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The specificity of Bacillus stearothermophilus TRS40 neopullulanase toward amylose and amylopectin was
analyzed. Although this neopullulanase completely hydrolyzed amylose to produce maltose as the main
product, it scarcely hydrolyzed amylopectin. The molecular mass of amylopectin was decreased by only one
order of magnitude, from approximately 108 to 107 Da. Furthermore, this neopullulanase selectively hydrolyzed
amylose when starch was used as a substrate. This phenomenon, efficient hydrolysis of amylose but not
amylopectin, was also observed with cyclomaltodextrinase from alkaliphilic Bacillus sp. strain A2-5a and
maltogenic amylase from Bacillus licheniformis ATCC 27811. These three enzymes hydrolyzed cyclomaltodex-
trins and amylose much faster than pullulan. Other amylolytic enzymes, such as bacterial saccharifying
�-amylase, bacterial liquefying �-amylase, �-amylase, and neopullulanase from Bacillus megaterium, did not
exhibit this distinct substrate specificity at all, i.e., the preference of amylose to amylopectin.

We previously found a new type of pullulan-hydrolyzing
enzyme, neopullulanase (EC 3.2.1.135) from Bacillus stearo-
thermophilus TRS40 (15), and showed that it catalyzes the
hydrolysis of �-1,4- and �-1,6-glucosidic linkages (6), as well as
transglycosylation to form �-1,4- and �-1,6-glucosidic linkages
(27). The replacement of several amino acid residues that
constitute the active center of the neopullulanase showed that
one active center of the enzyme participated in all four of the
reactions described above (17). Based on this series of exper-
imental results using the neopullulanase and the structural
similarities of the enzymes that catalyze these four reactions,
we proposed and defined a general idea for one enzyme family,
an �-amylase family (27). Based on the concept of the �-
amylase family (13), we controlled the substrate preference
and transglycosylation activity of the neopullulanase (14), and
Preiss and his coworkers (16) analyzed the regions that deter-
mined the specificity of maize branching enzyme (EC 2.4.1.18)
isoforms.

The neopullulanase hydrolyzes pullulan to produce panose
(Glc p�1-6Glc p�1-4Glc) as the main product. Maltose and
glucose are also produced as the final products. The final molar
ratio of panose, maltose, and glucose is about 3:1:1 (6).
Neopullulanases have been reported for other bacteria, such as
Bacteroides thetaiotaomicron 95-1 (25), alkalophilic Bacillus
(5), and Bacillus polymyxa CECT155 (33). Most of the �-amy-
lases that have been investigated so far could not hydrolyze
pullulan. However, neopullulanase-type �-amylase has also
been reported for Thermoactinomyces vulgaris (31). Maltogenic
amylase (EC 3.2.1.133) from Bacillus licheniformis ATCC
27811 also hydrolyzed pullulan to produce panose (9).

Starch constitutes most of the dry matter in certain crops,
and it therefore is not only the primary source of calories in the
human diet but can also be regarded as a renewable resource

that can be used in many industrial applications. It is a mixture
of two macromolecules: amylose, which is essentially com-
posed only of �-1,4-linked glucose polymers, and amylopectin,
which is composed of �-1,4-linked glucose polymers branched
by �-1,6 linkages. The possibility that amylolytic enzymes may
have different specificities towered amylose and amylopectin
has been discussed previously (8, 15).

We describe here a unique macromolecule recognition by B.
stearothermophilus neopullulanase in comparison with other
amylolytic enzymes. The similar substrate preferences of a
cyclomaltodextrinase (EC 3.2.1.54) and a maltogenic amylase
are also reported.

