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The BaciUlus polymyxa amylase gene comprises 3,588 nucleotides. The mature amylase comprises 1,161
amino acids with a molecular weight of 127,314. The gene appeared to be divided into two portions by the
direct-repeat sequence located at almost the middle of the gene. The 5' region upstream of the direct-repeat
sequence was shown to be responsible for the synthesis of ,-amylase. The 3' region downstream of the
direct-repeat sequence contained four sequences homologous with those in other a-amylases, such as
Taka-amylase A. The 48-kilodalton (kDa) amylase isolated from B. polymyxa was proven to have a-amylase
activity. The amino acid sequences of the peptides generated from the 48-kDa amylase showed complete
agreement with the predicted amino acid sequence of the C-terminal portion. The B. polymyxa amylase gene
was therefore concluded to contain in-phase 0- and a-amylase-coding sequences in the 5' and 3' regions,
respectively. A precursor protein, a 130-kDa amylase, directed by a plasmid, pYN520, carrying the entire
amylase gene, had both 0- and a-amylase activities. This represents the first report of a single protein
precursor in procaryotes that gives rise to two enzymes.

More than one polypeptide can be produced from a single
gene as a consequence of either a unique DNA arrangement,
as in the case of overlapping genes, or the processing of
precursor polyproteins. Overlapping genes are relatively
common in bacteriophages, viruses, and mitochondria as
well as in bacteria (28). The processing of precursor poly-
proteins is very rare, the main examples being viral polypro-
teins and polypeptide hormones in eucaryotes (41). Re-
cently, a single precursor protein for two mitochondrial
enzymes, acetylglutamate kinase and acetylglutamyl-phos-
phate reductase, was demonstrated in Neurospora crassa

(47). We report here that the Bacillus polymyxa amylase is
synthesized as a precursor protein with ,B- and a-amylase
activities that gives rise to I- and a-amylases.

P- and ot-amylases hydrolyze the oa-1,4-glucosidic linkages
in exo and endo fashions, respectively, from the nonredu-
cing ends of starch-type substrates. ,B-Amylase (EC 3.2.1.2)
produces maltose and is present in certain bacteria, such as
B. polymyxa (21, 25), Bacillus cereus (39, 43), and Clostrid-
ium thermosulfurogenes (8), as well as in plants (2, 13).
a-Amylase (EC 3.2.1.1) produces a series of maltooligosac-
charides and is widely distributed in microorganisms as well
as in plants and animals (2). Many microbial and eucaryotic
a-amylase genes have been cloned and well characterized (4,
18, 27, 29, 33, 37, 45, 49, 50).
We reported that B. polymyxa 72 produces multiform

P-amylases with approximate molecular masses of 70, 56,
and 42 kilodaltons (kDa) and one unclassified amylase with
an approximate molecular mass of 48 kDa (11). A large
precursor protein with an approximate molecular mass of
130 kDa was detected transiently in the culture broth at an

early phase of enzyme production and also when B.
polymyxa was grown in the presence of protease inhibitors.
To elucidate the structures of the B. polymyxa P-amylases
and the regulation of their formation and secretion, the B.
polymyxa P-amylase gene was cloned, and a partial nucleo-
tide sequence of the gene has been reported (5, 11, 32).

* Corresponding author.

In this paper, we report the sequencing of the 3' region of
the 3-amylase gene, the features of the unclassified amylase,
and evidence that the B. polymyxa ,B-amylase gene contains
an in-phase oa-amylase-coding sequence in the 3' region.
Furthermore, a large precursor protein was shown to pos-
sess both P- and a-amylase activities.

