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Oligo- and poly-saccharides are important macromolecules in living systems.  They show their multifunctional
characteristics in the construction of cell walls, energy storage, and various biological phenomena like cell recognition.
The development of a new glycosylation reaction is demanded in order to supply a sufficient amount of oligo- and poly-
saccharides for basic research.  Enzymes have several remarkable catalytic properties compared with other types of cata-
lyst in terms of their selectivity, high catalytic activity, lack of undesirable side-reactions, and ability to operate under
mild conditions.  This account presents an overview of recent advances in the glycosylation reactions for synthesis of oli-
go- and poly-saccharides catalyzed by glycosyl hydrolases.  A new carbon cyclic system of “Glyco-Chemistry Cycles”
has been proposed based on the renewable polysaccharide biomass.

 

Carbohydrates are photosynthesized by using carbon diox-
ide and water and are the most widely distributed organic com-
pounds as biomass on earth.  Almost all naturally occurring
carbohydrates exist as glycosidic compounds; they include
oligo- or poly-saccharides, glycolipids, glycoproteins, nucleo-
sides, and various alkyl glycosides.  It is very rare for carbohy-
drates to be found in nature in the form of free sugar.  Many
important discoveries have been made to elucidate the roles of
these glycosidic compounds from the viewpoint of basic sci-
ence.
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  On the other hand, from technical points of view, these
carbohydrates have long been utilized to improve human life.
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Since carbohydrates show various chemical or physical prop-
erties derived from their complicated structures, the industrial
fields where carbohydrates are employed have become ex-
tremely wide.  Especially, oligo- or poly-saccharides which are
composed of monosaccharide units connected through a glyco-
sidic bond have a huge number of isomers, indicating that
these compounds can act as informative molecules.

The formation of a glycosidic bond is realized by the reac-
tion of a glycosyl donor and a glycosyl acceptor (Fig. 1).  In
glycosylating reactions, there are two possible geometric iso-
mers related to the geometry of the anomeric carbon atom of
monosaccharide, namely 

 

α

 

-isomer and 

 

β

 

-isomer.  The control
of the formation of these glycosidic bonds is called “stereose-
lectivity of glycosylation reaction”.  In addition to such stereo-
selectivity, there is one more prerequisite that is important
when a glycosidic bond is formed.  Monosaccharides such as
glucose have four hydroxy groups that can participate in gly-
cosyl bond formation: i.e., 2-, 3-, 4- and 6-hydroxy groups.
Since oligo- and poly-saccharides can be formed by connect-
ing the 1-hydroxy group of a monosaccharide unit and one of

the four hydroxy groups of the adjacent monosaccharide unit,
there are four possibilities: 1,2-bond, 1,3-bond, 1,4-bond, and
1,6-bond.  Considering these possibilities, the numbers of pos-
sible isomers have been calculated: eleven isomers can be pro-
duced when a disaccharide is formed, 120 isomers can be pro-

 

Fig. 1.   Principle of glycosidic bond formation.
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duced for a trisaccharide, 1424 isomers can be produced for a
tetrasaccharide and 17872 isomers can be produced for a pen-
tasaccharide.
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  Among these bonds, only one kind of bond
must be formed in order to construct oligosaccharides of well-
defined structures, which is called “regioselectivity of glyco-
sylation reaction”.

In order to generate regio- and stereo-selectivity, an appro-
priate leaving group X, protecting groups, an activator (cata-
lyst), and a solvent should be selected.  The classical Koenigs–
Knorr reaction utilizes the combination of peracylated glyco-
syl halides as glycosyl donor and heavy metal salts like silver
oxide or mercury(

 

Ⅱ

 

) cyanide as activator in organic solvents.
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Although many chemical glycosylation reactions with various
combination of glycosyl donors and activators have appeared,
the perfection of the glycosylating process still remains a chal-
lenging problem, especially in the synthesis of oligo- or poly-
saccharides where perfect control of regio- and stereo-chemis-
try is strictly required.

Oligo- and poly-saccharides can be divided into two classes:
oligo- and poly-saccharides consisting of two or more types of
monosaccharides that are connected in a diverse manner and
oligo- or poly-saccharides having a repeating monosaccharide
unit or a disaccharide unit.  The former oligo- and poly-saccha-
rides that show no repeating pattern play an important role in
living systems.  For example, some oligosaccharides on eu-
caryotic cell surfaces participate in cell recognition and im-
mune responses.
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  The structure of the common unit of these
oligosaccharides is shown in Fig. 2.  It consists of a chitobiose
moiety attached to the amide nitrogen of 

 

L

 

-asparagine by a 

 

β

 

-
linkage.  

 

D

 

-Mannose is attached to the chitobiose through a 

 

β

 

-
1,4 linkage, and two mannose residues are attached to this
mannose by 

 

α

 

-1,6 and 

 

α

 

-1,3 glycosidic linkages.  The devel-
opment of a new methodology for regio- and stereo-selective
synthesis of such oligo- and poly-saccharides has been an ac-
tive topic in the synthetic field of carbohydrate chemistry.  So
far, various kinds of biologically important oligosaccharides
have been prepared by connecting a monosaccharide unit
through the use of chemical or enzymatic techniques.
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Typical examples of the another significant class of oligo-
and poly-saccharides are cellooligosaccharide (cellulose) 

 

1

 

,
maltooligosaccharide (amylose) 

 

2

 

, and chitooligosaccharide
(chitin) 

 

3

 

 (Fig. 3).  These compounds are important for con-
struction of plant cell walls, energy storage, and as a skeletal
component of invertebrates, respectively.
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  Nitrocellulose and
acetylcellulose are classical examples of modified celluloses
utilized as laquers, films, textiles, and tobacco filters.  Recent-
ly, various functionalized celluloses like cellulose esters and

cellulose ethers have been developed as high performance
polymers such as anion or cation exchangers, chromatographic
materials, and electronic materials.

