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Abstract
Oligosaccharides and polysaccharides are comprised of complicated chemical structures owing to the structural variation of
monosaccharide repeating units and the differences in the regio- and stereo-arrangements of the glycosidic linkages in their
saccharide chains. Glucan phosphorylase (GP, EC 2.4.1.1) catalyzes consecutive enzymatic glycosylation in a manner
similar to enzymatic polymerization employing α-D-glucose 1-phosphate (Glc-1-P) and maltooligosaccharide as a glycosyl
donor and acceptor (or monomer and primer), respectively, to produce a well-defined α(1→4)-glucan polymer, that is,
amylose, while liberating inorganic phosphate (Pi). After understanding the principal reaction mechanism and specificity of
GP catalysis, the present review focuses on the enzymatic synthesis of unnatural oligosaccharides and polysaccharides
linked through strictly controlled α(1→4)-glycosidic linkages by GP catalysis. Due to the weak specificity of the recognition
of substrates by GP, unnatural oligosaccharides having different monosaccharide units at the nonreducing end have been
precisely obtained by GP-catalyzed glycosylation using analog substrates of Glc-1-P, i.e., nonnative monosaccharide
1-phosphates. Highly branched α(1→4)-glucans have been employed as polymeric glycosyl acceptors and primers for GP-
catalyzed enzymatic glycosylation and polymerization to obtain unnatural amphoteric and hydrogel materials. Thermostable
GP catalyzes consecutive enzymatic glycosylation using α-D-glucosamine and α-D-mannose 1-phosphates as glycosyl
donors. By removing Pi, consecutive reactions were accelerated, and enzymatic polymerization occurred, resulting in the
synthesis of several unnatural α(1→4)-linked polysaccharides with well-defined structures.

Introduction

Oligosaccharides and polysaccharides are widely present in
nature and play vital roles based on their chemical structures
as suppliers of energy, structural materials, and key materials
for specific biological and vital functions [1, 2]. Because of
the structural variation of monosaccharide units and various
regio- and stereo-type glycosidic linkages, oligosaccharides
and polysaccharides typically exhibit complicated structures
[3]. Therefore, it is well known that a subtle change in the
kind of repeating unit and type of glycosidic linkage pro-
foundly affects their properties and functions. Structurally
well-defined oligosaccharides and polysaccharides are che-
mically synthesized by forming regio- and stereocontrolled

glycosidic linkages among desired monosaccharide residues.
The reaction is called glycosylation, and it occurs between a
glycosyl donor and glycosyl acceptor. Accordingly, it has
attracted increasing attention in the development of new
carbohydrate-based functional materials [4–6]. The elongation
of saccharide chains is theoretically induced by the repetition
of glycosylation using appropriate substrates. However, this
approach does not typically provide oligosaccharides and
polysaccharides with the desired structure and a sufficient
degree of polymerization. This is because it is difficult to
perfectly control regio- and stereoselectivities, and compli-
cated procedures are required, including the protection/
deprotection of the hydroxy groups in substrates. Compared
with the general chemical glycosylation approach, the enzy-
matic method has been recognized as an efficient approach to
synthesize oligosaccharides and polysaccharides with well-
defined structures. This is because, even without the protec-
tion of the hydroxy groups in substrates, it takes place in a
highly regulated fashion in regio- and stereo-glycosidic
arrangements according to each enzyme’s specificity [7–10].
Of the seven main classes of enzymes, glycosyl transferase
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(GT) and glycosyl hydrolase (GH) have been widely
employed as efficient catalysts in the practical preparation of
structurally controlled oligosaccharides and polysaccharides
by enzymatic glycosylations [11–13]. GT is the enzyme that
catalyzes the transfer of a sugar moiety from an activated
glycosyl donor, typically activated by phosphate esters at the
C-1 (anomeric) position, to a glycosyl acceptor to construct a
glycosidic linkage (Fig. 1a) [14]. GH catalyzes the hydrolysis
of natural oligosaccharides and polysaccharides under ambi-
ent conditions in aqueous media (Fig. 1b) [15]. When the
formation of a glycosyl–enzyme complex is realized in the
reaction using an activated nonnative substrate as the glycosyl
donor, GH also catalyzes enzymatic glycosylation in vitro to
form a glycosidic linkage. For example, β(1→4)-glucan, that
is, cellulose, is successfully synthesized by the enzymatic
polymerization of a β-cellobiosyl fluoride monomer by cel-
lulase, which is a GH, via consecutive glycosylation (Fig. 1c)
[16]. Interestingly, some enzymes exhibit weak specificity for
the recognition of substrates; therefore, they can be employed
as catalysts for the preparation of unnatural oligosaccharides
and polysaccharides. Accordingly, enzymatic synthesis of
unnatural β(1→4)-glucan derivatives has also been achieved
by cellulase catalysis [17, 18].