MATERIALS AND METHODS

Chemicals. Synthetic amyloses with average molecular masses of 70, 110, 320,
and 1,000 kDa (amyloses AS-70, -110, -320, and -1000, respectively) were pur-
chased from Nakano Vinegar Co., Ltd. (Aichi, Japan). Amylose EX-I (average
degree of polymerization, 17), amylose EX-III (average degree of polymeriza-
tion, 117), and pullulan (average molecular mass, 98 kDa) were purchased from
Hayashibara Biochemical Laboratories Inc. (Okayama, Japan). Highly branched
cyclic dextrin was prepared in our laboratory (28). Amylose and amylopectin
from potato starch were purchased from Sigma Chemical Co. (St. Louis, Mo.).
Potato starch and waxy maize starch were obtained from Nihon Shokuhin Kako
Co. Ltd. (Tokyo, Japan). Cyclomaltodextrins, soluble starch, and other chemical
reagents were purchased from Wako Pure Chemical Industries Ltd. (Osaka,
Japan).

Enzymes. The neopullulanase was purified from the culture broth of Bacillus
subtilis ANA-1 (21) (arg-15 hsdR hsdM �aprA3 amyE npr) carrying pPP10 (Tcr

nplT� [structural gene of the neopullulanase from B. stearothermophilus TRS40])
as described previously (15). Bacterial liquefying �-amylase from Bacillus liqueni-
formis was purchased from Sigma. Bacterial saccharifying �-amylase from B.
subtilis was from Nagase Chemtex (Osaka, Japan). Maltogenic �-amylase from B.
stearothermophilus (Novamyl) (1) was obtained from Novozymes (Tokyo, Japan).
�-Amylase from soybean was purchased from Nagase Chemtex. Isoamylase from
Pseudomonas amyloderamosa was purchased from Hayashibara Biochemical
Laboratories. Cyclomaltodextrinase, B. licheniformis maltogenic amylase, and
Bacillus megaterium neopullulanase were prepared according to the procedures
described below.

Enzyme assays. The activities of the amylolytic enzymes were assayed using
potato amylose as a substrate. The reaction mixture (200 �l) containing 0.5%
potato amylose in buffer (described below) and the enzyme was incubated at
40°C (cyclomaltodextrinase, B. licheniformis maltogenic amylase, and B. megate-
rium neopullulanase) or 50°C (B. stearothermophilus neopullulanase, bacterial
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saccharifying �-amylase, bacterial liquefying �-amylase, Novamyl, and �-amy-
lase) for 10 min. The buffer was 100 mM sodium acetate buffer (pH 5.5) for
bacterial liquefying �-amylase, bacterial saccharifying �-amylase, and �-amylase;
100 mM sodium acetate buffer (pH 5.0) for Novamyl; 100 mM sodium 2-(N-
morpholino)ethanesulfonic acid (MES-Na) buffer (pH 6.0) for B. stearothermo-
philus neopullulanase and B. megaterium neopullulanase; and 100 mM sodium
phosphate buffer (pH 6.5) for cyclomaltodextrinase and B. licheniformis malto-
genic amylase. The reducing sugar after the enzyme reaction was assayed based
on the 3,5-dinitrosalicylic acid method as described previously (22). One unit of
enzyme activity was defined as the amount of enzyme needed to produce 1 �mol
of reducing sugar as glucose per min from potato amylose under the assay
conditions described above.

Expression of the cyclomaltodextrinase gene in Escherichia coli. The cyclo-
maltodextrinase gene was amplified by PCR from chromosomal DNA of alka-
lophilic Bacillus sp. strain A2-5a (23). The forward primer 5�-TGGCCATGGT
AAAAGAAGCGATTTA-3� introduces an NcoI site (underlined) around the
authentic ATG codon and is located between positions 10960 and 10979 of the
cyclomaltodextrinase gene (GenBank accession no. AB015670). The reverse
primer 5�-TTCGGTACCTTAAATCACCTTTATAACACC-3� introduces a
KpnI site (underlined) and is located between positions 9217 and 9236 of the
gene. These primers generate mutations at the second codon from TTA to GTA
and at the stop codon from TAG to TAA. The amplified fragment was digested
with NcoI and KpnI and then introduced into the NcoI-KpnI site in pKK388-1
(Clontech, Palo Alto, Calif.) to obtain the expression plasmid pNPR63.

