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Complementary DNAs encoding α-amylases (Amyl I,
Amyl III) and glucoamylase (GA I) were cloned from
Aspergillus awamori KT-11 and their nucleotide sequences
were determined. The sequence of Amyl III that was a raw
starch digesting α-amylase was found to consist of a
1,902 bp open reading frame encoding 634 amino acids.
The signal peptide of the enzyme was composed of 21
amino acids. On the other hand, the sequence of Amyl I,
which cannot act on raw starch, consisted of a 1,500 bp
ORF encoding 499 amino acids. The signal peptide of the
enzyme was composed of 21 amino acids. The sequence of
GA I consisted of a 1,920 bp ORF that encoded 639 amino
acids. The signal peptide was composed of 24 amino acids.
The amino acid sequence of Amyl III from the N-terminus
to the amino acid number 499 showed 63.3% homology
with Amyl I. However, the amino acid sequence from the
amino acid number 501 to C-terminus, including the raw-
starch-affinity site and the TS region rich in threonine and
serine, showed 66.9% homology with GA I.
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Introduction

α-Amylases (α-1,4 glucan-4-glucanohydrolase, EC 3.2.1.1)
are widely distributed in animals, plants and microorganisms
and catalyse the hydrolysis of α-1,4-glucosidic linkages of

starch, glycogen and related polysaccharides to produce the α-
anomeric form of glucose and oligosaccharides. The raw-
starch-binding and raw-starch-digesting abilities of glucoamylase
G1 from Aspergillus niger have been intensively studied
(Ueda, 1981; Takahashi et al., 1985; Belshaw and
Williamson, 1993; Stoffer et al., 1993; Semimaru et al.,
1995). Although some α-amylases also have the ability to
digest raw starch, few researches have been reported on the
digestibility of raw starches by α-amylases (Taniguchi et al.,
1983; Hayashida et al., 1988; Mizokami, 1988; Kin et al.,
1989; Monma et al., 1989; Hayashida et al., 1990; Punpeng et
al., 1992; Iefuji et al., 1996). The nucleotide sequences and
the amino acid sequences of α-amylases from Aspergillus sp.
have been reported (Tada et al., 1989; Wirsel et al., 1989;
Korman et al., 1990), however almost all of these α-amylases
cannot hydrolyze raw starch. The acid stable α-amylase from
A. kawachii is the sole raw-starch-digesting α-amylase so far
reported from Aspergillus sp. (Kaneko et al., 1996). As for
industrial application, raw-starch-degrading amylases are
commercially important enzymes in the beverage, food, and
textile industries. Raw-starch-digesting α-amylase from
Aspergillus sp. is hardly used for industrial application until
now, but is considered to become an effective tool.

We previously reported that Aspergillus awamori KT-11, a
black mold which was isolated from Indonesia air, produced
three kinds of amylolytic enzymes (Anindyawati et al.,
1998b). They were identified as α-amylases (named Amyl I,
Amyl II and Amyl III), glucoamylase (GA I) and α-
glucosidases (Anindyawati et al., 1998a). Among these
isolated enzymes, Amyl III had a remarkable starch digesting
activity. Interestingly, this enzyme was found to have a
molecular weight much bigger than other α-amylases form
Aspergillus sp. Thus we tried to perform the cloning of the
different encoding genes of the previously reported amylolytic
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enzymes, Amyl I, Amyl III, and GA I from A. awamori KT-
11 to know the relationship between their structures and
functions.

We purified Amyl I, Amyl III, and GA I from koji culture,
and determined their N-terminal and internal amino acid
sequences. We also succeeded the cloning of the cDNA of
these different amylolytic enzymes from A. awamori KT-11.

This paper describes the nucleotide sequences encoding
Amyl I, Amyl III, and GA I and their amino acid sequences.
We reported also a comparison between the primary structures
of these enzymes and we focus on the ability of Amyl III to
hydrolyze raw starch based on its primary structure.