Phosphorylases are GTs, and they have been employed as
catalysts for practical enzymatic glycosylation to synthesize

well-defined oligosaccharides and polysaccharides [19, 20].
Phosphorylases principally catalyze in vivo phosphorolysis of
glycosidic linkages at the nonreducing end of each specific
saccharide chain in the presence of inorganic phosphate (Pi),
i.e., phosphorolytic cleavage, to yield the 1-phosphate of a
corresponding monosaccharide residue. Simultaneously, a
saccharide chain with one less degree of polymerization (DP)
is generated (Fig. 2, from left to right). Phosphorylase-
catalyzed enzymatic phosphorolysis progresses strictly
according to regio- and stereo-specificities by either retention
or inversion to form 1-phosphate esters of monosaccharide
residues linked through the same or opposite anomeric stereo-
arrangement as the cleaved glycosidic bond.

Based on the comparable bond energy of a phosphate ester
of the phosphorolysis product to that of a glycosidic linkage
in the substrate, the reversible nature of phosphorylase-
catalyzed reactions is observed, indicating that the reactions
can be conducted as enzymatic glycosylations (Fig. 2, from
right to left) [21, 22]. In glycosylation, GP catalyzes the
transfer of a monosaccharide residue from a monosaccharide
1-phosphate (glycosyl donor) to the nonreducing end of a
specific saccharide chain (glycolyl acceptor) to construct a
glycosidic bond in strict regio- and stereocontrolled arrange-
ments, liberating Pi. Among the various phosphorylases iso-
lated to date, glucan phosphorylase (GP), which belongs to

Fig. 1 General reaction schemes catalyzed by (a) glycosyl transferase (GT) and (b) glycosyl hydrolase (GH) and (c) GH (cellulase)-catalyzed
enzymatic polymerization to obtain cellulose
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the GT35 family (EC 2.4.1.1, also called starch phosphorylase
or glycogen phosphorylase), is the most well known. It cat-
alyzes enzymatic glycosylation to synthesize oligosaccharides
and polysaccharides consisting of α(1→4)-glycosidic linkages
by retention [23–26]. Because of its weak specificity for the
recognition of substrates, GP recognizes nonnative mono-
saccharide 1-phosphates as glycosyl donors in enzymatic
glycosylation to yield α(1→4)-linked unnatural oligo-
saccharides and polysaccharides [27–30]. Based on the above
background, GP-catalyzed enzymatic glycosylation and
polymerization using nonnative substrates are herein over-
viewed to precisely synthesize well-defined unnatural oligo-
saccharides and polysaccharides. In addition to the studies
summarized in previous articles [27–30], this review presents
the recent progress of the enzymatic synthesis of unnatural
polysaccharides by GP (isolated from thermophilic bacteria,
Aquifex aeolicus VF5)-catalyzed polymerization and related
reactions.

Characteristic features of GP-catalyzed
enzymatic reactions

In biological systems, GP catalyzes the phosphorolysis of
α(1→4)-glucan polymers, such as glycogen and starch, at