E. coli TG-1 {supE hsd�5 thi �(lac-proAB)/F� [traD36 proAB� lacIq

lacZ�M15]} carrying pNPR63 was grown in Terrific broth (Gibco BRL) con-
taining 50 �g of ampicillin per ml at 37°C until the late log phase. The inducer
isopropyl-�-D-thiogalactopyranoside (IPTG) was then added to a final concen-
tration of 0.1 mM, and the culture was incubated for 20 h at 15°C. Cells were
harvested and washed with 10 mM sodium phosphate buffer (pH 7.5) (buffer A)
and disrupted by sonication in buffer A at 4°C. Cell debris was removed from the
crude extract by centrifugation, and the enzyme was precipitated by adding solid
(NH4)2SO4 to 80% saturation. The precipitate was redissolved and dialyzed
against buffer A. The dialysate was loaded onto a Q-Sepharose Fast Flow column
(Pharmacia) equilibrated with buffer A. After the column was washed with buffer
A containing 0.2 M NaCl, the enzyme was eluted with buffer A containing 0.4 M
NaCl. The enzyme was dialyzed against buffer A, loaded onto a Resource Q
column (Pharmacia) equilibrated with buffer A, and eluted with a linear gradient
of 0.2 to 0.4 M NaCl in buffer A. The active fractions were pooled, dialyzed
against buffer A, and stored at 4°C. The optimum activity of the cyclomaltodex-
trinase was observed at pH 6.5 and 35 to 40°C.

Expression of the maltogenic amylase gene in E. coli. The maltogenic amylase
gene was amplified by PCR from chromosomal DNA of B. licheniformis
ATCC27811. The forward primer 5�-TGGCATATGATCGAATTAGCAGCGA
TAC-3� introduces an NdeI site (underlined) upstream of the start codon and is
located between positions 292 and 313 of the maltogenic amylase gene (Gen-
Bank accession no. X67133). The reverse primer 5�-CTTGAATTCTTAACAG
AATTTAGACCGC-3� introduces an EcoRI site (underlined), changes the stop
codon from the authentic TAG to TAA, and is located between positions 2010
and 2027 of the gene. The amplified fragment was digested with NdeI and EcoRI
and then introduced into the NdeI-EcoRI site in pGEX-Nde2 to obtain the
expression plasmid pNPR422. The expression vector pGEX-Nde2 is a derivative
of pGEX-5X-3 (Amersham) and was constructed by introducing four nucleotides
into the unique XbaI site of pGEX-Nde (30).

E. coli TG-1 carrying pNPR422 was grown in Terrific broth containing 50 �g
of ampicillin per ml at 37°C until the late log phase. IPTG was then added to a
final concentration of 0.1 mM, and the culture was incubated for 20 h at 15°C.
Cells were harvested and washed with buffer A and disrupted by sonication in
buffer A at 4°C. Cell debris was removed from the crude extract by centrifuga-
tion, and the enzyme was precipitated by adding solid (NH4)2SO4 to 70% satu-
ration. The precipitate was redissolved and dialyzed against buffer A. The dia-
lysate was loaded onto a Q-Sepharose Fast Flow column equilibrated with buffer
A. After the column was washed with buffer A containing 0.4 M NaCl, the
enzyme was eluted with buffer A containing 1 M NaCl. The enzyme was dialyzed
against buffer A and stored at 4°C.

Expression of the B. megaterium neopullulanase gene in B. subtilis. Yebra et al.
(33) reported an extracellular neopullulanase from B. polymyxa CECT155. The
enzyme gene was cloned and expressed in Saccharomyces cerevisiae (34). Since
we could not obtain B. polymyxa CECT155, we used B. megaterium NCIMB11568
as a source for the gene of an extracellular neopullulanase. The B. polymyxa and
B. megaterium neopullulanases are 63% identical at the amino acid sequence
level (20). Both enzymes have a typical signal sequence for secretion (20, 34),
which is not found in B. stearothermophilus neopullulanase (12). Therefore, the