Materials and Methods

Chemicals Tryptone and yeast extract were purchased from
Difco Co. Ltd. (Sparks, USA), Arginylendopeptidase, restriction
endonucleases were purchased from Takara Shuzo Co., Ltd.
(Kyoto, Japan). pT7Blue Perfectly Blunt Cloning Kit from
Novagen (Madison, USA), Quick Prep Micro mRNA Purification
Kit were purchased from Amersham Pharmacia Biotech
(Piscataway, USA). SMART RACE cDNA Amplification Kit was
purchased from Clontech Co. Ltd. (Palo Alto, USA)
Lysylendopeptidase and other chemicals were purchased from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan).

Strains and plasmid A. awamori KT-11 was used as a DNA
source in this study. Escherichia coli TunerTM (DE3) pLacl and
plasmid pT7Blue were used for general DNA manipulations and
for DNA sequencing.

Culture media Wheat bran medium was used for the cultivation
of A. awamori KT-11. It was consisted of 500 g of wheat bran
(Miyake Flour Milling Co., Ltd., Osaka, Japan) and 500 ml of tap
water in a pan (32 × 21.5 × 8.5 cm in size, 3 cm in thickness). LB
medium (1% tryptone, 0.5% yeast extract, and 1% NaCl) was used
for E. coli cultivation.

Measurement of enzyme activities and protein concentration
Soluble-starch-hydrolyzing activity (for α-amylase or glucoamylase)
was carried out by incubating the mixture of enzyme (0.5 ml) and
0.25% of soluble starch (0.5 ml) in 50 mM acetate buffer (pH 4.8)
at 37oC for 10 min. The amount of reducing sugar formed was
determined by the Somogyi-Nelson method (Somogyi, 1951).
One unit of the activity was defined as the amount of enzyme
which released 1 µmol reducing sugar as equivalent to glucose per
minute under these conditions. α-glucosidase activity was carried
out using 0.25% of maltotoriitol as substrate under the same
conditions as the soluble-starch-hydrolyzing activity. Raw-starch-
hydrolyzing activity was assayed using 1.25% of raw corn starch
as a substrate under the same conditions as for the soluble-starch-
hydrolyzing activity. The protein concentration was determined
by measuring the absorbance at 280 nm on a spectrophotometer
U-1100 (Hitachi, Tokyo, Japan) by assuming the absorbance of
1% enzyme solution was 10.0.

Purification of Amyl I, Amyl III, and GA I A. awamori KT-11
was cultured in wheat bran medium for 5 d at 27oC. Amyl I and
Amyl III were purified from the culture filtrate according to the
procedures described by Anindyawati et al. (1998a) with a slight
modification. On the other hand, GA I was purified as follow. The
extract of fungus was further precipitated with 0.9 saturation of
ammonium sulfate. The resulting precipitate was dissolved in
deionized water and concentrated on hollow fibers. The solution
was purified by successive chromatographies on Sephadex G-100
in 50 mM acetate buffer, pH 4.5, Hydroxyapatite in 5 mM
potassium phosphate buffer, pH 7.1, DEAE Toyopearl 650 M,
Toyopearl HW-55F, Butyl Toyopearl, and then Bio-Gel A0.5 in
50 mM acetate buffer, pH 4.5. All purified enzymes showed
homogeneity in chromatography.

Analytical methods of SDS-PAGE Sodium dodecyl sulfate-
polyacrylamide gel (SDS-PAGE) was performed according to the
method of Laemmli (1970). The molecular weight markers were
purchased from Amarsham Pharmacia Biotech. Proteins were
stained with Coomassie Brilliant Blue R-250.

N-terminal and partial amino acid sequences Proteins
separated on SDS-PAGE gel were transferred onto PVDF
membrane by electroblotting. The protein bands were cut out and
were sequenced on an ABI 476A protein sequencer (Applied
Biosystems Co. Ltd., Foster city, USA). Proteins were digested with
arginylendopeptidase and lysylendopeptidase and the resulting
peptides were fractionated on SDS-PAGE similarly.

Preparation of mRNA A. awamori KT-11 was cultured in wheat
bran extract medium (pH 6.0) for 48 h at 27oC with shaking.
Mycelia harvested on the filter membrane by filtration were
immediately frozen in liquid nitrogen and pulverized. The cell
powder was suspended in 4 M guanidine isothiocyanate. The
mRNA was isolated from the solution with Quick Prep Micro
mRNA Purification Kit.

