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Complete (Ba-L) and truncated (Ba-S) forms of a-amylases from Bacillus subtilis X-23 were purified, and the
amino- and carboxyl-terminal amino acid sequences of Ba-L and Ba-S were determined. The amino acid
sequence deduced from the nucleotide sequence of the a-amylase gene indicated that Ba-S was produced from
Ba-L by truncation of the 186 amino acid residues at the carboxyl-terminal region. The results of genomic
Southern analysis and Western analysis suggested that the two enzymes originated from the same a-amylase
gene and that truncation of Ba-L to Ba-S occurred during the cultivation of B. subtilis X-23 cells. Although the
primary structure of Ba-S was approximately 28% shorter than that of Ba-L, the two enzyme forms had the
same enzymatic characteristics (molar catalytic activity, amylolytic pattern, transglycosylation ability, effect of
pH on stability and activity, optimum temperature, and raw starch-binding ability), except that the thermal
stability of Ba-S was higher than that of Ba-L. An analysis of the secondary structure as well as the predicted
three-dimensional structure of Ba-S showed that Ba-S retained all of the necessary domains (domains A, B,
and C) which were most likely to be required for functionality as a-amylase.

The primary structures of a wide variety of amylolytic en-
zymes have recently been reported, and based on this infor-
mation, the sequences and structures of these enzymes at the
domain level have been studied (19). Taka-amylase A (TAA;
an a-amylase [EC 3.2.1.1] from Aspergillus oryzae), a typical
starch-hydrolyzing enzyme, consists of three domains (domains
A, B, and C) (6, 41). Catalytic domain A contains an amino-
terminal (B/a)g-barrel structure, followed by a domain consist-
ing of antiparallel B-strands (domain C). A smaller domain
(domain B) is present as a loop between the third B-strand and
the third a-helix of the (B/a)g-barrel. In addition to these three
domains, some a-amylases, such as a-amylase from Streptomy-
ces limosus (aSli) (37) and maltotetraohydrolase from Pseudo-
monas saccharophila (G4a) (61), have an extra domain (do-
main E) at their carboxyl-terminal region which is known to
play a role in raw starch adsorption. Considering that the
primary structure of TAA is smaller than those of other starch-
degrading enzymes, such as aSli, cyclodextrin glucanotrans-
ferase (CGTase [EC 2.4.1.19]) (12, 22, 24), branching enzyme
(EC 2.4.1.18) (2), and neopullulanase (EC 3.2.1.135) (26), it is
likely that all three of these domains of TAA are essential for
functionality as a-amylase.

Carboxyl-terminal truncation has been observed on a-amy-
lases of Bacillus subtilis (59), Pseudomonas stutzeri (42), and
barley (49), while artificial truncation has been performed on
various amylolytic enzymes, such as a-amylases of B. subtilis
(38), Bacillus sp. (36), Bacillus stearothermophilus (58), As-
pergillus kawachii (20), and Cryptococcus sp. (13); CGTases of
Bacillus macerans, Bacillus circulans (11), and alkalophilic Ba-
cillus (23); a-amylase-pullulanase (EC 3.2.1.1/41) of alkaliphi-

* Corresponding author. Mailing address: Biochemical Research
Laboratory, Ezaki Glico Co., Ltd., Utajima 4-6-5, Nishiyodogawa-ku,
Osaka 555-8502, Japan. Phone: 81-6-6477-8425. Fax: 81-6-6477-8362.
E-mail: kuriki-takashi@glico.co.jp.

4652

lic Bacillus sp. (54); glucoamylase of Aspergillus awamori var.
kawachi (48); and B-amylase of barley (60). As far as a-amy-
lase is concerned, the experimental data show that most of the
carboxyl-terminal-truncated enzymes retain the same level of
amylolytic activity as the original (36, 42, 49, 59), while some
truncations have been reported to affect the thermostability of
the enzymes (38, 42, 58). However, there has been no report of
an active a-amylase in which more than 25% of the carboxyl-
terminal polypeptide has been truncated.