the nonreducing end by the action of Pi to simultaneously
generate α-D-glucose 1-phosphate (Glc-1-P) and α(1→4)-
glucan with one less DP (Fig. 3a) [19, 20]. Because of the
reversibility of phosphorolysis, GP-catalyzed glycosyla-
tion can be performed using the following substrates: the
Glc-1-P donor and α(1→4)-glucan acceptor, under
appropriate conditions (Fig. 3b) [23–26]. In this glyco-
sylation, the transfer of a Glc residue from Glc-1-P to the
nonreducing end of α(1→4)-glucan occurs with the con-
trolled construction of an α(1→4)-glycosidic bond to
obtain a well-defined α(1→4)-glucan containing one more
Glc unit while liberating Pi. The reaction mechanism
depends upon the close contact of the phosphate group in
the covalently linked cofactor pyridoxal 5-phosphate to
either Pi (toward phosphorolysis) or the phosphate group
of Glc-1-P (toward glycosylation) [31–34]. In particular,
GPs have the lowest recognized DP of glycosyl acceptors
at the nonreducing end, in accordance with their sources.
Therefore, α(1→4)-oligoglucans, known as mal-
tooligosaccharides, with DPs greater than those of GPs,
must be employed as glycosyl acceptors in GP-catalyzed
enzymatic glycosylation. Maltotetraose (Glc4) is the
smallest glycosyl acceptor recognized by GP isolated
from potatoes (the most extensively studied) [19]. It was
found that the lowest DP of the glycosyl acceptor

Fig. 3 Glucan phosphorylase (GP)-catalyzed (a) phosphorolysis, (b) glycosylation, and (c) polymerization

Fig. 2 Phosphorylase-catalyzed enzymatic phosphorolysis and glycosylation
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recognized by thermostable GPs (isolated from thermo-
philic bacteria sources) is maltotriose (Glc3), one less than
that recognized by potato GPs [35–38]. GPs have been
found to recognize some analog substrates of Glc-1-P
(nonnative monosaccharide 1-phosphates) as glycosyl
donors, depending on their sources. Accordingly, the
extension of GP-catalyzed glycosylation has been studied
by employing 1-phosphate donors with different mono-
saccharide residues to yield unnatural oligosaccharides
with the corresponding monosaccharide units at the non-
reducing end with strictly controlled α(1→4)-linked
chains [27–30].

In the presence of an excess of Glc-1-P donor relative to
the maltooligosaccharide acceptor, GP induces consecutive
glycosylation in a manner similar to enzymatic poly-
merization to yield the well-defined α(1→4)-glucan poly-
mer, amylose (Fig. 3c) [39–42]. The GP-catalyzed
polymerization of the Glc-1-P monomer takes place via
chain-growth polymerization because of the occurrence of
initiation strictly at the nonreducing end of the acceptor
followed by propagation from the nonreducing end of the
elongating α(1→4)-glucan chain. Therefore, the glycosyl
acceptor is also called a “primer” of polymerization.
Amylose is a natural polysaccharide present in starch along
with other components, such as amylopectin. Because it is
difficult to completely separate amylose and amylopectin
from starch, GP-catalyzed polymerization has been
employed to obtain pure amylose samples. As chain transfer
and termination reactions are excluded, GP-catalyzed
polymerization proceeds analogously to living polymeriza-
tion. Hence, the molecular weights of the enzymatically

produced amyloses are controlled by monomer/primer feed
ratios while retaining narrow polydispersity [43].

Amylose synthesized enzymatically by GP-catalyzed
polymerization is gradually precipitated in aqueous reaction
media owing to the spontaneous formation of a left-handed
double helical assembly. In the double helix formation,
interstrand stabilization occurs without any steric conflict
and involves the occurrence of the O(2)…O(6) type of
hydrogen bonding [44, 45]. Owing to the lack of partici-
pation of the reducing end of the maltooligosaccharide
primer in glycosylation, GP-catalyzed polymerization can
be carried out in the presence of modified mal-
tooligosaccharide primers, which are linked covalently to
other materials at the reducing ends, such as polymeric
materials [46–50]. When polymeric primers with multiple
nonreducing ends of α(1→4)-glucan chains are used in GP-
catalyzed polymerization, amylose-branched and amylose-
grafted polymeric materials are produced. For example,
glycogen, which is a highly branched water-soluble poly-
saccharide comprised of α(1→4)-glucan chains, is addi-
tionally interlinked by α(1→6)-glycosidic branching points.
Owing to the presence of numerous nonreducing α(1→4)-
glucan chain ends, it was employed as a polymeric primer
in the GP-catalyzed polymerization of Glc-1-P (Fig. 4) [51],
which was conducted in acetate buffer at 40 °C for 24 h.
The reaction solution was subsequently left standing at
room temperature for 24 h, resulting in its hydrogelation.
Hydrogelation is reasonably explained by the construction
of network structures through the double-helix formation
from the elongated amylose chains among glycogen mole-
cules, which act as cross-linking points.