MATERIALS AND METHODS

Materials. All restriction enzymes, T4 DNA ligase, and a

dideoxy sequencing kit were purchased from Takara Shuzo
Co., Ltd. The universal translation terminator 5'-GCT
TAATTAATTAAGC-3' was from Pharmacia Fine Chemi-
cals, Piscataway, N.J. [ax-32P]dCTP (400 mCi/mmol) was

from Amersham International Ltd. Biodyne A membranes
were from PALL Ultrafine Filtration Corp. Achromobacter
lysylendopeptidase (EC 3.4.21.50) was from Wako Pure
Chemical Industries Ltd. Bacillus licheniformis a-amylase
(Termamyl) was a gift from Novo Industri Japan Ltd.
Amylose was from Sigma Chemical Co., St. Louis, Mo. a-

and ,-cyclodextrins and oligosaccharide mixtures were gifts
from Hayashibara Biochemical Laboratories Inc. S-AI, an

oligosaccharide produced by Streptomyces diastaticus
which inhibits a-amylases of animal, plant, and microbial
origins (24), was a gift from S. Murao and M. Arai of the
University of Osaka Prefecture. a-EPG (2,3-epoxypropyl
a-D-glucopyranoside), which inhibits ,B-amylases of plant
and microbial origins (10), was a gift from Y. Nitta of the
University of Osaka Prefecture. All other reagents were of
reagent grade.

Bacterial strains, plasmids, media, and transformation. The
bacterial strains used were B. polymyxa 72 (25), Escherichia
coli HB101, JM83, JM103, and DH20 (20), and Bacillus
brevis HPD31 (H. Takagi, K. Kadowaki, and S. Udaka,
submitted for publication). B. polymyxa 72 was grown at
30°C as described previously (11). B. brevis HPD31 was

grown at 37°C in T2 medium (48). E. coli was grown at 37°C
in L broth (23). When required, ampicillin and erythromycin
were added at concentrations of 50 and 10 ,ug/ml, respec-
tively. Transformation of E. coli and B. brevis was per-
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FIG. 1. Diagramatic representation of the amylase gene. At the top is a schematic diagram of the ,B- and a-amylase-coding regions.
Beneath are shown the positions of the restriction enzyme sites used to construct pYN520 and to prepare DNA fragments. The origins of the
three DNA probes used in this study, (, J and a, are indicated below the restriction map. The direct-repeat sequences are indicated by arrows.
The start codon (TTG) and stop codon (TAA) are also indicated. At the bottom is the DNA fragment subcloned onto pRU100. Abbreviations
for restriction enzyme sites: A, AccI; B, BamHI; Bc, Bcll; C, ClaI; D, DraI; H, HindlIl; Hc, HincII; Hp, HpaII; P, PvuII.

formed by the methods of Lederberg and Cohen (17) and
Takahashi et al. (42), respectively. Amylase-positive clones
were detected by staining the plates with a 1.7 mM 12-KI
solution as described previously (45).
Plasmid pYN49, containing the B. polymyxa (-amylase

gene, was described previously (11). pRU100 was con-
structed as follows: a 55-base-pair (bp) HindIII-EcoRI frag-
ment, the multicloning sequence, on pUC19 was inserted
into pHW1 (7) after the PvuII and HindIII sites on pHW1
had been converted to HindIII and EcoRI sites, respec-
tively.

Isolation and analysis of DNAs. B. polymyxa chromosomal
DNA was isolated as described by Saito and Miura (34).
Plasmid DNAs were isolated from E. coli and B. brevis as
described by Birnboim (3). Treatment ofDNAs with restric-
tion enzymes and ligation were carried out under the condi-
tions specified by the supplier, and DNA fragments were
analyzed by electrophoresis in 0.7% agarose gels and 5%
polyacrylamide gels (20). Southern blot analysis of the B.
polymyxa chromosomal DNA was performed by using
Biodyne A membranes as described by Southern (40). The ,B
(1,149-bp DraI-Dral), J (1,521-bp HincII-ClaI), and a (1,180-
bp BclI-PvuII) fragments were isolated from pYN49, labeled
by nick translation with [a-32PJdCTP, and then used as
hybridization probes (Fig. 1). DNA sequencing was carried
out by the dideoxy-chain termination method of Sanger et al.
(36) after subcloning of appropriate restriction fragments
into derivatives of bacteriophage M13.

