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Abstract: Construction of various rare sugar oligosaccharides by glycosidase-catalyzed transglycosylation re-
action may require o-glycosidases that possess unique glycon specificity. In order to obtain such o-glycosidase,
we carried out two studies to: 1) investigate unknown glycon specificities of several a-glycosidases using vari-
ous types of rare sugar containing glycosides as substrates, and 2) change the glycon specificities of the o-
glucosidase from Geobacillus stearothermophilus by site-specific mutagenesis. Through the former studies, sev-
eral o-glycosidases were found to possess hydrolytic activities towards specific glycon monodeoxy analogs of
p-nitrophenyl (p NP) o-D-glycopyranosides. Using Aspergillus niger o-glucosidase that showed activity towards
2-deoxy glucoside and jack bean o-mannosidase that showed activity towards 6-deoxy mannoside (o-D-
rhamnoside), the glycon 2-deoxy derivative of isomaltoside (ethyl 2-deoxy-o-D-arabino -hexopyranosyl-1,6-5 -D-
thioglucopyranoside) and o-D-rhamnodisaccharide derivative (ethyl o-D-rhamnopyranosyl-1,2-c-D-
thiorhamnopyranoside) were prepared by their transglycosylation reaction in good yields. For the latter stud-
ies, fifteen mutant enzymes of Geobacillus stearothermophilus o-glucosidase were prepared and their hydro-
Iytic activities towards the maltose, eight diastereomers of pNP «-D-aldohexopyranoside, and possible
monodeoxy- and mono-O -methyl analogs of pNP «-D-gluco, -manno and -galactopyranosides were elucidated.
For these mutant enzymes, there were differences between the specificities for pNP o-D-glucopyranoside and
those for maltose, while significant changes were not confirmed in the specificity for other pNP o-D-
aldohexopyranosides or the partially modified analogs of p NP o-D-glycopyranosides.
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Numerous substances that contain oligosaccharides in
their structures are known to possess various physiological
functions in living organisms. In many cases, these oligo-
saccharides may contain uncommon monosaccharides,
which are typically designated as rare sugars. From a
physiological viewpoint, many researchers have attempted
the synthesis of these oligosaccharides which contain rare
sugars. Methodologies for oligosaccharide synthesis often
require complicated processes such as regioselective pro-
tection and deprotection of the hydroxyl groups and/or
separation of the @- and [3-anomers of the glycosylation
products. In recent synthetic studies of these oligosaccha-
rides, considerable attention has been given to the use of
enzymes-specifically, exo-type carbohydrate hydrolases,
such as glycosidases, due to their availability. In contrast
to chemical reactions, enzymatic reactions are simple, in-
volve mild conditions, and possess precise positional and
anomeric selectivity in the formation of the glycosidic
linkages. Several types of glycosidases have demonstrated
efficient catalytic activities in the synthesis of oligosac-
charides using donor glycosides and acceptor sugars via
transglycosylation. In general, glycosidases are known to

* Corresponding author (Tel. +81-466-84-3951, Fax. +81-466—
84-3951, E-mail: nishio@brs.nihon-u.ac.jp).

possess strict specificities for the glycon structures of the
glycosidic substrates, and accordingly, various types of
glycosidases are classified based on these specificities.
Among the many «- and [3-glycosidases that have been
isolated from plants, animals, insects, and microorgan-
isms, most show activities towards glycosides that consist
of common sugars, which exist in large quantities as com-
ponents of the biomass. Consequently, the type of oligo-
saccharides that can be constructed by the glycosidase-
catalyzed transglycosylation is rather limited. To employ
the glycosidase-catalyzed transglycosylation in the con-
struction of oligosaccharides that consist of rare sugars,
we have undertaken the development of a-glycosidases
that show broad or unique glycon specificity by recogniz-
ing various types of sugars as substrates. For this purpose,
we undertook the following studies: 1) investigations of
unknown glycon specificity of the enzymes by using vari-
ous types of rare sugar containing glycosides as sub-
strates, 2) studies in the change of glycon specificity of
the enzymes by site-specific mutagenesis, 3) from micro-
organisms in nature, a search for new a-glycosidases that
possess unique and desirable glycon specificities. Herein,
we report the results of the first two studies.
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Fig. 1. Substrates used for the investigation of glycon specificities of various a-glycosidases.