 

8

 

  The construction of these
oligosaccharide backbones is very difficult because complete
regio- and stereo-control is required at every step of a continu-
ous glycosylation.  Whether a target molecule has a repeating
unit or not, the regio- and stereo-selective construction of a
glycosidic bond is one of the most challenging problems fac-
ing synthetic chemists.

Enzymes have several remarkable catalytic properties com-
pared with other types of catalyst in terms of their regio- and
stereo-selectivity.
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  In addition, from the viewpoint of environ-
mental friendliness, enzymatic reaction is one of the most
promising basic technologies with a simple operation under
mild conditions, eliminating undesirable side-reactions.  En-
zymes that have been utilized so far for glycosidic bond forma-
tion are glycosyl hydrolases,

 

10

 

 phosphorylases,

 

11

 

 and glycosyl-
transferases.
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  This article presents an overview of recent ad-
vances in the synthesis of oligo- and poly-saccharides cata-
lyzed by a hydrolase of glycosides, namely glycosidases and
glycanases from a viewpoint of Green Chemistry.  Glycosidas-
es are enzymes that hydrolyze a glycosyl compound of small
size.  Glycanases refer to enzymes that hydrolyze polysaccha-
rides.  A new green process for synthesis of a typical glycosyl
donor, glycosyl fluorides, and sugar oxazolines, will also be
mentioned.

 

1. Green Chemistry in Synthesis of Glycosyl Donors

 

Glycosyl fluoride derivatives are one of the most useful gly-
cosyl donors employed in chemical glycosylation and enzy-
matic glycosylation.
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  Because of the high C–F bond energy,
glycosyl fluorides with appropriate protecting groups are sta-
ble in comparison with other glycosyl halides such as glycosyl
chloride and glycosyl bromide which are utilized for the classi-
cal glycosylation reaction (Koenigs–Knorr reaction).

 

4

 

  Since
chemical glycosylations using protected glycosyl fluorides
were developed in 1981,

 

14

 

 the glycosyl fluoride method has
been widely used and improved in organic synthesis.

 

15

 

  Iso-
mers of both 

 

α

 

-glycosyl fluoride and 

 

β

 

-glycosyl fluoride in
their protected forms are prepared by the following two meth-
ods (Fig. 4(A)).  

 

β

 

-Glycosyl fluorides are prepared by dis-

 

Fig. 2.   Structure of pentasaccharide connected to asparagine
of glycoprotein on cell surface.

 

Fig. 3.   Structure of cellooligosaccharide 

 

1

 

, maltooligosac-
charide 

 

2

 

, and chitooligosaccharide 

 

3

 

.
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placement of the corresponding per-

 

O

 

-acy1ated glycosyl chlo-
rides or bromides with silver fluoride via a S

 

N

 

2 type reaction.
The other anomer of 

 

α

 

-glycosyl fluorides can be prepared by
treatment of per-

 

O

 

-acylated sugars with hydrogen fluoride.
The synthetic route of 

 

β

 

-fluorides can be replaced by anoth-
er route that involves a nucleophilic substitution of 

 

α

 

-glycosyl
bromide derivatives by potassium fluoride (KF) (Fig. 4(B)).
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The opposite anomer of 

 

α

 

-glycosyl fluoride derivatives can be
prepared via the anomerization of the resulting 

 

β

 

-fluoride by
the action of diethyl ether–boron trifluoride (1/1) (BF

 

3

 

–
OEt

 

2

 

).
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  For laboratory scale experiments, the usage of KF and
BF

 

3

 

–OEt

 

2

 

 is recommendable because the experimental proce-
dures of these reactions without using a silver salt or hydrogen
fluoride are much simpler than those of the conventional meth-
ods.  When a glycosyl fluoride is employed for an enzymatic
glycosylation, all the acyl protecting groups are removed with
use of a base such as sodium methoxide.

The 1,2-oxazoline derivatives of 2-acetamido-2-deoxy sug-
ars are the most useful key intermediates for preparation of
various 2-acetamido-2-deoxy glycosides.  Since Micheel et al.
first reported the “oxazoline method” in 1958,

 

18

 

 this methodol-
ogy has been extensively employed in stereoselective synthesis
of 1,2-

 

trans

 

-2-aminoglycosides.
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  Recently, sugar oxazolines
having no protecting groups were found to be efficient glyco-
syl donors for enzymatic glycosylations.
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  Actually, several 

 

N

 

-
acetylglucosamination reactions have been reported by using
an endo-

 

N

 

-acetylglucosaminidase as catalyst.
One of the classical methods for synthesis of sugar oxazo-

line derivative includes treatment of 2-acetamido-2-deoxy-gly-

cosyl chlorides with sodium hydrogencarbonate in the pres-
ence of tetraalkylammonium chloride (Fig. 5(A)).