Neopullulanase catalyzes the hydrolysis of a-1,4- and a-1,6-
glucosidic linkages, as well as transglycosylation, to form a-1,4-
and a-1,6-glucosidic linkages (29, 56). The replacement of sev-
eral amino acid residues that comprised the active center of the
enzyme proved that one active center of the enzyme partici-
pated in all four of the reactions described above (32). This
work suggested that in addition to the fact that the structures
of «-amylase, pullulanase (EC 3.2.1.41)/isoamylase (EC
3.2.1.68), CGTase, and branching enzyme were similar, their
catalytic mechanisms may also be similar (56). Based on these
results, an enzyme family, the o-amylase family, was estab-
lished and this includes enzymes that catalyze hydrolysis and
transglycosylation at a-1,4- and «-1,6-glucosidic linkages (25,
28, 51, 56). It must be emphasized that all of the members of
the a-amylase family have related catalytic (B/a)g-barrels (do-
main A) with a small domain (domain B) protruding between
the third B-strand and the third a-helix (18, 31, 51).

B. subtilis X-23 produces a unique a-amylase which strongly
induces transglycosylation in hydroquinone and kojic acid (43).
We found two a-amylases (designated Ba-S and Ba-L in this
paper), both of which have almost the same capacity for hy-
drolysis and transglycosylation. In this report, we describe
when and how Ba-S is produced and compare the character-
istics of these two enzymes. The structural implications based
on an analysis of the secondary structure and the predicted
three-dimensional (3-D) structure of Ba-S are also discussed.
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TABLE 1. Summary of purification of the a-amylase
from B. subtilis X-23“

Total activity Protein  Specific activity =~ Recovery
column ) (m)  (Umg) (%)

(NH,)>SO,(ppt) 1,986 72.2 34 100
Q-Sepharose 1,043 25.1 41.5 525
Phenyl-Sepharose®

Peak a 109 0.34 320 5.5

Peak b 485 2.16 225 244

Total 29.9
Superdex 75

Peak a 87.4 0.17 514 4.4

Peak b 387 1.07 362 19.5

Total 239

“ The initial culture volume was 3,500 ml.
 The activity was detected as two peaks in the phenyl-Sepharose elution.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. B. subtilis ANA-1 (arg-15
hsdR hsdM AaprA3 amyE nprE) (35) and Escherichia coli TG1 [supE hsdAS5 thi
A(lac-proAB)/F' (traD36 proAB™ lacl lacZAM15)] (47) were used as a cloning
and a sequencing host, respectively. pTB522 (encoding resistance to tetracycline)
(14) was used as a cloning vector, and pBluescript IT SK(+) (Toyobo, Osaka,
Japan) was used as a sequencing vector. B. subtilis X-23 was grown in medium
containing 0.5% soluble starch, 0.5% meat extract, 0.5% polypepton, and 0.3%
NaCl (pH 6.8) (43). E. coli was grown in Luria-Bertani medium (47).

Construction of a genomic DNA library and screening. Bacillus chromosomal
DNA was prepared by using Qiagen Genomic-tips (Qiagen Inc., Chatsworth,
Calif.), and plasmid DNA was isolated by the alkaline lysis method (16). Isolated
genomic DNA was digested with HindIII, and 3- to 8-kbp fragments were col-
lected after size fractionation in a sucrose gradient to be ligated into the HindIII
site of pTB522. The ligation mixtures were used to transform B. subtilis ANA-1
(1). The constructed genomic library was screened using a starch-azure plate
(containing 1.5% agarose, 25 pg of tetracycline per ml, and 0.4% starch-azure
[Sigma] on Luria-Bertani medium), on which positive clones form a halo.

Southern analysis. DNA fragments separated by agarose gel (0.7%) electro-
phoresis were transblotted to a nucleic acid transfer membrane (Amersham,
Little Chalfont, United Kingdom), and the digoxigenin high-prime DNA labeling
and detection system (Boehringer Mannheim) was used for DNA hybridization
(50).

Nucleotide sequencing and computer analysis. Nucleotide sequencing of
genomic DNA inserted into pBluescript IT SK(+) was performed by constructing
a nested set of deletions with exonuclease IIT and mung bean nuclease and then
sequencing the deletions with a dRhodamine Terminator Cycle Sequencing
System (Applied Biosystems, Foster, Calif.). Sequence data were analyzed with
GENETYX-MAC (Software Development Co., Ltd., Tokyo, Japan).

