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Cyclodextrin glucanotransferase (CGTase; EC 2.4.1.19) is produced mainly by Bacillus strains. CGTase
from Bacillus macerans IFO3490 produces a-cyclodextrin as the major hydrolysis product from starch,
whereas thermostable CGTase from Bacillus stearothermophilus NO2 produces a- and B-cyclodextrins. To
analyze the cyclization characteristics of CGTase, we cloned different types of CGTase genes and constructed
chimeric genes. CGTase genes from these two strains were cloned in Bacillus subtilis NA-1 by using pTB523 as
a vector plasmid, and their nucleotide sequences were determined. Three CGTase genes (cgt-1, cgt-5, and
cgt-232) were isolated from B. stearothermophilus NO2. Nucleotide sequence analysis revealed that the three
CGTase genes have different nucleotide sequences encoding the same amino acid sequence. Base substitutions
were found at the third letter of five codons among the three genes. Each open reading frame was composed
of 2,133 bases, encoding 711 amino acids containing 31 amino acids as a signal sequence. The molecular weight
of the mature enzyme was estimated to be 75,374. The CGTase gene (cgtM) of B. macerans IFO3490 was
composed of 2,142 bases, encoding 714 amino acids containing 27 residues as a signal sequence. The molecular
weight of the mature enzyme was estimated to be 74,008. The sequence determined in this work was quite
different from that reported previously by other workers. From data on the three-dimensional structure of a
CGTase, seven kinds of chimeric CGTase genes were constructed by using cgt-1 from B. stearothermophilus
NO2 and cgtM from B. macerans IFO3490. We examined the characteristics of these chimeric enzymes on
cyclodextrin production and thermostability. It was found that the cyclization reaction was conferred by the
NH,-terminal region of CGTase and that the thermostability of some chimeric enzymes was lower than that of

the parental CGTases.

Cyclodextrins (CDs) are closed-ring structures in which
six or more glucose units are joined by means of a-1,4
glucosidic bonds (39). According to the number of glucose
units (G6, G7, or G8), they are named a-, B-, and y-CDs,
respectively. They are able to form inclusion complexes with
many organic and inorganic molecules, thereby changing the
physical and chemical properties of the included com-
pounds. Cyclodextrin glucanotransferase (CGTase; EC
2.4.1.19), which catalyzes the degradation of starch into
cyclodextrin, is produced mainly by Bacillus strains (2, 7,
13, 15, 16, 18, 27, 35, 37, 42, 49). CGTase is an important
enzyme for the food and pharmaceutical industries. It is well
known that there are at least four highly conserved amino
acid sequences among many amylolytic enzymes, including
CGTase and various amylases (22, 26, 34). a-Amylase and
CGTase catalyze the cleavage of a-1,4 glucosidic bonds in
amylose and amylopectin. It is therefore assumed that
common features exist at their active sites.

Most a-amylases are composed of approximately 500
amino acids, and the majority of CGTases are composed of
approximately 700 amino acids. The COOH-terminal region
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of CGTase contains an extra 200 amino acids in addition to
the NH,-terminal region of a-amylase. Recently, the tertiary
structure of CGTase was determined (21) and found to
comprise four globular domains, A, B, C, and D. Domains A
and B were similar to the structure of Taka-amylase (21, 30),
which is one of the a-amylases. Domains C and D were
unique to the CGTase. The COOH-terminal region has
homology with the raw-starch-binding site of glucoamylase,
and it is assumed that this region of CGTase is related to the
cyclization of linear maltooligosaccharide produced by the
hydrolysis of starch with the enzyme (16, 46, 47).

Different types of CD are produced from starch by differ-
ent Bacillus CGTases. CGTases are classified into two
types. One is the Bacillus macerans type of enzyme, which
produces mainly o-CD from starch (2, 17). The other is
B-CD-forming CGTase, which is produced by Bacillus
megaterium, Bacillus circulans, and alkalophilic bacilli (13,
15, 17, 27, 35). Bacillus stearothermophilus CGTase, which
produces a-CD and $-CD as its main products, is considered
intermediate between these two types (17).

In this study, we constructed and characterized chimeric
enzymes to identify which regions of the proteins are impor-
tant for cyclization activity.

MATERIALS AND METHODS

Bacterial strains, plasmids, and phages. B. stearothermo-
Dhilus NO2, a producer of CGTase, was isolated from soil.
B. macerans IFO3490 was provided from the Institute for

4016



VoL. 58, 1992

Fermentation, Osaka, Japan. B. subtilis NA-1 (arg-15 hsmM
hsrM Amy~ Npr~) (23) was used as the host strain for
plasmids. Escherichia coli MV1184 [ara A(lac-proAB) rpsL
thi (680 lacZAMI1S5) (srl-recA)306::Tnl0 Tet™ F' (traD36
proA*B™ lacI? lacZAM15)] (51) was used as the host strain
for plasmid pBR322 (3) and phagemids pUC118 and pUC119.
For phages M13mp18 and M13mp19 (31), E. coli TG1 [supE
hsdAS thi A(lac-proAB) F' (traD36 proA*B* lacl?
lacZAM15)] (5) was used as the host strain. Plasmid pTB523
was constructed from pTB522 (tetracycline resistant [Tc'])
(11) by digestion with EcoRI, Klenow polymerase treatment,
and ligation with T4 DNA ligase. The ligated DNA was
digested with HindIII, and EcoRI linkers were inserted. The
EcoRI site of pTB522 was not suitable for gene cloning.
Therefore, we removed the EcoRlI site and introduced new a
EcoRlI site at the HindIII position of pTB522 by linker
modification. The constructed plasmid was named pTB523
and has a unique EcoRlI site for gene cloning.

Media. CS1 medium containing 1% soluble starch, 0.5%
polypeptone, 0.5% yeast extract, 0.05% K,HPO,, and 0.01%
MgSO, - TH,O was used for B. subtilis and E. coli. For agar
plates (CS1 azure plates), soluble starch was replaced by
starch azure (0.25%), and 1.5% (wt/vol) agar was added.
Starch azure (Sigma Chemical Co., St. Louis, Mo.) was used
as the substrate for the colorimetric assay for a-amylase.
Potato starch is covalently linked with Remazol brilliant blue
R. Amylase-producing bacteria can form clear halos around
colonies on CS1 azure plates.

