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A new way of producing isomalto-oligosaccharide syrup from starch was developed. Isomalto-oligosaccha-
rides contain one or more a-(1--*6)-glucosidic linkages with or without a-(1-34)-glucosidic linkages. The
isomalto-oligosaccharide syrups are receiving increased attention as food additives because it is thought that
they help prevent dental caries and improve human intestinal microflora, acting as a growth factor for
bifidobacteria. The new system for production of isomalto-oligosaccharide syrup is based on the strong
a-(1- 6)-transglycosylation reaction of neopullulanase. Bacilus subtilis saccharifying ae-amylase was simulta-
neously used with neopullulanase to improve the yield of isomalto-oligosaccharides. The yield of isomalto-
oligosaccharides was increased to more than 60%o, compared with a yield of 45.0%o obtained by the
conventional system. To reduce the costs, the use of immobilized neopullulanase was investigated. Almost the
same yield of isomalto-oligosaccharides was obtained by using immobilized neopullulanase.

Oligosaccharides enzymatically derived from sucrose,

starch, or other saccharides have useful properties as food
additives. Maltooligosyl-sucrose (coupling sugar) (24) and
6-O-a-D-glucopyranosyl-D-fructofuranose (palatinose) (23)
can prevent dental caries, while fructo-oligosaccharide (neo-
sugar) acts as a growth factor for bifidobacteria in the human
intestine (7).

Isomalto-oligosaccharides are glucosyl saccharides with
ot-(1---6)-glucosidic linkages, such as isomaltose, panose
(62-O-a-glucosyl-maltose), and isomaltotriose. They occur
naturally in various fermented foods and sugars in honey
(13). Isomalto-oligosaccharide syrups have been developed
to prevent dental caries (26) or improve the intestinal micro-
flora because they act as a growth factor for bifidobacteria
(13). The sole method for isomalto-oligosaccharide produc-
tion from starch is via two enzymatic steps (30). The first
step is the hydrolysis of starch by ot-amylase (EC 3.2.1.1),
pullulanase (EC 3.2.1.41), and 3-amylase (EC 3.2.1.2) to
yield accumulated maltose. The second step is the transglu-
cosylation of the glucose moiety of maltose by a-D-glucosi-
dase (EC 3.2.1.20) to produce a-(1---6)-linked oligosaccha-
rides (isomalto-oligosaccharides). However, the maximum
concentration of isomalto-oligosaccharides accumulated in
the final reaction mixture is around 40%, and about 40% of
the glucose remains in the syrup (30).
We have been studying a new type of pullulan-hydrolyzing

enzyme, neopullulanase from Bacillus stearothermophilus.
This enzyme hydrolyzes mainly the a-(1--4)-glucosidic link-
ages of pullulan to produce panose (16). Further study
revealed that neopullulanase hydrolyzed not only ot-(1-->4)-
glucosidic linkages but also a-(1- 6)-glucosidic linkages of
several branched oligosaccharides (10). The neopullulanase
gene (nplT) has been cloned (16) and sequenced (15). We
also presented evidence that one active center of neopullu-
lanase participates in dual activity toward c-(1->4)- and
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ct-(1--*6)-glucosidic linkages (19). Furthermore, we obtained
mutant enzymes which have different specificities toward
a-(1-4)- and a-(1-36)-glucosidic linkages by replacing the
amino acid residues which were probably involved in sub-
strate recognition (19, 20). On the basis of this background,
we recently discovered that neopullulanase catalyzed not
only the hydrolyses of oa-(1--*4)- and a-(1-*6)-glucosidic
linkages but also transglycosylations to form a-(1--->4)- and
a-(1--+6)-glucosidic linkages [these are referred a-(1--*4)- and
a-(1- 6)-transglycosylations, respectively, in this paper]
when the enzyme acted on a high concentration (10%,
wt/vol) of maltotriose (31).
We have previously described a continuous production

system for panose, one of the isomalto-oligosaccharides,
from pullulan by immobilized neopullulanase (21). However,
the cost for pullulan as a starting material is much higher
than the cost for starch, and the use of the panose which is
obtained from this system is consequently limited in food
industries.
Within the context of the background described above, in

this paper we describe a new way of producing isomalto-
oligosaccharides syrup from starch by using the transglyco-
sylation catalyzed by neopullulanase. We investigated the
conditions which maximized the isomalto-oligosaccharide
concentration in the syrup. The immobilization of neopullu-
lanase and its use in the system are also described.