B. megaterium neopullulanase gene was likely to encode an extracellular neopul-
lulanase. This was confirmed after characterization of the B. megaterium neopul-
lulanase as described below. The B. megaterium neopullulanase gene was ampli-
fied by PCR from chromosomal DNA of B. megaterium NCIMB11568. The
forward primer 5�-TCCACTAGTAAAGGGAAAAAATGGACAGC-3� intro-
duces an SpeI site (underlined) upstream of the second codon of the B. mega-
terium neopullulanase gene nucleotide sequence (GenBank accession no.
X07261) and is located between bases 110 and 129. The reverse primer 5�-TTC
GGATCCTCCGTGGGTTCATC-3� creates a BamHI site and is located be-
tween bases 1687 and 1700. The amplified gene was digested with SpeI and
BamHI and then introduced into the SpeI-BamHI site in the E. coli-Bacillus
shuttle vector pWH1520 (MoBiTec GmbH) to obtain the expression plasmid
pNPR78. This plasmid encodes a fusion protein of the four N-terminal amino
acids of the XylA protein of pWH1520 and B. megaterium neopullulanase.

B. subtilis ANA1 (arg-15 hsdR hsdM �aprA3 amyE npr) carrying pNPR78 was
grown at 37°C in L broth (1% Tryptone [Difco], 0.5% yeast extract [Difco], 0.5%
NaCl [pH 7.3]) containing 20 �g of tetracycline per ml. At the mid log phase,
xylose was added to a final concentration of 0.5% to induce expression of the B.
megaterium neopullulanase gene. After 22 h, the culture supernatant was col-
lected and the enzyme was precipitated by adding solid (NH4)2SO4 to 80%
saturation. The precipitate was redissolved and dialyzed against buffer A. The
dialysate was loaded onto a Q-Sepharose Fast Flow column equilibrated with
buffer A. The active fraction was not absorbed by the column. The enzyme
solution was again passed through the column, concentrated using polyethylene
glycol (molecular mass, 20 kDa), and stored at 4°C.

TLC. Thin-layer chromatography (TLC) was carried out in the ascending
mode on a silica gel plate (Merck, Darmstadt, Germany) with a solvent system
of acetonitrile-water (8:2, vol/vol) and developed three times. Sugar spots were
visualized by spraying with H2SO4-methanol (1:1, vol/vol) and then heating at
130°C.

Gel permeation chromatography. The degradation of amylose and amylopec-
tin was analyzed by gel permeation chromatography using connected Superose 6
(10 by 300 mm; Pharmacia) and Superdex 30 (10 by 300 mm; Pharmacia)
columns. Elution was carried out at room temperature with 100 mM NaCl at a
flow rate of 1 ml/min. Eluted carbohydrates were detected with a refractive index
(RI) detector (RID-6A; Shimadzu, Kyoto, Japan).

Measurement of amylose or amylopectin contents during neopullulanase ac-
tion on starch. Amylose was fractionated from the reaction mixture by a mod-
ification (4) of the method of Lansky et al. (18) and purified by recrystallization
from aqueous 10% 1-butanol. Amylopectin was fractionated by precipitation by
adding a sevenfold volume of ethanol after removing the amylose fraction. The
low-molecular-mass products, which contain maltose as a main component, re-
mained in the supernatant after the precipitation of amylopectin. The amylose
and amylopectin fractions were dissolved in 90% dimethyl sulfoxide (DMSO).
The total carbohydrate contents of these three fractions were measured by the
phenol-sulfuric acid method (2). The degradation ratio was calculated from the
contents of the reducing sugar as maltose per total carbohydrate. The content of
reducing sugar was measured by the Somogyi-Nelson method (26).

