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I. Introduction

Cyclodextrin glucanotransferase (CGTase, EC
2.4.1.19) catalyzes the conversion of starch into cyclodex-
trins (CDs), which are capable of forming inclusion com-
plexes with many compounds used in the food, cosmetic
and pharmaceutical industries (Szejtli, 1982; Nagatomo,
1985; Pszczola, 1988; Staranes, 1990).  The relationship
between the structure of CGTase and its enzymatic proper-
ties has been studied by cloning, sequencing and compar-
ing the genes encoding CGTases in different bacteria (French
and Kobayashi, 1980; Binder et al., 1986; Takano et al.,
1986; Kaneko et al., 1987, 1990; Kimura et al., 1987, 1989;
Hofmann et al., 1989; Hill et al., 1990; Sin et al., 1991;
Kitamoto et al., 1992; Paloheimo et al., 1992).  Four highly
conserved regions were observed in the peptide sequences
of starch-hydrolysing enzymes, including α-amylases and
CGTases (Nakamura et al., 1993).  Fujiwara et al. (1992)
found that the cyclization activity of CGTase was conferred
by the NH2-terminal region of the enzyme.  Hellman et al.
(1990) truncated the CGTase at its C-terminal region and
observed a change of product composition toward γ-CD.
Thus, the integral molecular structure of the enzyme ap-

pears to be essential for enzymatic activities.  Furthermore,
certain Glu, Asp, His residues in the highly conserved re-
gions of CGTase were shown to be related to enzymatic
activity (Klein et al., 1992; Nakamura et al., 1993).  It was
also found that Y195 in CGTase from Bacillus circulan strain
250 played an important role in the formation of cyclic prod-
ucts (Penninga et al., 1995).  Using Woodward’s reagent K
for chemical modification, we identified and located E344
in the active site of B. macerans CGTase and proposed that
it is an essential amino acid residue for CGTase activity
(Jeang and Fang, 1992).  In this paper, we report the
overexpression of the wild-type and E344D CGTases, as
well as the kinetic parameters of both enzymes.

II. Materials and Methods

1. Bacterial Strains and Plasmids

B. macerans IAM1243 used for purification of au-
thentic CGTase and construction of the mutant cgt gene was
obtained from the Institute of Agricultural Microbiology of
Tokyo University.  E. coli M15 (Nals Strs rif  s lac– ara– gal–

mtl– F– recA+ uvr+) with pREP4 plasmid was used as a host
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for the overexpression of CGTase.  pUG-D, pUG-K and
pUG-L were derived from pUC19 (Wung, 1994); they con-
tained E344D, E344K and E344L cgt genes, respectively.
pQE32, used as the overexpression vector, was purchased
from QIAGEN (Chatsworth, CA, U.S.A.).

2. Preparation of Antibodies Against B. macerans
CGTase

The methods used here for cultivation of B. macerans
and purification of CGTase to homogeniety have been de-
scribed previously (Jeang et al., 1992).  Antiserum of
CGTase was prepared by means of four weekly intrave-
nous injections into a New Zealand white rabbit with puri-
fied CGTase (500 µg) emulsified with Freunds’ complete
adjuvant for the first injection and with incomplete adju-
vant for the subsequent injections.  One hundred ml of blood
from the immunized animal was collected 5 days after the
last injection.  After removal of blood cells, the antiserum
was diluted with 2 volumes of phosphate buffer saline (NaCl,
0.14 M; KCl, 3 mM; Na2HPO4, 8 mM; KH2PO4, 1 mM).
Then, ammonium sulfate was added slowly into the diluted
antiserum to 50% saturation and stirred for one hour.  The
precipitated proteins were collected by centrifugation (12000
× g, 30 min ) and dialyzed against distilled water overnight.
Afterwards, Tris-HCl buffer (pH 8.0) was added into the
protein solution to obtain a final concentration of 10 mM.
The buffered protein solution was applied to a DEAE-
Sepharose CL-6B column (2.6 X 35 cm) equilibrated with
10 mM Tris-HCl buffer.  To purify IgG, the column was
first eluted with the same buffer and then eluted with a lin-
ear gradient of NaCl (0 to 0.3 M) in the buffer.  The IgG
eluted in the first protein peak was collected, pooled and
purified by adsorption with the cell lysate of E. coli XL1-
Blue.  The purified antibody was used for immunological
detection of CGTases.

3. Overexpression and Purification of the Wild-
type and Mutant CGTases

The procedure for construction of the overexpression
plasmids is shown in Fig. 1.  The chromosomal DNA of B.
macerans and the pUG-D, pUG-K and pUG-L plasmids
were used as templates for the synthesis of wild-type,
E344D, E344K, and E344L cgt genes by polymerase chain
reaction, respectively.  The forward primer was 5’-
ATAGGATCCAGGAGGGTACCATAATGTCACCCGA-
TACGAGCGTG-3’, and the reverse primer was 3’-
CACCTGACCGTTTTAATTCGCCAGCTGTACATC-5’.
To construct plasmids which were able to overexpress
CGTases, the pQE32 plasmid and the cgt genes synthesized
by PCR were digested with Sal I and Bam HI, ligated, and
transformed into E. coli M15.  This construction produced
a fusion protein with 18 extra amino acids residues (i.e.,

MRGSHHHHHHGIQEGTIM) at the N-terminus of
CGTase.  The recombinant plasmids which possessed the
wild-type and mutated cgt genes (E344D, E344K and
E344L) were called pQG, pQG-D, pQG-K and pQG-L,
respectively.