A: diastereomers of pNP «-D-aldohexopyranoside; pNP a-D-glucopyranoside (1), -mannopyranoside (2), -allopyranoside (3),
-galactopyranoside (4), altropyranoside (S), -talopyranoside (6), -gulopyranoside (7) and -idopyranoside (8); B: 2-,3-,4- and 6-monodeoxy
analogs (9, 10, 11 and 12, respectively) and 2-,3-,4- and 6-mono-O -methyl analogs (13, 14, 15 and 16, respectively) of 1; C: 2-,3-,4- and 6-
monodeoxy analogs (9, 17, 18 and 19, respectively) and 2-,3-,4- and 6-mono-O -methyl analogs (20, 21, 22 and 23, respectively) of 2;
D: 2-,3-4- and 6-monodeoxy analogs (24, 25, 11 and 26, respectively) and 2-,3-,4- and 6-mono-O -methyl analogs (27, 28, 29 and 30

respectively) of 4.
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Fig. 2. Relative rates of hydrolytic activity of a-glycosidases towards various pNP «-D-glycopyranosides.

A: hydrolytic activity of each a-glucosidase was assayed under the following conditions; sugar beet and flint corn, in 50 mM sodium ace-
tate buffer containing 0.05% Triton X-100 (pH 4.5) at 37°C; rice and A. niger, in 50 mM sodium acetate buffer (pH 4.0) at 37°C. B: hydro-
lytic activities of @-mannosidases from almond and jack bean were assayed in 100 mM sodium citrate buffer (pH 4.5) at 25°C. C: hydrolytic
activity of each a-galactosidase was assayed under the following conditions. A. niger, in 50 mM sodium acetate buffer (pH 4.0) at 25°C; M.
vinacea, in 50 mM sodium phosphate buffer (pH 5.9) at 40°C. The amount of p-nitrophenol liberated by the enzyme reaction was measured
spectrophotometrically at 405 nm. Relative rates of hydrolytic activity of each «a-glycosidase towards various glucosides were expressed as a
ratio of the amounts of p-nitrophenol that was released from the corresponding «-D-glycopyranoside during a reaction time of 30 min, which

was taken as 100%.

Investigation of unknown glycon specificities of -

glycosidases.

We investigated the hydrolytic activities of «-
glycosidases, specifically a-glucosidases (EC 3.2.1.20),
a -mannosidases (EC 3.2.1.24) and «a-galactosidases (EC
3.2.1.22) from various sources, towards the diastereomers
of p-nitrophenyl (pNP) a-D-aldohexopyranoside (Fig.
1A), monodeoxy- and mono-O -methyl analogs of the cor-
responding pNP a-D-glycopyranoside, pNP a-D-gluco-
pyranoside (a-D-Glcp-O -pNP, 1), -mannopyranoside (a-
D-Manp-O -pNP, 2) and -galactopyranoside («a-D-Galp-O -

pNP, 4) (Fig. 1B, C and D, respectively). As a note, the
above glycosides (except for 1, 2, and 4) are not commer-
cially available, and therefore, were synthesized in our
laboratories."™ The hydrolytic activities of the above a-
glycosidases were investigated by measuring the amount
of p-nitrophenol released from these glycosides during the
reaction under optimum reaction conditions (see caption
in Fig. 2). Because different reaction conditions were used
for each enzyme, it is important to note that our findings
only allow for rough comparisons among the activities of
the enzymes. The enzymatic reactions confirmed that fam-
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ily 31 a-glucosidases from rice, sugar beet, flint corn, and
mold Aspergillus niger and family 27 a-galactosidases
from A. niger possess high hydrolytic activities towards
the 2-deoxy analogs (2D-a-D-Glcp-O-pNP, 9 and 2D-a-
D-Galp-O -pNP, 24) (Fig. 2A and C, respectively).” In
contrast, «-mannosidases from jack bean (family 38) and
almond revealed high hydrolytic activities against 6-deoxy
analog (pNP a-D-rhamnopyranoside, a-D-Rhap-O -pNP,
19) (Fig. 2B)."” These results indicate that either «-
mannosidase can dually function as a-D-mannosidase or
a -D-rhamnosidase. None of the a-glycosidases revealed
significant hydrolytic activities towards the diastereomers
or mono-O -methyl analogs of the corresponding a-D-
glycopyranoside.