Purification of 48-kDa amylase. B. polymyxa 72 was grown
at 30°C for 40 h in the medium described above. The
following steps were performed at 4°C. The amylase was
precipitated by addition of ammonium sulfate to 80% satu-
ration to the culture fluid. The precipitate was dissolved in a
small volume of 10 mM Tris hydrochloride buffer (pH 8) and
then dialyzed extensively against the same buffer. After
removal of the precipitate by centrifugation (10,000 x g, 10
min), the dialyzed sample was applied to a column of
DEAE-cellulose (2.9 by 15 cm) that was equilibrated and
eluted at a flow rate of 18 ml/h with 10 mM Tris hydrochlo-
ride buffer (pH 8.0). Both the 48-kDa amylase and 3-amylase
were recovered in the flowthrough fraction, precipitated by
addition of ammonium sulfate to 80%o saturation, and then
dissolved in and dialyzed against 50 mM Tris hydrochloride
buffer (pH 7.5). The dialyzed sample was subjected to gel
filtration on a column of Sephadex G-75 (2.5 by 40 cm) with
the same buffer at a flow rate of 18 ml/h. The fractions
containing the 48-kDa amylase were visualized in situ in

sodium dodecyl sulfate (SDS)-polyacrylamide gels after
electrophoresis as described below and then pooled. The
enzyme was precipitated with ammonium sulfate (80%o sat-
uration) and dissolved in and dialyzed against 10 mM acetate
buffer (pH 6.0). The dialyzed sample was applied to a
column of carboxymethyl cellulose (2 by 10 cm) previously
equilibrated with the same buffer. The enzyme was eluted at
a flow rate of 18 ml/h from the column with a linear gradient
of 0 to 0.3 M NaCl in the same buffer. The 48-kDa amylase
was eluted at 0.15 M NaCl.

Production and isolation of 130-kDa amylase. To produce
the 130-kDa amylase, a plasmid, pYN520, was constructed
as described below, using B. brevis HPD31 as the host. First,
the AccI site situated in the 5' region of the f-amylase gene
(Fig. 1) was converted to a BamHI site, followed by diges-
tion with PvuII. The resultant BamHI-PvuIl fragment (3.6
kilobases) was isolated. Second, the PvuH-HpaII fragment
(0.45 kilobases) containing the 3' region of the gene (Fig. 1)
was also isolated. Third, the BamHI-PvuII and PvuII-HpaII
fragments were ligated to pRU100, which had been cleaved
with BamHI and AccI and then used to transform B. brevis
HPD31 to erythromycin resistance. The transformants were
assayed for amylase production on T2 plates supplemented
with 0.5% soluble starch, 10 ,ug of erythromycin per ml, and
1.5% agar, as described above. One of the amylase-positive
clones contained pYN520 (Fig. 1). B. brevis HPD31 carrying
pYN520 was grown at 30°C for 24 h in T2 medium supple-
mented with 0.5% soluble starch and 10 jg of erythromycin
per ml. The following steps were performed at 4°C. The
amylase was precipitated with ammonium sulfate (80% sat-
uration). The precipitate was dissolved in a small volume of
10 mM Tris hydrochloride buffer (pH 8) containing 1 mM
EDTA and then dialyzed against the same buffer. After
removal of the precipitate by centrifugation (10,000 x g, 10
min), the dialyzed sample was applied to a column of
DEAE-cellulose (2.9 by 8 cm) equilibrated with the same
buffer. The enzyme was eluted from the column at a flow
rate of 18 ml/h with a linear gradient of 0 to 1 M NaCl in the
same buffer. The fractions containing the 130-kDa amylase
were visualized in situ in the SDS-polyacrylamide gels as
described below and pooled. The enzyme was precipitated
with ammonium sulfate (80% saturation), dissolved in and
dialyzed against 100 mM Tris hydrochloride buffer (pH 7.5),
and then subjected to gel filtration on a column of Toyopearl
HW-55 (2.2 by 65 cm) with the same buffer containing 0.5 M
NaCl, at a flow rate of 18 ml/h. The fractions containing
the 130-kDa amylase were visualized, pooled, concentrated
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with ammonium sulfate (80% saturation), and then dialyzed
against 50 mM Tris hydrochloride buffer (pH 7.5).
Amino acid sequence analysis. A 500-Rg sample of the

