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ABSTACT: Highly regio- and stereosclective enzymatic polymerizations for the synthesis of oligo
and polysaccharides have been developed by using various ¢lycosyl fluorides and a glycosyl phos-
phate as activated glycosyl monomers for enzymatic polymerization. The resulting polymers are non-
natural oligo- and polysaccharides which are difficult to prepare by the conventional chemical

methods with use of protecting groups.

Introduction

Oligo- and polysaccharides are important ma-
cromolecules which play an important role n
many scientific fields for construction of cell walls,!
energy storage,’ cell recognition,’ immune response,’
ete. Because of the difficnlties in realizing com-
plete regio and stereocontrol of the glycosylating
process, construction of these carbohydrate poly-
mers is extremely difficult and one of the most vi-
vid topics in polymer synthesis.” Recent de-
velopments of new synthetic methodologies has
strongly enhanced the production of various useful
glycosyl compounds.” Chemical approaches, howev-
er, require complicated procedures, including the
regioselective blocking and deblocking of a hy-
droxy gruup in the sugar moieties in order to
In addition,
stereccontrol of the glycoside bond forming reac-

achieve regioselectivity. complete
tions has not heen achieved in spite of the rapid
progress of synthetic organic chemistry.

The use of a hydrolysis enzyme for the glycosy-
lation process is considered to be one of the most
promising methedologies for selective construction
of a glvcosidic linkage.” Enzymatic formation of
glycosidic bond is realized by a combined use of a
glycosyl donor and a glycosyl acceptor. In these
reactions, the selection of leaving group on the
anomeric carbon atom of the glycosyl donor is an
important factor to effectively promote the
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glycosylation. The use of a glycosyl fluoride as
glycosyl donor for enzymatic glycosylation has sev-
eral advantageous characters. First, fluorine atom
is small enough to be accepted by an enzyme cat-
alytic site, enabling the efficient formation of a
glycosyl enzyme intermediate through the cleavage
of the carbon-fluorine bond of the glycosyl fluoride.*
The large C-F bond energy and the ability of H
bonding are also important factors as substrate for
enzyme in aqueous media. Of glycosyl halides, only
givcosyl fluoride is stable as an unprotected form,
which is necessary for most of enzymatic reactions
carried out in the presence of water.

The use of a phosphorysis enzyme is another
promising way to construct a glycosidic linkage
starting from a glycosyl phosphate substrate. The
present paper describes a new method for highly
selective synthesis of oligo- and polysaccharides by
using glycosyl fluorides or a glycosyl phosphate as
activated glycosyl denors.

Results and Discussion

Synthetic Cellulose Production by Enzymatic
Polymerization of Fluorinated Glycosyl Mono-
mers. We already reported the first in vitro syn-
thesis of cellulose via nonbiosynthetic pathway by
the enzymatic polymetization of B-cellobiosyl flu-
oride monomer promoted by a celluiase catalyst in
acetate buffer acetonitrile system.” The enzyme
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promotes the transglycosylation of the cellobiosyl
moiety toward the 4' hydroxyl group of ancther
cellobiosyl fluoride, eliminating hydrogen fluoride.
The polymerization was carried out in aqueous or-
ganic solvent system in order to make the desired
polycondensation predominantly in comparison
with competitive hydrolysis reaction. The stereo-
chemistry of the each glycosylation step was found
perfect, leading to the formation of polysaccharide
having a B(1 — 4) linkage {synthetic cellulose).

As an extension of this study, an enzymatic poly-
merization starting from new monomers, B-cel-
lotriosy! fluoride and B-cellotetraosyl fluoride, has
been demonstrated by using cellulase as a catalyst."
The polymerizations of these monomers were per-
formed in an aqueous organic solvent (CH:CN : ace-
tate buffer=3: 1), giving rise to synthetic cellulose.
The resulting water-insoluble product polysac-
charides were acetylated by the action of acetic
anhydride/pyridine and the molecular weight of
the acetylated products was measured by means of
gel permeation chromatography. The formation of
nonasaccharide and dodecasaccharide was observed
as a result of the oligomerization of cellotriosyl flu-
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Synthesis of Modified Cellulose Derivatives
via Enzymatic Polymerization. The enzymatic
polymerization of modified saccharide momomers
has also been demonstrated. Synthetic strategy for
constructing a functionalized polysaccharides has
so far been based on the modification of a hydroxy
group in natural polysaccharides by a polymer reac-
tion {denoted Y in Figure 1(A)). Actually, the deri-
vatization of cellulose has been studied extensively
with the aim of developing high performance cel-
lulose materials."! These reactions give a randomly
substituted polysaccharide. An alternative way to
construct a modified polysaccharide is to poly-
merize a modified monomer, provided that the
glycosylation proccess is under perfect control of
regio and stereochemistry (Figure 1{B)}). Accord-
ing to this methodology. a novel functionalized poly-
saccharide having a modified unit Y periodically in
the main chain can be produced.

