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Abstract: This review focuses on the in vitro synthesis of polysaccharides, the method of

which is ‘‘enzymatic polymerization’’ mainly developed by our group. Polysaccharides are formed

by repeated glycosylation reactions between a glycosyl donor and a glycosyl acceptor. A

hydrolysis enzyme was found very efficient as catalyst, where the monomer is designed based on

the new concept of a ‘‘transition-state analogue substrate’’ (TSAS); sugar fluoride monomers for

polycondensation and sugar oxazoline monomers for ring-opening polyaddition. Enzymatic

polymerization enabled the first in vitro synthesis of natural polysaccharides such as cellulose,

xylan, chitin, hyaluronan and chondroitin, and also of unnatural polysaccharides such as a

cellulose–chitin hybrid, a hyaluronan–chondroitin hybrid, and others. Supercatalysis of

hyaluronidase was disclosed as unusual enzymatic multi-catalyst functions. Mutant enzymes

were very useful for synthetic and mechanistic studies. In situ observations of enzymatic

polymerization by SEM, TEM, and combined SAS methods revealed mechanisms of the

polymerization and of the self-assembling of high-order molecular structure formed by elongating

polysaccharide molecules.

Keywords: polysaccharide synthesis, enzymatic polymerization, cellulose, chitin, glyco-
saminoglycan, hybrid polysaccharide

Introduction

Polysaccharides are found in all living cells and

play critical biological roles in nature. They belong

to one of three major classes of natural biomacro-

molecules besides nucleic acids and proteins

(Fig. 1).1)–3) Nucleic acids (DNA and RNA) and

proteins are polyphosphates and poly(�-peptide)s,

respectively. These two classes have relatively

simple structures and their in vitro chemical

synthesis already became easily accessible; a com-

puter-controlled synthesizer based on the Merrifield

method4) together with remarkable progresses in

genetic engineering5) enabled to produce these

biomacromolecules automatically. In contrast,

polysaccharides are biomacromolecules, in which

sugar molecule units are linked via a glycosidic

bond with a complicated structure (Fig. 2).6) Al-

though the modification reactions of polysaccha-

rides to prepare a new material like cellulose acetate

from cellulose have long been known, chemical

synthesis of polysaccharides via the glycosidic bond

formation had not been successful, despite many

attempts. It is because the control of the in vitro

glycosidic bond formation is very difficult, and

hence, there had been no good method for the

production of polysaccharides. Therefore, the de-

velopment of an efficient method of polysaccharide

synthesis had been an unsolved, challenging prob-

lem in polymer science for half a century, until our

group found a possible solution. The present review

describes the first successful in vitro synthesis of

various polysaccharides mainly achieved by us

recently using a new method of polymer synthesis,

i.e., enzymatic polymerization. Its definition is a

‘‘chemical polymer synthesis in vitro (in test tubes)

via nonbiosynthetic (nonmetabolic) pathways cata-

lyzed by an isolated enzyme’’.1)–3),6)–13)
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Background

In vivo, polysaccharides are biosynthesized by

the catalysis of glycosyltransferases, which catalyze

exclusively the formation of a glycosidic bond

with the corresponding sugar nucleotides as sub-

strates.14) Scheme 1 shows typical examples, bio-

synthesis of natural cellulose and natural chitin,

respectively, where UDP-glucose (Glc) and UDP-N-

acetyl-D-glucosamine (GlcNAc) substrate mono-

mers are polymerized by the catalysis of cellulose

synthase and chitin synthase, respectively, both

glycosyltransferases.

Polysaccharides are produced by the repeated

glycosylations of a glycosyl donor with a glycosyl

acceptor to form a glycosidic bond. Scheme 2 shows

a typical example of glycosylation reaction to give a

glucose dimer, where the anomer carbon (C1) of the

glycosyl donor is activated by introducing X group,

whereas other hydroxy groups having similar reac-

tivity in both the donor and acceptor are not

protected. In forming the product, �- and �-isomers

arise with respect to stereochemistry of the anomer

carbon and four isomers are conceivable with

respect to regioselectivity due to the four reactive

hydroxyl groups (excluding 1-OH) in the acceptor.

Thus, the reaction involves a possibility to produce
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Fig. 2. Typical examples of natural polysaccharides; four homo-polysaccharides consisted of a single repeating unit, and three

hetero-polysaccharides consisted of different repeating units.

Fig. 1. Three major classes of natural biomacromolecules.
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at least eight isomers of the glucose dimer, even by

this simplest calculation. For reference, following

number of isomers was theoretically calculated;

cello-trimer is composed of three D-glucose mole-

cules connecting through �ð1!4Þ glycosidic link-

age, whereas 120 kinds of trisaccharide isomers can

be formed from three D-glucose molecules, 1424

isomers from four D-glucose molecules including

cello-tetramer, and 17,872 isomers from five D-

glucose molecules including cello-pentamer.15) On

the other hand, four L-alanine molecules give only

one tetrapeptide isomer, L-alanyl-L-alanyl-L-alanyl-

L-alanine. A tetramer from four nucleoside mole-

cules also gives only one isomer. This simple

example of comparison between oligo-saccharides

and an oligo-peptide as well as an oligo-nucleic

acid clearly shows the complexity in carbohydrate

chemistry.

The way of activation of the C1 together with a

catalyst, therefore, is the key for controlling the

glycosylation. Over the century the reaction control

has been a central subject in the carbohydrate

chemistry. So far, several well-known methods have

been developed, which are chronologically cited: (i)

the Koenigs-Knorr method (1901) using bromine

or chlorine at the C1 carbon of glycosyl donor with

AgClO4 or Hg(CN)2 as catalyst,
15) (ii) the Helferich

method (1933) and the Ogawa-modified version

(1981), (iii) the Kochetkov orthoester method

(1971), (iv) the Sinaÿ imidate method (1978), (v)

the Schmidt-modified imidate method (1980) using

trichloroacetyl imidate with (CH3)3SiOSO2CF3 as

catalyst,16) and (vi) the Mukaiyama glycosyl fluo-

ride method (1981) using AgClO4-SnCl2 catalyst.
17)

However, all these glycosylation reactions need

the protection-deprotection procedures and we

considered them not sufficient enough to control

the reaction in terms of stereo- and regio-selectiv-

ities. The control should be perfect, because the

polysaccharide synthesis requires the repetition of

the glycosylation many times. Therefore, we decid-

ed to develop a superior reaction by ourselves for

the synthesis of polysaccharides and reached, at last

after in-depth considerations, to conceive using

enzymes as catalyst for the in vitro synthesis.

Characteristic features of enzymatic reactions

All the bio-substances including biomacromo-

lecules are produced in vivo with enzymatic catal-

ysis via biosynthetic pathways. Enzymatic catalysis

has following advantageous characteristics in gen-

eral: (i) a high catalytic activity (high turnover

number), (ii) reactions under mild conditions with

respect to temperature, pressure, solvent, pH of

medium, etc., bringing about energetic efficiency,

and (iii) high reaction selectivities of regio-, enan-

tio-, chemo-, and stereo-regulations, giving rise to
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Scheme 1. In vivo biosynthesis of natural cellulose and natural chitin by the corresponding glycosynthase catalysis employing the

sugar nucleotide as a specific substrate monomer.
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perfectly structure-controlled products. If these in

vivo characteristics can be realized for in vitro

polymer synthesis, we may expect the following

outcomes: (i) perfect control of polymer structures,

(ii) creation of polymers with a new structure, (iii) a

clean process without forming by-products, (iv) a

low loading process with saving energy, and (v)

biodegradable properties of product polymers in

many cases.

The following two aspects are to be emphasized

as fundamental and important characteristics in

enzymatic reactions. First, a ‘‘key and lock’’ theory

proposed by E. Fischer in 1894 pointed out the

relationship between substrate and enzyme where a

reaction takes place.18) The theory implies that via

in vivo biosynthetic pathways a substrate and an

enzyme correspond very strictly in a 1:1 fashion like

a key and lock relationship. This phenomenon is

nowadays understood in the following way; they

recognize each other and form an enzyme-substrate

complex, shown as the left hand cycle (A) in Fig. 3.

The complex formation is due to the supramolec-

ular interactions mainly of hydrogen-bonding. The

formation of the complex activates the substrate to

induce the reaction and lead to a product with

perfect structure control.

Second, L. Pauling demonstrated in 1946

the reason why enzymatic reactions proceed under

such mild reaction conditions,19),20) i.e., the forma-

tion of the enzyme-substrate complex stabilizes the

transition-state and much lowers the activation

energy compared with the no-enzyme case, which is

now well accepted (Fig. 4). In fact, owing to such

stabilization of the transition-state the enzyme-

catalyzed rate-enhancement reaches normally

103�106, often 1012-fold, and in some cases even

1020-fold!21)

When the ‘‘key and lock’’ relationship observed

in vivo reactions is strictly valid also for the

enzyme-substrate relationship in vitro, there is no

possibility to play with in vitro reactions. However,

enzyme is often dynamic and able to interact with

not only a natural substrate but also an unnatural

substrate. In the in vitro enzymatic polymerization

via non-biosynthetic pathways, a monomer is an

unnatural (artificial) substrate for the catalyst

enzyme. Yet, the substrate is to be recognized and

to form an enzyme-artificial substrate complex so

that the desired reaction may take place. For this

reason, it has been proposed that the monomer

is to be designed according to a new concept of a

‘‘transition-state analogue substrate’’ (TSAS),

whose structure should be close to that of the

transition-state of the in vivo enzymatic reac-

tion.3),6)–12),22)–24) This is because the enzyme stabil-

izes the transition-state via complexation with the

substrate.19),20) Then, the artificial monomer thus

appropriately designed forms readily an enzyme-

Fig. 3. A ‘‘key and lock’’ theory showing the enzyme-substrate relationships for (A) an in vivo biosynthetic pathway, and (B) an in

vitro non-biosynthetic pathway.
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substrate complex and the reaction is induced to

give the product with liberating the enzyme

again as shown in the right side cycle (B) in

Fig. 3. It is very important that a structurally close

transition-state is involved commonly in both

cycles (A) and (B).