 

21

 

  This reac-
tion consists of the following two processes: 1) the anomeriza-
tion of 

 

α

 

-glycosyl chloride to 

 

β

 

-glycosyl chloride by a nucleo-
philic attack of the chloride ion to the anomeric carbon atom
and 2) the intramolecular attack of the carbonyl oxygen of the
2-acetamido group to the anomeric center as a result of proton
abstraction on the nitrogen by sodium hydrogencarbonate.  It
is, therefore, necessary to utilize two kinds of reagents, quater-
nary ammonium salt and sodium hydrogencarbonate, for the
reaction to occur.  However, the yields of these reactions are
normally low.  In addition, these reactions require an ammoni-
um compound that is very difficult to remove from the reaction
mixture and consequently much organic solvent is necessary to
purify the product by column chromatography.  Such usage of
tetraalkylammonium salt and organic solvent should be mini-
mized from the viewpoint of Green Chemistry.

In the course of our investigation for synthesis of glycosyl
fluoride donors by using KF, we found that a KF-promoted in-
tramolecular cyclization reaction of 2-acetamido-2-deoxy-

 

α

 

-

 

D

 

-glucopyranosyl chloride takes place smoothly, giving rise to
the corresponding 1,2-oxazoline derivative in good yield (Fig.
5(B)).

 

22

 

  The intramolecular cyclization proceeds through a re-
active intermediate of 2-acetamido-2-deoxy-

 

β

 

-

 

D

 

-glucopyrano-
syl fluoride as a result of a nucleophilic attack of the fluoride
ion against the starting 

 

α

 

-chloride.  In this step, the fluoride ion
behaves as a nucleophile toward the anomeric carbon atom to
enhance the S

 

N

 

2 type reaction with the inversion of configura-
tion.  The second step involves a participation of the carbonyl

 

Fig. 4.   Synthesis of glycosyl fluoride derivatives by classical
method of using silver fluoride and hydrogen fluoride (A)
and novel method based on Green Chemistry (B).

 

Fig. 5.   Synthesis of 1,2-oxazoline derivatives of 2-acetami-
do-2-deoxy sugars by classical method of using tetraalkyl-
ammonium chloride as nucleophile and sodium hydrogen-
carbonate as acid captor (A), and novel method of using
potassium fluoride as nucleophile and acid captor (B).
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oxygen of the 2-acetamido group from the 

 

α

 

-side of the pyra-
nose ring.  The resulting cyclic intermediate suffers a proton
abstraction on the nitrogen due to the action of another fluoride
ion.  According to the present method of using potassium fluo-
ride, it is not necessary to utilize the quaternary ammonium
chloride that is very difficult to be removed from the reaction
mixture.  This fact makes the reaction procedure extremely
simple; filtrating the complex of potassium fluoride–hydrogen
fluoride (KF–HF) and KCl can easily isolate the product.  This
methodology of using KF as nucleophile and acid captor can
successfully be applied to an efficient synthesis of sugar
orthoesters from the corresponding 

 

α

 

-glycosyl bromide deriv-
ative and an alcohol.

 

23

 

2. Endoglycosidase-Catalyzed Synthesis of Oligo- and Poly-
saccharides Using Glycosyl Fluorides as Glycosyl Donors

 

Glycosyl fluorides, sugar derivatives whose anomeric hy-
droxy group is replaced by a fluorine atom, have been exten-
sively investigated as substrates for glycosidases, mainly in the
fields of biochemistry or enzymology.  Recently, glycosyl fluo-
rides were found to be effective as glycosyl donors for enzy-
matic glycosylation catalyzed by endo-glycosidases.  Endogly-
cosidases are defined as hydrolytic enzymes that cleave a gly-
cosidic bond of the inner unit of polysaccharides.  The merit of
using glycosyl fluorides as glycosyl donors originates from the
unique properties of the fluorine atom itself.  First, the size of a
fluorine atom is comparable in size to a hydroxy group, so that
it can be accepted by an active site of an enzyme.  Second, of
the glycosyl halides, only glycosyl fluoride is stable as an un-
protected form, which is necessary for most enzymatic reac-
tions carried out in the presence of water.  Ever since Barnett et
al. demonstrated that a glycosyl fluoride could be recognized
by a glycosidase,

 

24

 

 numerous studies on the interaction of gly-
cosyl fluorides and enzymes have been reported.

 

25

 

  Nishizawa
et al. reported that 

 

β

 

-cellobiosyl fluoride is converted to cello-

biose as main product together with a small amount of cellooli-
gosaccharides as transglycosylated products catalyzed by
endo-1,4-

 

β

 

-glucanase in a buffer solution (Fig. 6(A)).

 

26

 

  When

 

β

 

-cellobiosyl fluoride was treated with the same enzyme in a
mixed solvent of acetonitrile and acetate buffer, the transglyco-
sylation predominates and the yield of cellooligosaccharides
has significantly increased, providing a very efficient method
for synthesis of cellooligosaccharide with perfect regio- and
stereo-selectivity (Fig. 6(B)).

 

27

 

  These reactions proceed via an
oxocarbenium ion intermediate stabilized by a carboxylate of
an acidic amino acid in the active site of the enzyme.  If water
attacks this intermediate, hydrolysis occurs to give cellobiose.
If one of the hydroxy groups of the glycosyl acceptor attacks
instead of water, the transglycosylation takes place.

The combination of a glycosyl fluoride and an endo-type
glycosidase in an aqueous organic solvent has become an effi-
cient general methodology of glycotechnology for preparation
of various complicated oligosaccharides.