Assay and purification of enzyme. o-Amylase activity was assayed based on the
3,5-dinitrosalicylic acid method, as described previously (15). The reaction mix-
ture (200 pl) consisted of 0.5% soluble starch (Merck, Darmstadt, Germany) in
20 mM sodium acetate buffer (pH 5.5) and the enzyme. The reaction was stopped
after 10 min of incubation at 55°C by the addition of 3,5-dinitrosalicylic acid
reagent (200 pl). The reagent was prepared by mixing 0.4 M NaOH, 22 mM
3,5-dinitrosalicylic acid, and 1.1 M potassium sodium (+)-tartrate tetrahydrate.
One unit of enzyme activity was defined as the amount of enzyme that released
1 wmol of reducing sugar as glucose per min under the assay conditions described
above. Purification of a-amylase from B. subtilis X-23 was performed as de-
scribed previously (43).

SDS-PAGE and Western analysis. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) was performed on 8 to 16% gradient polyacryl-
amide gels, and immunoblotting was carried out by using a polyvinylidene diflu-
oride membrane (Millipore, Yonezawa, Japan) with a Semi-Dry Electrophoretic
Transfer Cell (Bio-Rad). Rabbit antiserum raised against Ba-L was used as a
primary antibody. The antigen-antibody complex was detected by using anti-
rabbit immunoglobulin G-alkaline phosphatase (Boehringer Mannheim) with
BCIP (5-bromo-4-chloro-3-indolylphosphate) reagent (Boehringer Mannheim).

Chromatography of hydrolysis products. Soluble starch was digested with
purified a-amylase (Ba-L or Ba-S) at 37°C for various durations of incubation.
Samples were taken and boiled for 10 min to stop the reaction, and 10-pl aliquots
were spotted on Toyo no. 50 filter paper. Paper chromatography was carried out
in the ascending mode with a solvent mixture of n-butanol-pyridine-water (6:4:3
[vol/vol/vol]) as described previously (30). Sugars on the paper were detected by
the silver nitrate dip method (45).

Measurement of transglycosylation activity against hydrolysis activity by
high-performance liquid chromatography analysis. The reaction mixture (100
wl) consisted of 80 mM 4-nitrophenyl a-p-maltotrioside (G;-PNP), 50 mM so-
dium acetate buffer (pH 5.5), and the enzyme. After an appropriate incubation
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period at 37°C, 10-ul samples were collected and the reaction was stopped by
adding glacial acetic acid (20 wl). For the analysis of the transglycosylation
reaction to hydroquinone, 1% hydroquinone was added to the reaction mixture.
The substrate, hydrolysis products, and transglycosylation products were quan-
titatively analyzed by high-performance liquid chromatography (33) with a TSK-
GEL oligo-PW column (7.8 by 300 mm) (Tosoh, Tokyo, Japan) combined with
a UV spectrometer (43,3) (39, 40). For the analysis of the transglycosylated-
hydroquinone (hydroquinone glucosides), another UV spectrometer (4,g,) was
connected in series to the detection system.

Adsorption of a-amylase on raw starch. The desired amount of enzyme was
added to a suspension of 90 mg of raw cornstarch in 50 mM sodium phosphate
buffer (pH 6.0) to prepare 200 pl of suspension. The mixture was allowed to sit
at 25°C for 10 min and was filtered through a membrane filter (pore size, 0.45
wm). After the raw starch was washed with the same buffer, adsorption on
cornstarch (r,) was measured based on the method of Iefuji et al. (13) by the
following equation: r,(%) = [(A—B)/A] X 100, where A is the a-amylase activity
of the original enzyme solution and B is the activity of the filtrate, including the
buffer fraction used to wash the raw starch.

The adsorbed enzyme was eluted with 0.4% SDS solution, and the starch-
binding ability of the enzyme was also analyzed by SDS-PAGE.

Analysis of amino- and carboxyl-terminal sequences. The amino acid se-
quences of the amino and carboxyl termini of the purified Ba-L and Ba-S were
determined by an HP241 N/C Protein Sequencer System (Hewlett-Packard) by
using isothiocyanate reagents for carboxyl-terminal amino acid sequence analysis
(3, 4).

Nucleotide sequence accession number. The nucleotide sequence for the
a-amylase gene of B. subtilis X-23 was deposited in the DDBJ, EMBL, and
GenBank databases under accession no. AB015592.