48-kDa amylase in 10 mM acetate buffer (pH 6.0) was
extensively dialyzed at 4°C against 50 mM triethylamine
acetate buffer (pH 9.0), digested at 37°C for 6 h with 0.1 U of
lysylendopeptidase, and then lyophilized. The lysylendopep-
tidase digest was dissolved in formic acid and then subjected
to high-performance liquid chromatography with a Shimadzu
LC-6A system equipped with a reverse-phase Toso ODS-
120T column (0.46 by 25 cm). Elution was performed with a
linear gradient of acetonitrile (5 to 60%) in 0.1% trifluoro-
acetic acid for 90 min at a flow rate of 0.5 ml/min. The
peptides were monitored by measuring A220. The amino acid
sequences were determined with a JEOL JAS-47K sequence
analyzer as described previously (46). The N-terminal amino
acid sequence of the 130-kDa amylase was determined with
an ABI 477A-120A protein sequencer.

Assaying of amylase activities. The 13- and a-amylase activ-
ities were determined at 37 and 45°C with soluble starch as a
substrate by the methods of Murao et al. (25) and Saito (35),
respectively. One unit of ,B- and ot-amylase was defined as
the activity causing the formation of 1 p,mol of maltose from
soluble starch in 1 min and the hydrolysis of 0.1 mg of
soluble starch in 10 min, respectively. The hydrolysis prod-
ucts from soluble starch and cyclodextrin were analyzed by
paper chromatography with n-propanol-H20 (7:3, vol/vol)
as the solvent. Three ascents of approximately 20 cm each
were completed on each chromatogram at room tempera-
ture. After drying, the chromatograms were developed by
the silver nitrate dip method of Robyt and French (30).
Blue-value-reducing-value curves were determined at 37°C,
with 0.5% amylose as a substrate, by the method of Robyt
and French (31). Amylase activity bands were detected in
situ after electrophoresis as described by Lacks and Spring-
horn (15). Amylases were heated at 100°C for 5 min in the
presence of 2% SDS and 5% 2-mercaptoethanol and then
electrophoresed on SDS-polyacrylamide gels (10%) as de-
scribed by Laemmli (16). The gels were briefly rinsed with
water and washed twice at room temperature by gentle
shaking in 200 ml of 40 mM Tris hydrochloride buffer (pH
7.5) for 1 h each, followed by incubation for 1 h with 100 ml
of 0.5% soluble starch in 100 mM Tris hydrochloride buffer
(pH 7.5). Finally, the gels were stained with a 1.7 mM I2-KI
solution.
Other methods. Protein was determined by the method of

Lowry et al. (19), with bovine serum albumin as a standard.
The 70-kDa ,B-amylase was purified from B. polymyxa as
described previously (11).

RESULTS
Nucleotide sequence and characterization of the amylase

gene. The nucleotide sequence for the 5' region of the
amylase gene up to the Clal site on the insert of pYN49 (Fig.
1) has been reported (114dThe nucleotide sequence for the 3'
region of the gene downstream of the ClaI site was deter-
mined and is shown #1ong with a part of the 5' sequence in
Fig. 2. The amylase gene comprises 3,588 nucleotides and
appears to be divided into two portions by a large direct
repeat (nearly 300 bp long). The predicted amino acid
sequence comprises a putative 35-amino-acid signal se-
quence and a 1,161-amino-acid amylase sequence. The ma-
ture amylase should therefore be synthesized as a protein
with a molecular weight of 127,134.
To determine the similarity of the deduced amino acid

sequence of the B. polymyxa amylase with those of amylases

of various origins, the amino acid sequences of the latter
were optimally aligned with the B. polymyxa sequence. The
B. polymyxa amylase contained sequences homologous with
sequences in other 1- and ao-amylases in the N- and C-
terminal portions, respectively. However, the N- and C-
terminal portions of the B. polymyxa amylase showed no
significant similarity with those of the other a- and 13-
amylases. Interestingly, these two portions were separated
by the direct-repeat sequence described above.