Measurement of the molecular mass of each fractionated product from amy-
lose or amylopectin. The molecular mass was determined by high-performance
liquid chromatography with a multiangle-laser light-scattering photometer
(MALLS) (DAWN DSP; Wyatt Technology Co., Ltd., Santa Barbara, Calif.) and
a differential RI detector (RI-71; Showa Denko, Tokyo, Japan). The columns
were Shodex OH-pak SB-806 M HQ (6.0 by 300 mm; Showa Denko) with an
OH-pak SB-G precolumn. Elution was carried out at 40°C with 0.1 M NaNO3 at
a flow rate of 1.0 ml/min. Samples (5 mg/ml; 25 �l) dissolved in the eluent were
injected into the column after filtration through a 0.22-�m-pore-size membrane
(Millex GS; Millipore). Light scattering and RI signals were transferred to the
computer to calculate the weight-average molecular mass according to the in-
struction manual (Wyatt Technology Co.) for the DAWN DSP.

Analysis of the chain length of amylopectin. Amylopectin and amylopectin
reacted with neopullulanase were debranched with isoamylase at 40°C for 16 h as
described previously (29). The products were analyzed by high-performance
anion-exchange chromatography (HPAEC) with a DX-300 (Dionex Corp.,
Sunnyvale, Calif.) gradient chromatography system. The chromatographic con-
ditions were as follows: column, CarboPac PA-100 (4 by 250 mm; Dionex Corp.);
detector, pulsed amperometric detector; meter scale, 1 �C; temperature, ambi-
ent. Elution was performed using 100 mM NaOH solution containing the fol-
lowing gradient of 1 M sodium acetate: 0% (vol/vol) at 0 min, 10% (vol/vol) at
12 min, 20% (vol/vol) at 32 min, 20% (vol/vol) at 37 min, and 80% (vol/vol) at 57
min (flow rate, 1 ml/min).
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RESULTS

Degradation of amylose or amylopectin with B. stearother-
mophilus neopullulanase and other amylolytic enzymes. The
1% amylose and 1% amylopectin (both from potato starch)
solutions were prepared from the 10% substrates solutions in
90% DMSO by dilution with deionized water. The diluted
solution was used immediately for the enzyme reaction. The
substrate solution (300 �l) was individually mixed with enzyme
solutions (300 �l each) that contained equal amounts of activ-
ity (12 U) toward potato amylose. Bacterial liquefying �-amy-
lase, bacterial saccharifying �-amylase, and �-amylase were
solubilized in 200 mM sodium acetate (pH 5.5); Novamyl was
solubilized in 200 mM sodium acetate buffer (pH 5.0); and B.
stearothermophilus neopullulanase was solubilized in 200 mM
sodium MES-Na buffer (pH 6.0). After an appropriate incu-
bation period at 50°C, 20-�l samples were collected, and the
reaction was stopped by heat treatment at 100°C for 5 min.
Three microliters of each sample was applied to TLC (Fig. 1).
Novamyl, �-amylase, bacterial liquefying �-amylase, and bac-
terial saccharifying �-amylase efficiently hydrolyzed both amy-

lose and amylopectin and produced the same products from
each. Although B. stearothermophilus neopullulanase efficiently
hydrolyzed amylose to produce maltose and a small amount of
glucose, it scarcely hydrolyzed amylopectin (Fig. 1). These
results indicate that the specificity of B. stearothermophilus
neopullulanase toward amylose and amylopectin was clearly
different from those of other amylolytic enzymes.

Confirmation of the selective hydrolysis of amylose by B.
stearothermophilus neopullulanase. Synthetic amylose (amylose
AS-70) or amylopectin (from potato starch) solutions were
prepared from the 10% substrate solutions in 90% DMSO by
dilution with deionized water. The diluted solution was used
immediately for enzyme treatment. A reaction mixture (1.5 ml)
consisting of 0.5% synthetic amylose, 0.5% potato amylopec-
tin, and B. stearothermophilus neopullulanase (0.6 U) in 100
mM Mes-Na buffer (pH 6.0) was incubated at 50°C. After
incubation for 0, 10, 30, 60, and 120 min, 270-�l samples were
collected, and the reaction was terminated by heat treatment at
100°C for 5 min. After removal of the precipitate by centrifu-
gation, the supernatant (250 �l) was subjected to gel perme-
ation chromatography. Since synthetic amylose with an aver-
age molecular mass of 70 kDa and potato amylopectin were
used as the substrates, these two components were clearly
fractionated by column chromatography, as shown in Fig. 2.