Cloning of the CGTase genes from B. stearothermophilus
NO2 and B. macerans IFO3490. The chromosomal DNA
(about 6 pg) of B. stearothermophilus NO2 was purified and
digested with restriction enzyme EcoRI. DNA fragments of
2.5 to 10.0 kb were isolated and inserted into the unique
EcoRI site of pTB523 (about 2 pg). B. subtilis NA-1 cells
were transformed with these recombinant plasmids and
plated onto CS1 azure plates containing tetracycline (15
pg/ml). From about 5.1 X 10* transformants, 40 halo-forming
colonies were selected. All candidates produced CGTase.
Plasmid DNA was prepared from them and digested by
EcoRI to check insertion size. On the basis of preliminary
restriction mapping, they could be divided into three groups,
with insert sizes of 6.2, 7.6, and 5.8 kb, and the recombinant
plasmids harboring these fragments were named pKBI,
pKBS5, and pKB232, respectively. It was suggested that
these three fragments might encode different CGTase genes.
The three CGTase genes cloned in pKB1, pKBS, and
pKB232 were named cgt-1, cgt-5, and cgt-232, respectively.
Inserts representative of each group were subcloned at the
EcoRl site of E. coli plasmid pBR322, and precise maps were
constructed. The restriction maps of these fragments were
similar to that of an insert of pTCH201 harboring the
CGTase gene of B. stearothermophilus TC-91 (42).

The B. macerans IFO3490 CGTase gene, designated
cgtM, was also cloned into plasmid pTB523 as an 8.0-kb
EcoRI fragment by the same procedure used to clone the
CGTase gene from B. stearothermophilus NO2. The cloned
fragment was partially digested with Sau3AI and subcloned
into the BamHI site of pUC118 in E. coli MV1184. The
constructed plasmid in which a 3.6-kb fragment had been
inserted was designated pCGT1. The EcoRI-Pstl fragment
(3.65 kb) from pCGT1, containing the multiple cloning site of
pUC118, was recloned into B. subtilis plasmid pTB523, and
the recombinant plasmid was named pKBMI.

Construction of chimeric genes. Chimeric genes were con-
structed by polymerase chain reaction (PCR) fusion by the
procedure of Yon and Fried (52). The chimeric genes are
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FIG. 1. Structural features of chimeric CGTases. A, B, C, and D
indicate the regions of domain structures. Solid boxes and open
boxes represent regions from cgz-1 and cgtM, respectively.

shown in Fig. 1. The amplification reaction was carried out
under the following conditions: 10 ng of DNA template, 20
pmol of primer, 10 mM Tris-HCI (pH 8.3), 50 mM KCl, 1.5
mM MgCl,, 200 pM mixed deoxynucleoside triphosphates,
and 2.5 U of Tag DNA polymerase were mixed in a total
volume of 100 pl. PCR was performed for 30 cycles of 1 min
at 94°C, 2 min at 55°C, and 2 min at 72°C. Six different
primers were used for PCR to construct pKC2 and pKC3, as
follows: primer 1 was the 27-mer outer primer, 5’AAGCAA
AACCCGTTTTTTGGTACCCTC3'; primer 2 was the 22-
mer outer primer, 5’CCGCACCTGTATTTCACAATCC3';
primer 3 was the linking primer (45-mer) for construct pKC2,
5'CGCCGGCGACGTTTCCGGCGCACTGTATGCCCATA
CACCGACTTC3’; primer 4 was the linking primer (45-mer)
for construct pKC2, 5'GAAGTCGGTGTATGGGCATACA
GTGCGCCGGAAACGTCGCCGGCG3'; primer S was the
linking primer (48-mer) for construct pKC3, 5'GTCGTCGT
CCCATAAGCGATGGCCGGATTGTTTCGTCGGAGAGA
AGATS3’; and primer 6 was the linking primer (48-mer) for
construct pKC3, 5'ATCTTCTCTCCGACGAAACAATC
CGGCCATCGCTTATGGGACGACGAC3'.

Six different primers were used for PCR to construct pKCS5
and pKC7, as follows: primer 7 was the 18-mer outer primer,
5'ACCTCTACGACCTGGCGG3'; primer 8 was the 30-mer
outer primer containing a Sa/l linker, 5" TTGCCGAAGTCGAC
AGAGAAGCAGCCATAG3'; primer 9 was the linking primer
(43-mer) for construct pKCS, 5'GATCCAACGCTGTTCGGT
ATCACCATAAGCGATGGCCGGATTG3'; primer 10 was
the linking primer (43-mer) for construct pKC5, 5'CAATC
CGGCCATCGCTTATGGTGATACCGAACAGCGTTGGAT
C3'; primer 11 was the linking primer (37-mer) for construct
pKC7, 5'GACCAATAATTGGCGTGCTTTCCGGCGCTGT
GTACTG3'; and primer 12 was the linking primer (37-mer) for
construct pKC7, 5'CAGTACACAGCGCCGGAAAGCACGC
CAATTATTGGTC3'.

Schematic diagrams of pKC2 construction are shown in
Fig. 2. The 1.59-kb Pvull fragment of cgz-1 and the 3.65-kb
EcoRI-PstI fragment of cgtM were used as the template
DNA for PCR. Primers 1 and 3 were annealed with the
1.59-kb Pvull fragment, and an intermediate DNA (1,173 bp)
was produced by PCR. This amplified DNA had the domain
A and B regions from cgzl. Primers 2 and 4 were annealed
with the 3.65-kb EcoRI-Pstl fragment, and an intermediate
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FIG. 2. Schematic diagram of the construction of a chimeric CGTase gene. The solid bar and open bar represent regions derived from
pKB1 harboring cgz-1 and from pKBM1 harboring cgtM, respectively. A, B, C, and D indicate domains A, B, C, and D, respectively. DNA
amplified with primers 1 and 3 or primers 2 and 4 produced the domain A and B regions from cgz-1 or the domain C and D regions from cgtM,
respectively. Abbreviations: E, EcoRI; Hi, HindIll; K, Kpnl; P, Pvull; Ps, PstI; Sc, Sacl; S, Sall.