In the N-terminal portion upstream of the direct-repeat
sequence, three highly conserved sequences (Fig. 2) were
recognized at similar intervals among the 1-amylases de-
rived from B. polymyxa, C. thermosulfurogenes (12), and
barley (13) (Ile-77 to Pro-94, Gly-159 to Pro-171, and Leu-319
to Ser-329 of the B. polymyxa ,B-amylase), which were
suggested to comprise the active site (12). In the C-terminal
portion downstream of the direct-repeat sequence, the B.
polymyxa amylase contained four sequences homologous at
similar intervals with sequences in Taka-amylase A (44) (Fig.
2). X-ray crystallographic analysis of Taka-amylase A has
shown that His-210 and Asp-297 are located in the active
center cleft and that His-122, His-296, and Asp-297 partici-
pate in substrate binding (22). Three of the four homologous
sequences (I, II, and IV) observed in the B. polymyxa
amylase should therefore function as active centers of a-
amylase. Further comparison with other procaryotic (B.
licheniformis and Bacillus stearothermophilus) and eucary-
otic (Aspergillus oryzae and human) amylases showed al-
most the same homologous sequences in the same regions as
demonstrated previously (9, 26). This finding suggests that
the B. polymyxa amylase gene encodes a single translation
product that possesses two enzymatic activities.
We next examined whether the B. polymyxa genome

contains a DNA fragment identical in size to the plasmid
segment, since it is conceivable that the insert on pYN49
resulted from artificial DNA rearrangement during propaga-
tion of the plasmid in E. coli. Three DNA probes were
prepared from the insert on pYN49: 13 probe (1,149-bp
DraI-DraI fragment within the ,B-amylase-coding region), J
probe (1,521-bp HincII-ClaI fragment at the junction of the
13- and a-amylase-coding sequences), and a probe (1,180-bp
BclI-PvuII fragment within the a-amylase-coding region).
Both the B. polymyxa chromosomal and plasmid DNAs were
cleaved with restriction enzymes EcoRI and PvuII and
probed with the 32P-labeled 13, J, and a DNA fragments. All
three probes hybridized to DNA fragments of the same sizes
generated from the chromosomal and plasmid DNAs with
different restriction enzymes (Fig. 3). The B. polymyxa
genome therefore appears to contain an amylase-coding
fragment of the same size as plasmid pYN49 and thus
presumably contains in-phase 13- and a-amylase-coding se-
quences.

Characterization and amino acid sequence analysis of 48-
kDa amylase. The 48-kDa amylase and 70-kDa 1-amylase
were purified to homogeneity from the culture broth of B.
polymyxa (Fig. 4). To determine what type the 48-kDa
amylase was, the action pattern of the 48-kDa amylase on
soluble starch was compared with those of the 70-kDa
,B-amylase and the B. licheniformis a-amylase (Fig. 5). The
48-kDa amylase produced a series of maltooligosaccharides
ranging from maltose to maltopentaose, maltose being the
most prominent species (Fig. SA, lane 2, and Fig. 6A, lane
1). The B. licheniformis a-amylase also produced a series of
maltooligosaccharides, with glucose as the main product
(Fig. SA, lane 5). The 70-kDa 1-amylase, on the other hand,
yielded only maltose (Fig. SA, lane 3, and Fig. 6A, lane 2).
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FIG. 2. Nucleotide and amino acid sequences of the 3' region of the amylase gene with portions of those at the 5' region. As the nucleotide