The above features led us to think the follow-

ing. Since an enzymatic reaction is reversible and

when an enzyme-substrate complex is formed, a

‘‘hydrolysis enzyme’’ catalyzing a bond-cleavage in

vivo is able to catalyze a bond-formation of mono-

mers in vitro (formally a reverse reaction of the

hydrolysis) to produce a polymer (Fig. 5). This

view was based on a hypothesis that structure of a

transition-state is very close in both in vivo and in

vitro reactions, if the in vitro reaction would be

induced.

Enzymatic polymerization to synthesize
natural polysaccharides

A number of scientists had been challenging to

find a facile method to in vitro synthesize natural

polysaccharides; however, the first successful exam-

ple was actually achieved by our cellulose synthesis.

For developing a superior reaction as discussed

above, we introduced a hydrolysis enzyme, a glyco-

side hydrolase, as polymerization catalyst. The

hydrolases are extracellular enzymes that are

more stable, easier to obtain, and much cheaper

compared with glycosyltransferases. Glycoside hy-

drolases have two types, one is an endo-type and

the other an exo-type enzyme.25) For the enzymatic

polymerization, endo-type enzymes have been

found efficient, whose shape at the catalytic domain

Fig. 4. Energy profile of an enzyme-catalyzed reaction, lowering an activation energy by stabilizing the transition-state, in contrast

to a no-enzyme reaction requiring a high activation energy without stabilization of the transition-state.

(A) Hydrolysis in vivo

(B) Polymerization in vitro

polymer

monomer

monomer

polymer

hydrolysis
 enzyme

(water)

hydrolysis
 enzyme

(solvent)

Fig. 5. Model illustration using a hydrolysis enzyme for polymer synthesis: (A) in vivo the enzyme catalyzes the bond-cleavage

of a polymer molecule to monomers with hydrolysis, and (B) in vitro the same enzyme catalyzes the bond-formation of monomers

to produce a polymer molecule.
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looks like cleft.26) Here, we describe the develop-

ment of the polysaccharide synthesis via enzymatic

polymerization, including the situation of the early

stage of research.

Cellulose synthesis: Finding a new method

of enzymatic polymerization. Cellulose is the

most abundant organic molecule in the plant world

and of course on the Earth; some hundreds billion

tons of cellulose are annually photo-synthesized. It

is a structural polysaccharide with a linear �ð1!4Þ
glycosidic bond structure of a dehydrated D-glucose

repeating unit. It is a representative of polysaccha-

rides, which had been an important symbolic

molecule for Staudinger, Mark, and other promi-

nent polymer scientists as to its structure, molecu-

lar weight, and derivatization reactions since the

dawn period of polymer science in the 1920s.27)

Therefore, we selected cellulose as the first target

molecule for the in vitro synthesis of polysaccha-

rides, with taking also the situation below into

account.28)

Chemical synthesis of cellulose had been a

challenging problem in polymer chemistry, since

the first attempt in 1941.29) Despite big efforts of the

synthesis by many groups, all attempts resulted in

no-success for half a century as shown by the

following examples. Polycondensation of 2,3,6-tri-

O-phenylcarbamoyl-D-glucose in CHCl3/DMSO in

the presence of P2O5 as a dehydrating agent was

carried out to yield a polysaccharide; however,

regio- and stereo-regulations of the reaction were

not accomplished.30) Synthesis of polysaccharides

with well-defined structure by polycondensation of

derivatives of monosaccharides or disaccharides

containing a glycosidic hydroxy group, halogen or

acetate group failed to form the desired products.31)

Cationic ring-opening polymerization of a bicyclic

acetal monomer was a possible way to cellulose

synthesis. A polysaccharide of degree of polymer-

ization (DP) �20 was obtained; however, regio-

selective ring-opening did not take place. The major

component was a tetrahydrofuran-ring unit and not

a six-membered glucopyranose unit.32),33) With a

carbohydrate chemistry approach, glycosylation to

form a �ð1!4Þ bond can be repeated in stepwise,

leading to oligo- or polysaccharides. Starting from

tribenzylated glucoside, four kinds of protecting

group with different reactivity were employed and

the glycosylation was achieved by using the imidate

method. Seven times of the glycosylation gave cello-

octamer derivatives and further deprotections were

needed to cello-octamer.34) This stepwise synthesis

looked not a practical method for polysaccharide

synthesis.

For the superior reaction, we employed cellu-

lase, a hydrolysis enzyme of cellulose, for catalyst.

In order for the reaction to proceed, design of a

substrate was the key. After the consideration, a

substrate monomer of �-cellobiosyl fluoride (�-CF)

was designed for catalysis by cellulase, with expect-

ing a new catalytic function of cellulase, i.e.,

catalysis to form a glycosidic bond repeatedly

which is a reverse catalysis to cleave the bond

hydrolytically as seen in Fig. 5. It was then found

that the reaction proceeded smoothly to produce

synthetic cellulose via a single step polycondensa-

tion liberating HF molecule (Scheme 3).28)

A typical polymerization example is given. A

mixture of monomer �-CF and cellulase (Tricho-

derma viride, 5 wt% for �-CF) in a mixed solvent of

acetonitrile/0.05M acetate buffer (pH 5) (5:1, v/v)

was stirred at 30 �C. When the reaction progressed

the initially homogeneous solution gradually be-

came heterogeneous with a white precipitation of

the product. After 12 h, the resulting suspension

was heated at 100 �C to inactivate the enzyme and

poured into an excess amount of methanol/water

(5:1) to separate the insoluble part by filtration.

The water-insoluble, white powdery material was

isolated in 54% yields. The insoluble part was

acetylated and the molecular weight of the product

was determined by size-exclusion chromatography

(SEC) analysis to afford a DP value around 22 and

hence a polysaccharide of ‘‘cellulose’’.35) Further,

water soluble cellooligomers were found in the

filtrates.

The water-insoluble part was established as the

first clear-cut example of ‘‘synthetic cellulose’’. Its
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CP/MAS 13C NMR and IR spectra confirmed the

exclusive �ð1!4Þ glycosidic linkage structure. Syn-

thetic cellulose was, of course, readily hydrolyzed

by cellulase to give glucose and cellobiose. In

addition, thermal behavior of synthetic cellulose

was completely similar to that of natural sample; it

decomposed around at 260 �C without showing

melting point.

It was necessary to use an organic solvent/

buffer mixture as solvent to prevent the hydrolysis

of the synthetic cellulose with the cellulase catal-

ysis. Among the solvents examined, acetonitrile

was the best; DMF or DMSO was too polar and

deactivated the cellulase catalysis. It was also

important to use appropriate pH of the buffer.

The discovery of the reaction (Scheme 3) much

attracted chemists from many research fields3) and

actually initiated the series of our studies on

‘‘enzymatic polymerization’’; the cellulose synthesis

opened a new door not only to synthesis of various

polysaccharides but also to extensive synthesis of

other polymers. These polymers include variously

functionalized polyesters by lipase enzyme catalysis

and oxidatively polymerized phenolic and polyphe-

nolic substances by oxidoreductase enzyme catal-

ysis.1),2),7)–9),11)–13) In addition, lipase-catalyzed ring-

opening polymerization of lactones and a macrolide

to functional polyesters36),37) and synthesis of ‘‘arti-

ficial Urushi’’ by a peroxydase catalyst38) were

reported.

Fig. 6 illustrates the postulated reaction mech-

anisms of cellulase catalysis in the hydrolysis of

cellulose (A) and in the polymerization of �-CF

monomer (B).3),6)–12) It is generally accepted that

cellulases have two carboxylic acid residues for

catalysis located in the cleft like domain.26) In the

hydrolysis (A), one residue pulls (protonation) the

glycosidic oxygen, and the other pushes the C1

donor site acceptor site
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carbon in the general acid-base mode to assist the

glycosidic bond-cleavage (stage a). Then, a highly

reactive intermediate (or transition-state) of a

glycosyl–carboxylate structure with �-configura-

tion is formed (stage b). This intermediate may

have another possible structure of an oxocarbenium

carboxylate. A water molecule attacks the C1 of the

intermediate from �-side to complete the hydrolysis

with formation of the hydrolysate having �-config-

uration (from stage b to c).

In the polymerization (B), the monomer �-CF

is readily recognized and activated at the donor site

via a general acid-base mode to cleave the C–F

bond to form a highly reactive glycosyl–carboxylate

intermediate having �-configuration (from stage a0

to b0). The 4-hydroxy group of another monomer

molecule or the growing chain end attacks the C1 of

the intermediate from �-side to form a �-glycoside

(from stage b0 to c0). Thus, from �-CF to the

product, the inversion of configuration is involved

twice (‘‘double displacement mechanism’’). The

product moves to the right for the next monomer

coming in the donor site. The repetition of stages

a0–c0 is a polycondensation with liberating HF

molecule, leading to the production of synthetic

cellulose.

In the polymerization, �-CF monomer acted as

both a donor and an acceptor. �-CF is considered as

a TSAS monomer, because of a common transition-

state (or intermediate) structure involved from

stage a to b and stage a0 to b0 in both reactions A

and B.3),6)–12) In other words, the transition-state

comes early, whose structure is probably close to

the starting substrate of �-CF. From polymer

chemistry, this polymerization proceeds via an

‘‘activated monomer mechanism’’, in contrast to

an ‘‘active chain-end mechanism’’ as normally

observed in many vinyl polymerizations.

