generation of diverse
structures which can be investigated (Table 1). Enzyme
engineering alone is already a powerful tool for the
synthesis of tailor-made oligosaccharides. This has been
demonstrated with the glucosyltransferase GTFR and the
FTFs from B. subtilis and B. megaterium. These enzymes
were switched from polymer to oligosaccharide synthesis
by the substitution of only one amino acid. Mutagenesis
studies also yielded a GTFR variant that shifts its linkage
specificity from native α-(1,4)- to mainly α-(1,3)-bonds.

The stereoselectivity of the GTFA from L. reuteri was
engineered to form α-(1,6)-bonds instead of the reuteran α-
(1,4)-linkages.

The engineering of the substrate further expanded the
library of tailor-made oligosaccharide structures. Enzymat-
ically derived sucrose analogues acted as novel substrates
for FTFs yielding products with potential benefit for the
gut and immune system. By blocking the C6-position in a
glucose moiety with p-toluenesulfonyl group, the specific-
ity of the glucosyltransferases GTFR and GTFA were
altered. They were switched from the wild-type α-(1,6)-
specificity to α-(1, 3)- or α-(1,4)-linkages, respectively.
Chemical substitution of the p-toluenesulfonyl group by
monosaccharides of choice further expanded the library of
accessible tailor-made oligosaccharides.

Enzyme and substrate engineering together is a powerful
combination for the creation of various tailor-made oligo-
saccharide structures. The synthesis of naturally occurring
oligosaccharides and their analogues envisage the possi-
bility to explore the growing field of glycobiology. New
powerful methods such as glycoarrays or metabolic engineer-
ing support this research field a lot.
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