sequence up to the ClaI site (3,145 nucleotides) has already been published (11), only essential portions of the 5' region are shown. The
omitted portions are indicated by dotted lines. The underlined sequences marked -35 and -10 refer to the possible RNA polymerase-binding
and recognition sites, respectively. The possible ribosome-binding site (SD) is also underlined. The cleavage site of the signal sequence is
indicated by an arrowhead. The 11-residue NH2-terminal amino acid sequence of the 130-kDa amylase is underlined. Three sequences
showing homology with those in other p-amylases are underlined with broken lines. Direct-repeat sequences and amino acid sequences of the
10 peptides prepared from the 48-kDa amylase are boxed. The four sequences showing homology with those in other a-amylases are
underlined with wavy lines. The stop codon is indicated by an asterisk. Palindromic sequences in the 5' and 3' flanking regions are indicated
by arrows. The amino acids are numbered, from 1, from the N terminus of the mature amylase. The last digit is aligned with the corresponding
amino acid or nucleotide. ClaI site is underlined.
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CX ose, and maltotetraose (maltose being the main product)
from soluble starch and hydrolyzed P-cyclodextrin (Fig. 6A
and B, lanes 3). Although the action pattern of the 130-kDa
amylase on soluble starch was generally similar to that of the
48-kDa amylase, the former appeared unable to degrade
P-cyclodextrin into small oligosaccharides (Fig. 6B, lane 3).
The amylase inhibitors S-Al and a-EPG were used to

separately determine the f- and a-amylase activities of the
130-kDa amylase. Under conditions in which the a-amylase

7Kb inhibitor, S-Al, inhibited the 48-kDa amylase (Fig. 5B, lane
--5Kb 2), the 130-kDa amylase produced only maltose from soluble

starch (Fig. 6B, lane 2) and showed no hydrolysis activity
toward P-cyclodextrin (Fig. 6B, lane 1), whereas the 70-kDa
P-amylase was not affected (Fig. SB, lane 1). Under condi-
tions in which the P-amylase inhibitor, OL-EPG, inhibited the
70-kDa P-amylase (Fig. 6C, lane 3), the 130-kDa amylase
produced a series of maltooligosaccharides from soluble
starch (Fig. 6C, lane 1). All of these data indicate that the
130-kDa amylase is a bifunctional enzyme, possessing both
I- and cx-amylase activities.

P G G P P G G P P G G P
EcoRI PvuII EcoRI PvJuIT EcoRI PvuIT

FIG. 3. Comparison of the amylase-coding region in the genome
and plasmid pYN49. G and P represent genomic and plasmid DNAs,
respectively. A 3-,ug sample of DNA from B. polymyxa and 0.1 ,ug
of plasmid DNA were completely digested with PvuII or EcoRI and
then processed for Southern blot hybridization with the l, J, and a
probes as described in Materials and Methods.

The 48-kDa amylase was able to hydrolyze 3-cyclodextrin
(Fig. 5C, lane 1) but showed no detectable activity toward
ot-cyclodextrin. The blue-value-reducing-value curve of the
48-kDa amylase was similar to that of the B. licheniformis
ot-amylase but quite different from that of the 70-kDa ,B-
amylase (data not shown). Furthermore, an a-amylase spe-
cific inhibitor, S-AT, inhibited the 48-kDa amylase activity
(Fig. SB, lane 2) but not the, 70-kDa ,B-amylase activity (Fig.
5B, lane 1). On the basis of the data described above, the
48-kDa amylase is regarded as having alpha-type amylase
activity and to act in an endo fashion.
To determine the amino acid sequence of the 48-kDa

amylase, the enzyme was digested with lysylendopeptidase
and the resulting peptides were isolated by high-performance
liquid chromatography, since the N terminus of the enzyme
is blocked. The amino acid sequences of 10 representative
peptides determined by Edman degradation are shown in
Fig. 2. The agreement found between the sequences of the 10
representative peptides and some nucleotide sequences in
the 3' part of the gene suggests that the rest of the predicted
amino acid sequence of the protein is in agreement with the
nucleotide sequence. This clearly indicates that the 3' region
of the amylase gene codes for the 48-kDa ox-amylase.