There are four important reasons for the

monomer design. First, the monomer is to be

recognized and activated by cellulase for the

reaction to take place. For this purpose, cellobiose

(disaccharide) structure of �-CF was chosen be-

cause the smallest unit to be recognized by cellulase

was speculated as a cellobiose repeating unit judg-

ing from the cellulose structure in Fig. 2. Second,

fluorine has an atomic size (covalent radius, 0.64 Å)

close to that of oxygen (0.66 Å) constituting the

glycosidic bond of cellulose, which gives a desired

opportunity for �-CF to be readily recognized by

cellulase. Third, fluoride anion is one of the best

leaving groups. Fourth, among the glycosyl halides

only glycosyl fluorides are stable as the unprotected

form, which is required for most enzymatic reac-

tions carried out in the presence of water. After all,

combination of cellulase and �-CF readily leads to

a transition-state, which is close in structure to that

involved in hydrolysis of cellulose by cellulase.

These views indeed led us to create the above

concept of TSAS, which is essential for the mono-

mer design in all cases.

Here, we should comment on the transition-

state and the intermediate, because these are

sometimes ambiguous and confusing. We express

our concept, as a ‘‘transition-state analogue sub-

strate’’ (TSAS) but not as an ‘‘intermediate ana-

logue substrate’’. In Fig. 4, the reaction pathway of

an enzymatic reaction is roughly given. In a more

detailed expression, for example, intermediates (I,

III, V and VII) and transition-states (II, IV and VI)

are shown in Fig. 7. It is highly possible that

stages a0 and b0 in the polymerization correspond to

intermediate III (or transition-state II) and inter-

S
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Fig. 7. Reaction pathway of an enzymatic reaction in a de-

tailed expression.
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mediate V (or transition-state IV), respectively.

However, it is often very difficult to distinguish

transition-state and intermediate due to small

energy difference and some cases all the stages II–

VI are regarded as a transition-state like in Fig. 4.

In addition, an efficient enzymatic catalysis is really

owing to the stabilization of the transition-state,

lowering the activation energy.19),20) Therefore, we

prefer to use the term TSAS.

It is to be noted that the effectiveness of a

disaccharide fluoride structure like �-CF as mono-

mer was argued39) and disaccharide fluoride mono-

mers were widely utilized later by other chemists,

for examples, for the synthesis of oligo- and

polysaccharides.40),41) In fact, a fluoride monomer

of monosaccharide, �-glucosyl fluoride, was not a

good substrate in terms of the polysaccharide yield

and molecular weight, giving only a small amount

of oligomers. Furthermore, importance of the dis-

accharide monomer structure was utilized to ex-

plain the mechanism of cellulose biosynthesis.42)

Strict control of regio- and stereo-selectivities

encounters the limitation of substrates adaptable to

the enzymatic reaction and becomes an obstacle for

the development of this method to the general

polysaccharide synthesis. However, we found that

glycoside hydrolases show dynamic nature in the

substrate specificity and often recognize unnatural

substrates. The first such example is the synthesis

of 6-O-methylated cellulose as shown in Scheme 4,

where 6-methylated �-CF acted as a substrate

monomer.43)

Cellulose synthesis was extended to an oligo-

saccharide synthesis, i.e., cellooligosaccharides were

prepared using �-lactosyl fluoride (�-LF) as a donor

via a step-by-step chain elongation by combined use

of cellulase and �-galactosidase (Scheme 5).44),45)

Cellulase catalyzes the glycosidation of �-LF to the

nonreducing 4-hydroxy group of the acceptor but �-

LF did not act as an acceptor in the step I. �-

Galactosidase cut off a �-galactoside unit from a

newly added nonreducing end in the step II.

Mutant enzymes for cellulose synthesis. It

is a very strong tool for the mechanistic study to

mutate an enzyme and examine the reaction. Very

recently, our approach provided important infor-

mation on the role of the cellulase function.

Cellulase (endoglucanase II, EG II) consists of

three domains: a cellulose-binding domain (CBD),

a linker domain, and a catalytic domain. In the

hydrolysis, CBD first binds the crystalline part of

cellulose and then the catalytic domain catalyzes

the hydrolysis of cellulose molecules, the linker

domain linking these two domains. Using biotech-

nology, two types of protein enzymes were prepared

from yeast, the one having all domains (EG II)

and the other having only catalytic domain

lacking CBD and the linker domain (EG II core)

(Fig. 8).46) Very interestingly, both enzymes

showed high polymerization activity for monomer

�-CF, giving synthetic cellulose. With progress of

time, the cellulose produced gradually disappeared
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with EG II due to the hydrolysis; however, the

product cellulose hardly changed with EG II core.

These results suggest that the CBD plays an

important role for the hydrolysis of the product,

but not for the polymerization of �-CF. The

polymerization needs only the function of the

catalytic domain.

Amylose synthesis. Amylose is a water-

soluble �ð1!4Þ-glucose polymer produced in vivo

as a substance for energy storage. We extended

the cellulase-catalyzed synthesis of cellulose to the

synthesis of amylose and designed �-maltosyl

fluoride as monomer for the catalysis of �-amylase,

a hydrolysis enzyme of amylose. The monomer

derived from maltose, a disaccharide component of

amylose, readily disappeared by the addition of the

enzyme within 1 h to give a mixture of maltooligo-

saccharides (amylose oligomers) (Scheme 6).47) The

product contained was a mixture of oligomers

consisting not only of even- but odd-numbered

glucose units, like maltotriose, maltopentaose and

matoheptaose. These results indicate that hydrol-

ysis and/or rearrangement of the amylose oligomers

occurred by the catalysis of �-amylase. The for-

mation of an �ð1!4Þ-glycosidic linkage looked

harder compared with that of �ð1!4Þ-linkage.
For reference, another in vitro enzymatic syn-

thesis of amylose is mentioned. Amylose can be

synthesized via in vitro polymerization of D-gluco-

syl phosphate (Glc-1-P) catalyzed by potato phos-

phorylase (Scheme 7)48) Phosphorylases are known

as enzymes in the carbohydrate metabolism in vivo

to catalyze the phosphorolysis of glycosidic bonds in

oligo- and polysaccharide substrates. Therefore, the

reaction belongs to a biosynthetic pathway, and

hence, it is not within the context of the enzymatic

polymerization defined by us. This approach is the

equilibrium-controlled synthesis, and therefore, the

reaction needs a large excess amount of Glc-1-P.

In addition, the reaction requires a primer of

malto-oligomer with minimum length of tetramer

and then proceeded in living-like polymerization to

form amylose.

In contrast to the reaction like Scheme 7, all

the enzymatic polymerizations described here be-

long to a kinetic approach, where an activated

glycosyl donor such as a glycosyl fluoride, designed

as a TSAS, forms rapidly the glycosyl-enzyme

complex to lead to the product poly- or oligo-

saccharide (kinetic-controlled synthesis).10)

Xylan synthesis. Naturally occurring xylan

existing mostly in the hemicellulose is an important

biomacromolecule composed of a �ð1!4Þ-linked
D-xylose main chain, which bears side chains

such as arabinose and 4-O-methyl-glucuronic acid

(Scheme 8A). As in the case of cellulose synthesis,

�-xylobiosyl fluoride monomer was designed on

the basis of the TSAS concept for the catalysis

of cellulase containing xylanase. The enzyme-

catalyzed polycondensation of the monomer pro-

vided synthetic xylan in good yields having

average DP of 23 without side chains under perfect

control of regioselectivity and stereochemistry

(Scheme 8B).49)

Chitin synthesis. Chitin is the most abun-

dant organic substance in the animal world, as

phosphorylase
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cellulose in the plant world. It is found as a

structural polysaccharide widely in animals like

invertebrates and its total quantity is estimated as

approximately 1% for that of cellulose. Chitin has a

linear structure of �ð1!4Þ-linked N-acetyl-D-glu-

cosamine (GlcNAc) as a repeating unit. It attracts

much interest in a number of scientific and appli-

cation purposes as a multifunctional substance.

Chitin and its derivatives are frequently utilized for

biocompatible, biodegradable and bioactive materi-

als such as immuno-adjuvant substances, inhibitor

of metastases of tumor cells, wound-healing materi-

als, additives for cosmetics, and drug carriers.50)

In vitro synthesis of such an important bio-

macromolecule of chitin was first reported in 1996,

utilizing chitinase from Bacillus sp. (family 18) as

catalyst.22),51) Based on the TSAS concept, an N,N0-
diacetylchitobiose [GlcNAc�ð1!4ÞGlcNAc] oxazo-

line derivative (ChiNAc-oxa) was designed by

speculation and synthesized as monomer. The

monomer was recognized and catalyzed by the
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chitinase, giving rise to synthetic chitin in quanti-

tative yields via ring-opening polyaddition under

perfect control of regioselectivity and stereochem-

istry (Scheme 9).22) The DP value was evaluated as

10–20 depending on the reaction conditions em-

ployed.

Fig. 9 illustrates the postulated reaction mech-

anisms of the chitinase catalysis in the hydrolysis

of chitin (A) and in the polymerization to synthetic

chitin (B). In the hydrolysis (A), the glycosidic

oxygen is protonated by one of the carboxylic acid

groups immediately after the recognition of chitin

in the stage a. The acetamido-oxygen of the chitin

unit at the donor site attacks the neighboring C1

carbon to form the corresponding oxazolinium ion

stabilized by the other carboxylate, involving the

scission of the glycosidic linkage (stage b), which

is thus called a ‘‘substrate-assisted mechanism’’.52)

Nucleophilic attack by a water molecule from �-side

opens the oxazolinium ring to accomplish the

hydrolysis reaction, giving rise to the hydrolysate

having �-configuration (stage c).

In the polymerization (B), the monomer having

already an oxazoline moiety is readily recognized at

the donor site as a TSAS monomer and immediately

protonated by the carboxylic acid to form the

corresponding oxazolinium ion. The protonation

step onto the monomer nitrogen must be much

easier, compared with the protonation on the

glycosidic oxygen atom. Therefore, a step corre-

sponding to the stage a of the hydrolysis to

cleave the glycosidic C–O bond is not necessary.