 

28

 

  Actually, the meth-
odology has successfully been applied to highly regio- and ste-
reo-selective preparation of various oligosaccharides that are
impossible to be isolated from nature.  Many plant polysaccha-
rides have a heterogeneous sequence composed of different
monosaccharide units.  For example, naturally occurring xy-
lan, a xylose polymer having a 

 

β

 

-1,4 glycosidic linkage in the
main chain, normally contains 

 

L

 

-arabinose and 4-

 

O

 

-methylglu-
curonic acid as side chains, its hydroxy group often being
acetylated, and occasionally contains the 

 

β

 

-1,3 glycosidic link-
age as a minor unit (Fig. 7).  This polysaccharide plays an im-
portant role in plant cell walls by interacting with cellulose mi-
crofibril.  Therefore, a pure xylan, which is composed exclu-
sively of xylopyranose units, can not be prepared from natural
xylan (Fig. 7(A)).

A xylanase-catalyzed polycondensation of 

 

β

 

-xylobiosyl flu-
oride took place in an aqueous organic solvent to give a mix-
ture of linear oligosaccharides that contain only 

 

β

 

-1,4 glyco-

 

Fig. 6.   The formation of oxocarbenium ion intermediate in the catalytic site of glycosidase as a result of C–F bond cleavage of

 

β

 

-cellobiosyl fluoride (R 

 

=

 

 glucose) followed by hydrolysis (A) and transglycosylation (B).
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sidic bonds (Fig. 7(B)).

 

29

 

  Although chemical synthesis of xy-
looligosaccharides by utilizing the classical Koenig–Knorr re-
action was reported, the synthesis requires a repeating process
that involves the regioselective deprotection of a hydroxy
group.

 

30

 

  Different from naturally occurring xylan, the oli-
gosaccharides prepared enzymatically consists exclusively of

 

D

 

-xylopyranose residue with neither 

 

L

 

-arabinose nor 

 

D

 

-glucu-
ronic acid as side chains. 

The above reaction is to be interestingly compared with a
biosynthetic pathway of naturally occurring xylan where the
saccharide monomer is uridine diphosphate xylose formed as a
result of a dehydrating process followed by a decarboxylating
process starting from uridine 5

 

′

 

-diphosphoglucose (Fig. 8).
Generally, the enzymes responsible for synthesis of polysac-
charides are glycosyl transferases that have also become im-
portant catalysts in glycotechnology.  In fact, glycosyltrans-
ferases have been extensively utilized for preparation of vari-
ous biologically important oligosaccharides.  However, the use
of glycosyl transferases for the synthesis of a wide array of
natural and non-natural oligosaccharides is restricted due to
their higher substrate specificity.  In contrast, glycosidases

show much lower substrate specificity than transferases, which
enables us to develop a new synthetic tool for functionalized
oligosaccharides of non-natural types.

The glycosyl fluoride method by the combination of a gly-
cosyl fluoride substrate and a glycanase can be further applied
to preparation of oligosaccharides of 

 

α

 

-1,4 type, as well as that
of oligosaccharides containing a 

 

β

 

-1,3 bond and a thioglyco-
sidic bond.  Maltooligosaccharides have been prepared by
polycondensation of 

 

α

 

-

 

D

 

-maltosyl fluoride using 

 

α

 

-amylase
(from 

 

Aspergillus oryzae

 

) in a mixed solvent of methanol–
phosphate buffer.

 

31

 

  The use of methanol as cosolvent enhances
the polycondensation to afford higher maltooligomers.  A 1,3-
1,4-

 

β-D-glucan 4-glucanohydrolase (from Bacillus lichenifor-
mis) has been shown to catalyze effective polycondensation of
β-laminaribiosyl fluoride, and to lead to alternate 1,3-1,4-β-D-
glucotetraose and -glucohexaose products.32  The transglyco-
sylation using the same glycosyl donor and methyl β-laminari-
bioside as acceptor gives the methyl 4-O-β-laminaribiosyl-β-
laminaribioside in 40% overall yield.  An enzymatic polycon-
densation of 4-thio-β-cellobiosyl fluoride in a buffer/organic
solvent afforded a mixture of water-soluble hemithiocellodex-
trins with DP 4-14.33  It is well known that cellooctaose is al-
most completely water-insoluble.  The significant increase of
the solubility of the hemithiocellodextrins is explained by the
interruption of H-bonds that may introduce a distortion in the
packing of the chains of oligo- and poly-saccharides.

3. Synthetic Strategy of Non-Natural Oligosaccharides

In the previous section, the advantage of using enzymes has
been mentioned from the viewpoints of regio- and stereo-con-
trol in the construction of oligosaccharide structure of natural
types.  Another merit of enzymatic glycosylations can be seen
in the formation of modified polysaccharides with well-defined

Fig. 7.   Enzymatic polycondensation of β-xylobiosyl fluoride affording artificial xylooligomers that is impossible to prepare from
naturally occurring xylan.

Fig. 8.   Biosynthetic pathway of naturally occurring xylan.
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structures.  The conventional synthetic strategies for function-
alized polysaccharides have been based on the modification of
hydroxy groups of naturally occurring polysaccharides by
chemical reactions (Fig. 9(A)).  For example, the derivatization
of cellulose has extensively been studied for the development
of high-performance cellulose materials.  It is, however, obvi-
ous that these methodologies are not suitable for construction
of a novel oligosaccharide having a well-defined structure be-
cause polymer reactions give a mixture of randomly substitut-
ed oligosaccharides.