Characterization of 130-kDa amylase. As the isolation of
130-kDa amylase from B. polymyxa was not successful
because of the rapid degradation of this enzyme, B. brevis
HPD31 was used as a host to produce the 130-kDa amylase
since B. brevis HPD31 has a large capacity to produce
extracellular protein (20 g/liter) and produces extracellular
protease(s) at almost undetectable levels as determined with
casein or bovine serum albumin as a substrate. The 130-kDa
amylase was thus isolated from B. brevis HPD31 carrying
pYN520 (Fig. 4). The 130-kDa amylase had the same N-
terminal amino acid sequence as did the major 3-amylases
produced by B. polymyxa (Fig. 2).
The type of the 130-kDa amylase was determined as

follows. The 130-kDa amylase produced maltose, maltotri-

DISCUSSION

The cloned B. polymyxa amylase gene appears to have an
amylase-coding fragment of the same size as the B.
polymyxa genome and to comprise 3,588 nucleotides, which
code for a mature amylase with a molecular weight of
127,314. A large enzyme protein with an approximate mo-
lecular weight of 130 kDa was transiently detected in the
culture broth of B. polymyxa; this protein disappeared upon
prolonged culture, generating multiple P-amylases of 70, 56,
and 42 kDa as the main enzymes. All three ,-amylases had
exactly the same N-terminal amino acid sequences, which

1 2 3 4

94K-

67K-

43K-

30K-

20K-

FIG. 4. SDS-polyacrylamide gel electrophoretic profiles of the
purified amylases. The 130-kDa amylase (lane 2; 0.2 ,ug of protein)
was purified from B. brevis HPD31 carrying pYN520. The 70-kDa
3-amylase (lane 3; 0.2 ,ug of protein) and 48-kDa amylase (lane 4; 0.2
p.g of protein) were purified from B. polymyxa. Molecular weight
marker proteins (phosphorylase b, 94,000; bovine serum albumin,
67,000; ovalbumin, 43,000; carbonic anhydrase, 30,000; soybean
trypsin inhibitor, 20,100; and a-lactoalbumin, 14,400) were simulta-
neously electrophoresed (lane 1). The gel was stained with Coomas-
sie brilliant blue R-250.
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FIG. 5. Paper chromatographic analysis of the products of the reaction of the 48-kDa amylase, 70-kDa P-amylase, and crystalline B.
licheniformis a-amylase with soluble starch (A and B) and 3-cyclodextrin (C). To 99 1dl of 0.5% soluble starch or ,B-cyclodextrin in 50 mM
Tris hydrochloride buffer (pH 7.5) was added 1 RI of diluted enzyme (0.1 Fg of protein each), followed by incubation at 25°C for 20 h. A 20-,u
amount of the hydrolysate was applied to the chromatograms. (A) Qligosaccharide mixture used as a standard (lanes 1 and 6). Other lanes
show products after reaction with the 48-kDa amylase (lane 2), 70-kDa ,B-amylase (lane 3), and B. licheniformis ax-amylase (lane 5). In lane
4, soluble starch was used as a substrate. (B) S-AI was included, at a concentration of 200 ,ug/ml, in the reaction mixture. Shown are products
after reaction with the 70-kDa 1-amylase (lane 1) and 48-kDa amylase (lane 2). (C) Products after reaction with the 48-kDa amylase (lane 1).
Oligosaccharide mixture (lane 2) and ,B-cyclodextrin (lane 3) were used as substrates.

coincided with the deduced amino acid sequence (11). This
finding ruled out the possibility of overlapping reading of the
gene. Therefore, we previously proposed that the 130-kDa
enzyme might be proteolytically cleaved to produce multi-

BA

G *,i

(33
CG4

(3b
G6
G7

I62 2

form 3-amylases after secretion. This further suggests that
the N-terminal portion of the 130-kDa protein is responsible
for the 3-amylase activity. To minimize the size of the
,-amylase at the N-terminal side, a universal translation