Fig. 4 GP-catalyzed polymerization to produce glycogen hydrogel
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Synthesis of unnatural oligosaccharides by GP-
catalyzed enzymatic glycosylations

As mentioned above, GPs have been found to exhibit weak
specificity for the recognition of donor substrates [27–30].
Therefore, the synthesis of several unnatural oligosaccharides
with different monosaccharide units at the nonreducing ends
has been achieved by GP-catalyzed glycosylation employing
nonnative monosaccharide 1-phosphates as glycosyl donors.
For example, potato GP catalyzes enzymatic glycosylation
using α-D-mannose 1-phosphate, α-D-xylose 1-phosphate, α-
D-glucosamine 1-phosphate, and N-formyl-α-D-glucosamine
1-phosphate (Man-1-P, Xyl-1-P, GlcN-1-P, and GlcNF-1-P)
as nonnative glycosyl donors with the Glc4 acceptor to yield
well-defined unnatural α(1→4)-mannosylated, α(1→4)-xylo-
sylated, α(1→4)-glucosaminylated, and N-formyl-α(1→4)-
glucosaminylated oligosaccharides, that is, pentasaccharides
(Fig. 5) [52–55]. The conditions for the respective reactions
are shown in Fig. 5. The above results indicate weak recog-
nition specificities of potato GP for the structures at the C-2
and C-6 positions in monosaccharide 1-phosphates. The
(1→4)-glucosaminylated product, yielded by enzymatic glu-
cosaminylation employing GlcN-1-P, is a functional material
because it is a basic (cationic) oligosaccharide bearing a
reactive amino group at the C-2 position of a nonreducing
GlcN unit.

Furthermore, an attempt was made to synthesize another
interesting functional oligosaccharide, that is, an acidic
(anionic) oligosaccharide, by means of potato GP-catalyzed
enzymatic glycosylation (glucuronylation) employing α-D-
glucuronic acid 1-phosphate (GlcA-1-P) containing a car-
boxylate group at the C-6 position as the glycosyl donor.
This GP, however, did not recognize GlcA-1-P. On the
other hand, thermostable GP (from Aquifex aeolicus VF5)
was found to recognize GlcA-1-P as the glycosyl donor. As
a result, enzymatic glucuronylation was catalyzed; it was
conducted in sodium acetate buffer at 50 °C for 48 h, and
Glc3 was used as the glycosyl acceptor to yield an acidic
oligosaccharide, that is, tetrasaccharide, containing a GlcA
unit at the nonreducing end (Fig. 6) [56]. These findings
illustrate thermostable GP’s higher tolerance in the recog-
nition specificity for monosaccharide 1-phosphates com-
pared to potato GP.

Maltooligosaccharides with carboxylate groups at both
chain ends (carboxylate-terminated maltooligosaccharides)
were synthesized by the extension of the above enzymatic
glucuronylation [57]. The introduction of a carboxylate
group at the reducing end of maltoheptaose was first
conducted by chemical oxidation in the presence of
sodium hypoiodite (I2/NaOH). Afterward, thermostable
GP-catalyzed glucuronylation employing GlcA-1-P with
the produced maltooligosaccharide containing a

Fig. 5 Potato GP-catalyzed glycosylations using nonnative glycosyl donors (monosaccharide 1-phosphates) with a maltotetraose (Glc4) acceptor
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carboxylate group was conducted in sodium acetate buffer
at 50 °C for 3 days to precisely yield carboxylate-
terminated maltooligosaccharides at both chain ends with
varying DS values (Fig. 7a). During glucuronylation,
disproportionation of the oligosaccharide chain occurred
simultaneously to yield different-DP products. The
obtained carboxylate-terminated maltooligosaccharides
were used as the cross-linker for condensation. Water-

soluble chitin (corresponding to 50% N-acetylated chitin,
obtained by the partial deacetylation of chitin [58]) was
used with a condensing agent (N-hydroxysuccinimide
(NHS)/1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC)) to obtain network chitin (Fig. 7b).
The reaction solution completely converted into a hydro-
gel as the cross-linking progressed. Pressing of the
hydrogel resulted in a film.