MATERIALS AND METHODS

Enzyme. Neopullulanase was prepared from Bacillus sub-
tilis NA-1 (arg-15 hsmMhsrM Amy- Npr-) carrying recom-
binant plasmid pPP10 (Tcr nplT+ [structural gene of neopul-
lulanase from B. stearothennophilus TRS40]) (16). The 36-h
broth from L medium (9) at 37°C (neopullulanase activity,
2.7 U/ml of broth) was used for enzyme purification. Par-
tially purified neopullulanase (specific activity, 33.5 U/mg of
protein) was obtained by ammonium sulfate treatment (the
fraction was collected at final saturations between 35 and

953

Vol. 59, No. 4



APPL. ENVIRON. MICROBIOL.

60%), as previously described (21). This preparation pro-
duced almost a single band on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gels and was used for all
experiments described in this paper. The bacterial sacchar-
ifying type of o-amylase (EC 3.2.1.1) was prepared from B.
subtilis as described previously (4). Taka-amylase (a-amy-
lase from Aspergillus oryzae) was purchased from Amano
Pharmaceutical Co., Ltd., Nagoya, Japan. The bacterial
liquefying type of a-amylase from B. subtilis was obtained
from Nagase Biochemicals Co., Ltd., Kyoto, Japan. Glu-
coamylase (exo-1,4-a-D-glucosidase) (EC 3.2.1.3) was ob-
tained from Seikagaku Kogyo Co., Ltd., Tokyo, Japan.

Substrate and reagents. Maltotriose, maltotetraose, iso-
maltose, panose, and pullulan were purchased from Hayash-
ibara Co., Ltd., Okayama, Japan. 6 -O-ot-Glucosyl-maltotri-
ose was obtained from Sigma Chemical Co., St. Louis, Mo.
Soluble starch (Pinedex no. 1) was obtained from Matsutani
Chemical Industry Co., Ltd., Hyogo, Japan. Isopanose
(6-O-ot-maltosyl-glucose) was prepared from the hydrolysate
of pullulan with isopullulanase as described by Sakano et al.
(29). 62-O-t-Maltosyl-maltose was prepared as described
elsewhere (10). Unless otherwise specified, the sources of all
other reagents have been described previously (17, 18).
Assay of enzyme activity. Neopullulanase activity was

assayed by measuring the amount of reducing sugars ob-
tained from pullulan as a substrate at 50°C as described
previously (10). ot-Amylase activity was assayed by measur-

ing the amount of reducing sugars obtained from starch as a

substrate. The reaction mixture contained 1% soluble starch
in 0.1 M sodium acetate buffer (pH 6.0) and the enzyme. The
reaction was stopped after an appropriate incubation period
at 50°C by the addition of 3,5-dinitrosalicylic acid reagent
(10); 1 U of neopullulanase or ol-amylase activity was defined
as the amount of enzyme which released 1 pLmol of reducing
sugar as glucose per minute under the assay conditions
described above.

Analysis of reaction products. The sugar composition of
reaction products was quantitatively analyzed by high-per-
formance liquid chromatography by using a LiChrosorb NH2
column (Merck AG, Darmstadt, Germany) as previously
described (31). For the analysis and isolation of reaction
products, paper chromatography was also carried out in the
ascending mode as described previously (10). To elucidate
the structure of the oligosaccharides, proton nuclear mag-
netic resonance (NMR) spectra and methylation analysis (5)
of the purified samples were also employed as described
previously (31). Glucoamylase treatment of a hydrogenated
sample (31) was used to ascertain the structures of branched
oligosaccharides with a degree of polymerization (DP) of 3.

Protein assay. Protein concentration was measured with a

bicinchoninic acid protein assay reagent (Pierce Chemical
Co., Rockford, Ill.), using bovine serum albumin as the
standard.