Cloning of cDNA First strand cDNA fragment was synthesized
from mRNA with SUPERSCRIPT II RT (Sigma, St. Louis, USA)
using oligo (dT)20 as the primer and cDNA fragment. For 5'- and 3'-
Rapid amplification of cDNA ends PCR (RACE) was synthesized
with SMART RACE cDNA Amplification Kit according to the
manufacture’s protocol. Oligonucleotide primers for PCR were
synthesized on the basis of the N-terminal and partial amino acid
sequences. Reverse transcription PCR (RT-PCR) products were
subcloned into plasmid pT7Blue. Nucleotide sequences of PCR
fragments were analyzed by a DNA sequencer (ABI PRISM 310).

Computer analysis The analysis, and the translation of the
nucleotide sequences were performed with the GENETYX Mac
(Software Development). A homology search and alignment of amino
acid sequences were done with the FASTA and BLAST programs.

Nucleotide sequence accession number The DNA sequences of
Amyl III, Amyl I, and GA I have been deposited in DDBJ under the
accession no. AB083159, AB083160, and AB083161, respectively.
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Analytical methods of sugar composition and PAS staining
The analysis of glycomoiety of glycoprotein was performed as
follows. The sugar composition of Amyl III was determined using
the method described by Gerard (1990). Amyl III was

electrophoresed on a 10% acrylamide gels and stained for
glycoproteins with the Periodic Acid-Schiff (PAS) stain. Analysis
of carbohydrate composition was performed as follows. The
carbohydrate composition of Amyl III was determined using HPLC

Fig. 1. Nucleotide sequence of Amyl III cDNA and the deduced amino acid sequence. The N-terminal and internal amino acid
sequences of Amyl III are boxed. Bold lines indicate hydrophobic amino acid residues in the signal peptide. Region A, B, B' and C
indicate conserved regions of α-amylase. Wave lines indicate the sites possible to combine with sugar chain. Double line indicates TS
region. Broken lines indicate palindrome structure.
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according to the method of ABME. Amyl III was hydrolyzed with
4 M hydrochloric acid at 100oC, and the hydrochloric acid was
removed under reduced pressure. Thereafter acetic anhydride and
sodium bicarbonate was added and incubated at room temperature
for 10 min, and this sample was concentrated after desalting by
passing through a column of Dewex 50W-X8(H+) (BioRad,
Hercules, USA). This sample was dissolved in water, and applied to
column SepPak (Waters), and eluted with water. The elution was
dried up under airflow of nitrogen, and methylated with the reagent
containing p-aminobenzoic acid. After drying, the sample was
dissolved in water, and the sugar composition analysis was
performed using the column TSK-GEL ODS-120T (Tosoh Co.,
Ltd., Tokyo, Japan) with the authentic markers (galactose,
mannose, fucose, N-acetylglucosamine, N-acetylgalactosamine).

Result

Amino acid sequence analysis of peptides from Amyl III,
Amyl I, and GA I N-terminal amino acid sequence of
Amyl III was determined chemically and was found to be
LSAAEWRSQ. Since the N-terminal amino acid was not
methionine but leucine, it turns out that N-terminal of Amyl
III was processed. When the identified N-terminal amino acid
sequence was compared to the existing sequences in the
database, acid α-amylase of A. niger (Korman et al., 1990)
showed 7 identical residues. Internal amino acid sequences of
the fragments produced by peptidase digestion of Amyl III
were TITYDWDADLV and SLSDALHRGMWL. These

Fig. 2. Nucleotide sequence of Amyl I cDNA and the deduced amino acid sequence. The N-terminal amino acid sequence of Amyl I
are boxed. Bold lines indicate hydrophobic amino acid residues in a signal peptide. Region A, B, B' and C indicate conserved regions
of α-amylase. Wave line indicates the sites possible to combine with sugar chain. Broken lines indicate palindrome structure.
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sequences had a significant degree of homology with the acid
α-amylase from A. niger and the Taka-amylase A from A.
oryzae (Tada et al., 1989). N-terminal amino acid sequence of
Amyl I was ATPADWRSQSIYFLLTDKFA. This sequence

has 19 residues homologous with that of the Taka-amylase
from A. oryzae. However, only 13 residues were homologous
with that of the acid α-amylase from A. niger. N-terminal
amino acid sequence of GA I was ATLDSWLSNEATVARTA.