In the present section, a new methodology for synthesis of
non-natural oligosaccharides will be mentioned; an enzymatic
polycondensation of a modified glycosyl monomer composed
of a natural monosaccharide unit and an artificial monosaccha-
ride unit will be demonstrated (Fig. 9(B)).  According to this
methodology, a novel functionalized oligosaccharide having a
modified unit periodically in the main chain can be produced,
provided that the regio- and stereo-chemistry of each glycosy-
lating process is perfectly controlled.  The perfection of glyco-
sylation can be ensured by the usage of an endo-glycosidase as
catalyst for successive glycosylating processes.

The cellulase-catalyzed polycondensation of β-cellbiosyl
fluoride has successfully been applied to the synthesis of vari-
ous modified cellooligosaccharides.  Novel cellobiosyl fluoride
derivatives, 6-O-methyl-β-cellobiosyl fluoride and 6′-O-meth-
yl-β-cellobiosyl fluoride have been prepared as new monomers
for enzymatic polycondensation, aiming at the synthesis of re-
gioseletively O-methylated cellulose derivatives.34  The 6-O-
methylated monomer polymerized smoothly in a regio- and
stereo-selective manner, giving rise to cellooligosaccharide de-
rivatives having a methyl group alternatingly at the 6 position,
whereas the 6′-O-methylated monomer showed a low polymer-
izability.

A new synthetic strategy for hybrid-type oligosaccharides
having an alternating structure composed of a monosaccharide
X and monosaccharide Y has been developed by chemoenzy-
matic procedures (Fig. 10).  According to this principle, it is
possible to design two kinds of disaccharide monomers, X-Y
and Y-X.  The skeleton of the disaccharide units (X-Y and Y-X)

can be constructed by a chemical coupling of different kinds of
monosaccharides (X and Y) (step Ⅰ).  The resulting disaccha-
ride derivatives are converted to the corresponding fluorides
(step Ⅱ).  In the final step Ⅲ, the fluorides are polycondensed
enzymatically.

Based on the principle mentioned above, a hybrid type oli-
gosaccharide having a xylose unit and a glucose unit alternat-
ingly in the main chain was synthesized by the enzymatic
polycondensation of β-xylopyranosyl-glucopyranosyl fluoride,
catalyzed by a xylanase, a hydrolase of xylan.35  The regio- and
stereo-selectivity of the glycosylating process between each
disaccharide monomer unit is controlled perfectly, affording a
β-1,4 glycosidic bond.  The enzymatic polycondensation pro-
ceeds by the disaccharide unit.  The transglycosylation at the
glycosidic bond between the xylose moiety and the glucose
moiety did not take place; no cleavage of the O-glycosidic
bond of the disaccharide monomer was observed.  An endo-
xylanase was found to be a very efficient catalyst for the poly-
condensation, where both of the glycosyl donor site and the
glycosyl acceptor site of the endo-xylanase could recognize
the xylose-glucose moiety, enabling the polycondensation to
proceed in a completely regio- and stereoselective manner.

Similarly, a new disaccharide monomer, mannopyranosyl-
glucopyranosyl fluoride, was designed for synthesis of a novel
glucomannan oligosaccharide derivative (Fig. 11).36  The dis-
accharide monomer having an axial 2′-hydroxy group has suc-
cessfully been polycondensed by cellulase mixture to give an
oligosaccharide having a mannose unit and a glucose unit al-
ternatingly in the main chain.

Some glycosyl fluorides were found to be suitable substrates
for cyclodextrin-α-1,4-glucosyltransferase (CGTase).  Cyclo-
dextrin and its analogues were successfully synthesized by the
polycondensation of α-glucosyl fluoride or α-maltosyl fluoride
derivatives.37  By use of immobilized CGTase (silica gel sup-
port functionalized with glutaraldehyde), α-glucosyl fluoride
is transformed in high yield predominantly into cyclodextrins
and maltooligomers as side products.  The polymerization is
carried out in the presence of sodium hydroxide, which neu-
tralizes the liberated hydrogen fluoride as the reaction pro-
ceeds.  New substrates of α-maltosyl fluorides substituted at
the 6- or 6′-position with H, F, Br, OMe, and OAc were tested

Fig. 9.   Synthesis of substituted oligosaccharides by chemical
modification of naturally occurring oligosaccharides (A),
and polymerization of modified glycosyl monomer (B).

Fig. 10.   Chemo-enzymatic procedures for synthesis of hy-
brid-type oligosaccharides having an alternating structure
composed on a monosaccharide X and monosaccharide Y.
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as substrates for the CGTase from Bacillus macerans.38  All the
modifications made at the 6-position of the maltose residue
prevent binding in the donor part of the catalytic site, and only
6′-O-methyl and 6′-O-acetyl monomers were transformed into
cyclic compounds.

4. Enzymatic Glycosylation Based on Reactive 
Intermediate or Transition State

4.1. Glycosynthase.    In the previous section, the utility of
endoglycosidases as catalysts for selective synthesis of oli-
gosaccharides has been mentioned.  However, the limitation of
these reactions should be pointed out because the yield of the
reaction is normally low due to the reversibility of the glycosy-
lation reaction catalyzed by hydrolytic enzymes.  In principle,
glycosidases catalyze not only transglycosylation but also hy-
drolysis of the resulting glycosyl compounds unless the prod-
ucts are removed from the reaction mixture.  Recently, Withers
and his co-workers have solved this inherent problem of prod-
uct hydrolysis (Fig. 12).39  They prepared specific mutants to
remove the catalytic nucleophile of acidic amino acid (glyco-
synthase).  These mutants are hydrolytically inactive towards
oligosaccharide substrates because the reactive glycosyl-en-
zyme intermediate can not be formed.  In these reactions, a α-
glycosyl fluoride having the opposite anomeric configuration
is utilized as glycosyl donor for these mutants.  The glycosyl
fluoride having α-configuration can be recognized by the cata-
lytic site of the mutant enzyme as an analogue of the covalent
glycosyl-enzyme intermediate.  The transglycosylation reac-
tions proceed in excellent yields because the mutant enzymes
are hydrolytically inactive towards the glycosides formed.  The
first glycosynthase was prepared from Agrobacterium β-glu-
cosidase (Abg) E358A.  Glycosynthase-mediated catalysis of
glycoside formation is a promising technology for the future
synthesis of oligosaccharides.