The hydroxy group at the C4 of another monomer

or the growing chain end attacks the C1 of the

oxazolinium from �-side (stage b0), resulting in the

formation of a �ð1!4Þ-glycosidic linkage (stage c0).
Repetition of these reactions is a ring-opening

polyaddition. The monomer ChiNAc-oxa acted as

both donor and acceptor. The key-point is the

structure similarity of the transition-state (or

the intermediate) involved in both stages b and

b0.3),6)–12),22)–24) It is to be noted that our speculated

design of an oxazoline monomer based on the TSAS

concept22) preceded the paper reporting that the

chitinase enzyme belonging to family 18 involves an

oxazolinium intermediate via a ‘‘substrate-assisted

mechanism’’ during the hydrolysis of chitin.52)

Further the concept of TSAS was supported by

the following experiments. ChiNAc-oxa monomer

was subjected to enzymatic polymerization. Hy-

drolysis enzymes used were chitinase (family 18)

involving an oxazolinium intermediate, and lyso-

zyme as well as chitinase (family 19) involving an

oxocarbenium ion intermediate (or transition-state)

(Fig. 10). With the family 18 enzyme, synthetic

chitin was quantitatively obtained after 50 h at

pH 10.6, whereas with lysozyme no chitin was

produced even after 165 h.53) This implies that

ChiNAc-oxa monomer could not be a substrate for

the lysozyme enzyme, since it is not able to act as a

TSAS monomer.

The optimal pH for the hydrolysis by chitinase

is known as 7.8. Effects of the buffer pH on the ring-

opening polyaddition of the monomer showed that

the optimal value is around pH 10.6 in terms of the

chitin yield (Table 1).53) At pH 8.0, the reaction

time for the complete monomer conversion took

2.5 h; however, the yield of synthetic chitin was

38%. At pH 10.6 it took 50 h and the chitin was

obtained quantitatively. This means that the poly-

merization was very rapid at around pH 8 but the

product chitin was also hydrolyzed rapidly; at

pH 10.6 the polymerization was exclusively pro-
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Table 1. Effect of pH on the ring-opening polyaddition of

ChiNAc-oxa monomera

pH of

phosphate buffer
reaction timeb/h

yields of synthetic

chitin/%

8.0 2.5 38

9.0 20 62

10.6 50 �100

11.4 150 87

12.9 300 0

aReaction conditions; chitinase 1wt% at r.t. in a phosphate

buffer.
bReaction time for complete monomer consumption.
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moted, suppressing the hydrolytic activity. These

pH effects are shown roughly in Fig. 11. The

polymerization is less sensitive to the pH, probably

because it does not require the protonation at the

glycosidic oxygen. Therefore, the polymerization is

to be carried at a pH where the difference in rate of

polymerization and hydrolysis is maximal, so that

the polymerization may take place selectively.

Chitinase showed a dynamic nature for sub-

strate recognition; it catalyzed the ring-opening

polyaddition of fluorinated sugar-oxazoline mono-

mers to produce fluorinated chitin derivatives

(Scheme 10).54),55) The polymerization took place

effectively at pH 8.0–9.0 and 30–40 �C, giving rise

to alternatingly 6-fluorinated chitin derivatives

from monomers a and b, and fully 6-fluorinated

chitin derivative from monomer c under perfect

control of regioselectivity and stereochemistry. The

molecular weight (Mn) of a water-insoluble part was

up to 1,400–1,600 from a and b (yield �40%) and

up to 1,620 from c (yield �23%); the other parts

were water-soluble with lower molecular weight.

Crystalline structures of polymers a and b were

very similar to each other, together with those of

natural and synthetic chitins, which are all organ-

ized in antiparallel molecular chain alignment, i.e.,

thermodynamically stable �-chitin. Introduction of

fluorine substituent into monomers lowered the

polymerizability to some extent.54) 6-Fluorinated

mono-saccharide oxazoline monomer showed a low-

er reactivity than unsubstituted one with chitinase

catalysis and the oxazoline monomer did not induce

a glycosylation reaction, showing the importance of

the di-saccharide structure.55)

Furthermore, 6-O-carboxymethylated ChiNAc-

oxa monomer was selectively dimerized by the

chitinase catalysis to produce alternatingly 6-O-

carboxymethylated chitotetraose.56)

Mutant enzyme for chitin synthesis. In

relevant to the mechanistic aspects, the amino

acid residue E204 in wild-type chitinase A1 from

Bacillus circulans was assumed to be the catalytic

acid/base, and D202 serves as a stabilizer for the

oxazolinium ion during the hydrolysis. Then, a

mutated enzyme E204Q was designed and pre-

pared, where the glutamic acid at the 204th amino

acid residue was replaced by glutamine (Fig. 12).57)

The mutant enzyme was employed for the chitin

synthesis. As anticipated, it exhibited the catalytic

activity for the formation of ð1!4Þ-�-glycosidic
linkage, suppressing completely the hydrolysis of

the product, although the total catalytic activity

was much reduced. This result shows the mecha-
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nistic difference between hydrolysis and polymer-

ization. The former needs both carboxy groups,

whereas the latter inherently does not need the

second carboxyl group. This observation accords

with the sketch in Fig. 11; the polymerization

proceeded at a higher pH.

Glycosaminoglycans. Extracellular matri-

ces (ECMs) are substances found between living

cells (Fig. 13).58) ECMs are constituted from fibro-

nectins, collagens, proteoglycans, etc. Proteogly-

cans are formed from core proteins to which many

(normally over 100) polysaccharide chains are

linked. These are all linear hetero-polysaccharides

called glycosaminoglycans (GAGs). GAGs are one

of the classes of naturally occurring bioactive

hetero-polysaccharides which are consisted of alter-

natingly connecting a hexosamine [N-acetyl-D-

glucosamine (GlcNAc) or N-acetyl-D-galactosamine

(GalNAc)] and an uronic acid [D-glucuronic acid

(GlcUAc) or L-iduronic acid (IdoA)].59) In Fig. 13

the structures of typical seven GAG molecules are

given. GAGs construct ECMs through association

with core proteins and also collagens, fibronectins,

etc., providing scaffolds for cellular proliferation

and differentiation in morphogenesis and regener-

ation of tissues.58) Thus, GAGs play critical roles in

living organisms, and are frequently used as ther-

apeutic materials and food supplements. However,

investigation of GAG functions at a molecular level

is currently under challenging. Therefore, GAG

samples with well-defined structure are strongly

demanded.

Hyaluronidase (HAase) is one of the endo-�-N-

acetylglucosaminidase responsible for metabolism

of hyaluronan (hyaluronic acid, HA), chondroitin

(Ch) and chondroitin sulfate (ChS).59) The enzyme

catalyzes hydrolysis of such GAGs via a substrate-

assisted mechanism similarly to a chitinase involv-
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ing an oxazolinium ion intermediate.60) On the basis

of the TSAS concept for their synthesis, a molecular

design of monomer structure bearing an oxazoline

moiety allowed the production of HA, Ch and ChS

via ring-opening polyaddition by HAase cataly-

sis.61),62)

Hyaluronan synthesis. Hyaluronan (HA)

was found in 1934, which is a high molecular weight

biopolysaccharide contained in the vitreous humor

of cattle eyes.6) HA is widely found, in particular, in

the skin, the rooster comb, the synovial joint fluid,

the vitreous humor of eyes, etc. Biological functions

of HA are concerned with the formation of a strong

network of viscoelastic ECMs, the activation of

intracellular signaling, the matrices formation

around cumulus cells during ovulation and fertil-

ization, and others. Such multi-functions of HA

have been utilized in medical and pharmaceutical

fields.

In vivo synthesis of HA is achieved in the

plasma membrane by the catalysis of HA synthase

through alternating addition of GlcNAc and

GlcUAc via �ð1!4Þ and �ð1!3Þ fashion, respec-

tively, employing the corresponding uridine-50-di-
phospho(UDP)-sugar substrates. A number of

chemists have challenged to in vitro synthesize

such an indispensable molecule of HA; however, an

octasaccharide derivative was the largest molecule

prepared by organic chemistry to date.63)

The first successful in vitro synthesis of HA was

reported via enzymatic polymerization.23) As illus-

trated in Fig. 14, HA is composed of a hetero-

disaccharide repeat, i.e., �ð1!4Þ-linked N-acetyl-

hyalobiuronate [GlcUAc�ð1!3ÞGlcNAc]. For the

monomer design, there are two possibilities of

monomer structure derived from the hetero-disac-

charide structure on the basis of the TSAS concept:

(A) an oxazoline-type monomer, and (B) a fluoride-

type monomer.

Due to the availability of the enzyme, we

employed the oxazoline monomer (HA-oxa(R))

for HA synthesis. The monomer was readily

recognized and catalyzed by HAase under perfect

structure control, providing for the first time the

in vitro synthetic HA (R=CH3) in good yields

(Scheme 11).23) The Mn and Mw of synthetic HA
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reached high molecular weight values, 17,700 (cor-

responding to �90 saccharide units) and 25,000,

respectively. Further, 2-substituted oxazolines of

GlcUAc�ð1!3ÞGlcNAc like 2-ethyl-, 2-n-propyl-,

2-vinyl derivatives (HA-oxa(R)) were also polymer-

ized effectively by HAase catalysis, giving rise to

unnatural HA derivatives with the corresponding

N-acyl group. Particularly, an N-vinyl (acrylamido)

HA derivative has potentials for utilization as

macromonomer, telechelics and so forth, leading

to the application for medical materials. Some of

polymerization results are given in Table 2.64)

These results motivated us to carry out HAase-

catalyzed copolymerization between various 2-sub-

stituted HA oxazoline monomers, giving rise to

some unnatural HA derivatives (Scheme 12).65) The

copolymerization took place at 30 �C in a carbonate

buffer to give copolymers, various unnatural HA

derivatives, with Mn exceeding 10,000 in a good

yield within 48 h. The results clearly show that the

cross propagation of these monomers is feasible by

using HAase as catalysis; therefore, this enzymatic

copolymerization will serve as one of important

technologies for constructing various GAGs.