Fig. 3. Nucleotide sequence and the deduced amino acid sequence of GA I cDNA. The N-terminal amino acid sequence of GA I are
boxed. Bold lines indicate hydrophobic amino acid residues in a signal peptide. Region I, II, III and IV indicate conserved regions of
glucoamylase. Wave lines indicate the sites possible to combine with sugar chain. Double line indicates TS region. Broken lines
indicate palindrome structure.
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This sequence showed complete homology with
glucoamylase from A. awamori (Nunberg et al., 1984), A.
niger (Boel et al., 1984) and A. shirousamii (Shibuya et al.,
1990). However, only 11 residues were homologous with that
of glucoamylase from A. oryzae (Hata et al., 1991).

Nucleotide sequence of Amyl III cDNA Based on the N-
terminal and internal amino acid sequences of Amyl III,
oligonucleotide PCR primers were designed; Amyl III-4F
primer (5'-CTGTCAGCTGCAGAATGGCG-3') and Amyl
III-2R primer (5'-TCCCAAGTCACACTTCCACC-3'). Using
mRNA as a template, 3'-RACE cDNA fragment was
synthesized using Amyl III-4F as a sense primer. 5'-RACE
cDNA fragment was synthesized using Amyl III-2R as an anti
sense primer. The full length cDNA of Amyl III was achieved
by primer walking method. The Amyl III nucleotide
sequence, except for poly (A) sequence, and the deduced
amino acid sequence from the full length cDNA are shown in
Fig. 1. The sequence of 2,087 nucleotides, showed an open
reading frame from a start codon (ATG), at position 42 bp to a
stop codon (TAG) at position 1,943 bp. This ORF encodes a
polypeptide of 633 amino acid residues. A putative
polyadenylation signal, AATAAA, was not found. Moreover,
two palindrome structures existed in the trailer sequence. The
N-terminal residue of the purified enzyme was the amino acid
number 22 (leucine) from the N-terminal of the primary
structure presumed from cDNA. The sequence from amino
acid number 22 to 38 (17 residues) was completely in
agreement with N-terminal amino acid sequence of the
purified enzyme determined by the Edman method. Since the
amino acid sequence of the protein was confirmed in cDNA, it
was considered that it was the clone coding for Amyl III. As
the starting amino acid in the purified enzyme corresponded to
number 22 (leucine) in the deduced amino acid sequence, it
was thought that the sequence from amino acid number 1 to
21 was signal peptide. Among the 615 amino acids consisting
the mature protein, hydrophobic amino acids represent 13
residues within the 21 residues of the signal peptide.
Moreover, it was found that among the 43 residues of TS
domain, referred to the domain from amino acid number 492
to 534, 35 residues were serine or threonine.

Nucleotide sequence of Amyl I cDNA Taking advantage
the high homology between the N-terminal amino acid
residues of Amyl I and that of α-amylase from A. awamori,
the oligonucleotide primers used for the cloning of Amyl I
encoding cDNA were synthesized. The cloning of Amyl I was
performed as same as the case of that of Amyl III. The Amyl I
nucleotide sequence and the deduced amino acid sequence of
full length cDNA are shown in Fig. 2. The sequence of 1,638
nucleotides showed the ORF from a start codon (ATG) at
position 50 bp to a stop codon (TAG) at position 1,546 bp.
This ORF encodes a polypeptide of 499 amino acid residues.
A putative polyadenylation signal, AATAAA, was not found.
Moreover, two palindrome structures existed in the trailer

sequence. The amino acid sequence from amino acid number
22 to 41 corresponds to that of the N-terminal region of the
peptide derived by endopeptidase. Therefore, the sequence
from amino acid number 1 (methionine) to 21 (alanine) was
considered to be the signal peptide and the mature protein
consists of 478 amino acids.