Immobilization of neopullulanase on porous chitosan beads.
Chitopearl BCW series beads (Fuji Spinning Co., Ltd.,
Tokyo, Japan) were porous chitosan beads that were cross-

linked with an aliphatic or aromatic compound and used as a

carrier for enzyme immobilization. The carrier beads (diam-
eter, 0.3 mm) were washed with deionized water and equil-
ibrated with 20 mM sodium phosphate buffer (pH 7.0). A 1-g
portion of the carrier beads and 6 ml of a solution containing
neopullulanase (5 to 180 U) in the same buffer were mixed in
a 50-ml Erlenmeyer flask. The mixture was shaken with a

reciprocal shaker (120 strokes per min; stroke width, 3 cm)
for 30 to 150 min at room temperature to immobilize the
enzyme on the carrier. After centrifugation (1,000 x g, 10

min), the neopullulanase activity and protein concentration
of the supernatant were assayed. The apparent activity of
the immobilized enzyme was defined as follows (33): appar-
ent activity of the immobilized enzyme (in units per gram) =

(enzyme activity applied) - (enzyme activity in the super-
natant). Immobilized enzyme prepared by the method de-
scribed above was washed with 20 mM sodium phosphate
buffer (pH 7.0) until no protein was detected in the washing
buffer solution. The activity of the immobilized enzyme was
assayed as follows. A 10-mg portion (wet base) of immobi-
lized enzyme was suspended in 0.5 ml of 20 mM sodium
phosphate buffer (pH 6.0) in a 50-ml Erlenmeyer flask, and
the preparation was incubated with 4.5 ml of a 1.11%
pullulan solution in 20 mM sodium phosphate buffer (pH 6.0)
at 50°C for 10 min with reciprocal shaking (120 strokes per
min; stroke width, 3 cm). No displacement of the enzyme
from the carrier was observed at pH 6.0. After incubation,
200 ,ul of the supernatant of the mixture was withdrawn, and
the amount of reducing sugars was measured by adding
3,5-dinitrosalicylic acid reagent as described above. This
activity was defined as the exhibited activity.

RESULTS

Products from maltotriose obtained by transglycosylation of
neopullulanase. Since maltotriose is the simplest substrate of
the hydrolysis reaction of neopullulanase (10), we analyzed
the products obtained from maltotriose by the transglycosy-
lation catalyzed by neopullulanase. The reaction mixture (50
,ul) contained 10% (wt/vol) maltotriose in 10 mM phosphate
buffer (pH 6.0) and 0.025 U of neopullulanase (5 U/g of
substrate). In addition to the formation of glucose and
maltose as hydrolysis products, branched oligosaccharides
with DP of 2, 3, and 4 (oligosaccharides B2, B3, and B4,
respectively) were simultaneously detected on the paper
chromatogram (Fig. 1). The retention times during high-
performance liquid chromatography of oligosaccharides B2,
B3, and B4 were identical to those of isomaltose, isopanose
(6-O-ox-maltosyl-glucose)-panose (62-O-a-glucosyl-maltose),
and 62-O-t-maltosyl-maltose, respectively (Fig. 2). The dif-
ference in the retention times of isopanose and panose was
indistinguishable by this system. These branched oligosac-
charides were purified by preparative paper chromatogra-
phy, and their structures were analyzed by proton NMR and
methylation analysis (31). The proton NMR spectra of
oligosaccharides B2 and B4 coincided with those of iso-
maltose and 62-O-a-maltosyl-maltose, respectively. The re-
sults of a methylation analysis of oligosaccharide B4 sup-
ported this result. 2,3,4,6-Tetra-O-methylglucitol acetate,
2,3,4-tri-O-methylglucitol acetate, and 2,3,6-tri-O-methyl-
glucitol acetate were detected at a molar ratio of 1:1:2 after
methylation of oligosaccharide B4. These results clearly
indicated that the branched oligosaccharides with DP of 2
and 4 were isomaltose and 62-O-ot-maltosyl-maltose, respec-
tively (Fig. 1). The proton NMR spectrum of oligosaccharide
B3 was like that of a mixture of isopanose and panose.
2,3,4,6-Tetra-O-methylglucitol acetate, 2,3,4-tri-O-methyl-
glucitol acetate, and 2,3,6-tri-O-methylglucitol acetate were
detected at a molar ratio of 1:1:1 after methylation of
oligosaccharide B3. Therefore, oligosaccharide B3 includes
isopanose and/or panose and no 61-O-ot-glucosyl-maltose. In
this context, we employed glucoamylase treatment of hydro-
genated products to confirm the structure of oligosaccharide
B3 (Fig. 3), as described previously (31). We identified the
structures of the branched oligosaccharides with a DP of 3 as
a mixture of isopanose and panose, because both isomaltitol
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Rf value Retention 1H NMR Methylatlon Glucoamylase
on PPC time on sperm analysis treatment after