Chondroitin synthesis. Chondroitin (Ch)

exists predominantly as a carbohydrate part of

proteoglycans or in the higher organisms as a

precursor of Ch sulfate (ChS), mainly found in

cartilage, cornea, and brain matrices. Many papers

reported the biological functions of Ch and ChS,

for examples, maintaining cartilage elasticity, reg-

ulation of tissue morphogenesis, and promotion of

neurite outgrowth and neuronal migration, which

frequently associate with the sulfation patterns.66)

Such important biomacromolecules of Ch and ChS

Table 2. Polymerization of HA-oxa(R) monomers to synthetic HA and HA derivatives

polymerizationa
synthetic HA

or HA derivative

monomer R enzymeb pH time/h yield/% Mn
c Mw

c

methyl OTH 7.0 48 72 4,400 9,800

methyl OTH 7.5 52 78 5,500 13,800

53d 13,300 22,000

methyl OTH 8.0 60 73 5,700 14,900

methyl OTH 9.0 72 65 4,600 11,300

methyl BTH 7.5 60 53 7,800 17,600

34d 17,700 25,000

methyl bee venom 7.5 72 trace — —

methyl H–OTH 7.5 6 69 6,800 19,500

ethyl OTH 7.5 48 65d 6,900 17,500

n-propyl OTH 7.5 60 47d 4,500 13,500

vinyl OTH 7.5 48 50d 5,900 16,800

aIn a carbonate buffer (50mM) at 30 �C; monomer conc., 0.1M; amount of enzyme, 10wt% for monomer. bOTH, ovine testicular

HAase (560 units/mg); BTH, bovine testicular HAase (500 units/mg). cDetermined by SEC calibrated with hyaluronan standards.
dIsolated yields after purification.
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have been synthesized for the first time via non-

biosynthetic pathways by ring-opening polyaddi-

tion catalyzed by HAase.24),67)

Ch is composed of the hetero-disaccharide

repeating unit, GlcUAc�ð1!3ÞGalNAc (N-acetyl-

chondrosine), which is connected through a

�ð1!4Þ-glycosidic linkage (Fig. 13). Therefore, on

the basis of TSAS concept an oxazoline monomer

(Ch-oxa(R)) was designed again for the synthesis of

Ch via HAase-catalyzed ring-opening polyaddition

(Scheme 13).24) In addition to the 2-methyl-oxazo-

line monomer, polymerization of various oxazoline

monomers with 2-ethyl, 2-n-propyl, 2-isopropyl, 2-

vinyl, and 2-phenyl substituents was investigated.

Monomers with methyl, ethyl and vinyl substitu-

ents were efficiently catalyzed by HAase at pH 7.5,

providing synthetic Ch and its derivatives bearing

the corresponding N-acyl groups under perfect

structure control. Molecular weight (Mn) of these

products reached �5000, which correspond to that

of naturally occurring Ch. Monomers with 2-iso-

propyl, and 2-phenyl substituents were not cata-

lyzed by the enzyme probably due to steric bulki-

ness of these substituents.

Chondroitin 4-sulfate synthesis. In living

cells biosynthesis of ChS is performed by catalysis

of the specific glycosyltransferases with uridine

50-diphospho(UDP)-GlcUAc and UDP-GalNAc

as substrates, and the sulfotransferases with 30-
phosphoadenosine 50-phosphosulfate; however,

synthesis mechanism of ChS is not fully understood.

Biological activity of ChS in living systems is

closely associated with the sulfation patterns, but

the sulfation reaction is not well controlled and

hence the naturally occurring ChS has a variety

of structure. The ChS is classified into five

groups according to the major component in

the molecule, i.e., ChS–A mainly containing

GlcUAc�ð1!3ÞGalNAc4S unit (sulfated at C4 in

GalNAc; A unit), and other four groups; ChS–C,

ChS–D, ChS–E, and ChS–K. These natural ChS

variants contain other units in various proportions,

for example, ChS–A from whale cartilage incorpo-

rates C unit in about 20% as a minor unit, and a

shark cartilage ChS–C has D unit in about 10%.

Thus, incorporation of minor units causes substan-

tial structural diversity of ChS molecules, which

makes the results on ChS functions indistinct.

Synthesis of ChS with a uniform structure has been

challenged by many scientists; up to now hexasac-

charides consisting of structural units A, C and

D have been synthesized as the longest ChS

variants via conventional chemical methods. The

investigation of the biological activities of naturally

occurring ChS at a molecular level demands a

structurally well-defined ChS sample. Therefore, we

challenged the synthesis of ChS–A with a uniform

structure via enzymetic polymerization.67)

HAase-catalyzed polymerization of a Ch-

oxa(CH3) monomer with a sulfate group at the C4

of GalNAc successfully progressed at pH 7.5, giving

rise to synthetic Ch4S having the sulfate group

exclusively at the C4 of GalNAc unit in high yields

within a couple of hours (Scheme 14).67) Surpris-

ingly, the enzymatic polymerization proceeded at

the temperatures ranging widely from 0 to 50 �C.
All the spectroscopic data supported the Ch4S

structure. The highest Mn and Mw values of

synthetic Ch4S were 18,400 and 36,500, respective-

ly. These values are to be compared with those of

natural Ch (�4;600 and �6;800, respectively), and

natural ChS–A (28,800 and 34,800, respectively,

from whale cartilage). Mn of synthetic Ch4S corre-

sponds to 72–74 saccharide units. The synthetic

Ch4S provides with a desired ChS–A sample with-

out contaminated units at a molecular level.

The Ch-oxa(CH3) monomers with a sulfate

group at the C6, and at both the C4 and C6 were

not polymerized at all. These results suggest that

HAase distinguished a sulfate group at the different

position on the GAG chains. Synthetic Ch4S is

expected to be a good medical material due to the

defined uniform structure.
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Enzymatic polymerization to synthesize
unnatural hybrid polysaccharides

All the above enzymatic polymerizations for

the synthesis of natural and unnatural polysaccha-

rides were achieved by a single step reaction. By

utilizing this advantageous characteristics, new

hybrid polysaccharides have been developed and

attracted much attention as a novel class of high

performance polysaccharides.68) Hybrid polysaccha-

rides are defined as polymers consisting of different

kinds of repeating saccharide units in a single

polymer chain; they are unnatural polysaccharides,

completely distinguished from a polymer blend of

two homo-polysaccharides (Fig. 15). Hybrid poly-

saccharides have potentials of displaying novel

functions derived from the characteristic structures

of intramolecular hybridization, in addition to those

of natural homo-polysaccharides.

Cellulose–chitin hybrid polysaccharide.

This polysaccharide is a hybrid of cellulose, the

most abundant in the plant world, and chitin, the

most abundant in the animal world. On the basis

of the TSAS concept, two kinds of candidate

monomers were designed from the viewpoint of

repeating structure of a cellulose–chitin hybrid

polysaccharide, that is, a �-fluoride monomer of

GlcNAc�ð1!4ÞGlc (ChiCe-F) and an oxazoline

monomer of Glc�ð1!4ÞGlcNAc (CeChi-oxa)

(Fig. 16). ChiCe-F is suitable as a TSAS monomer

Homo-polysaccharides

enzymatic
polymerization

enzymatic
polymerization

polysaccharide A

polysaccharide B

(A) Hybrid polysaccharide
A-B hybrid polysaccharide

(B) Polymer blend

repeating units

Fig. 15. Model illustration of (A) a hybrid polysaccharide, and (B) a polymer blend from two homo-polysaccharides.
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for polycondensation catalyzed by cellulase from

Trichoderma viride to form �ð1!4Þ-glucosidic
linkage, and CeChi-oxa is acceptable as a TSAS

monomer for ring-opening polyaddition induced by

chitinase from Bacillus sp. (Scheme 15).69)

The enzymatic polycondensation of monomer

ChiCe-F took place successfully under similar

reaction conditions to those in cellulose synthesis

(Fig. 17). With enzymatic catalysis, ChiCe-F dis-

appeared within 9 h, providing a cellulose–chitin

hybrid polysaccharide (ChiCe hybrid) as a white

precipitate. Without enzyme, ChiCe-F gradually

decomposed without formation of any precipitate,

which is a hydrolyzed product of ChiCe-F. Notably,

the C20 acetamido group in ChiCe-F is sterically

bulkier than the hydroxy group in �-CF, suggesting

that the recognition of monomer by the enzyme is

loose for the C20 substituent and the catalysis is less

interfered by that substituent. Molecular weight

(Mn) of the ChiCe hybrid polysaccharide reached

2,800, which corresponds to 16 saccharide units.

Interestingly, the enzyme produced the hybrid

polysaccharide under various pH conditions ranging

from 3.0 to 7.0 with Mn 2,600–2,800, corresponding

to 15–16 saccharide units, in good yields (Table

3).69) A mechanism for the polycondensation by

cellulase catalysis is similarly considered as that

of the cellulose synthesis; however, it is strange

that monomer ChiCe-F with a bulky N-acetyl group

at C2 was still recognized, activated, and glycosy-
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Fig. 17. Reaction time-courses of monomer ChiCe-F with

cellulase ( ) and without enzyme ( ). Reaction conditions:

In acetonitrile–acetate buffer (50mM, pH 5.0) mixture (5:1,

v/v); amount of enzyme, 5wt% for ChiCe-F; reaction temper-

ature, 30 �C; initial concentration of ChiCe-F, 25mM.