The enzymatic polvmerization of 6-and/or 6'-O-
methylated cellobiosyl fluoride and 6-O-methylated
cellotriosy] fluoride has been demonstrated with
the aim of synthesizing regioselectively methylated
cellulose derivatives. These four new monomers
were chemically prepared by modifying the con-
ventional synthetic routes which involved the con-
version of cellobiose octaacetate to the B-cellobiosyl
fluoride. In order to know the acceptability of
glycosidases towards these substrates, an enzy-
matic hydrolysis study was performed by using
various glycosidases as catalyst for hydrolysis (C-F
bond cleavage). The results showed that all of
these new monomers are hydrolyzed by cellulase
(Trichoderma viride) to the corresponding 1-hy-
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Figure 1. Two strategies for sythesis of modified polysaccharides. (A) Introduction of functional group Y to natural poly-
saccharide by polymer reaction, leading to a randomly modified polysaccharide. {B) Regio and stereoselective polymerization
of 2 modified saccharide monomer, leading to periodically a modified polysaccharide with well-defined structure.

droxycellobiose or 1-hydroxycellotriose derivatives,
indicating that these monomers can he recognized
by the active site of cellulase."”

Since the 6- and 6'-monomethylated cellobiosyl
fluoride and 6-Ormonomethylated cellotriosyl flu-
oride were hydrolyzed much faster than the 6,6’
dimethylated one, the enzymatic polymerization
has heen performed by using these monomethy-
lated substrates. The cellulase catalyzed poly-
condensation of 6-O-methylated monomer took
place smoothly giving rise to an alternatingly
methylated cellulose derivative. To the contrary,
6'-O-methylated monomer gave only oligomers.™
The 6-O-methylated cellotriosyl fluoride cannot be
polymerized, giving rise to the correspunding hy-
drolyzed product. The difference of the observed
polymerizability may be explained by the steric re-
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pulsion between the methyl group of each mono-
mer and an amino acid residue in the vicinity of
the catalytic site of cellulase.
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The resulting cellulose or cellooligomer deri-
vatives have a very umigue structure in the main
chain where alternating glucose unit have a methyl
group at the 6 position. The formation of such unit
structure can never be realized by the conven-
tional modification reaction of natural cellulose, Le.
methylation of cellulose.”

Synthesis of Amylose Having a Cellotriose
End Unit by Using a Glycosyl Phosphate as
Substrate for Phosphorylase. The glucose poly-
mers or oligomers based on a l.4-glycosylated link-
age can be classified into the cellulose type (B(1—
4)) and the amylose type ({1 —4)). The a1 — 4)
glycosyl moiety contributes to the higher solubility
towards water due to the helix structure of poly-
saccharide, whereas the B(1 —4) glucan is hardly
soluble in water due to the rod like conformation
of glucan chain. A polymer having the both ol —
4) and P(1 —4) glycosidic linkage in the same glu-
can chain would be, therefore, of interest from the
viewpoint of material chemistry as well as
biochemistry. We have synthesized a glucose poly-

f=r

Figure 2. Conformation of alternatingly methylated cel-
hulose derivative on the hypothesis that two kinds of in-
tramolecular hydrogen honds between 2 and 6 posttion and 3
and 5 position exist.

mer having a hybrid structure of the a{1— 4) and
the B{1 — 4) unit in the main chain.”

The hybrid polysaccharide was prepared via the
enzymatic polymerization of glucose-1-phosphate
catalyzed by phosphorylase using a new primer.
The primer was prepared by condensing pera-
cetylated maltopentaosyl bromide with partially
benzylated cellubiose derivative in the presence of
silver triflate followed by the removal of the pro-
tecting groups. The phosphorylase-catalyzed elon-
gation of an o-D-glucose unit by using the primer
and glucose-1-phosphate as monemer™® in citric
buffer solution (pH 6.2, 35 °C) took place smoothly,
giving rise to amylose derivative having a cel-
lotriose unit at the non-reducing end. The number
of elongatcd monomer unit i the resulting product
was determined to be 7-12 by titrating liberated
phosphoric acid. The resulting polysaccharide hav-
ing a hybridized structure of a(1 —4)and p(1—4)
glycosidic linkage may be utilized as a new substrate
for kinetic study of amylase as well as cellulase.

Conclusion

The enzymatic polymerization of a monomer ac-
tivated hy a glycosidase or phosphorylase is a
promising method for highly regio and stereoselec-
tive glycosidic bond formation, and will be apphied
to synthesis to various functionalized car-
bohydrates. In spite of several problems of the
usage of glycosidases and phosphorylases e.g.. low
yield of a desired compounds due to the cleavage
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of the resulting glycoside bond by the glycosidase;
lack of regioselectivity and difficulty of preparing
glycosyl phosphate substrates, these enzymes will
be extensively employed for selective synthesis of
complicated oligo- and polysaccharides in glycotech-
nology, provided that several factors which affect
the yield of glycosylation are elucidated and im-
proved in the future.
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