DNA (716 bp) was produced by PCR. This amplified DNA
had the domain C and D regions from cgtM. These two
intermediates were joined by PCR with two outer primers
(primers 1 and 2), and a fused DNA fragment (1,844 bp) was
created. The synthetic DNA was digested with Kpnl and
Sall, and the 1,789-bp fragment was purified and inserted
into the Kpnl and Sall sites of pKB1 after the original
fragment was removed. The resulting plasmid was named
pKC2. For pKC3 construction, primers 5 and 6 were used as
the linking primers instead of primers 3 and 4. Other pro-
cesses were the same as for pKC2 construction. In CgtC2
and CgtC3, Ser-520 and Pro-429 of Cgt-1 were joined with
Ala-522 (corresponding to Ala-521 of Cgt-1) and Ala-431
(corresponding to Ala-430 of Cgt-1) of CgtM, respectively.
For cgtC5 construction, a 2.4-kb Sall fragment of cgtM
and a 3.65-kb Hpal fragment of cgt-1 were used as the
template DNAs for PCR. Primers 7 and 9 were annealed with
the 2.4-kb Sall fragment, and an intermediate DNA (665 bp)
was produced by PCR. Primers 8 and 10 were annealed with
the 3.75-kb Hpal fragment of cgt-1, and an intermediate
DNA (943 bp) was produced by PCR. These two intermedi-
ates were joined by PCR with outer primers 7 and 8, and a
fused DNA (1,568 bp) was created. The fused DNA was
digested with HindIII and Sall, and the 1,409-bp fragment
was purified and inserted into the HindIII and Sall sites of
pKBM]1 after the original region was removed. The resulting
plasmid was named pKC5. To construct pKC7, primers 11

and 12 were used instead of primers 9 and 10. Other
processes were carried out as for pKC5 construction. In
CgtCS and CgtC7, Tyr-434 and Glu-524 of CgtM were joined
with Gly-434 (corresponding to Gly-435 of CgtM) and Ser-
524 (corresponding to Thr-525 of CgtM) of Cgt-1, respec-
tively.

For construction of pKC1 and pKC4, the Sacl site in the
CGTase coding region was used, which was conserved in
both cgt-1 and cgtM. To construct pKCl, the Sacl-Sall
region of pKB1 was replaced with that of pPKBM1. Likewise,
this region of pKBM1 was replaced with that of pKB1 to
construct pKC4. For construction of pKB1ASc, pKB1 was
digested with Sacl, treated with Klenow polymerase to fill in
the cohesive ends, and ligated with T4 DNA ligase. By these
treatments, the open reading frame was changed and a new
termination codon appeared 207 bp upstream of the native
termination codon of cgt-1. The chimeric CGTase genes
from pKCl, pKC2, pKC3, pKC4, pKC5, pKC7, and
pKBI1ASc were designated cgtCl, cgtC2, cgtC3, cgtC4,
cgtC5, cgtC7, and cgtlASc, respectively.

Purification of CGTase. B. subtilis NA-1 cells harboring
pKBI1, pKBS, pKB232, or pPKBM1 were incubated in 500 ml
of CS1 medium at 37°C for 17 h. After centrifugation (8,000
X g, 10 min) of the culture broth, ammonium sulfate (final
concentration, 35% saturation) was added to the superna-
tant, and the solution was kept at 4°C for 2 h. The precipitate
was removed by centrifugation (16,000 X g, 20 min). Am-
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monium sulfate was again added to the supernatant to a final
concentration of 75% saturation, and it was kept at 4°C
overnight. After centrifugation (16,000 X g, 20 min), the
precipitate was dissolved in 2 ml of 50 mM phosphate buffer
(pH 6.0). The enzyme solution was applied to a column (1.0
by 30 cm) of Sephadex G-100 (Pharmacia Fine Chemicals,
Uppsala, Sweden). This gel filtration step was repeated twice.
Active fractions were concentrated and used for enzyme
characterization. For determination of the amino-terminal
amino acid sequence, the enzyme solution was applied to
an ion-exchange high-performance liquid chromatography
(HPLC) column (DEAE-5PW; Tosoh Co., Ltd., Tokyo,
Japan) that had been equilibrated with the same buffer.
Active enzyme was eluted with a 0 to 0.6 M NaCl gradient.

Assay of CGTase activity. a-CD-specific CGTase activity
was assayed by the methyl orange method as described
previously (25). The reaction mixture (3,000 pl), containing
600 pl of 5% starch in 50 mM phosphate buffer (pH 6.0), 105
wl of 1 mM methyl orange in 50 mM phosphate buffer (pH
6.0), 2,845 pl of 50 mM phosphate buffer (pH 6.0), and 50 pl
of enzyme solution, was incubated for 10 min at the optimum
temperature (65°C for Cgtl and CgtCl; 55°C for CgtM,
CgtC2, and CgtC4; and 45°C for CgtC7). To stop the reac-
tion, 150 ul of 6 N HCI was added. The solution was kept at
16°C for 30 min, and the 45,5 was measured.

a-, B-, and y-CD were identified by HPLC. The reaction
mixture (pH 6.0) containing 5% soluble starch (pH 6.0) and
3 mM CaCl, was incubated with 500 U of the enzyme in a
total volume of 4 ml. Samples were withdrawn and kept in a
boiling-water bath for 5 min to stop the reaction. The CDs
formed were analyzed by HPLC according to the procedure
described by Kaneko et al. (14) with an Aminex column
(HPX-42A; 300 by 7.8 mm; Bio-Rad) and a refractive index
detector. The temperature of the column was kept at 70°C.
The mobile phase was water at a flow rate of 0.5 ml/min. The
protein concentration was measured by the method of Smith
et al. (45) with a bicinchoninic acid protein assay reagent kit
(Pierce Co., Rockford, Ill.).