C

:S

FIG. 6. Paper chromatographic analysis of products after reaction of the 130-kDa amylase with soluble starch and P-cyclodextrin. The
enzyme reaction and processing were carried out as described in the legend to Fig. 5. (A) Soluble starch used as a substrate. Shown are

products after reaction with the 48-kDa amylase (lane 1), 70-kDa f-amylase (lane 2), and 130-kDa amylase (lane 3). (B) Products after reaction
of the 130-kDa amylase with P-cyclodextrin (lanes 1 and 3) and soluble starch (lane 2). S-Al was included, at 200 pLg/ml, in the reaction mixture
(lanes 1 and 2). In lane 4, 3-cyclodextrin used as a substrate. (C) Soluble starch used as a substrate. Shown are products after reaction with
the 130-kDa amylase in the presence (lane 1) and absence (lane 2) of a-EPG (1 mg/ml) and after reaction with the 70-kDa f-amylase in the
presence (lane 3) and absence (lane 4) of a-EPG (1 mg/ml).
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terminator, 5'-GCTTAATTAATTAAGC-3', was inserted
into various restriction enzyme sites in the 5' region of the
insert on pYN49. One of the clones, containing the termina-
tor at the HinclI site (nucleotide 1620; Val-393) exhibited
,B-amylase activity. Furthermore, the 5' sequence up to the
HincII site contained three sequences homologous with
those in other 13-amylases described above, which might
comprise the active sites of the enzyme. This clearly indi-
cates that only the approximately one-third of the gene in the
5' region is required for synthesis of the functional ,B-
amylase.

In the 3' region downstream of the direct-repeat sequence,
four sequences were found to be homologous with se-
quences in a-amylases of various origins (9, 26). This
prompted us to search for enzymes showing a-amylase
activity in the culture broth of B. polymyxa. The 48-kDa
amylase was proven to have a-amylase activity and to act in
an endo fashion. Although the N-terminal amino acid se-
quence of the 48-kDa a-amylase was not established, the
amino acid sequences of peptides generated on lysylendo-
peptidase digestion showed complete agreement with the
nucleotide sequence in the 3' region. The 48-kDa a-amylase
is thus concluded to be encoded by the amylase gene. This
raises the possibility that the B. polymyxa amylase gene
directs the synthesis of a bifunctional protein with both 1-
and a-amylase activities. The 130-kDa enzyme isolated from
B. brevis carrying the gene on a plasmid had the same
N-terminal amino acid sequence as did three major ,B-
amylases produced by B. polymyxa and exhibited both 1-
and a-amylase activities. All of the results presented here
indicate that the B. polymyxa amylase gene contains in-
phase 1- and a-amylase-coding sequences in the 5' and 3'
regions, respectively, and directs the synthesis of a bifunc-
tional enzyme, which gives rise to 13- and a-amylases. To our
knowledge, this is the first demonstration of a single precur-
sor protein for two enzymes in procaryotes. This type of
DNA arrangement is also rare in eucaryotes. Only two
nonviral polyprotein precursors have been reported, one for
two mitochondrial enzymes in N. crassa (47) and another for
yolk proteins in the nematode Caenorhabditis elegans (38).
The production of a bifunctional amylase appears to be
advantageous for B. polymyxa in at least two respects: more
efficient utilization of starch-type substrates and reduction of
so-called shipping costs (14) for secretion.

Recently, another 13-amylase gene was cloned from C.
thermosulfurogenes. The cloned gene comprised 1,653 bp
and showed no similarity with other a-amylases (12). This
finding also indicates that the B. polymyxa amylase gene is
quite unique and worth further investigation. It will be of
interest to determine whether the B. polymyxa amylase gene
is an ancestral gene for 13- and a-amylases or is generated as
a consequence of DNA rearrangement. It is tempting to
suggest that the direct-repeat sequence may mediate the
in-phase fusion of the two genes through an as yet unknown
mechanism, since the gene appears to be divided into two
functional units by the sequence. Although such sequences
are reminiscent of transposable elements, these sequences
were found only in the amylase gene of B. polymyxa and not
in genomes prepared from other bacilli as determined by
Southern blot analysis with the direct-repeat sequence (194
bp; nucleotides 2100 to 2293) as a probe. The existence of
similar repeat sequences has been demonstrated in two
cellulase genes cloned from Clostridium thermocellum (1)
and alkalophilic Bacillus sp. strain N-4 (6). These sequences,
however, showed no similarity with that of the B. polymyxa

amylase gene. At present, the role of such a direct-repeat
sequence within a structural gene is not known.
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