Nucleotide sequence of GA I cDNA Oligonucleotide
primers for GA I cDNA cloning were designed as refer to
glucoamylase from A. awamori, because the N-terminal
amino acid residues of GA I agreed with glucoamylase from
A. awamori. The GA I nucleotide sequence and the deduced
amino acid sequence of full length cDNA are shown in Fig. 3.
The sequence of 2,113 nucleotides showed the ORF from a
start codon (ATG) at position 62 bp to a stop codon (TAG) at
position 1,978 bp. This ORF encodes a polypeptide of 639
amino acid residues. A putative polyadenylation signal,
AATAAA, was not found. Moreover, two palindrome
structures existed in the trailer sequence. The amino acid
sequence from amino acid number 25 to 42 corresponds to
that of the N-terminal region. Therefore, the sequence from
amino acid number 1 (methionine) to 24 (arginine) was
considered to be the signal peptide and the mature protein
consists of 615 amino acids. The amino acid sequence from
amino acid number 463 (serine) to 549 (threonine) was
identified as TS region that was rich on Threonine and Serine.

Amino acid sequence similarity The amino acid sequence
of Amyl III has 93% homology with the acid α-amylase from
A. niger (Korman et al., 1990). On the other hand, the
homology with α-amylase from Aspergillus sp. was 66%
(Tada et al., 1989). The molecular weight of Amyl III was

Fig. 4. PAS stain of Amyl III. Ten µg of Amyl III purified from
A. awamori KT-11 was loaded on 10% polyacrylamide gel.
After electrophoresis, carbohydrate on the gel was stained by the
methods described in the text.
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about 70 kDa. However, the molecular weight of the α-
amylases from Aspergillus sp. is about 50 kDa. The place
which performed alignment of the amino acid sequence of
Amyl III and acid α-amylase of A. niger which has the
highest similarity, among the 484 residues of acid α-amylase
of A. niger. Although the 444 residues was mostly in
agreement with the domain from N-terminal which received
processing of Amyl III to 505, the domain which is from the
amino acid of a 129 residues on C-terminal side further
existed in Amyl III. The amino acid number 229 in the B-
Region (consensus sequence of the α-amylase family) was
glutamic acid in Amyl III, however it is histidine in almost all
the other α-amylases. Moreover, in the B'-region of Amyl III,
the amino acid number 253 was found to be a hydrophobic
amino acid (aspartic acid), however it was hydrophilic amino
acid (leucine, tryptophan, and isoleucine) in all the other α-
amylases. Furthermore, the amino acid number 254, which

was aspartic acid, glutamine, and serine in most other α-
amylases, was replaced by asparagine in Amyl III.

The amino acid sequence of Amyl I has 99% homology
with α-amylase from A. oryzae (Tada et al., 1989). It is
known that the amino acid sequences of the four domains
responsible for an active center of α-amylase family is highly
(preserved). When compared with the amino acid sequence of
these domains, the sequences of A-region, B-region, B'-
region, and C-region of Amyl I were mostly in agreement
with consensus sequences.

The amino acid sequence of GA I was similar to
glucoamylase from A. shirousamii (Shibuya et al., 1990) and
A. niger (Boel et al., 1984) with arrange of homology from 95
to 97%. It is also known that the amino acid sequences of the
four domains that form the active center is highly conserved at
glucoamylases. All the sequences of region I to IV of other
glucoamylases were completely in agreement with the

Fig. 5. Alignment of amino acid sequences of Amyl I and GA I with Amyl III. The putative amino acid sequence of Amyl III was
compared with that of Amyl I and GA I. Amino Acid residues of Amyl III identical to that of Amyl I or GA I are boxed.
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consensus sequences of GA I.

Analysis of glycomoiety of glycoprotein as Amyl III The
PAS staining of Amyl III was shown in Fig. 4. The clear band
was found in the same position as the one obtained by CBB
staining and the molecular weight was 90 kDa. This resulted
to the conclusion that Amyl III is a glycoprotein enzyme. In
carbohydrate composition analysis, Amyl III contains
mannose and N-acetylglucosamine at 462.86 and 72.86 µmol
per one mol of protein, respectively. However, fucose and N-
acetylgalactosamine were not detected. Consequently, it was
presumed that N-glycosidic linkage exists in the sugar chain
of Amyl III, and O-glycosidic linkage could not be detected.
On the other hand, it was presumed that this sugar chain was
high mannose type, because the ratio of Man/GlcNAc was
6.3, which is considered as higher value.