DNA manipulation. Plasmid DNA was prepared by either
the rapid alkaline extraction method or CsCl-ethidium bro-
mide equilibrium density gradient centrifugation as de-
scribed previously (10). Treatment of DNA with restriction
enzyme and ligation of DNA with T4 DNA ligase were done
as recommended by the manufacturer. For the analysis of
DNA, gel electrophoresis with agarose or polyacrylamide
was done under standard conditions (28). A GeneClean kit
(Bio 101, La Jolla, Calif.) was used to recover DNA from the
agarose.

DNA sequencing. Specific restriction fragments were
cloned into M13mp18 and M13mp19 or pUC118 and pUC119
and sequenced by the dideoxy chain termination method of
Sanger et al. (43). The oligonucleotide primers were synthe-
sized on a Millipore Cyclone DNA synthesizer (MilliGen/
Biosearch, Tokyo, Japan) by the B-cyanoethyl phosphoam-
idite procedure (44).

Transformation. For transformation of B. subtilis or E.
coli with plasmid DNA, competent cells were prepared as
described previously (12).

Determination of NH,-terminal amino acid sequence. The
amino-terminal amino acid sequence was analyzed by Ed-
man degradation as described elsewhere (48).

Enzymes and chemicals. Restriction endonucleases and
DNA modification enzymes were purchased from Takara
Shuzo Co., Kyoto, Japan; Toyobo Co. Ltd., Osaka, Japan;
and Bethesda Research Laboratories, Gaithersburg, Md.
Tetracycline and starch azure were from Sigma Chemical

CYCLIZATION OF CYCLODEXTRIN GLUCANOTRANSFERASE 4019

Co. All other chemicals used in this study were from Wako
Pure Chemical Industries, Osaka, Japan.

Other procedures. Sodium dodecyl sulfate (SDS)-poly-
acrylamide gel electrophoresis (PAGE) was done at a con-
centration of 7.5% (wt/vol) polyacrylamide as described by
Laemmli (24). Amino acid sequence homology was analyzed
with an NEC PC-9801 computer (Nippon Electric Co.,
Tokyo, Japan) and the DNASIS system (Hitachi Co., To-
kyo, Japan).

Nucleotide sequence accession numbers. The DNA se-
quence data have been assigned the following accession
numbers: X59042 for cgt-1; X59043 for cgt-5; X59044 for
cgt-232; and X59045 for cgtM.

RESULTS

Characteristics of CGTases from B. stearothermophilus NO2
and B. macerans IFO3490. B. stearothermophilus NO2 was
originally isolated from soil as a thermostable-CGTase-
producing bacterium. The CGTase from this strain produced
a- and B-CD as the major hydrolysis products from starch.
B. macerans TIFO3490 (NRRL B-388) was known as a
CGTase-producing bacterium, and the enzyme produces
mainly a-CD (17). To further characterize the enzymes, we
purified each enzyme from B. subtilis NA-1 cells harboring
pKB1 and pKBM]1, which carry the B. stearothermophilus
NO2 CGTase gene (cgt-1) and the B. macerans 1IFO3490
CGTase gene (cgtM), respectively.

B. subtilis NA-1 harboring pKB1 was grown to the sta-
tionary phase (17 h of incubation) in CS1 medium at 37°C
with tetracycline (15 pg/ml). The CGTase Cgt-1 was purified
from the culture supernatant as described in Materials and
Methods. Greater than 1,000-fold purification was attained,
with a yield of 4%. With the purified enzyme, the optimum
temperature, optimum pH, and CDs produced were ana-
lyzed. The optimum temperature of Cgt-1 was 65°C, and the
optimum pH was about 6.0. Mainly a- and B-CD were
produced from starch. Cgt-5 and Cgt-232 showed the same
characteristics as Cgt-1.

The cgtM gene was also expressed in B. subtilis NA-1
cells, and the enzyme was secreted into the culture medium.
CgtM was purified by the procedure described above. Its
characteristics were similar to those found in the previous
study (17). The optimum temperature and optimum pH were
55°C and 5.7, respectively, and the major hydrolysis product
from starch was a-CD.

Nucleotide sequence of CGTase genes from B. stearothermo-
philus NO2. We determined the nucleotide sequences of
CGTase genes cgt-1, cgt-5, and cgt-232 by the procedure of
Sanger et al. (43). The nucleotide sequence and deduced
amino acid sequence of cgz-1 are shown in Fig. 3. Analysis of
the sequence showed that there was a single open reading
frame of 2,133 bp which encoded a polypeptide of 711 amino
acids. At 7 bases upstream from the ATG codon, there was
a 9-base sequence, GAAGGAGGA (—17 to —9), which was
complementary to the 3’ end of the 16S rRNAs from B.
stearothermophilus (20) and B. subtilis (32). Therefore, it is
the most stable ribosome-binding site (Shine-Dalgarno se-
quence) of cgt-1. A putative promoter (—35 and —10 regions)
is shown in Fig. 3. It has the typical consensus sequence for
a o factor (TTGACA for the —35 region and TATAAT for
the —10 region) in B. subtilis (32). The distance between the
—35 region and —10 region was 17 bases, which is the same
as the consensus distance in B. subtilis (32). Furthermore, 3
bases downstream from the termination codon at positions
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1183 GGCGATCCAAACAATCGTAAGATGATGAGTTCATTCAATAAAAATACTCGCGCGTATCAAGTGATTCAAAAACTATCTTCTCTCCGACGAAACAATCCGG

L AY DTEQRWINGDVYVYEROGQFGKDVYV VLV AVNTER
1289 CGTTAGCTTATIGGTGATACCGAACAGCGTTGGATCAATGGCGATGTGTATGTGTATGAGCGACAGTTTGGCAAAGATGTTGTGTTAGTTGCCGTTAATCG
] .