Table 3. Typical results of enzymatic polymerization of ChiCe-F and CeChi-oxa

polymerizationa hybrid polymer

enzyme monomer pH
initial

conc./mM
timeb/h yieldc/% Mn

d Mw
d

cellulase ChiCe-F 5.0 25 9 55 2,820 3,070

cellulase ChiCe-F 5.0 50 8 63 2,840 3,220

chitinase CeChi-oxa 10.5 200 3 34 3,750 4,170

chitinase CeChi-oxa 11.0 200 10 46 4,030 4,660

aIn a CH3CN-acetate buffer (50mM) mixture (5:1, v/v) for cellulase-catalyzed polymerization, or in a carbonate buffer (10mM)

for chitinase-catalyzed polymerization; amount of enzyme, 5.0 wt% for the monomer; reaction at 30 �C. bIndicating the time for

disappearance of corresponding monomer. cIsolated yields. dDetermined by SEC using pullulan, cellooligosaccharides and

chitooligosaccharides standards.
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Fig. 18. Reaction time-courses of CeChi-oxa with chitinase

( ) and without enzyme ( ). Reaction conditions: In a

carbonate buffer (10mM, pH 10.5); amount of enzyme, 5wt%

for CeChi-oxa; reaction temperature, 30 �C; initial concentra-
tion of CeChi-oxa, 200mM.
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lated with liberating HF molecule, repeatedly, by

the cellulase catalysis. A similar phenomenon was

also observed for a C2 substituent.45)

Monomer CeChi-oxa was smoothly polymer-

ized via ring-opening polyaddition catalyzed by

chitinase (Fig. 18). With the enzyme catalysis,

CeChi-oxa disappeared completely within 3 h, and

a white precipitate of CeChi hybrid polysaccharide

was formed during the reaction. Without enzyme,

the monomer gradually decomposed, and it re-

mained in 95% after 3 h without formation of a

precipitate. Mn of the CeChi hybrid reached about

4,000, which corresponds to 22 saccharide units.

This enzyme also catalyzed the polymerization

under wide range of pH conditions from 6.0 to

11.0 with average Mn around 3,800 in good yields

(Table 3).69) The ring-opening polycondensation

mechanism was explained analogously to that of

the chitin synthesis.

Chemical structure of the cellulose–chitin hy-

brid polysaccharide was confirmed by CP/MAS 13C
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NMR spectrometry (Fig. 19a). Assignment of the

signals was performed by comparing with those of

synthetic chitin (Fig. 19b)22) and synthetic cellulose

(Fig. 19c).28) Two significant signals derived from

acetamido group of GlcNAc unit were found at �20

(methyl) and �175 (carbonyl) in Fig. 19a as well as

in Fig. 19b. Furthermore, the C2 carbon of GlcNAc

was observed at �55. Signals derived from Glc unit

in Fig. 19a were also detected at similar � values

from synthetic cellulose depicted in Fig. 19c. Sig-

nals from the C4 and C40 carbons were observed

at around �81, exhibiting that the product has

the �ð1!4Þ-linked glycosidic bond exclusively.

MALDI-TOF mass spectrum of a low molecu-

lar weight part of the CeChi hybrid showed the

peaks at every m=z of 365, which corresponds to the

molecular mass of the repeating disaccharide unit.

Thus, the structure of the hybrid was confirmed to

be an alternatingly �ð1!4Þ-connected Glc and

GlcNAc, a cellulose–chitin hybrid polysaccharide.

It is interesting that no significant peaks were

observed by the X-Ray diffraction (XRD) of the

CeChi hybrid polysaccharide (Fig. 20a). This is in

contrast to that of synthetic chitin showing char-

acteristic peaks of �-chitin (2� ¼ 9:3, 19.2, 23.4 and

26.1), which forms antiparallel molecular organiza-

tion (Fig. 20b), and to that of synthetic cellulose

assembling in antiparallel molecular chain packing

(cellulose II), which provides an XRD spectrum

exhibiting sharp peaks at 2� ¼ 12:2, 19.9, and 22.0

(Fig. 20c). These results clearly indicate that no

crystals were formed from the hybrid polysaccha-

ride. Both �-chitin and cellulose II have antiparallel

molecular chain organizations. However, the crystal

structures of them have different dimensions of cell

units, therefore, the hybrid polysaccharide is prob-

ably difficult to form either a crystalline structure

or a higher-ordered assembly.69)

Cellulose–xylan hybrid polysaccharide.

Xylan has an interesting character of forming

supramolecular interaction with cellulose, for ex-

ample, adsorption onto cellulose fibrils during the

pulping process. Therefore, a cellulose–xylan hybrid

polysaccharide comprised of alternating �ð1!4Þ-
glucose (Glc) and �ð1!4Þ-xylose (Xyl) is attractive

as a biomacromolecule bearing cell wall functions

within a single chain.70)

For the synthesis of a cellulose–xylan hybrid

polysaccharide, there are two kinds of glycosidic

linkages; �ð1!4Þ-glucosidic linkage and �ð1!4Þ-
xylosidic linkage (Fig. 21). Therefore, two mono-

mers, Xyl�ð1!4ÞGlc �-fluoride (XyCe-F) and

Glc�ð1!4ÞXyl �-fluoride (CeXy-F), are designed

for potential enzymes such as cellulase and xyla-

nase.

Polycondensation of monomer XeCe-F was

carried out in a 5:1 (v/v) mixture of acetonitrile–

acetate buffer (pH 5.0) using a variety of enzymes

as catalyst.70) Interestingly, cellulase from Tricho-

derma viride exhibited little activity for the poly-

condensation, and the partially purified cellulase

did not catalyze at all. These results indicate that

the cellulase active for the synthesis of cellulose was

difficult to catalyze polymerization of XyCe-F,

suggesting that the enzyme required the methylol

group (-CH2OH) at the nonreducing end for dis-
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playing the polymerization activity. In contrast,

xylanase from Trichoderma viride, a hydrolysis

enzyme of xylan, was effective for the polymeriza-

tion, giving rise to a XyCe hybrid polysaccharide in

a 58% yield as a white precipitate. MALDI-TOF

mass spectrum of the peracetylated hybrid showed

the peaks with equal distance of m=z 504, which

corresponds to the molecular mass of the peracety-

lated disaccharide unit, the DP reaching 24. 13C

NMR analysis confirmed the structure of the XyCe

hybrid having alternatingly connected �ð1!4Þ-Glc

and �ð1!4Þ-Xyl units. Monomer CeXy-F was also

polymerized by xylanase, affording the CeXy hy-

brid polysaccharide in good yields. The DP reached

18 by MALDI-TOF/MS analysis.

Chitin–xylan hybrid polysaccharide. Cel-

lulose–chitin and cellulose–xylan hybrid polysac-

charides were successfully prepared via enzymatic

polymerization; however, these were insoluble in

aqueous media, providing the products as precip-

itates. This is probably due to rigidity of a molecu-

lar chain resulting from similarity in component

monosaccharide units leading to intramolecular

hydrogen bonding, that is, Glc is different from

GlcNAc only in the C2 substituent (hydroxy and

acetamide, respectively) and from xylan in the

presence or absence of the C6 methylol group. A

chitin–xylan hybrid polysaccharide consisting of

alternatingly connected �ð1!4Þ-GlcNAc and

�ð1!4Þ-Xyl was anticipated to show good solubility

in aqueous media; the monosaccharide units are

structurally quite different in the C2 substituent

(acetamide in GlcNAc and hydroxy in Xyl) and

in the presence and absence of the C6 methylol

group.71)

Two kinds of monomer were desiged from the

structural viewpoint of a chitin–xylan hybrid poly-

saccharide. Monomer XyChi-oxa bearing an oxazo-

line moiety is suitable for the catalysis of chitinase

as a TSAS monomer to form �ð1!4Þ-N-acetylglu-

cosaminide linkage (Scheme 16). Another monomer

of a fluoride-type was for xylanase catalysis to

produce �ð1!4Þ-xyloside linkage. However, highly

toxic reagents such as organotin compounds are

required to synthesize the fluoride-type monomer;

therefore, monomer XyChi-oxa was employed for

the synthesis of the XyChi hybrid. The monomer

was successfully consumed and polymerized via

ring-opening polyaddition, giving rise to the hybrid

polysaccharide in good yields. The polymerization

proceeded under broad range of pH conditions from

7.0 to 10.0; at pH 9.7 was produced the product

hybrid in the highest yield of 76% within 4 h. Mn of

the hybrid reached 1500 (Mw ¼ 2700), which cor-

responds to 8–10 saccharide units. The chitin–xylan

hybrid polysaccharide was a water-soluble �ð1!4Þ-
polysaccharide.

13C NMR spectrum in D2O confirmed the

structure of the XyChi hybrid composed of

�ð1!4Þ-GlcNAc and �ð1!4Þ-Xyl. MALDI-TOF/

MS further confirmed the alternating structure,

which showed the peaks with the equal distance of

m=z 335 corresponding to the molecular mass of the

repeating disaccharide unit of the XyChi hybrid

(Fig. 22).71) It is very interesting that higher mo-

lecular mass peaks were observed on the spectrum,

indicating that the hybrid with such higher mo-

lecular weight (up to 10,000) was produced. This

looked rather strange, because polysaccharides

with such a higher molecular weight are normally

very hard to be detected by MALDI-TOF method;

it is probably due to the soluble nature of the

hybrid polysaccharide, even with such a molecular

weight.71)

Chitin–chitosan hybrid polysaccharide.

Chitosan is an N-deacetylated derivative of chitin,

i.e., a polymer of �ð1!4Þ-linked D-glucosamine

(GlcN) produced practically by alkaline hydrolysis

of chitin; some fungi produce chitosan as a struc-

tural support. Since the biological activities of

chitosan heavily depend on the extent of N-deacet-

ylation, developing new synthetic methods of chi-

tosan with well-defined structure is important to

elucidate the relationship between a carbohydrate

structure and its activities. Chitosan is soluble

in acidic media such as acetic acid, in contrast to

the insolubility of chitin in almost all solvents.

Furthermore, 50% N-deacetylated chitin exhibits

outstanding solubility in water. Therefore, a chitin–

chitosan hybrid polysaccharide is anticipated solu-

ble in water as a novel unnatural polysaccharide

having both nature of chitin and chitosan.
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Scheme 16. Chitinase-catalyzed synthesis of a chitin–xylan

hybrid polysaccharide.
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To achieve the synthesis, an oxazoline-type

monomer (ChaChi-oxa) was designed as a TSAS

monomer by chitinase (Bacillus sp.) catalysis. The

monomer was polymerized via ring-opening poly-

condensation manner to produce the desired hybrid

polysaccharide having the structure of �ð1!4Þ-N-

acetylglucosaminide linkage (Scheme 17).72) The

best result was obtained at pH 9.0 and 30 �C with

5wt% chitinase from Serratia marcescens in terms

of both the yield (75%) and molecular weights of the

chitin-chitosan hybrid (Mn ¼ 2;020, Mw ¼ 4;280);
the Mn value corresponds to 10–12 saccharide units.