Construction of oligosaccharide derivatives that con-
tain rare sugar using the newly found glycon speci-
ficities and transglycosylation reaction of -
glycosidases.

In order to extend the scope of the glycosidase-
catalyzed oligosaccharide synthesis, the syntheses of de-
oxyoligosaccharides were carried out utilizing the newly
found specificities of A. niger a-glucosidase and jack
bean a-mannosidase toward the glycon monodeoxy sub-
strates and their transglycosylation reaction.

2-Deoxy sugars are frequently found as components of
oligosaccharides in various naturally-occurring bioactive
compounds, including antibiotics (erythromycins and or-
thomycins), antitumor drugs (anthracyclines, aureolic ac-
ids, calycheamycin, esperamycin and olivomycin A), car-
diac glycosides (digoxin, digitoxin, kijanimycin and lana-
tosides) and antiparasitic agents (avermectins). To gain in-
sight into the roles of oligosaccharides that contain 2-
deoxy sugars, practical glycosylation reactions of 2-deoxy
sugars using various sugar derivatives and chemical cata-
lysts were investigated. Synthetic methodologies of 2-
deoxyglycosides using chemical reactions have been re-
cently reviewed.”” In general, glycoside formations of 2-
deoxy sugars are typically more difficult than those of
normal sugars. In normal sugars, the OH-2 group of the
donor sugar plays an important role in the anomer selec-
tivity; furthermore, the OH-2 group of the glycon moiety

a-glucosidase

N S

of the synthesized glycoside can contribute to the stability
of its glycosidic linkage. Accordingly, the yield of glyco-
sylation product from 2-deoxy sugar is usually lower for
reactions using Lewis acids, which are common activators
for chemical glycosylation. In our case, using the specific-
ity of A. niger a-glucosidase toward 2-deoxy a-
glucoside, the enzymatic glycosylation of 2-deoxy sugar
using 2D-a-D-Glep-O-pNP  and 3-D-Glep-S-Et as the
glycosyl donor and glycosyl acceptor, respectively, were
carried out under mild reaction conditions. Because the
anomeric thioalkyl group can be readily converted to a
hydroxyl group, and furthermore, because the alkyl 1-
thio-sugar can be useful as a donor sugar for the chemical
glycosylation in the subsequent elongation of the oligo-
saccharide chain, thioglycosides were chosen as the glyco-
syl acceptors for the enzymatic transglycosylation. In or-
der to dissolve the donor and six equivalents of the accep-
tor sugar derivatives, a mixture consisting of MeCN and
50 mM acetate buffer (1:1, v/v) was used as the reaction
solvent, in which the transglycosylation reaction using A.
niger a-glucosidase proceeded efficiently. The resulting
two transglycosylation products were purified using silica
gel column chromatography; characterization using 'H and
“C NMR and FABMS revealed the compounds as the 2-
deoxy analogs of ethyl [3-thiomaltoside and ethyl [3-
thioisomaltoside which include a 2-deoxy glucose moiety
at their glycon portions-specifically, ethyl 2-deoxy-a-D-
arabino-hexopyranosyl-(1,4)-3-D-thioglucopyranoside (2
D-[3-Mal-S-Et) and ethyl 2-deoxy-a-D-arabino-hexo-
pyranosyl-(1,6)- 3-D-thioglucopyranoside (2D-3-IsoMal-S -
Et), respectively. The isolated yields of 2D-/3-Mal-S-Et
and 2D-3-IsoMal-S -Et after a reaction time of 12 h were
6.72 and 46.6% (based on donor substrate), respectively
(Fig. 3)."” Hence, the A. niger a-glucosidase can function
as an efficient transglycosylation catalyst for a feasible
and practical method to afford the a-anomer of 2-deoxy
D-glucose.

D-Rhamnopyranose (Rha), 6-deoxy derivative of D-
mannopyranose, is a rare sugar in nature, and has been
found in the O -specific polysaccharide fractions from the
antigenic lipopolysaccharides of Pseudomonas cepacia, P.
syringaee and P. aeruginosa. The repeating units in these
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Fig. 3. Schematic representation of the transglycosylation reaction between 2D-«-D-Glcp-O -pNP (9) and [3-D-Glep-S-Et.