FIG. 1. Thin-layer chromatograms of reaction products of amylo-
lytic enzymes from amylose (A) or amylopectin (B). Lane M, standard
maltooligosaccharides; G1, G2, G3, G4, G5, and G6, glucose, maltose,
maltotriose, maltotetraose, maltopentaose, and maltohexaose, respec-
tively. NPL, NOV, �-AMY, BSA, and BLA, B. stearothermophilus
neopullulanase, Novamyl, �-amylase, bacterial saccharifying �-amy-
lase, and bacterial liquefying �-amylase, respectively. The reaction
times (minutes) are indicated below the lanes.

FIG. 2. Time course of the reaction of B. stearothermophilus
neopullulanase on a mixture of amylopectin (peak A) and amylose
(peak B). The elution profile was analyzed by gel permeation chroma-
tography.
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Although the peak of amylose gradually disappeared upon
treatment with B. stearothermophilus neopullulanase, the peak
of amylopectin was not affected even after 120 min. This result
indicates that B. stearothermophilus neopullulanase selectively
hydrolyzes amylose even in a mixture of amylose and amylo-
pectin.

Action of B. stearothermophilus neopullulanase on starch.
Potato starch, consisting of about 20% amylose and 80% amy-
lopectin, was solubilized by heating and used as a substrate for
B. stearothermophilus neopullulanase. A reaction mixture (10
ml) consisting of 1.0% potato starch and B. stearothermophilus
neopullulanase (40 U) in 100 mM MES-Na buffer (pH 6.0) was
incubated at 50°C. After incubation for 0, 5, 10, 20, 30, 60, 120,
180, 270, and 1,440 min, 1-ml samples were collected, and the
reaction was terminated by heat treatment at 100°C for 5 min.
After removal of the precipitate by centrifugation, the super-
natant was used to analyze of the contents of amylose, amylo-
pectin, and low-molecular-mass fractions. These three frac-
tions were obtained by using 1-butanol as described in
Materials and Methods. Figure 3 shows the contents of these
fractions during the action of B. stearothermophilus neopullu-
lanase on potato starch. The amylose fraction gradually de-
creased with enzyme treatment, while the amylopectin fraction
was not significantly affected during the reaction period. The
low-molecular-mass fraction increased in response to the de-
crease in the amylose fraction. The degradation rate was cal-
culated from the amount of reducing sugar as maltose per total
carbohydrate, and it was assumed that the low-molecular-mass
fraction was mainly maltose and was produced only from the
amylose fraction (Fig. 3). The results indicated that B. stearo-
thermophilus neopullulanase selectively hydrolyzed amylose
even in native starch.

The time courses of the changes in the molecular masses of
the amylose and amylopectin fractions during the B. stearother-

mophilus neopullulanase reaction were analyzed by high-per-
formance liquid chromatography with MALLS and RI (Fig. 4).
The molecular mass of amylose rapidly decreased below 105

Da within 120 min, and the amylose fraction was not observed
after 120 min (Fig. 3). Therefore, it is most likely that the
amylose was completely hydrolyzed to maltooligosaccharides,
mainly maltose. The molecular mass of the native amylopectin
from potato was greater than 108 Da. Although the molecular
mass of potato amylopectin slightly decreased to approxi-
mately 107 Da, it was not reduced further by B. stearother-
mophilus neopullulanase (Fig. 4). Even when an excess amount
of the enzyme (400 U, 10 times the amount used in the case
described above) was used for the same reaction period (1,440
min), the same phenomenon was observed. Similar results
were observed in experiments using starches from other
sources, such as tapioca, maize, rice, and wheat.