Fig. 7 (a) Synthesis of carboxylate-terminated maltooligosaccharides by thermostable GP-catalyzed glucuronylation using GlcA-1-P as a glycosyl
donor with oxidized maltoheptaose as a glycosyl acceptor and (b) their use for cross-linking with water-soluble chitin to produce network chitin

Fig. 6 Thermostable GP-catalyzed enzymatic glucuronylation using -D-glucuronic acid 1-phosphate (GlcA-1-P) as a glycosyl donor with a
maltotriose (Glc3) acceptor
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Extension of GP-catalyzed enzymatic glycosylations
to produce amphoteric branched polysaccharides

The abovementioned thermostable GP-catalyzed enzymatic
glucuronylation/glucosaminylation has been extensively
employed to produce amphoteric polysaccharides with
highly branched structures having both acidic GlcA and
basic GlcN units at the nonreducing ends. A highly bran-
ched cyclic dextrin, referred to as a glucan dendrimer (GD),
was employed as the polymeric glycosyl acceptor with
numerous nonreducing α(1→4)-glucan chain ends. This
polysaccharide is a water-soluble dextrin that is obtained by
cyclization of amylopectin by branching enzyme (EC
2.4.1.18, Bacillus stearothermophilus) catalysis [59, 60].
The thermostable GP-catalyzed enzymatic glucuronylation
employing GlcA-1-P with GD (Mn= 1.25 × 105, the num-
ber of nonreducing ends = 59) was conducted in sodium
acetate buffer at 55 °C for 8 h to produce an acidic α-glucan
[61]. The subsequent thermostable GP-catalyzed enzymatic
glucosaminylation employing GlcN-1-P in the presence of
the acidic product in sodium acetate buffer at 55 °C for 8 h
afforded dendritic amphoteric α-glucan with both GlcA and
GlcN units at the nonreducing ends [62]. The order of the
two enzymatic reactions was determined based on the dif-
ferent reactivities of GlcA-1-P and GlcN-1-P, in which the
glucuronylation employing the less reactive GlcA-1-P

should be carried out earlier than the glucosaminylation
using the more reactive GlcN-1-P. Such successive reaction
mechanisms in various GlcA-1-P/GlcN-1-P feed ratios
afford amphoteric products with controlled GlcA/GlcN
ratios. Their inherent isoelectric points were evaluated by ζ
potential measurements, which changed in accordance with
the GlcA/GlcN ratios in the products.

Furthermore, thermostable GP-catalyzed successive enzy-
matic glucuronylation/glucosaminylation using glycogen as a
polymeric glycosyl acceptor under the same conditions as
above also gave amphoteric branched polysaccharides [63].
Thermostable GP-catalyzed enzymatic glucuronylation
employing GlcA-1-P in the presence of glycogen was first
carried out to yield acidic glycogen (Fig. 8a), which was used
for the subsequent thermostable GP-catalyzed enzymatic
glucosaminylation employing GlcN-1-P to produce ampho-
teric glycogen (Fig. 8b). Elongation of amylose chains on the
produced amphoteric glycogen was successfully achieved by
the GP-catalyzed polymerization of Glc-1-P from pure non-
reducing α(1→ 4)-glucan chain ends without functionaliza-
tion by GlcA or GlcN units in sodium acetate buffer at 40 °C
for 24 h (Fig. 8c). Double-helical assemblies from the amy-
lose chains were formed among the amphoteric glycogen,
which acted as cross-linking points for hydrogelation. The
obtained amphoteric hydrogel exhibited a pH-responsive
property.