$ $SSSNYSITGLFTALPAGTYT?DG QLG GGLILDGNTI
1389 TAGTTCAAGCAGTAATTACTCGATTACTGGCTTATTTACAGCTTTACCAGCAGGAACATATACGGATCAGCTTGGCGGTCTTTTAGACGGAAATACAATT

QVGSNGSVNAFDLGPGEVGVHAYSATE»k'TPIIGH

B

1489 CAAGTCGGTTCAAATGGATCAGTTAATGCATTTGACTTAGGACCGGGGGAAGTCGGTGTATGGGCATACAGTGCAACAGAAAGCACGCCAATTATTGGTC

VGPMHGQVGEHEQVTIDGEGFGTITNTGTVEFGTTAA (O
1589  ATGTTGGACCGATGATGGGGCAAGTCGGTCATCAAGTAACCATTGATGGCGAAGGATTCGGAACAAATACGGGCACTGTGAAGTTCGGAACGACAGCTGC
Pyull
N VVSHWSNNQIVVAVPNY SPGEKYNTITVQSSSGQT
1689  CAATGTTGTGTCTTGGTCTAACAATCAAATCGTTGTGGCTGTACCAAATGTGTCACCAGGAAAATATAATATTACCGTCCAATCATCAAGCGGTCAAACG

S AAYDNTFEVLT DQVSsSVRFVVYNNATTNLGQNTIY!I
1789 AGTGCGGCTTATGATAACTTTGAAGTACTAACAAATGATCAAGTGTCAGTGCGGTTTGTTGTTAATAACGCGACTACCAATCTAGGGCAAAATATATACA

VGNVYELGNWDTSKAIGPMFNQVVYSYPTHWYTIID
1889 TTGTTGGCAACGTATATGAGCTCGGCAACTGGGACACTAGTAAGGCAATCGGTCCAATGTTCAATCAAGTGGTTTACTCCTATCCTACATGGTATATAGA

Sacl D
vVSVPEGEKTTIETFIKTFTIEKEKTDSQGNVTWETSTGSNIHVYT
1989 TGTCAGTGTCCCAGAAGGAAAGACAATTGAGTTTAAGTTTATTAAAAAAGACAGCCAAGGTAATGTCACTTGGGAAAGTGGTTCAAATCATGTTTATACG

TPTNTTGEKTITIUVDUHWQN=*
2089 ACACCAACGAATACAACCGGAAAAATTATAGTGGATTGGCAGAACTAATAGAAGCCCCTTGAAATCAA@QATTAI@GTGATCTCAAGGGGCTTGATGA

2189 CGCTATGGCTGCTT 2202

FIG. 3. Nucleotide and amino acid sequences of the cgt-1 gene. The nucleotide sequence is numbered from the first base of the open
reading frame. The amino acid sequence is shown above the nucleotide sequence. A probable Shine-Dalgarno (SD) sequence (nucleotides —17
to —9) and a putative promoter region (—35 and —10 regions) are shown by a solid line below the nucleotide sequence. Inverted repeat
structures are indicated by arrows pointing toward each other. The cleavage site between the signal peptide and the extracellular mature
enzyme is indicated by a solid triangle. Regions homologous with amylase are boxed. Solid squares indicate positions at which base
substitutions were found. A, B, C, and D indicate domains A, B, C, and D, respectively.
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1 121 122 137 434 436 711

CGTase Met SN Ser A1 alNPro NN G vl Th GERNN - s

* * * * *
cgtl ATG———TCA-GCC—CCG GGT—ACC -AAC
cgts ATG———TCC~GCA—CCA GGA——ACG e AAC
cgt232 ATG—=———TCC=GCA=— G GGT' =~ AC G e AAC

FIG. 4. Comparison of the nucleotide sequences of CGTase
genes from B. stearothermophilus NO2. Five positions of base
substitution are indicated (*). The amino acids are numbered from
the N-terminal Met.

+2140 to +2183 was a palindromic sequence that might act
as a transcriptional terminator.

The deduced amino acid sequence of Cgt-1 contains four
conserved regions previously demonstrated in amylolytic
enzymes. Conserved regions are indicated as boxes in Fig. 3.
The amino acid sequence of Cgt-1 showed high homology
(99%) with that of B. stearothermophilus TC-91 CGTase
(42). Only two different amino acid residues were found: the
Asp-108 and Arg-460 of B. stearothermophilus TC-91
CGTase were replaced by Val-108 and Ala-460 in Cgt-1,
respectively. The CGTases from B. stearothermophilus
TC-91 and NO2 showed the same profile of CD production
and thermostability.

The nucleotide sequences of cgz-5 and cgt-232 were also
determined. Although the three genes (cgt-1, cgt-5, and
cgt-232) had different nucleotide sequences, they encoded
the same amino acid sequence (Fig. 4). Base substitutions
which did not affect the amino acid sequence were found at
five different positions in these CGTase genes. All base
substitutions were located at the third-letter positions of
codons 121, 122, 137, 434, and 436. It is interesting that the
same enzyme is encoded by three different nucleotide se-
quences. Sometimes, the bacterial chromosome can be
rearranged by recombination (6, 9, 41). The chromosomal
DNA of this strain might have been rearranged in the course
of evolution. Base substitutions in the three CGTase genes
were found at the same positions in the open reading frame,
and they were all observed at the third letter of codons. By
wobble base pairing, many of the alternative codons for an
amino acid differ only in their third positions (4, 33). Our
observation is in reasonable agreement with previous stud-
ies.

The five amino-terminal amino acids of the three CGTases
were determined, and all the sequences were Ala-Gly-Asn-
Leu-Asn. This amino acid sequence was identical to that
deduced from the nucleotide sequence starting at position 94
in Fig. 3. Therefore, the 31 NH,-terminal amino acid resi-
dues may be a signal sequence which is removed during the
secretion process. The molecular weight of mature CGTase,
calculated as 75,374 from the amino acid sequence (680
amino acid residues), is in reasonable agreement with the
74,000 assessed directly by SDS-PAGE (Fig. 5).