Chitin-N-sulfonated chitosan hybrid poly-

saccharide. An unnatural chitin-N-sulfonated

chitin hybrid polysaccharide, i.e., an alternatingly

N-sulfonated chitin derivative, was synthesized via

ring-opening polyaddition of an N-sulfonated chi-

tobiose oxazoline derivative (ChaSChi-oxa) cata-

lyzed by chitinases from Bacillus sp. and Serratia

marcescens (both family 18) (Scheme 18).73) The

product polymer is the first example of a hybrid of

natural (chitin) and unnatural (N-sulfonated chito-

san) polysaccharides. The polymerization proceed-

ed in a phosphate buffer at 30 �C in a homogeneous

system, giving rise to a water-soluble polysaccha-

ride in good yields (up to 62%) under total control

of regioselectivity and stereochemistry. The chemi-

cal structure of the hybrid polysaccharide has a

repeating unit of GlcNS�ð1!4ÞGlcNAc connecting

through �ð1!4Þ glycosidic linkage. The Mn value

reached 4,180, which correspond to 18–20 saccha-

ride units.

From a viewpoint of monomer structure, the

C-20 substituent sulfonamido group in monomer

ChaSChi-oxa is sterically much bulkier and strong-

ly anionic, compared to that in other monomers

employed for the chitinase-catalyzed polymeriza-

tions. Therefore, the results obtained here strongly

imply that the C-20 position in the monomer is not

deeply involved in the catalysis of family 18

chitinases, indicating a potential to create chitin

derivatives alternatingly having various C-20 sub-
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stituents. Furthermore, the product polymer was

expected to become an important material for

investigation of biological activities of N-sulfonate

group in a chitin molecule at a molecular level.73)

Supercatalysis of hyaluronidase for
enzymatic polymerization

During the course of our studies on enzymatic

polymerization, we found a supercatalytic nature of

HAase for the glycosaminoglycan (GAG) synthesis.

HAase catalyzes a polymerization of a wide variety

of monomers to give not only natural GAGs but

many unnatural ones.23),24),61),62),64),65),67),68),74) These

behaviors are the new findings of enzymatic catal-

ysis, which is really beyond a ‘‘key and lock’’ theory.

Glycosaminoglycan hybrid synthesis. A

typical example of supercatalysis is shown. Hybrid

GAGs have been prepared for the first time via a

single step copolymerization catalyzed by HAase.

The reaction provided the first example of enzy-

matic copolymerization between monomers produc-

ing HA, Ch, and Ch4S homopolymers that have a

different main-chain structure (Scheme 19).75)

Two monomers HA-oxa and Ch-oxa were

copolymerized in a regio- and stereoselective man-

ner, giving rise to HA–Ch hybrid in good yields,

where two comonomers showed a similar copoly-

merizability and the copolymerization proceeded

homogeneously. The SEC profile of the reaction

mixture showed a single molecular weight distribu-

tion, indicating that the copolymerization proceed-

ed successfully to give a copolymer HA–Ch hybrid

with Mn around several thousands without forma-

tion of homopolymers. 13C NMR analysis showed

that the hybrid has both repeating unit structures

of HA and Ch.

HAase-catalyzed copolymerization of HA-oxa

with Ch4S-oxa proceeded also successfully to

produce an HA–Ch4S hybrid with Mn over 14,000

in good yields. Copolymer compositions of these

hybrids were controllable by varying the comono-

mer feed ratio (Table 4).75) Copolymerization pro-

ceeded homogeneously, where two monomers were

consumed in a close consumption rate. The SEC

profile of the reaction mixture showed a single

molecular weight distribution, indicating that the

copolymerization proceeded to give a copolymer of

HA–Ch4S hybrid without formation of homopoly-

mers. 13C NMR analysis showed that the hybrid has

both repeating unit structures of HA and Ch4S.

Furthermore, these hybrids were effectively digest-

ed by the catalysis of Streptomyces hyalurolyticus

hyaluronidase to verify the copolymer hybrid struc-

tures. Thus, these reactions demonstrated a novel

and facile method for the production of various

hybrid GAGs. This method will permit to easy

access to intramolecular polysaccharides hybrid-

Table 4. Enzymatic copolymerization of HA-oxa with Ch4S-oxa

copolymerizationa copolymer (HA-Ch4S hybrid)

entry comonomer, feed ratio
timeb/h

compositionc
yieldd/% Mn

e Mw
e

HA-oxa : Ch4S-oxa HA-oxa : Ch4S-oxa

1 1 0 3.5 1 0 55 15,000 25,000

2 0.75 0.25 7.0 0.74 0.26 56 14,000 24,000

3 0.50 0.50 7.0 0.50 0.50 60 14,000 25,000

4 0.25 0.75 8.0 0.25 0.75 63 15,000 26,000

5 0 1 1.5 0 1 68 16,000 27,000

aIn 50mM phosphate buffer at pH 7.5; total monomer concentration, 0.10M; enzyme, HAase (OTH, 3,720 units/mg), 10wt% for

total monomers; reaction at 30 �C. bIndicating the time for complete consumption of both monomers. cDetermined by 1H NMR

analysis. dIsolated yields after purification. eDetermined by SEC calibrated with hyaluronan standards.
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ization. Such hybrid GAGs may serve as a novel

class of tools for investigation of their functions in

various scientific fields such as polymer chemistry,

biochemistry, organic chemistry, medicine, phar-

maceutics, and enzymology.

A supercatalyst of hyaluronidase. As ob-

served above, a hyaluronidase (HAase) showed a

wide spectrum of catalysis for enzymatic polymer-

ization of a variety of substrate monomers with

controlling stereochemistry and regioselectivity

perfectly. This is not usual in view of enzymatic

catalysis specificity where the key and lock relation-

ship is normally observed. These behaviors of the

multi-catalyst functions are far beyond the ‘‘key

and lock’’ theory, therefore, the HAase is a super-

catalyst for the enzymatic polymerization. This

situation can be illustrated in Fig. 23.74)

High-ordered molecular structure formation

One of the most advantageous characteristics

of the enzymatic polymerization is that a product

polysaccharide can be obtained directly by a single

step reaction. It is due to the fact that a TSAS

monomer is not protected, and hence, the product

needs no de-protection step after the reaction as

normally the cases for carbohydrate chemistry.

This situation allowed to examine an in-situ mo-

lecular-level self-assembling of the product polysac-

charide during the polymerization, by the direct

observation of the on-going reaction system.

Self-assembling of synthetic cellulose. Cel-

lulose forms typically two allomorphs of high-

ordered molecular structure; cellulose I is of parallel

molecular chain packing structure and thermody-

namically metastable, and cellulose II is of anti-

parallel molecular chain packing structure and

thermodynamically more stable. Surprisingly, na-

ture normally forms cellulose I in spite of thermo-

dynamically less favored allomorph, and hence,

cellulose I was believed for a long time as an

allomorph that only nature is able to form. Once

cellulose I is converted to cellulose II, it never comes

A Supercatalyst of Hyaluronidase

Hyaluronidase

Fig. 23. Illustration of hyaluronidase supercatalysis, showing the multi-catalyst functions for the enzymatic polymerization of

various substrate monomers to lead to many natural and unnatural glycosaminoglycans.
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back to cellulose I. The in vitro formation of

synthetic cellulose I allomorph, therefore, had been

a dream for polymer scientists and biologists. Such

a dream was at last realized during the course of

collaboration with botanists by purification of the

enzyme and also by varying the solvent composi-

tion. The polycondensation of �-cellobiosyl fluoride

(�-CF) using a partially purified cellulase provided

a microfibril of synthetic cellulose I, which was

verified by the direct observation of the reaction by

transmission electron microscopy (TEM) measure-

ment.76) On the other hand, the polycondensation

using a crude cellulase mixture led to the formation

of a synthetic cellulose II spherulite observed by

scanning electron microscopy (SEM) (Fig. 24).77)

These behaviors were explained as follows. A

mixture of acetonitrile/buffer solvent and �-CF

forms micelles, since �-CF is one of surfactants.

Cellulase enzymes locate on the micelle surface.

From an active enzyme a cellulose molecule elon-

gates and then macromolecular chains start to

assemble to form higher-ordered structure. When

cellulase is purified, a distance between active

enzymes is close to each other to readily facilitate

a parallel packing structure of elongating cellulose

molecules, leading to cellulose I (Fig. 25A). For this

type of high-order structure control, a novel con-

cept ‘‘choroselective polymerization’’ (meaning;

space-selective polymerization) was proposed

(Fig. 24).78) In contrast, with crude cellulase a

distance between active enzymes is rather far

because the content of the active enzyme was

believed to be much less than 1% in the crude

enzyme,76) and then elongating molecules form a

thermodynamically controlled stable cellulose II

with an antiparallel packing structure (Fig. 25B).
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Fig. 24. Typical two allomorph structures of cellulose I microfibril (parallel) via choroselective polymerization by TEM observation

and cellulose II spherulite (antiparallel) by SEM observation.
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Recently, a detailed mechanism of self-assem-

bling process of synthetic cellulose during enzymat-

ic polymerization of �-CF has been revealed by

collaboration with polymer physicists.79)–81) The

investigation was made as one of general problems

of chemical reactions at specific sites and reaction-

induced self-assembling process of reaction prod-

ucts in the context of non-equilibrium phenomenon

and pattern formation. The polymerization and

self-assembling processes were explored at real time

and in-situ by a combined small-angle scattering

(SAS) method [combining small-angle neutron

scattering (SANS), small-angle X-ray scattering

(SAXS), ultra-SANS and ultra-SAXS], together

with wide-angle X-ray scattering (WAXS) and

field-emission scanning electron microscopy (FE-

SEM).81)

Typical SANS results are given; the SANS

profiles with the progress of the polymerization

reaction of �-CF catalyzed by cellulase exhibited

the change in the scattered intensity expressed by

characteristic power law behavior of q��, which was

estimated as q�4 before the polymerization and q�3:7

after the polymerization (Fig. 26). These results

suggest a smooth surface of the enzyme association

before the polymerization and eventually a rough

surface with a fractal structure after the polymer-

ization.