Fig. 8 Thermostable GP-catalyzed (a) glucuronylation and (b) subsequent glucosaminylation to yield amphoteric glycogen and (c) following
enzymatic polymerization to yield amphoteric glycogen hydrogel
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Synthesis of unnatural amylose analogs by GP-
catalyzed enzymatic polymerization

The abovementioned investigations on potato GP-catalyzed
glycosylation employing nonnative glycosyl donors have
suggested that after transferring the monosaccharide residue
from the substrate to the nonreducing end of the Glc4
acceptor, further glycosylation does not take place. This is
because the resulting nonreducing end structure, which
differs from the native Glc unit, is no longer recognized as a
glycosyl acceptor by potato GP.

However, as GP is known to exhibit more tolerance at
the C-2 position in weak specificity than at the C-6 position
for the recognition of substrates [19], it has been reported to
induce consecutive glycosylations using some C-2 analog
substrates [52], such as 2-deoxy-α-D-glucose 1-phosphate
(2dGlc-1-P) [64–66]. Potato GP-catalyzed consecutive
glycosylation using 2dGlc-1-P with maltooligosaccharide as
a glycosyl acceptor, that is, enzymatic polymerization, was
achieved by its in situ formation from 1,2-dideoxy-D-glu-
cose (D-glucal) in the presence of Pi in Tris-acetate buffer at
30 °C for several days to produce a well-defined 2-deox-
yamylose according to the following mechanism [52, 64]. A
2dGlc unit is enzymatically produced in the presence of GP
or chemically transferred from D-glucal to the nonreducing
end of maltooligosaccharide at the C-4 position in a 1,2-
addition reaction with α-stereo-arrangement assisted by Pi
(Fig. 9a). The GP-catalyzed enzymatic mechanism is rea-
sonably explained for the regio- and stereoselective reac-
tions in the 1,2-addition reaction rather than the general
chemical mechanism. Subsequently, the 2dGlc residue at
the nonreducing end of the produced oligosaccharide is
liberated by GP-catalyzed phosphorolysis to produce

2dGlc-1-P in situ (Fig. 9b), which acts as the monomer in
the enzymatic polymerization to produce 2-deoxyamylose
(Fig. 9c). The difference in the potato GP-catalyzed enzy-
matic glycosylation using 2dGlc-1-P and GlcN-1-P/Man-1-
P, that is, consecutive and one-step reactions, respectively,
is attributed to the distance of the structure of the former
substrate to Glc-1-P compared to the latter. The enzymati-
cally synthesized 2-deoxyamylose spontaneously formed a
specific crystalline structure, resulting in precipitation in the
reaction media; the crystalline structure was absolutely
different from the well-known native double helix of
amylose. Powder X-ray diffraction (XRD) measurements
and molecular dynamics simulations of the 2-deoxyamylose
crystal suggested that the isolated polymeric chains spon-
taneously assemble into a novel double helix arising from
building blocks with controlled hydrophobicity via pyr-
anose ring stacking (Fig. 10) [67].

By means of the in situ production of 2dGlc-1-P, the
thermostable GP-catalyzed copolymerization of D-glucal
with Glc-1-P using the Glc3 primer was conducted in Tris-
acetate buffer at 40 °C for 24 h to obtain unnatural hetero-
polysaccharides composed of α(1→4)-linked 2dGlc/Glc
residues, called partially 2-deoxygenated amyloses (Fig. 11)
[68]. XRD analysis of the heteropolysaccharides showed
that the crystalline structures followed the majority rule,

Fig. 9 (a, b) Two-step production of 2-deoxy-α-D-glucose 1-phosphate (2dGlc-1-P) in the presence of inorganic phosphate (Pi) and potato GP and
c potato GP-catalyzed polymerization to produce 2-deoxyamylose

Fig. 10 Crystalline structure of 2-deoxyamylose suggested by mole-
cular dynamics simulations
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where the heteropolysaccharides comprising higher ratios of
2dGlc units and Glc units than others constructed the same
crystalline structures as those of the respective homo-
polysaccharides, that is, 2-deoxyamylose and amylose.
Conversely, the heteropolysaccharide with an adapted unit
ratio showed an amorphous nature because of the random
sequence of the 2dGlc/Glc residues, resulting in film for-
mation by the casting method (Fig. 11).