RESULTS

Purification of a-amylase from B. subtilis X-23. The purifi-
cation steps are summarized in Table 1. The enzyme was
eluted from a Q-Sepharose column as a single active peak and
from a subsequent phenyl-Sepharose column as double active
peaks (peaks a and b). The fractions corresponding to the two
peaks were separated and further purified with a Superdex 75
column to show single bands by SDS-PAGE (Fig. 1). The
molecular masses of the two purified enzymes deduced from
Fig. 1 were 47 and 67 kDa, and these enzymes were designated
Ba-S and Ba-L, respectively. The specific activities of Ba-S and
Ba-L were 514 and 362 U/mg, respectively, and the two en-
zymes exhibited almost identical specific activities when en-
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FIG. 1. SDS-PAGE of purified Ba-S and Ba-L. Five micrograms of Ba-S and
2 pg of Ba-L were loaded onto an SDS-polyacrylamide gel, electrophoresed, and
stained with Coomassie brilliant blue. Lanes: 1, Ba-S; 2, Ba-L; M, molecular size
markers.
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FIG. 2. Western immunoblot analysis of Ba-L and Ba-S. (A) Lanes L and S indicate purified Ba-L and Ba-S, respectively. Three microliters of culture supernatant
taken at various time points in cultivation was applied. The marker lane (M) was separated before transblotting and stained with Coomassie brilliant blue. (B) The
purified Ba-L or Ba-S (30 or 22 pg, respectively, in 150 pl of distilled water) was incubated at 37°C with 75 pl of the 22-h culture supernatant of B. subtilis X-23 and
5 plof toluene. After various periods of time, aliquots (30 pl) were removed and treated at 100°C for 10 min. Each reaction mixture (0.075 pl) was individually subjected

to SDS-PAGE.

zyme activity was evaluated on a molar basis (24.2 U/nmol
[Ba-S] and 24.4 U/nmol [Ba-LJ]).

Cloning, nucleotide sequencing, and Southern analysis. The
a-amylase gene from B. subtilis X-23 was cloned by using B.
subtilis ANA-1 as a host. The clone carrying the plasmid pXAl
(composed of a vector pTB522 and a 6.8-kbp HindIII fragment
from the B. subtilis X-23 genome) formed a clear halo on a
starch-azure plate, indicating that the starch-degrading ability
was associated with the recombinant plasmid. Using deletion
analysis, we confirmed that the 2.3-kbp HindIII-Sacl fragment
contained the entire coding region for the a-amylase gene of
B. subtilis X-23. The nucleotide sequence of the 2.3-kbp HindIII-
Sacl fragment was determined. A single open reading frame

composed of 1,977 nucleotides (659 amino acid residues; mo-
lecular weight, 72,279) was found. Four regions that are highly
conserved in enzymes in the a-amylase family (26, 56) were
present in the deduced amino acid sequence (see Fig. 4).
Genomic Southern analysis was performed by using a 1.7-kbp
EcoRI-Pvul DNA fragment which contains most of the
a-amylase gene of B. subtilis X-23 as a probe. The genomic
DNA was digested with various restriction enzymes that had
no restriction sites within the a-amylase gene, and the digests
were subjected to agarose gel electrophoresis. The probe hy-
bridized with only one DNA fragment from each DNA diges-
tion, indicating that there is only one copy of the a-amylase
gene in the genomic DNA of B. subtilis X-23.
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FIG. 3. Comparison of the transglycosylation abilities of Ba-L (O) and Ba-S
(®). (A) The ratio of transglycosylation products, i.e., G4-PNP, G5-PNP, G4-
PNP, G,-PNP, and G4-PNP, against reduction of the substrate (G;-PNP). (B)
The ratio of transglycosylated hydroquinone, i.e., HQ-G;, HQ-G,, HQ-Gs;, and
HQ-G,, against the reduction of the substrate (G;-PNP).

Western analysis. Western analysis was performed to con-
firm immunologically that Ba-S was produced from Ba-L. As
shown in Fig. 2A, signals of both Ba-S and Ba-L were detected
after 22 h of cultivation. The Ba-S signal became stronger as
the duration of the cultivation period increased and was ac-
companied by a polypeptide signal of about 20 kDa. Purified
Ba-L was converted to Ba-S by the 22-h culture supernatant of
B. subtilis X-23, whereas purified Ba-S was not digested even
after 24 h of incubation with this culture supernatant (Fig. 2B).