HPLC hydrogenation

Yes Yes Yes NT NT

G4 :
* ~B3 Yes Yes Yes Yes Yes

G5
Amixtureof

isopanose and panose

Std. 0 1 4 10 24 48 Std. B4 Yes Yes Yes Yes NT

Reaction time (h) 6 2-Oa-Maftosyl-maltose

FIG. 1. Chromatographic characterization of the products from maltotriose by transglycosylation of neopullulanase: paper chromato-
graphic analysis. Abbreviations: Gl, G2, G3, G4, and G5, glucose, maltose, maltotriose, maltotetraose, and maltopentaose, respectively; B2,
B3, and B4, branched oligosaccharides with DP of 2, 3, and 4, respectively; Std., standard mixture of oligosaccharides; PPC, HPLC, and 1H
NMR, paper chromatography, high-performance liquid chromatography, and proton NMR, respectively; NT, not tested. Symbols: 0,

glucose; , glucose with reducing end; a-(1-*4) linkage; I, a-(1--*6) linkage.

and maltitol were detected by high-performance liquid chro-
matography after glucoamylase digestion of hydrogenated
branched oligosaccharides with a DP of 3 (Fig. 3). Since
almost equal amounts of isomaltitol and maltitol were de-

Std-

S-

G3

5 10 15
Retertion tkne (rrir)

tected by the analysis (data not shown), we concluded that
nearly equal amounts of isopanose and panose existed in the
mixture.

Production of a new type of isomalto-oligosaccharide syrup
by neopullulanase from starch. A neopullulanase solution (25
U/g of substrate) was added to a 30% soluble starch solution
in 20mM sodium phosphate buffer (pH 6.0), and the mixture
was incubated at 50°C for 32 h. The reaction products were
analyzed by high-performance liquid chromatography (Table
1). More than 40% of the branched oligosaccharides with DP
of 2, 3, and 4 accumulated in the products (Table 1). The
structures of branched oligosaccharides were confirmed by
proton NMR, methylation, and glucoamylase treatment
analyses, as described above. The branched oligosaccha-
rides with DP of 2, 3, and 4 were isomaltose, a mixture of
isopanose and panose, and 62-O-a-maltosyl-maltose, respec-
tively.
Although neopullulanase could hydrolyze pullulan and

Imo4

Isopanose
ReductionRewton Glucoamylase

treatment

20

FIG. 2. Analysis of products obtained from maltotriose by transg-
lycosylation with neopullulanase: high-performance liquid chromatog-
raphy. The elution profiles for the standard oligosaccharide mixture
(Std.) (each oligosaccharide was present at a concentration of 0.5%)
and the sample (S) (total concentration, 1.0%) are shown. A reaction
mixture incubated for 24 h (Fig. 1) was used as the sample. Abbrevi-
ations: Imo2, Imo3, and Imo4, isomaltose, isopanose, 62-0-a-maltosyl-
maltose, respectively. For other abbreviations see the legend to Fig. 1.

(CQH
Panose

Glucose +
Isomaltitol

3

O-OH
Glucose +
Maltitol

FIG. 3. Identification of branched oligosaccharides with a DP of
3 by glucoamylase treatment after hydrogenation. Symbols: OH,
sorbitol; 0, glucose; , glucose with reducing end; , a-(1---4)
linkage; 4, a-(l- .6) linkage.

Structure

Isomaltose
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TABLE 1. Yields of isomalto-oligosaccharides with DP of 2, 3,
and 4 obtained from starch by using neopullulanase and

effects on the yields obtained when three different
cx-amylases were used

Yield (%) obtained with the
following enzyme(s)a:

Product(s)
NPL NPL + NPL + NPL +

BSA TAA BLA

Glucose
Maltose
Maltotriose
Maltotetraose
Isomaltose
Isopanose plus panose
62-O-a-Maltosyl-maltose

29.4
27.2
1.6
0

10.1
25.9
5.7

24.3
15.0
1.4
0

15.5
30.3
13.4

25.2
24.3
1.9
0
12.2
25.9
10.4

25.6
24.9
1.7
0

11.2
26.8
9.8

Total for isomaltose, isopanose plus 41.7 59.2 48.5 47.8
panose, and 62-O-__-maltosyl-
maltose

a Abbreviations: NPL, neopullulanase; BSA, bacterial saccharifying
a-amylase; TAA, taka-amylase; BLA, bacterial liquefying a-amylase.