Compound 9 (200 mg, 0.70 mmol) and [3-D-Glcp-S-Et (944 mg, 4.21 mmol) were dissolved in 50 mM sodium acetate buffer (pH 4.0) /
MeCN (5:7, v/v; 3 mL). Following the addition of the enzyme solution (0.5 mL), the mixture was magnetically stirred at 37°C. After stir-
ring of the reaction mixture for 12 h, the products were purified using silica gel column chromatography. Structures of the purified com-
pounds were characterized using 'H and "C NMR and positive ion FABMS spectra.
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Fig. 5. Schematic representation of the transglycosylation reaction between a-D-Rhap-O-pNP (19) and «-D-Rhap-S-Et.

Compound 19 (228.2 mg, 0.80 mmol) and «-D-Rhap-S-Et (999.7 mg, 4.8 mmol) were dissolved in 100 mM sodium citrate buffer (pH
4.5) / MeCN (3:4, v/v; 3.5 mL). Following the addition of the enzyme solution (0.5 mL), the mixture was magnetically stirred at 25°C. Af-
ter stirring of the reaction mixture for 5 h, the product was purified using silica gel column chromatography. Structure of the purified com-
pound was characterized using 'H and "C NMR and positive ion FABMS spectra.

polysaccharides have the following structures: —>3)-a-D-
Rhap-(1—3)-a-p-Rhap-(1—>2)-3-D-Rhap-(1— and —3)-
a-D-Rhap-(1—3)-a-D-Rhap-(1—>2)-a-D-Rhap-(1—
(Fig. 4)."™ The chemical synthesis of these trisaccharide
units has been previously undertaken.'” In the case of a-
D-thamnooligosaccharide, the use of a-D-rhamnosidase
for the enzymatic transglycosylation reaction seems appro-
priate; however, a-D-rhamnosidase is rarely found in na-
ture. Consequently, using the a-D-rhamnosidase activity
of Jack bean a-mannosidase, the enzymatic construction
of the above oligosaccharide units via the transglycosyla-
tion reaction were carried out using «-D-Rhap-O-pNP and
a-D-Rhap-S-Et as the glycosyl donor and glycosyl ac-
ceptor, respectively. Effective solvation of the donor and
six equivalents of the acceptor for transglycosylation us-
ing jack bean a-mannosidase required a mixture of
MeCN and 0.1 M sodium citrate buffer (1:1, v/v). The
transglycosylation reaction proceeded efficiently at 25°C
to yield only one product, which was purified using silica
gel column chromatography. Characterization using 'H
and "C NMR and FABMS confirmed the structure as
ethyl «a-D-rhamnopyranosyl-(1,2)-a-D-thiorhamnopyrano-
side, a-D-Rhap-(1—2)-a-D-Rhap-S-Et. The isolated yield
of this disaccharide derivative after a reaction time of 5 h
was 32.1% (based on donor substrate) (Fig. 5)."” These
results demonstrate the feasible and practical application
of the jack bean a-mannosidase as a transglycosylation
catalyst for the preparation of D-rhamnodisaccharide de-
rivatives having an a-1,2-glycosidic linkage. For the con-
struction of repeating D-rhamnotrisaccharide units in O -
specific polysaccharides of antigenic bacterial lipopolysac-
charides from Pseudomonas, this rhamnodisaccharide de-
rivative can be useful as a common building block.

Based on these results, investigations of unknown gly-

con specificities of glycosidases using glycosides that con-
sist of various types of sugars as substrates can be effec-
tive in the development of enzyme-catalyzed construction
of rare sugar containing oligosaccharides.

Conversion of glycon specificity of «-glucosidase by

site-specific mutagenesis.

To obtain mutant glycosidases that have broad or
unique glycon specificity, it was necessary to construct
mutant glycosidases by site-specific mutagenesis. For this
purpose, family 13 «a-glucosidase from Geobacillus stea-
rothermophilus (GSGase) was chosen as a parent enzyme
because: 1) gene cloning with this enzyme protein had al-
ready been accomplished, and 2) this enzyme has excel-
lent thermostability and comparatively low molecular
weight."™ In contrast to the family 31 «-glucosidases
from rice, sugar beet, flint corn, and A. niger, GSGase
does not show significant hydrolyzing activity towards the
monodeoxy analogs of a-D-Glcp-O -pNP.