Considering the different recognition behaviors of ther-
mostable GP (from Aquifex aeolicus VF5) and potato GP
[56], the former enzyme catalyzes different glycosylation
mechanisms from the latter when GlcN-1-P and Man-1-P,
which also have different structures at the C-2 position from
the native Glc-1-P, are used as glycosyl donors [8, 12, 30].
As mentioned earlier, potato GP-catalyzed glycosylation
using these donors with Glc4 produced pentasaccharides
with a GlcN or Man residue at the nonreducing end, but
enzymatic polymerization did not occur [52, 54]. As seen in
the enzymatic glucuronylation using GlcA-1-P [56], ther-
mostable GP appears to have more tolerance for the
recognition of substrates than potato GP. Consequently,
consecutive glucosaminylations/mannosylations took place
in thermostable GP-catalyzed enzymatic glycosylations
using Glc3 and excess molar ratios of GlcN-1-P and Man-1-
P in sodium acetate buffer at 40 °C for 4 days to obtain

unnatural heterooligosaccharides containing α(1→4)-linked
oligo-GlcN/Man chains (Fig. 12) [69]. In the matrix-
assisted laser desorption ionization-time of flight
(MALDI-TOF) mass spectra of the produced hetero-
oligosaccharides in a donor/acceptor feed ratio of 10:1,
several peaks assignable to the molecular masses of
tetra–octa-saccharides bearing one to five GlcN or Man
residues with Glc3 were detected However, even at a rela-
tively high donor/acceptor feed ratio, Pi, which was pro-
duced by the glycosyl donors, inhibited the production of
relatively long chains because Pi is a native substrate for
chain cleavage (phosphorolysis) by GP catalysis.

When thermostable GP-catalyzed enzymatic glucosaminy-
lation employing GlcN-1-P was carried out in ammonium
buffer (0.5M, pH 8.6) containing dissolved MgCl2, the lib-
erated Pi was precipitated from the reaction media because Pi
formed a water-insoluble salt with ammonium/magnesium
ions [70]. As a result, the thermostable GP-catalyzed poly-
merization of GlcN-1-P using the Glc3 primer (30:1) in such a
buffer solution was successfully conducted at 40 °C for 7 days
to precisely obtain α(1→4)-linked unnatural aminopoly-
saccharide, which was named ‘amylosamine’; and the DP of
the GlcN units was ~20 (Fig. 13a) [71]. This corresponds to
the stereoisomer of chitosan, which was subjected to N-acet-
ylation using acetic anhydride to successfully convert it into a

Fig. 11 Thermostable GP-catalyzed copolymerization of D-glucal/Glc-1-P using the Glc3 primer

Fig. 12 Thermostable GP-catalyzed consecutive enzymatic glucosaminylations/mannosylations employing GlcN-1-P/Man-1-P with a Glc3
acceptor in acetate buffer
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chitin stereoisomer (Fig. 13b). Amylosamine is water soluble
owing to the lack of formation of a regular crystalline
assembly in aqueous media, unlike amylose, which forms a
double helix. As amylosamine exhibits cationic nature due to
of the presence of amino substituents, it forms a double helix
with the anionic α(1→4)-linked GlcA polymer, another amy-
lose analog called amylouronic acid, by ammonium/carbox-
ylate electrostatic interactions under acidic conditions [72].
The reductive amination of amylosamine induced hier-
archically produced controlled assemblies of different sizes
depending on the reaction conditions, which contain both the
hemiacetalic reducing end and amino substituents [73]. The
reaction involves the conversion of a carbonyl group, such as
an aldehyde, in the presence of a primary amine into a sec-
ondary amino derivative via an intermediate imine. Therefore,
reductive amination is an efficient method for amino deriva-
tization at the hemiacetalic reducing end of saccharides using
amines because the reducing end structure is in equilibrium
with an aldehyde in aqueous media. The reductive amination
of amylosamine was investigated using NaBH3CN as a

reductant in acetic acid aq. (0.1mol/L) at 60 °C for 1 h. A
relatively low feed ratio of the reductant/reducing end of
amylosamine induced the formation of nanoparticles.
Numerous amylosamine chains assembled with increasing
feed ratios of the reductant/reducing end to form water-
insoluble microaggregates and further macrohydrogels.