various oligosaccharides, it hydrolyzed starch less efficiently
(16). Therefore, we tested the dosage effect of the addition of
three kinds of a-amylases which had different patterns of
action on starch for improvement of the yield of isomalto-
oligosaccharides from starch (Table 1). The bacterial sac-
charifying ot-amylase hydrolyzes starch to produce glucose,
maltose, and maltotriose, whereas the bacterial liquefying
a-amylase hydrolyzes starch to produce glucose, maltose,
maltotriose, maltotetraose, maltopentaose, and malto-
hexaose (32). Taka-amylase hydrolyzes starch to produce
maltose and glucose (25). Each ot-amylase (5 U/g of sub-
strate) was used in conjunction with neopullulanase to act
simultaneously on starch. All three a-amylases increased the
yield of isomalto-oligosaccharides with DP of 2, 3, and 4
(Table 1); bacterial saccharifying ot-amylase from B. subtilis
notably improved the yield of these compounds (the yield
increased from 41.7 to 59.2%) (Table 1).
However, the yield of isomalto-oligosaccharides with DP

of 2, 3, and 4 was not so improved when the starch
hydrolysates of these three ot-amylases were used as the
substrates for the transglycosylation of neopullulanase (Ta-
ble 2). In this context, we analyzed the sugar compositions
of the starch hydrolysates obtained with these three a-amy-
lases and confirmed that they contained only glucose and
ao-(1--4)-linked oligosaccharides, such as maltose, maltotri-
ose, and maltotetraose, along with at-limit dextrin (data not
shown).

It is important to reduce the cost of production of iso-
malto-oligosaccharide syrups from the viewpoint of indus-
trial applications. Enzyme cost is an important factor. The
reaction temperature is also important for accelerating the
enzyme reaction. Generally, industrial starch enzymes
should be used at temperatures above 55°C (8, 21, 28). We
investigated these parameters and found that 2 U of neopul-
lulanase per g of substrate and 5 U of bacterial saccharifying
a-amylase from B. subtilis per g of substrate were enough to
obtain the same yield of isomalto-oligosaccharides with DP
of 2, 3, and 4 as the yield described above (about 60%) when
the reaction was run for 92 h. The reaction temperature
could be raised to 58°C (data not shown).

Pilot scale production of a new type of oligosaccharide syrup
from starch. On the basis of the laboratory-scale results, we

TABLE 2. Yields of isomalto-oligosaccharides with DP of 2, 3,
and 4 obtained by using neopullulanase from starch hydrolysates

produced by three different ct-amylases

Yield (%) obtained with the
following enzymesa:

Product(s)
BSA + TAA + BLA +
NPL NPL NPL

Glucose 30.2 29.7 26.4
Maltose 17.5 29.6 27.1
Maltotriose 1.6 1.6 1.4
Maltotetraose 0 0 0
Isomaltose 14.0 10.3 11.0
Isopanose plus panose 31.0 22.8 24.3
62-O-a-Maltosyl-maltose 5.7 5.9 9.7

Total for isomaltose, isopanose plus 50.7 39.0 45.0
panose, and 62-O-ca-maltosyl-maltose

a Abbreviations: NPL, neopullulanase; BSA, bacterial saccharifying
a-amylase; TAA, taka-amylase; BLA, bacterial liquefying a-amylase. Neop-
ullulanase (25 U/g of substrate) was added to each of the starch hydrolysates
obtained with the three a-amylases (5 U/g of substrate).

produced a new type of oligosaccharide syrup on a pilot
scale. Neopullulanase (2 U/g of substrate) and bacterial
saccharifying a-amylase (5 U/g of substrate) from B. subtilis
were added to 10 liters of a 30% soluble starch solution, and
the mixture was incubated at 58°C for 92 h. Figure 4 shows
the time course of sugar composition of the syrup as ana-
lyzed by high-performance liquid chromatography. The
syrup contained isomaltose, a mixture of isopanose and
panose, and 62-O-(x-maltosyl-maltose as branched oligosac-
charides with DP of 2, 3, and 4, respectively. Isomalto-
oligosaccharides with DP of 5 and more were also obtained
(Fig. 4 and Table 3). We analyzed the structure of the
isomalto-oligosaccharides with DP of 5 and more and con-
firmed that they had one or more a-(1- 6)-glucosidic link-
ages. The precise structures will be described elsewhere.
The total yield of isomalto-oligosaccharides was 60.6%, a

0

0u20

a.