Construction of the mutant glycosidase involves the
substitution of various amino acids that form the active
site of GSGase with Ala or Asn. To select the amino ac-
ids, however, three-dimensional (3D) structural informa-
tion about the active site of the enzyme was necessary;
unfortunately, the 3D structure of this enzyme has yet to
be established. The amino acid sequence of GSGase
(GenBank accession no. D84648) showed high homology
with that of Bacillus cereus oligo-1,6-a-glucosidase
(BCGase) (GenBank accession no. X53507),”” which has
a well-defined 3D structure (PDB accession no. 1
UOK).”"* Using the structure of BCGase as a template,
the 3D structure of GSGase was constructed by homology
modeling using software Swiss-PdbViewer,” and digitally
rendered by macromolecule visualizing software Py-
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Fig. 6. A modeled 3D structure including the proposed active site amino acids of GSGase.

A: An overlay of the modeled 3D structure of GSGase (gray ribbon) on the 3D structure model of BCGase (black ribbon). B: stereoview
of the proposed active site amino acids of GSGase—Asp199, Glu256 and Asp326 are thought to be catalytic amino acids. Tyr63, His103, Phe
144, Phel63, His203, Phe321, Asn324 and His325 are the amino acids for substitution by site-specific mutagenesis.
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Fig. 8. Specific activities of recombinant GSGase and its mutants for a-D-Glcp-O -pNP and maltose.

Hydrolytic activities of recombinant GSGase and its mutants towards «-D-Glcp-O -pNP and maltose were assayed in 50 mM sodium phos-
phate buffer (pH 7.0) at 37°C. When «-D-Glcp-O -pNP was used as a substrate (), the amount of p-nitrophenol liberated by the enzyme re-
action was measured spectrophotometrically at 405 nm. One unit of the enzyme activity was defined as the amount of enzyme required to
liberate 1 mmol of p-nitrophenol/min. In the case using maltose (M), the amount of glucose produced by the enzyme reaction was measured
by the glucose oxidase method using a commercially available assay kit, Glucose CII-Test (Wako Pure Chemical Ind.). One unit of the en-

zyme activity was defined as the amount of enzyme required to hydrolyze 1 zzmol of maltose/min. The amount of protein in enzyme solu-
tion was measured by the method of Lowry, using bovine serum albumin as a standard.

MOL.* The results showed good agreement between the pared by substituting each of the seven active site amino
structure of GSGase and that of BCGase (Fig. 6), in acids (Tyr63, His103, Phel44, Phel63, His203, Phe321
which several amino acids of the GSGase active site were and H325) with Ala or Asn. In addition, Asn324 of the
almost identical to those of BCGase. Based on the mod- enzyme was also replaced with Ala. The structural gene
eled 3D structure of GSGase, mutant enzymes were pre- of GSGase was cloned from the chromosomal DNA of G.
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stearothermophilus ATCC12016 by nested PCR, and
ligated into the vector. Plasmids for mutant enzyme pro-
duction were made by the non-PCR temperature cycling
method or mega-primer method using plasmids that con-
tain the structural gene of GSGase as the template. Re-
combinant GSGase and its mutants were produced in Es-
cherichia coli cells harboring the plasmids, then electro-
phoretically purified by column chromatography on ion-
exchange resins and hydroxylapatite (Fig. 7).

The specific hydrolytic activities of the recombinant
GSGase and the 15 mutants towards a-D-Glcp-O -pNP
and maltose are shown in Fig. 8. Although the activities
of every mutant enzyme towards either substrate were
lower than that of the recombinant GSGase, some mutants
showed a certain amount of activity for a-D-Glcp-O -pNP
(H203A, H203N, F321N and N324A) and maltose (F321
A, F321IN and N324A). Consequently, the recombinant
and mutant enzymes were reacted with diastereomers of
pNP «a-D-aldohexopyranosides ( 1-8, Fig. 1A ) ,
monodeoxy- and mono-O -methyl analogs of a-D-Glcp-O-
pNP (9-16, Fig. 1B), a-D-Manp-O -pNP (10-16, Fig. 1C)
and a-D-Galp-O-pNP (24, 25, 26-30, Fig. 1D). The rela-
tive rate of the hydrolytic activities of recombinant
GSGase and its mutants towards these glycosidic sub-
strates are shown in Table 1. Although the recombinant
enzyme and H325A mutant exhibited slight changes in
their activity towards 2D-a-D-Glcp-O -pNP, significant
differences in glycon specificity were not observed for the
other mutant enzymes.