4.2. Enzymatic Addition of Sugar Oxazolines.      In the
previous sections, enzymatic glycosylation reactions using
glycosyl fluorides as glycosyl donors were reviewed.  The con-

formation of these glycosyl donors had to be very close to that
of the product glycosides or to that of the glycosyl-enzyme in-
termediates for the reaction to occur.  Smooth acceptance of
the glycosyl donor into the active site of enzyme is ensured by
the similarity of conformations between glycosyl fluoride do-
nors and product glycosides or glycosyl-enzyme intermedi-
ates.  In the present section, a new methodology for glycosyla-
tion by using a glycosyl donor having a distorted pyranose ring
will be described.  The sugar oxazoline are designed as a gly-

Fig. 11.   Chemo-enzymatic synthesis of artificial glucomannan oligomers by enzymatic polycondensation of Man-Glc-F catalyzed
by cellulase.

Fig. 12.   Glycosynthase-mediated glycosylation.
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cosyl donor on the basis of a retrosynthetic analysis of the
product of N-acetylglucosaminide, leading to a transition state
analogue of the enzymatic hydrolysis (Fig. 13(A)).  When the
N-acetylglucosaminide unit is retrosynthetically disconnected
by the arrows shown in Fig. 13(A), a sugar oxazoline deriva-
tive is formed as a reasonable synthon.  As a result of the ret-
rosynthetic analysis, the real synthetic reaction of N-acetylglu-
cosaminide would be the addition of an alcohol to the anomer-
ic center of the sugar oxazoline derivative (Fig. 13(B)).  Actu-
ally, the 1,2-oxazoline derivative of N,N′-diacetylchitobiose
was found to be recognized by chitinase, a hydrolase of chitin,
and the ring-opening polyaddition of proceeded smoothly, giv-
ing rise to the artificial chitin in quantitative yield.20

This novel methodology based on the design of the transi-
tion state analogue substrate for endoglycosidases can be ap-
plied to synthesis of various oligo- and poly-saccharides.40  For

example, a novel substrate of N-acetylcellobiosamine-oxazo-
line derivative has been synthesized as a monomer for the en-
zymatic polyaddition reaction catalyzed by the chitinase.  The
enzymatic polyaddition of this monomer took place smoothly
to give a non-natural oligosaccharide having a glucose unit and
an N-acetylglucosamine unit alternatingly in the main chain.
These addition reactions by the combined use of a transition
analogue substrate and a chitinase proceed only in the direc-
tion of addition at a high pH of 10–11 because the chitinase re-
tains the transglycosylating activity without showing any hy-
drolytic activity at pH 10–11.  These results have a very close
relationship with the recent study concerning the hydrolysis
mechanism of chitooligomers by a chitinase where a new con-
cept of substrate-assisted mechanism involving an oxazolini-
um ion as intermediate is proposed (Fig. 14).41

The addition reaction of 1,2-oxazoline derivative of N-
acetylglucosamine can be used not only for construction of an
N-acetylglucosaminide structure but also for elucidation of the
hydrolytic mechanism of endo-β-N-acetylglucosaminidase
from Mucor hiemalis (Endo-M) and that of endo-β-N-acetyl-
glucosaminidase from Arthrobacter protophormiae (Endo-A)
(Fig. 15).42  A disaccharide substrate of Man-GlcNAc-oxazo-
line was designed and synthesized as a novel probe for detec-
tion of the transglycosylating activity of endoglycosidases.  A
regio- and stereo-selective transglycosylation reaction of the
substrate to p-nitrophenyl β-D-N-acetylglucosaminide
(GlcNAcβ1-OpNP) catalyzed by Endo-M or Endo-A has been
demonstrated, resulting in the core trisaccharide derivative
Manβ1–4GlcNAcβ1–4GlcNAcβ1-OpNP.  The transglycosyla-
tion proceeds irreversibly; the resulting trisaccharide was not
hydrolyzed by Endo-M and Endo-A.

Based on these results, a new mechanism including an ox-
azolinium ion intermediate has been proposed for the endogly-
cosidase-catalyzed hydrolysis or transglycosylation.  Accord-
ing to this mechanism the glycosidic bond is cleaved as fol-

Fig. 13.   Retrosynthesis of N-acetylglucosaminide unit lead-
ing to a distorted 1,2-oxazoline derivative (A) and addition
of alcohol to the 1,2-oxazoline derivative leading to N-
acetylglucosaminide.

Fig. 14.   Substrate assisted catalysis involving the neighboring group participation of N-acetyl group at the catalytic site of enzyme,
leading to the formation of an oxazolinium ion intermediate.
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lows.  First, the oxygen of the glycosidic bond between two
GlcNAc units is protonated by the carboxylic acid of an acidic
amino acid followed by the formation of the oxazolinium ion
intermediate by the nucleophilic attack of the amide carbonyl
group to the anomeric center.  The resulting oxazolinium ion
intermediate is then attacked by water or a glycosyl acceptor
(R-OH) to give the hydolyzate or a transglycosylated product.