Nucleotide sequence of the CGTase gene from B. macerans
IF0O3490. The nucleotide sequence of cgtM was determined
(Fig. 6). cgtM was composed of 2,142 bases, encoding 714
amino acids. However, the sequence was different from that
reported previously for B. macerans 1AM1243 (49), which
corresponds to B. macerans IFO3490. Both B. macerans
strains are the same as B. macerans NRRL B-388. Three
points of insertion, three points of deletion, and four points
of base substitution were found in the open reading frame, as
shown in Fig. 6. Conserved region II, mentioned in the
previous report (49), was not found. However, the newly
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FIG. 5. SDS-PAGE pattern of extracellular fractions from a B.
subtilis culture. B. subtilis NA-1 carrying chimeric CGTase genes
was grown aerobically in 20 ml of CS1 medium at 37°C for 17 h. The
culture supernatant was used as the extracellular fraction. A 300-pl
amount of each sample was concentrated by adding acetone and
applied to SDS-7.5% PAGE gels. Proteins were detected by
Coomassie brilliant blue staining. Phosphorylase b (94,000), albumin
(67,000), and ovalbumin (43,000) were used as molecular weight
standards. Lanes 1, 5, and 11, molecular weight markers; lanes 2
and 12, pTB523 (control); lane 3, pKBM1; lane 4, pKB1; lane 6,
pKB1ASc; lane 7, pKCl; lane 8, pKC4; lane 9, pKC3; lane 10,
pKC2; lane 13, pKCS5; lane 14, pKC7.

determined sequence has conserved region II, which is
Gly-Ile-Arg-Phe-Asp-Ala-Val-Lys-His. By determination of
the amino-terminal amino acid sequence of the enzyme, it
was found that 27 amino acids were used as a signal
sequence, and the molecular weight of the mature enzyme
was estimated to be 74,008.

Construction of chimeric genes from two different CGTase
genes. Although the amino acid sequences of Cgt-1 and CgtM
showed high homology (77%) under considerations of amino
acid equivalence (36), the enzyme characteristics were dif-
ferent. CgtM produces mainly «-CD, and the optimum
temperature is 55°C. On the other hand, the optimum tem-
perature of Cgt-1 is 65°C, and it produces mainly a- and
B-CD. To investigate which region of the protein is impor-
tant for the specificity of the cyclization activity, we con-
structed seven kinds of chimeric CGTase genes from cgr-1
and cgtM, as shown in Fig. 1. The tertiary structures of
CGTase from B. stearothermophilus TC-91 and B. circulans
no. 8 have been reported (19, 21). The amino acid sequence
deduced from cgz-1 exhibits 9% homology to that of the
protein from B. stearothermophilus TC-91. Therefore, the
molecular structure of Cgt-1 is thought to be similar to that of
the B. stearothermophilus TC-91 enzyme, which is 80 by 70
by 50 A (8 by 7 by 5 nm) in size and has four globular
domains, A, B, C, and D, which consist of 403, 90, 82, and
105 amino acid residues, respectively. Domains A and B are
similar to the structure of Taka-amylase (21, 30). Domains C
and D are unique to CGTase.

From the structural analysis data, we tried to construct
chimeric CGTases. Yon and Fried (52) reported a simple
method for fusion gene construction by PCR between two
genes at any chosen location. By this procedure with slight
modifications, we constructed recombinant plasmids pKC2,
pKC3, pKCS, and pKC7. Plasmids pKCl, pKC4, and
pKB1ASc were constructed with restriction sites as de-
scribed in Materials and Methods. The chimeric CGTase
genes from pKCl, pKC2, pKC3, pKC4, pKC5, pKC7, and
pKB1ASc were designated cgtCl, cgtC2, cgtC3, cgtC4,
cgtC5, cgtC7, and cgt-1ASc, respectively. The structural
features of the chimeric CGTases are shown in Fig. 1.

In CgtC2 and CgtC3, the Ser-520 and Pro-429 of Cgt-1
were joined with the Ala-522 (corresponding to Ala-521 of
Cgt-1) and Ala-431 (corresponding to Ala-430 of Cgt-1) of
CgtM, respectively. In CgtC5 and CgtC7, the Tyr-434 and
Glu-524 of CgtM were joined with the Gly-434 (correspond-
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-163 TGTCCTCATCCGATGGTATTTACAAAGAAACGGTTCCTTGAATTGTGTAACGTTTATTGTGCGTCTGCCATTCTGACT CCGCGGTTGCGCACCCGCCTTA

M KESRYKRLTSILAL
-63 TGCAGGTTTAGGCAGGCTCGACTCCCAAAGATCGGCAGAACATTTGAGAGGAGAGGTAGGACAATGAAATCGCGGTACAAACGTTTGACCTCCCTGGCGC
SD

S L SMALGTISLPAYASPDTSVDNEKVNFSTDVIYAQ
38 TTTCGCTGAGTATGGCGTTGGGGATTTCACTGCCCGCATGGGC’{FACCCGATACGAGCGTGGACAACAAGGTCAATTTCAGTACGGACGTCATCTATCA

1 VTDRFADGDRTNNPAGDAPFSGDRSNILTIEKILYTFS®GG®G
138 GATTGTGACCGACCGCTTCGCGGACGGGGACAGGACGAACAATCCGGCGGGGGATGCGTTCAGCGGCGACCGATCCAATTTGAAGCTCTATTTCGGGGGA

DWQGTI IDEKTINDGYLTGMGVTALVWTISQPVENTITSYV
238 GACTGGCAGGGGATTATCGACAAGATTAACGACGGTTATTTGACCGGCATGGGCGTCACCGCCCTCTGGATATCCCA%CCTGTGGAAAATATCACCTCCG

1 KY S GV NNTSYHGYWARTDFEKOQTNDAFGDTFADTFNQQ
338 TCATCAAGTATTCCGGCGTTAACAATACGTCTTATCACGGTTACTGGGCGAGGGATTTTAAGCAAACCAACGACGCTTTCGGGGATTTTGCCGATTTTCA