0 20 40 60 80 100

Reaction time (h)
FIG. 4. Time course of sugar composition of products obtained

from starch on a pilot scale. Symbols: O, glucose (Gl); 0, maltose
(G2); El, maltotriose (G3); A, maltotetraose (G4); *, isomaltose
(B2); *, isopanose and panose (B3); A, 62-O-a-maltosyl-maltose
(B4); *, isomalto-oligosaccharides with DP of 5 and more (B . 5).
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TABLE 3. Comparison of the yields of isomalto-oligosaccharides
and total branched oligosaccharides obtained with the new

system and the conventional system

Yield (%) obtained with:
Product(s) New Conventional

system systema

Glucose 22.8 40.5
Maltose 13.4 6.7
Maltotriose 3.2 0.8
Maltotetraose 0 0
Isomaltose 8.1 16.9
Isopanose plus panose 31.4 12.5
Isomaltotriose 0 3.4
62-O-a-Maltosyl-maltose 13.1 0
Isomalto-oligosaccharides with DP of _5 8.0
Other branched oligosaccharides with 0 4.7
DP of 2b

Other branched oligosaccharides with 0 2.3
DP of 3b

Branched oligosaccharides with DP of 4C 8.9
Branched oligosaccharides with DP of 5C 3.3

Total for isomalto-oligosaccharidesd 60.6 32.8-45.0
Total for branched oligosaccharidese 60.6 52.0

a Data are from reference 30.
b Oligosaccharides branched with an a-(1- 2)- or a-(1-*3)-glucosidic link-

age.
c Oligosaccharides branched with an a-(1--*6)-, a-(1--2)-, or a-(1-*3)-

glucosidic linkage.
d Total for oligosaccharides branched with an a-(1-- 6)-glucosidic linkag-

e(s).
I Total for oligosaccharides branched with an a-(1-*6)-, a-(1- 2)-, or

a-(1--*3)-glucosidic linkage(s).

value much higher than the total yield obtained by the conven-
tional system (maximum yield, 45.0%) (Table 3). A small
amount of the other branched oligosaccharides which have
a-(1--32)- or a-(1--l3)-glucosidic linkages, such as kojibiose
(2-O-a-glucosyl-glucose) or nigerose (3-O-ot-glucosyl-glu-
cose), are also produced by a-(1--32)- or a-(1--+3)-trans-
glycosylation catalyzed by a-D-glucosidase in the con-
ventional system (30). The functions (such as prevention of
dental caries or improvement of intestinal microflora) of the
a-(1--o2)- or a-(1->3)-linked oligosaccharides are not clear yet.
However, the yield produced by the new system (60.6%) was
significantly higher than the yield produced by the conven-
tional system (52.0%) even when the two systems were
compared on the basis of the amount of total branched
oligosaccharides produced (Table 3). The glucose in oligosac-
charide syrups often prevents their use in food industries. The
concentration of glucose obtained by our system (22.8%) was
much lower than the concentration obtained by the conven-
tional system (40.5%) (Table 3).

Production of isomalto-oligosaccharide syrup by the immo-
bilized neopullulanase. To reduce enzyme costs, enzyme
immobilization has been widely used industrially (1, 11, 12,
27). We therefore evaluated immobilized neopullulanase for
the production of the isomalto-oligosaccharide syrup. Po-
rous chitosan beads have been used recently for the immo-
bilization of exomaltotetraohydrolase to produce maltotet-
raose (12). Since porous chitosan beads have large pore sizes
and a large surface area, they are suitable for the immobili-
zation of the enzymes acting on large polymeric substrates,
such as starch (12). Therefore, we chose porous chitosan
beads as a carrier for the immobilization of neopullulanase.
We tested four kinds of cross-linked porous chitosan

20 40 60 80 100 120 140 160 180

Enzyme applied (U/g-carrier)
FIG. 5. Relationship between amount of enzyme applied and

apparent (A) and exhibited (0) activities of immobilized neopullu-
lanase.