Discussion

Amyl III and Amyl I had a clear difference in their primary
structures. Amyl III was 135 residues longer than Amyl I.
Using Harrplot analysis to compare the amino acid sequences
of Amyl III and Amyl I and GA I, it was found that the amino
acid sequences of Amyl III and Amyl I showed a good
correlation of 63.3% of identity along the region from the N-
terminal to the amino acid number 420 (Fig. 5). However,
Amyl III and GA I showed a high correlation 66.9% of
identity only along the region from the amino acid number
450 to C-terminal. No correlation was found between Amyl I
and GA I.

From the above results we can conclude that Amyl III
seems to be a hybrid of α-amylase and glucoamylase as
illustrated in Fig. 6. It contains the N-terminal region of α-
amylase family and C-terminal region of glucoamylase
family.

Amyl III showed a domain rich in threonine and serine.
This domain consisted of 43 residues and was located
between the amino acid number 429 and 534. The latter
region called TS domain was also found in GA I.

Nunberg reported that raw starch adsorption domain of
glucoamylase is located near the C-terminal region, and that
the TS domain serves as hinge portion between the N-terminal
and the C-terminal regions (Nunberg et al., 1984). α-amylases
of Aspergillus sp., including Amyl I, do not have TS domain
and they are unable to digest raw starch. The presence of a C-
terminal region in Amyl III similar to that of GA I, which is
able to digest raw starch, can explain the capability of Amyl
III to adsorb into raw starch.

Although the TS domain of Amyl III was shorter than that
of GA I, the similarity between the two domains was very
high. It was reported that the length of TS domain of
glucoamylase influence the raw starch digesting activity
(Semimaru et al., 1995). Raw starch digesting activity of
Amyl III may rise by adjusting the distance between the two

domains.
The molecular weight of Amyl III was 90 kDa. as

determined by SDS-PAGE. However, the molecular weight
deduced from the amino acid sequence (without signal
peptide) was 67,081 Da. The difference between the two
molecular weights can be explained by the existence of
carbohydrate in Amyl III. The amount of carbohydrate as
measured by Phenol sulfuric acid method was 11.3%. Since
Amyl III is modified by oligosaccharides linked by N-
glycosidic linkage, and fucose was not detected when sugar
composition analysis was performed, it became clear that
Amyl III has oligosaccharides linked with N-glycosidic and
not with O-glycosidic linkages. It was reported that
glucoamylase from Aspergillus sp. had O-glycosidic linked
oligosaccharides attached to the TS domain (Gunnarsson et
al., 1984; Hayashida et al., 1989; Williamson et al., 1992). It
is known that oligosaccharides in glycoproteins are involves
in the maintenance of the protein structure against stress
caused by heat, pH, and pressure and also involved in
secretion of protein out of cells (Dube et al., 1988; Chen et al.,
1994; De Cordt et al., 1994). However, Amyl III did not have
these O-glycosidic linked oligosaccharides. Physical property
of Amyl III, such as the pH stability and heat stability, is
almost the same as Amyl I. However, raw starch digesting
activity is low as compared with GA I. The absence O-
glycosidic linkage in Amyl III may have caused the low
activity of few enzymes on raw starch. Otherwise, the tertiary
structure of Amyl III might be different from that of GA I.

In conclusion, cDNA fragment that encodes an α-amylase
(Amyl III) with raw starch digesting activity was cloned from
Aspergillus awamori KT-11. In addition, the cDNA fragments
encoding for typical α-amylase (Amyl I) and glucoamylase
(GA I) were also cloned from the same strain. The primary
structures of the enzymes were compared. Amyl III was a

Fig. 6. Proposal of structure and function of Amyl III.
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hybrid type α-amylase, which has a catalytic domain similar
to that of α-amylase family located in the N-terminal region,
and a binding domain in the C-terminal region similar to that
of glucoamylase having a raw starch affinity. The two
domains are linked by a TS domain rich in Threonine and
Serine.
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