In an attempt to obtain a-glycosidases that possess
unique glycon specificity, we are currently preparing addi-
tional mutant enzymes of GSGase using the method of
random mutagenesis.

The authors express sincere thanks to Dr. Seiya Chiba and Dr.
Atsuo Kimura for their advice and for providing some of the a-
glucosidases. We are grateful to Dr. Gentaro Okada, Dr. Yoshiyuki
Sakano, Dr. Naoki Miyata and Dr. Teruhiko Beppu for their help.
This work was supported by Grants from the Research Fund Pro-
jects 2003 of Novozyme Japan and the 21st Century Center of Ex-
cellence (COE) Program of the Ministry of Education, Science,
Sports, and Culture (Japan) to promote advanced scientific research.

REFERENCES

1) T. Nishio, Y. Miyake, H. Tsujii, W. Hakamata, K. Kadokura
and T. Oku: Hydrolytic activity of a-mannosidase against de-
oxy derivatives of p-nitrophenyl «-D-mannopyranoside. Biosci.
Biotechnol. Biochem., 60, 2038-2042 (1996).

2) W. Hakamata, T. Nishio and T. Oku: Synthesis of p-
nitrophenyl 3- and 6-deoxy-«a-D-glucopyranosides and their
specificity to rice a-glucosidase. J. Appl. Glycosci., 46, 459—
463 (1999).

3) W. Hakamata, T. Nishio and T. Oku: Hydrolytic activity of «a-
galactosidases against deoxy derivatives of p-nitrophenyl «a-D-
galactopyranoside. Carbohydr. Res., 324, 107-115 (2000).

4) W. Hakamata, T. Nishio, R. Sato, T. Mochizuki, K. Tsuchiya,
M. Yasuda and T. Oku: Synthesis of monomethyl derivatives
of p-nitrophenyl a-D-gluco, galacto, and mannopyranosides
and their hydrolytic properties against «a-glycosidases. J. Car-
bohydr. Chem., 19, 359-377 (2000).

5) N. Yamamoto, W. Hakamata, M. Ukita, T. Nishio and T. Oku:
Reactivity of a-glycosidase for the diastereomers of p-
nitrophenyl «-D-aldohexopyranoside. in Abstract Book of An-
nual Meeting of Japan Society for Bioscience, Biotechnology,

6)

7)

8)

9)

10)

1)

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

and Agrochemistry, 75, 314 (2001).

J. Thiem and W. Klaffke: Synthesis of deoxy oligosaccharides.
Top. Curr. Chem., 154, 285-332 (1990).

K. Toshima and K. Tatsuta: Recent progress in O-
glycosylation methods and its application to natural products
synthesis. Chem. Rev., 93, 1503—1531 (1993).

A. Kirschning, A.F. -W. Bechthold and J. Rohr: Chemical and
biochemical aspects of deoxysugars and deoxysugar oligosac-
charides. Top. Curr. Chem., 188, 1-84 (1997).

C.H. Marzabadi and R.W. Franck: The synthesis of 2-
deoxyglycosides: 1988-1999. Tetrahedron, 56, 8385-8417
(2000).

T. Nishio, C. Kanai, W. Hakamata, M. Ogawa, K. Nakajima,
S. Hoshino, Y. Matsuishi, R. Kawachi and T. Oku:
Glycosidase-catalyzed deoxy oligosaccharide synthesis. Practi-
cal synthesis of monodeoxy analogs of ethyl 3-
thioisomaltoside using Aspergillus niger a-glucosidase. Biosci.
Biotechnol. Biochem., 67, 1024-1029 (2003).

Yu. A. Knirel, A.S. Shashkov, B.A. Dmitriev, N.K. Kochet-
kov, N.V. Kasyanchuk and I. Ya Zhakharova: Antigenic poly-
saccharides of bacteria. The structure and "C NMR spectrum
of the O-specific polysaccharide from Pseudomonas cepacia.
Bioorg. Khim., 6, 1851-1859 (1980).