5. Galactose as Protecting Group in Enzymatic 
Synthesis of Oligosaccharides

Most of enzymatic glycosylations so far mentioned have
been restricted to homo-coupling  of activated substrates such
as glycosyl fluorides or sugar oxazolines, where the substrates
behave as glycosyl donor as well as glycosyl acceptor.  The en-
zymatic hetero coupling was achieved by introducing a galac-
tose unit at the non-reducing end of a glycosyl donor (Fig. 16).
β-Lactosyl fluoride, which is accepted by cellulase but cannot
be polycondensed owing to the axial hydroxy group at the 4′-
position, has been used as a glycosyl donor for the preparation
of oligosaccharides having a galactose unit at the non-reducing
end.  In this reaction, the galactose moiety acts as a protecting
group of 4-hydroxy group on the glucose unit.  As glycosyl ac-
ceptors, a variety of natural or non-natural monosaccharides
and disaccharides in the form of their alkyl glycosides and
thioglycosides have been employed.43  The yields are very
much dependent on the nature of the glycosyl acceptor and are
in the range of 0 to 60%.  The lactosylation takes place at the
4-position of the non-reducing end of the glycosyl acceptor
forming the β-1,4 glycosidic bond exclusively.

High yields of the lactosylation were obtained using methyl
β-glucoside derivatives, methyl β-mannoside, and methyl β-
xyloside.  Methyl α-cellobioside, methyl β-cellobioside, meth-
yl β-laminaribioside, and methyl β-gentiobioside were also
lactosylated effectively.  Other derivatives, like methyl β-allo-
side and methyl α-glucoside carrying an axial hydroxy group
do not seem to be accepted by cellulase and no lactosylation of
these substrates occurs.  These results can be used for the esti-
mation of the steric repulsion of the methyl group and the ac-

tive site (acceptor site) of cellulase.  The following statements
summarize the nature of the active site of cellulase.  1) The lac-
tosylation reaction yields exclusively a β-1,4 glycosidic bond
and therefore the glycosyl donor and acceptor must be oriented
in a linear way.  The retention of the configuration of the ano-
meric carbon can be explained by a double displacement
mechanism involving the formation of a reactive intermediate,
e.g. an oxocarbenium ion stabilized by the enzyme, and the nu-
cleophilic attack of the 4-hydroxy group of the glycosyl accep-
tor.  2) The monosaccharide-acceptors having an axial group at
the 1- or 3-position cannot be lactosylated, therefore, this
group is directed towards the enzyme, inhibiting the binding
owing to steric repulsion between the hydroxy group and the
enzyme (Fig. 17).  3) An axial group at the 2-position of the
monosaccharide or at the 1-position of the disaccharide does
not inhibit binding, indicating that these groups are directed
away from the enzyme.

As an application of this lactosylation reaction, a new route
for regio- and stereo-selective synthesis of cellooligosaccha-
ride derivatives has been developed by utilizing the following
two enzymatic reactions (Fig. 18).44  The first step involves the
highly stereoselective β-lactosylation of  methyl cellobioside
(n = 1) catalyzed by cellulase using β-lactosyl fluoride as gly-
cosyl donor, giving rise to a new oligosaccharide having a ga-
lactose unit at the non-reducing end (step Ⅰ).  The second step
is a regioselective deprotection of the terminal galactose unit
by the action of β-galactosidase, affording the corresponding

Fig. 15.   Synthesis of trisaccharide core of glycoprotein by
enzymatic addition reaction of a sugar oxazoline donor.

Fig. 16.   Synthetic route to oligosaccharides by using galac-
tose as protecting group for saccharide moiety.

Fig. 17.   Steric repulsion of axial group on glycosyl acceptor
in enzymatic lactosylation catalyzed by cellulase.
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cellotrioside (n = 1) (step Ⅱ).  The resulting cellotrioside de-
rivative was further subjected to the condensation with β-lacto-
syl fluoride, followed by the enzymatic degalactosylation pro-
cess leading to the formation of methyl β-cellotetraoside (n =
2).

A chitotriose derivative having a polymerizable group has
been synthesized via a process similar to the cellooligosaccha-
ride synthesis via a chitinase-catalyzed addition reaction of the
oxazoline derivative of N-acetyllactosamine, followed by β-
galactosidase-catalyzed deprotection (Fig. 19).45

6. Glyco-Chemistry Cycle System

In biosyntheses of oligo- and poly-saccharides, the glyco-
sidic bonds between each monosaccharide unit cannot be
formed by the direct dehydration reaction of the corresponding
monosaccharides.  It is necessary to activate the anomeric car-
bon atom of the monosaccharide by introducing an appropriate
leaving group so that the anomeric carbon atom is attacked by
a hydroxy group of another monosaccharide unit.  For exam-
ple, in the biosynthesis of naturally occurring polysaccharides
such as cellulose and chitin, the monomers of glucose and N-
acetylglucosamine are activated as uridine 5′-diphosphoglu-
cose and uridine 5′-diphospho-N-acetylglucosamine, respec-
tively.  Catalysts responsible for the polymerization of these
activated monosaccharides are cellulose synthase and chitin
synthase, respectively, which are classified as glycosyl trans-
ferases.  These polysaccharides or their derivatives utilized are
finally converted to carbon dioxide and water via combustion
or degradation catalyzed by hydrolytic enzymes from bacteria.
It is obvious that two kinds of enzymes, glycosyl transferases
and glycosidases, are involved in the processes of polymeriza-
tion and depolymerization in nature, constructing a large car-
bon cyclic system (Fig. 20).