According to the SANS results and the known

information, the following pictures were proposed

for the whole polymerization reaction as illustrated

in Fig. 27.81) Over the length scale (r < 200 nm)

covered by the time-resolved SANS, the enzyme

association has a flat, smooth surface with a sharp

interface boundary against reaction medium as

schematically illustrated in part (a). One can see

an active enzyme molecule of �5 nm in diameter in

(b). The active enzyme contains a special part of

the so-called cleft26) having �3 nm in length and

�0:5 nm along the cross-sectional directions. The

cleft is composed of two subsites, donor and accep-

tor sites, bordered at the active center as shown in

part (c) where a substrate monomer is recognized

and activated at the donor site for glycosylation

Fig. 26. Time evolution of the SANS profiles during the

enzymatic polymerization process for cellulose synthesis. The

SANS profile from the enzyme solution is also included as a

reference.

(A) (B)

Fig. 25. Postulated models for the formation of (A) synthetic cellulose I by a purified cellulase, and (B) synthetic cellulose II by a

crude cellulase.
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reaction (via liberation of HF) and growing polymer

chain is located at the acceptor site.

Fig. 28 shows that a combined SAS method

together with WAXS method covers the wide q

range as wide as 5 orders of magnitude. It was

surprising that self-similarity of the surface rough-

ness is extending from 30 nm (though the value

being apparent one) to �30 mm. Strikingly, there

have been no reports that successfully observed the

self-similar surface roughness extending over such a

remarkably wide length scale. In the figure, the

thermal diffuse scattering (TDS) was evaluated not

to be contributing to the background scattering.

In order to confirm further the surface struc-

tures, FE-SEM observations were performed to

show typical FE-SEM images for the synthetic

cellulose, taken at three different magnifications

(Fig. 29). Surprisingly, the self-similar rough sur-

Fig. 28. Combined SAS profiles (USANS, USAXS, SANS, and

SAXS) and WAXS profile obtained for the in vitro enzymatic

polymerization system, which was reaction-terminated at 24 h

after onset of the polymerization. Inset shows enlarged WAXS

profile, where 2� is Bragg angle.

Fig. 29. FE-SEM images for the self-assembled synthetic

cellulose molecules obtained with three different magnifica-

tions; (a) � 1,000, (b) � 10,000, and (c) � 200,000.

Fig. 27. Schematic illustrations of cellulose synthesis at a specific reaction field of enzyme associations to be observed by the

combined SAS method.
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face structure could also be clearly observed in the

figures. The size of the largest and smallest surface

structural elements are estimated to be about 30 mm
and 30 nm from parts (a) and (c), respectively. The

self-similar surface structure of the synthetic cellu-

lose was thus successfully captured, that is reflected

by a fractal structure.

The results strongly suggest the followings: �-

CF is recognized and activated at the active site of

the enzyme located on the micelle with a smooth

interface. Then, a large number of cellulose mole-

cules are produced on the enzyme association from

each active site by the enzyme-catalyzed polycon-

densation, leading to the formation of the aggre-

gated (self-assembled) structure with a rough sur-

face (fractal dimension Ds ¼ 2:3). The interior of

the aggregates is suggested to have a branched

(dendritic) structure from mass fractal dimension

Dm ¼ 2:1 (Fig. 30).81)

All the results obtained are summarized as

follows: (i) Even in the aqueous reaction medium

free from monomers, enzymes (cellulase) as a

catalyst aggregate themselves into associations

with characteristic length more than 200 nm. (ii)

Cellulose molecules created at each active site of

enzymes associate via self-assembling around the

enzyme associations and the cellulose aggregates

thus formed are characterized by an object having

surface fractal dimensions Ds, increasing from 2

(smooth surface) to 2.3 (rough surface with fractal

structure) with reaction time. (iii) At the end of the

reaction, the fractal structure extends over a

surprisingly wide length scale ranging from

�30 nm to �30 mm (3 orders of magnitude). This

unique self-assembly of the reaction products is

proposed to be caused by the following factors: (a)

an extremely large number of polymers are repeat-

edly created at an active center of the catalyst in

the enzyme association; (b) the polymers formed

keep springing out from the narrow space of the

active center in the catalyst toward the reaction

medium, where (c) the polymers associate them-

selves into aggregates, because they are insoluble in

the medium. In relevant to the above point (a), a

total number of cellulose molecules Ntotal created

per an active enzyme (defined by ‘‘total turnover

number’’) during the whole reaction process was

roughly estimated to be 2:8� 105. This value well

reflects the characteristic feature of high turnover

number of the enzyme.81) It is to be noted that this

Fig. 30. Schematic models of self-assembling process of

synthetic cellulose on the surface of enzyme associations.

The weight ratios of the cellulose created per an active enzyme

and per a crude enzyme in the final stage of polymerization

are roughly estimated as 1:4� 104 and 14, respectively. The

cellulose aggregate surrounding the enzyme association has

enough free space for diffusion of monomers from the reaction

medium into the active sites and of terminated polymers from

the active sites into the reaction medium.

No. 8] New developments of polysaccharide synthesis via enzymatic polymerization 243



type of approach to investigate the system under-

going in vitro enzymatic synthesis of cellulose as a

model system by using the combined SAS method

together with real-space analyses will be applicable

to many open nonequilibrium systems in nature,

particularly in biological systems.

Self-assembling of synthetic chitin. A poly-

merization system of the ring-opening polyaddition

of oxazoline monomer (ChiNAc-oxa) to produce

synthetic chitin was directly observed by using

optical microscopy in combination with TEM and

SEM techniques.82) Platelike single crystals of �-

chitin were first formed, which have the stable

antiparallel chain packing structure. The crystals

were gradually shaped into ribbons by the rapid

growth along with the � axis with the crystalline

thickness around 10 nm. The �-chitin ribbons then

aggregated to form bundlelike assemblies (A) or

dendritic assemblies (B) as the ribbon concentra-

tion in solution increased as shown in Fig. 31. They

further grew into spherulites by spraying and

branching, which displayed birefringence with a

Maltese cross by polarization microscopic observa-

tion. This synthetic chitin spherulite, in which a

number of �-chitin ribbons radiated from a common

center, is different from the helicoidal textures

composed of �-chitin microfibrils which were al-

ready known as a typical three dimensional organ-

ization of chitin.

It should be noted that the above TEM, SEM

and a combined SAS studies on the direct observa-

tion of the in situ polymerization reaction are a

completely new approach in polymer science. These

studies are outcomes of the typical cooperative

works between scientists of chemistry, physics and

biology fields, which allows the elucidation of not

only a chemical reaction mechanism at a nano-sized

level but also a mechanism of high-ordered structure

formation from a nano-sized to micron-sized level.

Conclusion

This review has focused on the polysaccharide

synthesis via enzymatic polymerization, which

we mainly developed within these two decades.

The polymerization using a hydrolysis enzyme as

catalyst and a designed monomer based on the new

concept of a transition-state analogue substrate

(TSAS) enabled the first chemical synthesis of

several important natural polysaccharides like cel-

lulose and chitin, and also new unnatural polysac-

charides. All these polysaccharides had been diffi-

cult to synthesize by the conventional methods.

Stereochemistry and regioselectivity were perfectly

controlled during the polymerization to give syn-

thetic polysaccharides with a well-defined struc-

ture. Polysaccharides synthesized such as hyalur-

onan (HA), chondroitin (Ch), and chondroitin 4-

sulfate (Ch4S) belong to polymers having one of the

most complicated structure ever prepared via in

vitro test tube reactions. Some of synthetic polysac-

charides were functionalized by introducing a

reactive group, e.g., acryloylated HA and Ch were

readily obtained. Various unnatural hybrid poly-

saccharides, typically a cellulose-chitin hybrid and

an HA/Ch hybrid, have been created by finding a

new catalyst function for the designed monomers.

Supercatalysis of hyaluronidase (HAase) was dis-

closed as showing an unusually wide spectrum of

(A) (B)

Fig. 31. Electron micrographs of synthetic chitin spherulites: (A) a bundlelike assembly of �-chitin ribbons by TEM observation

after 3 h incubation, and (B) a dendritic assembly of �-chitin ribbons by SEM observation after 25 h incubation.
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enzymatic catalysis. The enzymatic polymeriza-

tions to synthetic cellulose and synthetic chitin

provided with fundamental information on biosyn-

thesis mechanism, which much contributed to a

basic science. The in situ direct observations of the

enzymatic polymerization by electron microscopy

and small-angle scattering methods revealed mech-

anisms concerning the polymerization reaction as

well as the high-order molecular structure forma-

tion by the elongating polymer molecules. Interest-

ingly, the surface of synthetic cellulose aggregates

showed a fractal structure over a wide length scale

in 3 orders of magnitude.

The above synthesis techniques and related

information can be further applied for developing

and designing new materials like telechelics, macro-

monomers, end-functionalized polymers, polymer

gels, bio-active materials and polymeric drugs

derived from these poly- and oligosaccharides. In

addition, mutation of enzyme is a new technique to

modify the catalyst function and the mutant was

very useful for mechanistic studies, which is an

important future direction. Furthermore, a recent

paper showed that enzymatic catalysis bridges

the study on the in vivo biosynthesis of natural

biomacromolecules and that on the in vitro poly-

merization for synthesis of such polymers,83) sug-

gesting also a future direction of research.
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