NLIDTAHKGAHRNTITEKVYVI[DFAPNTEH|T SPADRDNEPGTFA
438 AAATCTGATTGATACGGCTCACGCTCATAACATCAAGGTCGTGATCGACTTCGCCCCCAACCACACGTCTCCGGCCGACAGGGACAACCCCGGATTCGCC
L

!
ENGGMVYDNGSTLILGAYSNDTAGLTFHHENGGTTDFSTI
538 GAGAACGGTG%%GTGTATGATAACGGTTCGCTGCTCGGCGCCTACAGCAATGATACGGCCGGCCTTTTCCATCATAACGGGGGGACCGATTTTTCCACGA

EDGI Y KNTLYDILADTINHNNNAMDAYFEKSAIIDILUWL
638 TTGAAGACGGTATTTACAAGAACCTCTACGACCTGGCGGACATCAACCATAACAACAACGCTATGGACGCTTATTTTAAAAGCGCTATCGACCTTTGGCT

6 M GV D[6GIRTFTDAVEKTH|MPFGWOQEKSFVSSIVYGGDHTP
738 CGGCATGGGTGTGGACGGGATTCGTTTTGACGCGGTGAAGCATATGCCTTTCGGCTGGCAAAAAAGCTT CGTTTCCTCGATTTACGGCGGCGATCATCCG
1 HindIT1
VFTFG[EWYLJGADO QTT DG GDNTITEKTFANEST ST GMNLTLTDTPFESY
838 GTATTTACGTTCGGGGAATGGTATCTTGGCGCGGATCAAACCGACGGAGACAACATTAAATTCGCCAACGAAAGCGGGATGAACCTGCTGGACTTTGAAT

AQEVREVFRDEKTETMMEKDLYEVLASTET SQYDYTIN
938 ACGCGCAGGAAGTGCGCGAAGTGTTCCGGGACAAAACGGAAACGATGAAGGATCTCTATGAGGTGCTGGCCAGCACGGAGTCGCAATACGACTACATCAA

N MV T[FIDUNHODI¥DRTFOQVAGSGTRATEQ QALALTTLT
1038 CAATATGGTGACCTTCATCGACAACCATGATATGGACCGGTTCCAGGTTGCCGGTTCCGGTACGCGGGCGACCGAGCAAGCGTTGGCGCTGACGCTGACT

SRGVPAIYYGTEAQYWMTGDOGDPNNRAMNMMTSFNTGT
1138 TCCCGCGGCGTGCCAGCCATCTACTACGGCACGGAGCAGTACATGACCGGCGATGGCGACCCCAACAACCGGGCGATGATGACCTCGTTTAATACCGGGA

T AYKVIQALAPLREKSTSNPATIAY TTTETRWVNNIDY
1238 CGACGGCTTATAAAGTGATTCAGGCATTGGCGCCGCTGCGTAAATCCAATCCGGCCATCGCTTATIGGGACGACGACAGAGCGCTGGGTTAACAACGATGT

L I TERKPGSSAALVAITNRNSZ SAAYPISGLLSSIL
1338 GTTGATTATTGAACGCAAATTCGGCAGCAGCGCCGCTTTGGTGGCGATTAATCGAAACTCGTCCGCCGCTTATCCGATTTCGGGTCTGTTGAGTTCGCTG

PAGTY SDVLNGLTLNGNSTITVGSGGAVTNTFTTLAASG
1438 CCGGCGGGCACTTATTCGGATGTATTGAACGGACTCTTAAACGGCAACTCCATTACCGTGGGCAGCGGCGGCGCCGTCACCAACTTTACGCTGGCGGCCG

GTAVWQVYTATPE S PAITIGNVGPTMGQPGNTIVTTIID
1538 GCGGCACGGCGGTATGGCAGTACACAGCGCCGGAAACGTCGCCGGCGATCGGCAATGTGGGTCCCACCATGGGCCAGCCGGGGAATATAGTGACGATTGA

GRGFGGTAGTVYYTFGTTAVTGSGIVSWETDTAQ QTIKA
1638 CGGGCGCGGCTTTGGCGGCACGGCGGGCACGGTTTATTTCGGGACGACGGCGGTGACCGGCTCCGGCAT CGTAAGCTGGGAGGACACGCAGATTAAGGCG

VIPKVAAGKTGVSYKTSSGTASNTTFEKSTFNVLT D
1738 GTCATACCGAAGGTCGCGGCGGGCAAAACGGGCGTATCGGTCAAAACGTCGTCCGGCACCGCCAGCAATACATTCAAAAGCTTCAATGTACTGACGGGGG
HindIII

QVTVERPFPLVYVNQANTNTYGTNVYLVGNAAETLTGSGSUHWDSP D
1838 ATCAGGTCACGGTGCGTTTCCTGGTCAATCAAGCCAATACCAATTACGGAACAAATGTTTATCTTGTCGGCAACGCCGCCGAGCTCGGCTCCTEGGACCE
Sacl
N KA I GPMYNGOQVIAEKYPSH®WYYDVSVPAGTE KTLT DTFHTIHK

1938 GAACAAAGCGATTGGGCCGATGTACAATCAGGTGATCGCCAAGTACCCGTCCTGGTATTACGATGTCAGCGTGCCGGCGGGGACAAAGCTGGATTTTAAA

FIKKGGGTVTWETGGGNUHTYTTT?PASGVY GTVTVDVWAQ
2038 TTTATTAAAAAGGGCGGCGGTACGGTGACTTGGGAAGGCGGGGGCAACCATACGTACACGACGCCGGCCAGCGGCGTAGGGACGGTGACGGTGGACTGGC
N *
2138 AAAATTAAGCGGCTAAGCGGCCGGCCTGAACGAGAGGCATCCGGCAAAAAACTGCGGCGGCCGGCAGTTAAAGTCGACGTGCAAACGTGCCGGGGAGGAT
1