A.S. Shashkov, Y.A. Knirel, N.V. Tanatar and N.K. Kochet-
kov: Application of n.m.r spectroscopy, including n.o.e. stud-
ies, to the O-specific polysaccharide from Pseudomonas
cepacia strain IMV 3181. Carbohydr, Res., 146, 346-349
(1986).

A.R.W. Smith, S.E. Zamze, S.M. Munro, K.J. Carter and R.C.
Hignett: Structure of the sidechain of lipopolysaccharide from
Pseudomonas syringae pv. Morsprunorum C28. Eur. J. Bio-
chem., 149, 73—78 (1985).

S. Yokota, S. Kaya, S. Sawada, T. Kawamura, Y. Araki and
E. Ito: Characterization of a polysaccharide component of
lipopolysaccharide from Pseudomonas aeruginosa 11D 1008
(ATCC 27584) as D-rhamnan. Eur. J. Biochem., 167, 203—209
(1987).

T.L. Arsenault, D.W. Hughes, D.B. MacLean, W. Szarek, A.
M.B. Kropinski and J.S. Lam: Structural studies of the poly-
saccharide portion of “A-band” lipopolysaccharide from a
mutant (AK1401) of Pseudomonas aeruginosa strain PAOIL.
Can. J. Chem., 69, 1273-1280 (1991).

Y.E. Tsvetkov, L.V. Backinowsky and N.K. Kochetkov: Syn-
thesis of a common polysaccharide antigen of Pseudomonas
aeruginosa as the 6-aminohexyl glycoside. Carbohydr. Res.,
193, 75-90 (1989).

T. Nishio, S. Hoshino, A. Kondo, M. Ogawa, Y. Matsuishi, M.
Kitagawa, R. Kawachi and T. Oku: «-Mannosidase-catalyzed
synthesis of a (1—2)-a-D-rhamnodisaccharide derivative. Car-
bohydr. Res., 339, 1389-1393 (2004).

Y. Suzuki, M. Shinji and N. Eto: Assignment of a p-
nitrophenyl «-D-glucopyranosidase of Bacillus stearothermo-
philus ATCC12016 to a novel exo-a-1,4-glucosidase active
for oligosaccharides and a-glucan. Biochim. Biophys. Acta,
787, 281289 (1984).

Y. Takii, K. Daimon and Y. Suzuki: Cloning and expression
of a thermostable exo-a-1,4-glucosidase gene from Bacillus
stearothermophilus ATCC12016 in Escherichia coli. Appl. Mi-
crobiol. Biothechnol ., 38, 243—247 (1992).

Y. Takii, K. Takahashi, K. Yamamoto, Y. Sogabe and Y.
Suzuki:  Bacillus  stearothermophilus ~ ATCC 12016 «-
glucosidase specific for a-1,4 bonds of maltosaccharides and
a-glucans shows high amino acid sequence similarities to
seven «-D-glucohydrolases with different substrate specificity.
Appl. Microbiol. Biotechnol ., 44, 629-634 (1996).

H. Kizaki, Y. Hata, K. Watanabe, Y. Katsube and Y. Suzuki:
Polypeptide folding of Bacillus cereus ATCC7064 oligo-1,6-
glucosidase revealed by 3.0 A resolution X-ray analysis. J.
Biochem., 113, 646-649 (1993).

K. Watanabe, Y. Hata, H. Kizaki, Y. Katsube and Y. Suzuki:
The refined crystal structure of Bacillus cereus oligo-1,6-
glucosidase at 2.0 A resolution: Structural characterization of
proline-substitution sites for protein thermostabilization. J.
Mol. Biol ., 269, 142-153 (1997).