Amino- and carboxyl-terminal amino acid sequences of
Ba-L and Ba-S. The amino-terminal amino acid sequences of
Ba-L and Ba-S were determined, and these sequences were
identical: Ser-Val-Lys-Asn-Gly-Thr-Ile-Leu-His. The same se-
quence was deduced from the nucleotide sequence of the
B. subtilis X-23 o-amylase gene. Therefore, the 45 amino-
terminal amino acid residues are the signal peptide that is
removed during the secretion process. The carboxyl-terminal
amino acid sequence of Ba-L was Leu-Pro-His, and that of
Ba-S was Ala-Pro-His. The former sequence was deduced from
the nucleotide sequence at the carboxyl terminus, and the
latter was deduced at the 186 amino acid residues upstream
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from the carboxyl terminus. Considering these results together
with the molecular masses of Ba-L. and Ba-S estimated by
SDS-PAGE (67 and 47 kDa, respectively [Fig. 1]), we con-
cluded that the carboxyl termini of Ba-L and Ba-S were His-
614 and His-428, respectively. The deduced molecular weights
of mature Ba-L and Ba-S proteins calculated from their amino
acid sequences were 67,445 and 47,227, respectively.
Comparison of the characteristics of Ba-L and Ba-S. (i)
Amylolytic pattern. Soluble starch was hydrolyzed with Ba-L
and Ba-S, and the products were analyzed by paper chroma-
tography (data not shown). Both enzyme forms efficiently hy-
drolyzed starch to produce glucose, maltose, and O-a-D-gluco-
pyranosyl-(1-6)-a-D-glucopyranosyl-(1-4)-p-glucopyranose  as
the final products. There were no differences between Ba-L and
Ba-S with regard to their pattern of action on soluble starch.
(ii) Transglycosylation of glucosyl residues of G;-PNP to
G,,-PNP and hydroquinone. Hydrolysis and transglycosylation

DOMAIN 1 B1 al
Ba.S 1 ---—-SVENGT ILHAWN- - ==========m== WSFN_TLTQN
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B2
0
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----- o2 B3
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Ba-S

BSUA 117 1P-—--- W [THNTOIRNW SORWDVTGNS LL----GL TQ NTQ

TAA 137 fkpfssgDY FEPFCFIQNY EDQTQVERCW [LGHnt DLDTT KDV
o3 40 o4

BaS 150 VQAYLKG FLERALND-GA DGFRYDAAKH IELPDDGNYG SQFWENIT

BSUA 154 VOSYDKR FLERATND-GA DAAKH IELPDDGSYG SCFWPNIT

TAA 183 VENEWYD WVGSLVSNYST DELRIPTVKH VQ-------- KDFWPGYN
Region Il
s a3 0" B6 o6
Ba-§ 195 NT SAEFQYGEIL QDSASRDTAY ANY—NH\]VTAS_I_\I YGHSIRSALK NR
BSUA 199 NT SAFFOYGEIL QDSASRDAAY ANY¥-M SN YCHSIRSALK NR
TAA 221 KA AGVJCIGEVL DGEPAYTLPY QNVMDEVLNYP IYYPLLNAEK S-

Region llI 7

Ba-S 239 IL-SVSNIS HYASDVS-----
BSUA 243 NG-GVSNIS HYASDVS—----

TAA ksdcpdstl

[FVENHDN

Region [V

ol
Ba-S 279 DDDIRLGW AVIGSRSGST PLFFSRPEGG GNGVRFPGKS QIG-----
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FIG. 4. Topological alignment of Ba-S, BSUA (9), and TAA (53). The to-
pological alignment and data regarding the secondary structure are based on a
previous work (9). An amino-terminal (B/a)g-barrel (domain A) and a loop
(domain B) between the third B-strand and the third helix of the (B/a)g-barrel
are indicated as domain 1. -Strands folded in a Greek-key motif (domain C) are
domain 2. Small letters in the alignment indicate topologically unpaired residues.
Residues that belong to a-helices and B-strands are surrounded by dotted and
solid boxes, respectively. The catalytic residues are represented by an open circle.
Only the secondary structures of the (B/a)g-barrel and B-sandwich structures are
designated. Four regions (I, II, III, and IV) that are highly conserved in the
a-amylase family (26, 56) are underlined.
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FIG. 5. Stereoview of the predicted structure of Ba-S from the side of the (B/a)g-barrel. Molecular modeling of Ba-S was performed based on the 3-D structure
of BSUA complexed with maltopentaose (9) by using Discover-Insight II software (version 4.3; Molecular Simulation Inc.) on an ONYX2 workstation (Silicon Graphics,
Inc.). Residues 422 to 428 are not shown since the corresponding structure for BSUA could not be determined because of disorder (9). The main chains of domains
A and B (residues 1 to 343) are indicated by an orange ribbon, and domain C (residues 344 to 421) is indicated by a green ribbon. Red cylinders and yellow arrows
represent a-helices and B-strands, respectively. The carboxyl terminus of Ba-S is shown by a blue arrow.