Sall
2238  TGTGAAATACAGGTGCGGCATCCAGGAGAACAAAAACGATTTTTTGAGGAAAGTTATAAATTATTTTCCGAACGATATGGCAAGCAAAATATTGCTTATG
Ban| D e
2338 CAACAGTTCATAATGATGAGCAAACCCCTCACATGCATTTAGGTGTTGTGCCTATGCGTGATGGAAAATGCAAGGAAAAAATGTGTTTAATCGTCAAGAC

2438 TGTTATGGCTACAGTAATCCCGAGCATATGA 2468

FIG. 6. Nucleotide and amino acid sequences of the cgzM gene. Symbols are the same as in Fig. 3. Bases that differ from those reported
previously for the B. macerans 1AM1243 CGTase gene are indicated as | (insertion), 1 (deletion), and B (replacement).
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TABLE 1. Characteristics of chimeric CGTases

. Enzyme timum
Plasmid Gene secretion® tce’z‘;lp ¢C)
pKB1 cgt-1 + 65
pKB1ASc cgt-1ASc - ND*
pKC1 cgtCl + 65
pKC2 cgtC2 + 55
pKC3 cgtC3 - ND
pKC4 cgtC4 + 55
pKCS cgtC5 - ND
pKC7 cgtC7 + 45
pKBM1 cgtM + 55

@ +, secreted; —, not secreted.
2 ND, not determined.

ing to Gly-435 of CgtM) and Ser-524 (corresponding to
Thr-525 of CgtM) of Cgt-1, respectively. CgtCl and CgtC4
were designed by exchanging the SacI-Sall region between
cgt-1 and cgtM. In cgt-1ASc, the open reading frame of cgz-1
was changed, and a new termination codon appeared 207 bp
upstream of the native termination codon of cgz-1.

Secretion of chimeric CGTases. It is known that protein
conformation affects secretion (40). Chimeric CGTases may
have different conformations, and some may not be se-
creted. To examine the secretion of chimeric CGTases, we
attempted to isolate the enzyme fraction from the culture
supernatant. The protein fraction was concentrated by ace-
tone, and the protein was analyzed by SDS-PAGE. As
shown in Fig. 5, wild-type CGTases encoded by cgz-1 and
cgtM were secreted into the culture medium. Chimeric
CGTases CgtCl1, CgtC2, CgtC4, and CgtC7 were also se-
creted. However, CgtC3, CgtC5, and Cgt-1ASc were not.
This might be due to a conformational change, or these
chimeric CGTases might be broken by proteolytic attack.
The reason for nonsecretion remains unknown at present.

Optimum temperature and pH of chimeric CGTases. The
secreted CGTases were purified and used for enzyme anal-
ysis. Their optimum temperatures were determined, and the
results are summarized in Table 1. CgtCl, CgtC2, CgtC4,
and CgtC7 reacted most efficiently at 65, 55, 55, and 45°C,
respectively. CgtC2 and CgtC7 were more thermolabile than
Cgt-1 and CgtM, respectively. This might be due to the
conformational instability caused by domain exchange. A
well-organized structure might be important for CGTase
enzyme stability. The optimum pH for the enzyme reaction
was about 6.0.

Cyclization characteristics of chimeric CGTases. The CD
profiles of the chimeric CGTases are shown in Fig. 7. The
CDs produced were analyzed at both the initial step (10 min)
and the stationary step (60 min) of the reaction. CgtCl and
CgtC2 are o- and B-CD producers, like Cgt-1. CgtC4 and
CgtC7 are a-CD producers, like CgtM. These results suggest
that the CD production profile depends on domains A and B
of the CGTase.

DISCUSSION

CGTase is composed of four globular domains. Domains
A and B are similar to the structure of a-amylase, and
domains C and D are unique to the CGTase. Therefore, it
was supposed that the COOH-terminal region of CGTase
may be related to the cyclization of maltooligosaccharide
produced by the hydrolysis reaction, because this region is
characteristic of CGTases (16, 46, 47). However, the NH,
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Chimeric Reaction CD ratio (%)

CGTase time

o
N
oS
'S
=)
[=2]
P=1
®
S
—_
o
S

cet! 10 min
60 min
CgtC1 10 min v
60 min
cgtc2 10 min
60 min
CgtC4 10 min vy
60 min VA
cgtc? 10 min
60 min
CgtM 10 min V2774
60 min V7

FIG. 7. Ratios of a-, B-, and y-CD formation by chimeric CG-
Tases. The reaction was carried out at the optimum temperature for
10 and 60 min. CD compositions were analyzed by HPLC. Experi-
mental details are described in the text. Solid boxes, hatched boxes,
and open boxes indicate a-CD, B-CD, and y-CD, respectively.

domain of CGTase was considered more important for
cyclization in our study.

We constructed seven chimeric CGTase genes from the
newly determined nucleotide sequence. The chimeric en-
zymes were classified into two groups by the CDs produced.
One group produces a- and B-CD, and the other group
produces a-CD. a- and B-CD production by chimeric en-
zymes CgtCl and CgtC2, which contained NH,-terminal
domains derived from cgz-1, was almost exactly equal to that
by Cgt-1. CgtC4 and CgtC7, which contained NH,-terminal
domains derived from cgtM, produced more o«-CD, like
CgtM. Hence, the NH,-terminal domain, probably domain
A, is important for the cyclization function. The substrate
(spiral amylose) is considered to be fixed in domains A and
D of the CGTase (21). Therefore, amino acid residues
surrounding the spiral amylose in domain A are supposed to
affect cyclization. Substrate binding at domain D may be
related to enzyme stability.

The thermostability of an enzyme is influenced by many
factors (1, 8, 29, 38, 50). Disulfide linkages have been
proposed as features that stabilize proteins (29, 50). The B.
stearothermophilus CGTase has two Cys residues at posi-
tions 71 and 78 which were not found in other CGTases. It is
unknown whether these Cys residues have an effect on
thermostability. More-precise studies are needed to analyze
the role of the NH,- and COOH-terminal regions of CGTase.
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