beads, BCW-2503, BCW-2603, BCW-3003, and BCW-3503,
which had different functional groups. BCW-2603 beads
exhibited the highest activity of neopullulanase after immo-
bilization (data not shown). BCW-2603 beads have tertiary
amine groups for ionic bonding with proteins. Figure 5
shows the relationship between the amount of neopullula-
nase applied and the apparent and exhibited activities of the
enzyme immobilized on the chitosan beads. The exhibited
activity of the immobilized enzyme reached a maximum at a
concentration of around 80 U/g of carrier. The difference
between the apparent and exhibited activities of the immo-
bilized enzyme was remarkably large when more than 80 U/g
of carrier was used (Fig. 5). The relationship between the
ratio of immobilization and the shaking time during immobi-
lization was also examined. The apparent and exhibited
activities reached a constant value after more than 60 min of
treatment (data not shown). On the basis of the results
described above, we set up standard conditions for the
immobilization of neopullulanase on porous chitosan beads
as follows: (i) about 70 U of neopullulanase was applied per
1 g of carrier; and (ii) the shaking time during immobilization
treatment was 90 min at room temperature. We obtained 50
U of exhibited activity per g of carrier of the immobilized
neopullulanase under these standard conditions.
The characteristics of the immobilized neopullulanase

were compared with those of native enzyme (16). The
optimum pH and optimum temperature for reaction and the
effects of temperature on the stability of the immobilized
neopullulanase were similar to those of the native enzyme.
However, the pH range for stability of immobilized neopul-
lulanase (pH 5.5 to 8.0) was narrower than that of native
enzyme (pH 5.5 to 9.0) (data not shown).
The immobilized neopullulanase (2 U/g of substrate) was

added to a 30% soluble starch solution simultaneously with
bacterial saccharifying a-amylase (5 U/g of substrate) from
B. subtilis, and the mixture was incubated at 58°C for 92 h.
This mixture yielded an isomalto-oligosaccharide syrup
which contained more than 60% of the total amount of
isomalto-oligosaccharides (Table 4).

DISCUSSION

It is widely known that bifidobacteria can be classified as
beneficial intestinal bacteria for humans in terms of both
health and nutrition (22). Isomalto-oligosaccharides have
been shown to act as a growth factor for bifidobacteria by in
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TABLE 4. Yields of total isomalto-oligosaccharides from starch
obtained by using immobilized neopullulanase

Product Yield (%)

Glucose ...................................................................

Maltose ...................................................................

Maltotriose...............................................................
Maltotetraose ...........................................................

Isomaltose ...............................................................

Isopanose plus panose................................................
62-O-a-Maltosyl-maltose .............................................

Isomalto-oligosaccharides with DP of '5.......................

20.4
14.4
4.1
0

8.2
25.3
14.6
12.8

Total for isomalto-oligosaccharides .......................... 61.0

vitro and in vivo experiments (13). Our approach to produc-
ing isomalto-oligosaccharide syrup is superior to the conven-
tional methods for the following reasons. First, the yield of
isomalto-oligosaccharides from starch obtained by our
method (more than 60%) is significantly higher than the
yields of previously described methods (maximum yield,
45%). Second, our method produces less glucose (about
20%) than the other methods (about 40%). Since glucose can
be utilized by all intestinal bacteria, not only beneficial
bacteria like bifidobacteria but also unfavorable bacteria like
clostridia (2, 3), the syrup made by our method may be more
effective for improving the intestinal microflora than the
syrup made by the other methods. Furthermore, the syrup
containing less glucose may be better from the point of view
of prevention of dental caries because glucose is fermentable
by Streptococcus mutans, which synthesizes water-insolu-
ble glucan and produces acids that lead to localized decalci-
fication of the enamel surfaces of teeth (6, 14). Third, our
system is simpler than the conventional one; our method
uses only two enzymes, neopullulanase and a-amylase,
whereas the conventional method uses four enzymes,
a-amylase, pullulanase, ,B-amylase, and ct-D-glucosidase
(30).
We are presently studying the continuous production

system of the isomalto-oligosaccharide syrup by using col-
umn-immobilized neopullulanase. Further work to examine
precisely the effect of the new isomalto-oligosaccharide
syrup on the improvement of the human intestinal microflora
by in vitro and in vivo tests is also in progress.
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