products were measured simultaneously in the same reaction
mixtures. Figure 3A shows a plot of the transglycosylation
products, i.e., 4-nitrophenyl a-pD-maltotetraoside (G,-PNP),
4-nitrophenyl «-p-maltopentaoside (Gs-PNP), 4-nitrophe-
nyl a-p-maltohexaoside (G4-PNP), 4-nitrophenyl a-pD-malto-
heptaoside (G,-PNP), and 4-nitrophenyl a-pD-maltooctao-
side (G¢-PNP), against reduction of the substrate (G5;-PNP).
There were no differences between the reactions of Ba-L
and Ba-S. Figure 3B is a plot of the transglycosylation products
with hydroquinone as an acceptor, i.e., hydroquinone glucoside
(HQ-G,), hydroquinone maltoside (HQ-G,), hydroquinone
trioside (HQ-Gj;), and hydroquinone tetraoside (HQ-G,),
against reduction of the donor substrate (G;-PNP). Again,
there was no difference between the reactions of Ba-L and
Ba-S.

(iii) Effects of pH and temperature on enzyme activity and
stability. The optimum pHs for Ba-L and Ba-S activities were
the same (pH 5.5), and both enzyme forms were stable from
pH 5.5 to 10.0 (data not shown). Although the optimum tem-
perature for enzyme activity was 65°C for both Ba-L and Ba-S,
the relative activities of Ba-S at 70, 75, and 80°C were slightly
higher than those of Ba-L. The activity of Ba-S that remained

after treatment at 65°C for 10 min was about 60%, whereas
that of Ba-L was about 30% (data not shown).

(iv) Binding ability to raw starch. Some amylolytic enzymes
have been reported to be able to bind to or digest raw starch (5,
7,8, 10, 13,17, 21, 44, 46, 57), and all of them have putative raw
starch-binding motifs at their carboxyl-terminal region (52),
except that Rhizopus sp. glucoamylase has one at its amino-
terminal region (55). Therefore, we examined the raw starch-
binding abilities of Ba-L and Ba-S by using TAA as a negative
control and a-amylase from a porcine pancreas as a positive
control (13). Neither Ba-L, Ba-S, nor TAA was adsorbed to
raw starch, whereas more than 75% of porcine pancreas activ-
ity was adsorbed to raw starch. In this context, the carboxyl-
terminal region of Ba-L does not contain a putative raw starch-
binding motif (52) (data not shown).

DISCUSSION

We found two enzymatically active peaks during the purifi-
cation of B. subtilis X-23 a-amylase with a phenyl-Sepharose
column (Table 1) and purified both of the enzymes (Ba-S and
Ba-L). The amino- and carboxyl-terminal amino acid se-
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quences of these enzymes were determined by a protein
sequencer. Based on the following experimental results, we
concluded that Ba-L and Ba-S were produced from the same
a-amylase gene and that Ba-S arose from Ba-L by the process-
ing of its carboxyl-terminal region during the cultivation of
B. subtilis X-23. (i) The amino-terminal sequences of Ba-L and
Ba-S were identical, and the carboxyl-terminal sequence of
Ba-S was seen in the Ba-L sequence (Ala-426, Pro-427, and
His-428) at a point that encoded a polypeptide with a molec-
ular weight of 47,227, which is the same as the molecular mass
of Ba-S (47 kDa [Fig. 1]) estimated by SDS-PAGE. (ii) Ge-
nomic Southern analysis of B. subtilis X-23 indicated that there
was only one copy of the a-amylase gene. (iii) In Western
analysis with an antibody raised against Ba-L, the signal of
Ba-S became stronger along with that of a 20-kDa polypeptide,
which is most likely the truncated carboxyl-terminal part of
Ba-L, during the cultivation of B. subtilis X-23 (Fig. 2A). In Fig.
2A, an unidentified signal can be seen between those for Ba-S
and Ba-L. No a-amylase activity could be detected in any
purification steps, except for those of Ba-L and Ba-S. There-
fore, this unidentified immunologically active protein might
also be produced from Ba-L by amino- or carboxyl-terminal
truncation but was not obtained during purification because it
was not enzymatically active or its activity was below the level
of detection. The signal at about 20 kDa in Fig. 2A, which
based on its size is most likely a fragment caused by the pro-
tease digestion of Ba-L, was stronger than expected. One pos-
sible explanation is that the specificity of the antibody raised
against Ba-L might be greater for the carboxyl-terminal region
of Ba-L than for its amino-terminal region. Our conclusion was
further confirmed by digesting purified Ba-L and Ba-S with the
22-h culture supernatant of B. subtilis X-23 (Fig. 2B). Purified
Ba-L was converted to Ba-S by this culture supernatant, where-
as purified Ba-S was not digested even after 24 h. Although two
signals, which migrated at nearly the same rate as that of Ba-S,
are visible in the first half of Fig. 2B, it is obvious that one of
these signals corresponds to Ba-S.