160 J. Appl. Glycosci.,

23) http://us.expasy.org/spdbv/
24) http://pymol.sourceforge.net/

EVEHLSEDA) IFEOEZTESKRICERAL
-7 ) AV HF—HICET MR
PEREsE, HBH A, NIIEL, TEREA,
AV S ST N I - S o
" HARR A B IER I R AL R A YA R AL 5T
(252-8510 BRI AHET 1866)
> ] 37 RS i A o AT A T TR T A R A L AR
(158-8501 HIRUABH-HA X FHE 1-18-1)
RIRFIZZ, SR AN E AT DEk4 A D HED
LA L) THEPFEEL TS, Dbivbild, Zhoo
) IR ) 3Ty — O ILE FIH L CTARR
THIEXHME LT ZITo T Ah. Z072DI21,
HELZRIZTLELOWESTIIHIRTE S L) 2 EM%
HEBREEEATL ) AL T —E0H 5 & REFEHT
HbH, DL REEEELD, bbb, 1) 4
Da-7") 3T T —ELOBEERNEEFEEORR, B
L02) a-7Nvay ¥ —EOMFRENMEIC X 5 ILE R
HOUED DD EIT> T b, 1) OWFETIE, p-
Zha 72V )aYy ROKA RFEREEKRL, &
NS T 2H L2 DEYHEKDa-7) 32 5 —EDTNK
EE R T 2 ORER, £ OBREDIIRE DTS
TF X VHEREICN L TEWEEERT I b ro 7.
% 2T, Aspergillus niger Da-7 VA ¥ —E¥B LU+ ¥
BDa-<r /) v —=BIiZonwThbNZ2-THF T 7
2V RFBLU6TFTEFEYYL /U (D-FL /Y F) I
AT AREELE, FAOOMEBEREZFHALTEY T
WERE T2 2Ah, ARV I—ADF ) aY2-F
F ¥ VB L, Pseudomonasu JEFNHE OPUE MY KL HE
HESHH DR L =DM ETH b a-1,2 867 4/
Wx, ZNENFNERTERTA I LI Lz, 72,
2) OWFETIX, Geobacillus stearothermophilus DG PEFAL
BT L EHEESNLE WL 2D T I ) r, EIET
THMTHREICEN T IV ET ARG FVICERL TE
HEBEREERL, TN 0REHEEMEOELEZHE L O p-
ZbhaT7xzZ Vs ) ad FiFEERE IR L L THWRAN
72, ZTORER, FEEOBRRBRICOWVTRERREICH
TOLETOEIALNTD, £ DEEFEZIZONVT

HRELEA SN D572,

i)}

Vol. 52, No. 2 (2005)

% % % % %
(B ®) HRER A
1) BEIHEH LT X VR Y7 AT LA~ —HE

DT EN L BSWTT A,

2) BREORDP O HIREEREOFHIEHELVLH T
T, bILLEBETCEE T H NEE S G T 0
T 7 ANVDBELNLDTIEER VT T,

(&)

1) #HEOEEMETIE, 1mMEWVWL2mMTY. F
7o, FAFRVEEEHCCTHAAALT A v 7 ARITIHE
X, ’ETHSmMBETT. 74 F B IIKITKER
T2, ZOCHVORENEREGZoTLEVET.

2) WEEMEIEH A LB WFES. 2L, mHICELT
FABRIZKELREBVEALNZ VO TIE 2w Bng
T, TENE, ENFNOEZITH L Km (30 THMEZ
NR7VOTTY, SERFEDPLETFFELALIIL, &
BORMEIMENTD, FOL)RIENTETTA.
22T, 2mM CHVOIRERETH HWIEEEZRTH
EahEn) ZEbHEOT, KERHRICEHEEYRT#
FrEPLTHBY ET.

(B M) BEUETR e
2-TFHFXF VB LV6-TAHF UL pNP 7)) T R,
F)aTF—YOREIZL > TIIHEBROREII RS %
WbDbHYF LA BBERSEVEEOLS, 2-7
TFTBLV6-TFFUFEBRRIBRIHEELTNED
TL &9 %, I 0H2, OH-6 BEE LA,
ENSOEWEIBERICHETE T, BEEEEZ RS &
Mo lzDTIEHRVWTL £ 92

(&)

AR A MR T 2 EHN 2 ERIIfT-oTH
DETADTHSTETEAD, T4 F VY% AER
ELTHWEBEEER»S, dREINtwTt 3
FHEIBRIEAEL w2 WIS Y 3. F72,
BAELTWAELTY, #Inzwrt F 8T
HRIRETHZIESL VW2 WITEESH ) F5.
T L E LTS, Mony 2 bEKERE O RN EEFE-2E
BHEAREBRICKRESRE LTI LEDbNT T,
7272, FOMTREHEOMEICL-TRRL L) TT.
AN OEBRRERIE, FOEVNERLZOOTLH Y .