In the present section, a new process for production of func-
tionalized oligosaccharides based on the concept of “Glyco-
Chemistry Cycle” will be proposed.  In this cyclic system, a
glycosidase plays two roles: glycosidic bond formation and
glycosidic bond cleavage.  Naturally occurring xyloglucan has
a structure which consists of β-1,4 glucan chain with single
xylopyranosyl residue linked α-1,6 to the main chain (Fig. 21).
Some xyloglucan extracted from Tamarindus seeds contains a
galactopyranosyl residue β-1,2 linked to the xylopyranosyl
residue.  The procedure for preparation of a novel trisaccharide
from naturally occurring xyloglucan is as follows.46  First, nat-
urally occurring xyloglucan was treated with endo-1,4-β-glu-
canase to cleave the glycosidic bond between the xylosylated
glucose unit and the unsubstituted glucose unit regioselectively
(Fig. 21(A)).  The resulting mixture of oligosaccharides was
then treated with β-galactosidase to remove the galactopyrano-
syl residue, affording a heptasaccharide (Fig. 21(B)).  The re-
sulting heptasaccharide was further treated with isopri-
meverose producing enzyme, giving rise to a mixture of small-
er oligosaccharides (Fig. 21(C)).  After purification by gel per-
meation chromatography, a trisaccharide, xylopyranosylcello-
biose, was obtained effectively.  The introduction of fluorine

Fig. 18.   Synthesis of cellooligosaccharide derivatives by
combined use of endo-1,4-β-glucanase and β-galactosi-
dase.

Fig. 19.   Synthesis of chitotriose derivative having a poly-
merizable group the reducing end by combined use of
chitinase and β-galacosidsase.

Fig. 20.   Carbon cycle based on biosynthesis and biodegrada-
tion of polysaccharides.
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atom to the anomeric center of this trisaccharide was achieved
by 1) the protection of all hydroxy groups by acetyl group, 2)
the bromination of the anomeric carbon, 3) the introduction of
fluorine atom via inversion of configuration, and 4) deacetyla-
tion (Fig. 21(D)).  When the trisaccharide monomer was treat-
ed with endo-1,4-β-glucanase (from Trichoderma reesei) un-
der a preferable condition for transglycosylation, that is, in the
presence of acetonitrile, a polycondensation reaction took
place, giving rise to artificial xyloglucan oligomers (Fig.
21(E)).47

The 13C NMR spectrum of the resulting product showed sig-
nals derived from the anomeric carbon atoms of β-1,4 main
chain and α-1,6 side chain at 103 and 100 ppm, respectively.
The appearance of a signal at 80 ppm clearly shows that β-1,4
glycosidic bond was formed during the polycondensation.  The
molecular weights of the resulting oligosaccharides were mea-
sured by MALDI-TOF mass spectroscopy.  The molecular
weight difference between each peak exactly corresponds to
the molecular weight of the trisaccharide moiety that consists
of two glucoses and one xylose, indicating that the polycon-
densation proceeds by trisacchride unit.  The transglycosyla-
tion between the xylosylated glucose and unsubstituted glu-
cose did not take place.  Such results show that the products
have an alternatingly xylosylated structure.  It is impossible to
construct such a structure by the conventional methodology of
modifying a naturally occurring polysaccharide by chemical
reactions.  The resulting oligosaccharides can be degraded to
the starting trisaccharide catalyzed by the endo-1,4-β-gluca-
nase in different reaction conditions preferable to depolymer-
ization (Fig. 21(F)).  These results clearly show that a new car-

bon cyclic system has been constructed by using glycosidases.
Based on the conventional method of using modifications of

naturally occurring oligosaccharides by chemical reactions,
the construction of such a cyclic system would be impossible.
The first reason is that it is difficult to convert the chemically
modified products to the corresponding monomer unit enzy-
matically because the chemical modification occurs in a non-
regioselective manner.  The second reason is the fact that the
glycosylating process from a monomer unit to a higher oli-
gosaccharide structure without using protecting groups has
long been believed to be impossible due to the lack of regio-
and stereo-selectivity.  By using the newly developed method-
ology of using glycosidases as catalysts based on naturally oc-
curring polysaccharides, the construction of a novel carbon cy-
clic system becomes possible; so various kinds of functional-
ized oligo- and poly-saccharides can be designed and prepared
(Glyco-Chemistry Cycles System).  This concept consists of
the transformation of a naturally occurring polysaccharide to a
refined raw material (Fig. 22).  The resulting raw material is
then functionalized and further polymerized enzymatically to
give a functionalized oligosaccharide derivative.  This is a low
environment-loading process because the characteristic feature
of glycosidases is to catalyze both glycosylation reaction and
deglycosylation reaction (complementarity of glycosidases)
and, therefore, the resulting products can be converted to the
starting materials enzymatically without using any drastic re-
action conditions or strong acid catalyst.

7. Conclusions

It is noteworthy that all carbohydrate materials prepared by

Fig. 21.   Chemo-enzymatic synthesis of xyloglucan oligosaccharides.
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enzymes from natural origins can have a biodegradability that
is tailored by the designer even if they have an artificial struc-
ture.  The enzymatic glycosylation as well as the conventional
chemical glycosylation will synergistically contribute not only
to the creation of new glycotechnology, but also to the progress
of the Green Chemistry of the future.
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