There were essentially no differences between Ba-S and
Ba-L with regard to amylolytic pattern, transglycosylation abil-
ity, optimum pH, pH stability, optimum temperature, or raw
starch adsorption. However, Ba-S was more thermostable than
Ba-L. The compact structure of Ba-S might increase its ther-
mostability. It is intriguing that there are essentially no differ-
ences between these two enzyme forms, one of which is 186
amino acids shorter than the other. Vihinen et al. (58) con-
cluded that truncation of the 32 carboxyl-terminal amino acids
of B. stearothermophilus a-amylase enhanced its thermal sta-
bility and affected the end product profile. Marco et al. (38)
deleted the 171 carboxyl-terminal amino acids of B. subtilis
a-amylase and replaced them with 33 amino acids during the
cloning procedure, and the resultant a-amylase showed con-
siderably enhanced thermostability. Since the characteristics of
Ba-S were essentially the same as those of Ba-L, we concluded
that the extra 186 carboxyl-terminal amino acids of Ba-L were
not necessary for the functionality of the a-amylase. Although
the 3-D structure of this extra carboxyl-terminal region is still
unknown, we speculate that this region forms a domain with-
out affecting the folding of the whole enzyme and that pro-
teases secreted by B. subtilis X-23 into the medium could attack
native Ba-L to give Ba-S, as reported for the thermostable and
alkaliphilic a-amylase-pullulanase from Bacillus sp. strain
XAL601 (54).

Although the amino acid sequence homology between TAA
and B. subtilis N7 a-amylase (BSUA) (9) is 22.3%), the second-
ary structures of their catalytic domains (domains A, B, and C),
from the beginning of the (B/a)g-barrel to the end of the
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B-strands, are in good agreement (Fig. 4), and their 3-D struc-
tures are similar over the entire main chain. On the other hand,
Ba-S and BSUA are highly homologous (88.5%). Therefore, it
is most likely that the 3-D structure of Ba-S is similar to that of
BSUA. In this context, the 3-D structure of Ba-S was predicted
by computer-aided molecular modeling (27) based on the X-
ray crystal structure of BSUA (9) (Fig. 5).

According to this molecular model, the carboxyl terminus of
Ba-S is located opposite the catalytic cleft (Fig. 5). We also
analyzed the hydropathy profile (34) of the 186 carboxyl-ter-
minal amino acid residues of Ba-L. There is no expansion of
the hydrophobic region, which is often seen in membrane-
spanning regions of some membrane-intrinsic proteins. There-
fore, the extra carboxyl-terminal polypeptide of Ba-L may not
be a long-stretched structure that reaches the catalytic cleft,
but it may form a normal globular structure without having
direct interactions with the catalytic center.

Our data strongly suggest that the truncated a-amylase,
Ba-S, folds correctly and independently to function as an
a-amylase with or without the extra carboxyl-terminal region.
The Ba-S protein might show compact folding since car-
boxypeptidase Y did not digest native Ba-S protein (data not
shown), although there were no specific amino acid sequences
that carboxypeptidase Y did not digest at the carboxyl-terminal
region of Ba-S.
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