The change in the chain length distribution of amylopectin
after treatment with B. stearothermophilus neopullulanase was
investigated by HPAEC (Fig. 5). There was little difference in
chain length distribution between the neopullulanase-treated
amylopectin and unreacted amylopectin.

Comparison of the substrate specificities of B. stearother-
mophilus neopullulanase and other amylolytic enzymes. The
initial velocities of the reactions of B. stearothermophilus
neopullulanase and other amylolytic enzymes with various sub-
strates were measured quantitatively (Table 1). Reaction mix-
tures (200 �l) containing 0.5% substrates and enzyme were
incubated at 40°C (cyclomaltodextrinase, B. licheniformis mal-
togenic amylase, and B. megaterium neopullulanase) or 50°C
(B. stearothermophilus neopullulanase, bacterial saccharifying
�-amylase, bacterial liquefying �-amylase, Novamyl, and
�-amylase) for 10 min. Potato amylose, synthetic amylose, mal-
tooligosaccharides, amylopectin, waxy maize starch, highly
branched cyclic dextrin, potato starch, cyclomaltodextrins, and

FIG. 3. Time courses of the contents of amylose, amylopectin, and
low-molecular-mass fractions during the reaction of B. stearother-
mophilus neopullulanase on potato starch. The contents of amylopec-
tin (stippled bars), amylose (gray bars), and low-molecular-mass (white
bars) fractions are shown against the amount of total carbohydrate.
The degradation ratio in each reaction period is shown as a percentage
of reducing sugar as maltose per total carbohydrate.

FIG. 4. Time courses of the molecular masses of the amylopectin
(�) and amylose (F) fractions during the reaction of B. stearother-
mophilus neopullulanase on potato starch. The molecular mass was
measured by high-performance liquid chromatography with the
MALLS system.
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pullulan were used as the substrate for the enzyme reaction.
The same buffer as in the enzyme assay was used for each
enzyme. The same amount of each enzyme (0.76 U) was used,
based on potato amylose-hydrolyzing activity.

The substrate specificity of B. stearothermophilus neopullu-
lanase was similar to those of cyclomaltodextrinase and B. licheni-
formis maltogenic amylase but was quite different from those of
the other amylolytic enzymes (Table 1). B. stearothermophilus
neopullulanase, cyclomaltodextrinase, and B. licheniformis malto-
genic amylase efficiently hydrolyzed amylose, maltooligosac-
charides, and cyclomaltodextrins but scarcely hydrolyzed amy-
lopectin. On the other hand, the other amylolytic enzymes did
not exhibit significantly different specificities toward amylose
and amylopectin. B. megaterium neopullulanase was secreted
in the culture broth of B. subtilis ANA-1 carrying pNPR78
(with the B. megaterium neopullulanase gene) as described in
Materials and Methods. Since B. megaterium neopullulanase
hydrolyzed pullulan (Table 1) to produce panose (data not
shown), it could be classified as a neopullulanase (33). How-
ever, B. megaterium neopullulanase did not exhibit a signifi-
cantly different specificity toward amylose and amylopectin.

DISCUSSION

We found a unique macromolecule recognition by the
neopullulanase from B. stearothermophilus TRS40. Although
B. stearothermophilus neopullulanase hydrolyzed amylose to
produce maltose and a small amount of glucose (Fig. 1), it
scarcely hydrolyzed amylopectin (Fig. 1 and 2). Furthermore, it
selectively hydrolyzed amylose when starch was used as the
substrate (Fig. 3). While the molecular mass of amylose de-
creased sharply below 105 Da, that of amylopectin decreased
by only one order of magnitude, from approximately 108 to 107

Da (Fig. 4). There was little difference in the chain length
distribution between the neopullulanase-treated amylopectin
and unreacted amylopectin (Fig. 5). Other amylolytic enzymes
such as �-amylase and �-amylase did not exhibit this distinct
substrate specificity (Fig. 1; Table 1).