The thermostable GP-catalyzed copolymerization of
native Glc-1-P with nonnative GlcN-1-P and Man-1-P was
achieved under the same operating conditions: in ammonia/
MgCl2 buffer at 40 °C for 7 days while removing Pi,
unnatural glucosaminoglucan consisting of α(1→4)-linked
Glc/GlcN residues and mannoglucan containing α(1→4)-
linked Glc/Man residues were obtained (Fig. 14a) [74, 75].
The thermostable GP-catalyzed polymerization of GlcN-1-P
from the primer of a maltooligosaccharide-functionalized
amylouronic acid (amylouronic acid with an α(1→4)-oli-
goglucan chain at the nonreducing end) was conducted
under the same conditions as stated above. The reaction
afforded an amphoteric block polysaccharide comprised of
α(1→4)-linked GlcN (basic) and GlcA (acidic) blocks

Fig. 13 (a) Thermostable GP-catalyzed polymerization of GlcN-1-P from Glc3 with precipitation of Pi to produce amylosamine (chitosan
stereoisomer) and (b) its conversion into stereoisomer of chitin by N-acetylation
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connected through the maltooligosaccharide chain
(Fig. 14b) [76]. The block polysaccharides showed pH-
responsive properties.

The occurrence of a one-step transfer reaction in the
abovementioned GP-catalyzed glycosylation employing Xyl-1-
P/GlcA-1-P indicates more importance at the C-6 position than
at the C-2 position for recognition specificity at the nonredu-
cing ends of the glycosyl acceptors. Thermostable GP-
catalyzed enzymatic glycosylation was conducted using 6-
deoxy-α-D-glucose 1-phosphate (6dGlc-1-P) as the nonnative
glycosyl donor, whose structural similarity to Glc-1-P at the
C-6 position was higher than that of Xyl-1-P and GlcA-1-P,
with the Glc3 acceptor. Furthermore, the reaction was con-
ducted in ammonia/MgCl2 buffer at 40 °C for 4 days, and Pi
was removed. Consequently, consecutive reactions (oligomer-
ization) took place to mainly produce a tetrasaccharide with
one 6dGlc residue at the nonreducing end, together with a
minor oligosaccharide with two 6dGlc units, that is, penta-
saccharide (6-deoxygenated α(1→4)-oligoglucans) (Fig. 15)
[77]. Furthermore, thermostable GP-catalyzed cool-
igomerization from the Glc3 primer using both 6dGlc-1-P and
the native substrate Glc-1-P afforded 6-deoxygenated α(1→4)-
oligoglucans with variations in DPs.

Conclusions

This review has illustrated that GP-catalyzed glycosylation
and polymerization employing nonnative monosaccharide
1-phosphates are powerful tools for the precise synthesis of
α(1→4)-linked unnatural oligosaccharides and poly-
saccharides. Owing to weak specificity for the recognition
of substrates by GP, several monosaccharide 1-phosphates
have acted as glycosyl donors to enzymatically introduce
the corresponding monosaccharide units at the nonreducing
end of the maltooligosaccharide chains. Unnatural poly-
saccharides have been produced by thermostable GP (from
Aquifex aeolicus VF5)-catalyzed glycosylation and poly-
merization using nonnative substrates and polymeric pri-
mers, owing to their tolerance for recognition specificity. As
new functions and properties different from those of native
materials can be expected from unnatural materials, enzy-
matically synthesized unnatural oligosaccharides and poly-
saccharides have been used as pH-responsive, cross-linking,
self-assembling, and hydrogelling materials. The enzymatic
approach, including GP-catalyzed reactions, has been
recognized as a useful tool to obtain oligosaccharides and
polysaccharides with strictly controlled structures based on

Fig. 14 Structures of (a) unnatural glucosaminoglucan and mannoglucan and (b) amphoteric block polysaccharide synthesized by thermostable
GP-catalyzed (co)polymerization
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high regio- and stereoselectivities. Further methodological
development of enzymatic reactions will be attempted to
synthesize new unnatural oligosaccharides and poly-
saccharides in the future. Such unnatural substrates have
high applicability as practical functional materials in phar-
maceutical, medicinal, and biological research fields.
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