Amylose and cyclomaltodextrins were good substrates for B.
stearothermophilus neopullulanase (Table 1). It is speculated
that the helical structure of amylose and the pseudohelical
structure of cyclomaltodextrins might fit into the active center
of the enzyme. Amylose is a relatively small, linear molecule of
5 � 105 to 1 � 106 Da, and amylopectin is a much larger (1 �
107- to 1 � 108-Da), branched molecule with a large spherical
shape. Based on the observation of a polymodal distribution of
chain lengths in amylopectin, a cluster model has been sug-
gested (3). Based on the chain lengths (3), the packing model
of chains (7), and the size of clusters derived from electron
microscopic analysis (32), the molecular mass of each cluster is
calculated as being on the order of 105 Da (28). However, the
amylopectin molecule is organized at a further large level of
structure that has been called a blocklet (11). The structure of
amylopectin at the level higher than the cluster has not been
fully understood. Since the degradation of amylopectin com-
pletely halted at a molecular mass of approximately 107 Da, a
structure susceptible to the action by B. stearothermophilus
neopullulanase may exist at an interval of every several tens of
clusters in amylopectin. Indeed, B. stearothermophilus neopul-
lulanase did not hydrolyze waxy maize starch, which is com-
posed only of amylopectin with a molecular mass of approxi-
mately 107 Da (data not shown), or highly branched cyclic
dextrin, which is composed of a cluster structure with a mo-
lecular mass of approximately 5 � 105 Da (28) (Table 1).

This unique macromolecule recognition by B. stearother-
mophilus neopullulanase was also observed in the reactions of
cyclomaltodextrinase and B. licheniformis maltogenic amylase
(Table 1). These three enzymes exhibit 40 to 60% amino acid
sequence identity (24). There is presently great interest in the
structure-function relationships of these enzymes (19). Al-
though B. megaterium neopullulanase hydrolyzed pullulan to
produce panose, it did not exhibit distinct substrate specificity
toward amylose and amylopectin (Table 1). Since neopullula-
nase from B. stearothermophilus TRS40 and that from B. mega-
terium NCIMB11568 have less than 30% sequence identity, B.
megaterium neopullulanase and the neopullulanase from B.
polymyxa CECT155 (33) can be classified into different cate-
gories. In this context, B. stearothermophilus neopullulanase,
cyclomaltodextrinase, and B. licheniformis maltogenic amylase
are intracellular enzymes, while B. megaterium neopullulanase
and B. polymyxa neopullulanase are extracellular enzymes (10).
The problem of identification and the physiological roles of the

FIG. 5. Chain length distribution of amylopectin after treatment
with B. stearothermophilus neopullulanase. A reaction mixture (1.5 ml)
consisting of 0.5% potato amylopectin and B. stearothermophilus
neopullulanase (0.6 U) in 100 mM Mes-Na buffer (pH 6.0) was incu-
bated at 50°C. After incubation for 0, 60, and 270 min, 270-�l samples
were collected, and the reaction was terminated by heat treatment at
100°C for 5 min. The products were completely debranched by isoamy-
lase as described previously (29). The solutions of the debranched
products (25 �l; 100 �g each) were analyzed by HPAEC. The numbers
with dots are degrees of polymerization.
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enzymes in the �-amylase family have been discussed previ-
ously (19, 24).

A partially degraded starch, dextrin, of various sizes is widely
used in the food and chemical industries. A new type of dex-
trin, highly branched cyclic dextrin, with a molecular mass of
approximately 5 � 105 Da was recently produced in our labo-
ratory (28). We also produced a new dextrin with a molecular
mass of approximately 107 Da which was 20 times larger than
highly branched cyclic dextrin, using B. stearothermophilus
neopullulanase. Some characteristics of this new dextrin have
been investigated. The viscosity of the dextrin paste was much
lower than that of gelatinized intact starch paste. The new
dextrin solution also has a low propensity for retrogradation. B.
stearothermophilus neopullulanase may also be used to produce
low-amylose or amylose-free starch. Investigation of the indus-
trial application of the unique properties of this enzyme is now
in progress.
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