To overexpress CGTase, one ml of overnight culture
was inoculated into 100 ml of LB liquid medium and grown
at 37 ºC, 170 rpm.  When the culture reached a cell density
(A660) of about 0.6-1.0, various amounts of IPTG were added
to induce the synthesis of CGTase, and the culture was con-
tinuously grown under the same conditions for 5 hr.  To
obtain a soluble form of the enzyme, the pregrowing cul-
ture was cooled at 4 ºC for half an hour before IPTG
induction.  Then, the induced culture, which contained 1
mM IPTG, was incubated at 20 ºC and 170 rpm for 5 hr.
Afterwards, the culture was centrifuged at 4000 × g for 20
min at room temperature; the supernatant was decanted, and
the cell pellet was washed twice with distilled water.  After
the cell pellets was resuspended in 10 ml of 20 mM Tris-

Fig. 1. Construction of the overexpression plasmids of CGTases. The
wild-type and mutant cgt genes were obtained by PCR using B.
macerans chromosome DNA and the plasmid, pUG-D, as templates.
The forward primer contained a Bam HI cutting site, and the reverse
primer contained a Sal I site.  After digestion with Bam HI and Sal
I, the cgt genes were cloned into the compatible sites of pQE32
plasmid to generate pQG and pQG-D.
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HCl buffer (pH 7.2) containing 0.2 mM PMSF, the cell
sample was sonicated using an ultrasonicator (Ultrasonic
Processor XL of Misonic Inc.) and clarified by centri-
fugation.  The supernatant thus obtained was then diluted
to 100 ml with Tris-HCl buffer.  This solution was referred
to as the crude enzyme extract.

Affinity chromatographic purification of CGTase us-
ing β-CD-conjugated Sepharose CL-6B column has been
described previously (Jeang et al., 1992).  Briefly, the frac-
tions with enzymatic activity were collected and dialyzed
against 50 mM phosphate buffer (pH 8.0) containing 300
mM NaCl.  The dialyzed enzyme solution was then applied
onto a Ni-NTA column equilibrated with the above phos-
phate buffer at a flow rate of 12 ml/hr.  After the column
was washed with 50 mM phosphate buffer (pH 6.0) con-
taining 300 mM NaCl and 10% glycerol, the bound enzyme
was eluted with a linear gradient of imidazole from 0 to 0.5
M in 30 ml of the same washing buffer.  The fractions which
contained CGTase activity were collected.

4. Enzyme Assay

The method used for enzyme assay was reported pre-
viously (Jeang et al.,1992).  Both coupling and starch di-
gesting activities of CGTase were measured.

5. Polyacrylamide Gel Electrophoresis of Proteins

Disc-PAGE was performed using 7.5% polyacryla-
mide gel in Tris-glycine buffer as described by Laemmli
(1970).  SDS-PAGE of the overexpressed proteins was car-
ried out according to the procedure of Studier (1973).  For
activity staining, the gel was washed twice with distilled
water after disc-PAGE, soaked with 0.02 M acetate buffer
(pH 5.5) for 20 min, transferred to the same buffer contain-
ing 3% soluble starch and then incubated at 40 ºC for 2 hr.
After enzymatic reaction and after the excess starch was
washed off from the gel surface using acetate buffer (0.02
M, pH 5.5), the gel was stained with a solution containing
3% potassium iodine and 1.3% I2.

III. Results

1. Overexpression of CGTase in E. coli

Overexpression of CGTase in E. coli harboring the
pQG plasmid was examined by Coomassie Brilliant Blue
staining and immunobloting of the total cell lysate (Fig. 2).
A protein with mobility consistent with that of the authen-
tic B. macerans CGTase was observed when IPTG was
added to the culture at a final concentration of 1 mM (Fig. 2
(a): lanes 4-8).  This protein reacted positively with the an-
tibody raised against CGTase (Fig. 2(b): lanes 4-8).
However, no coupling activity of CGTase was detected in

the supernatant of the E. coli cell homogenate (data not
shown).  TEM examination of E. coli cells which overpro-
duced the CGTases (Fig. 3) revealed that this was due to
the fact that most of the overexpressed CGTases formed
inclusion bodies in E. coli cells.  To increase the production
of CGTase in the soluble form, the E. coli culture was incu-
bated at a relatively low temperature (20 ºC) as suggested
by Schein (1989).  Just as expected, the amount of soluble
CGTase increased considerably ( Fig. 4: lane 6).  Similarly,
soluble E344D CGTase was obtained when it was
overexpressed in E. coli at a low temperature (data not
shown).  The E344K and E344L CGTases were also
overexpressed in E. coli.  The extent of their expression
was similar to that of wild-type and E344d CGTase;
however, only trace amounts of soluble CGTases were ob-
tained when the cultures were cultivated at 20 ºC.  Probably,
this was attributable to the replacement of E344 on CGTase
with K or L, which resulted in exposure of the internal hy-
drophobic region of the mutant CGTases and, thus, their
aggregation.

(a)

Fig. 2. SDS-PAGE (a) and Western blot (b) analyses of CGTase induced
by different amounts of IPTG.  (a) Protein samples loaded onto the
10% SDS-polyacrylamide gel were electrophoresed and stained
with Coomassie Brilliant Blue.  (b) The proteins on the polyacry-
lamide gel were transblotted onto a piece of nitrocellulose paper
and detected immunologically with antibodies raised against B.
macerans CGTase. Lane M : low molecular weight standard; lanes
1 and 9 : purified CGTase from B. macerans; lane 2 : 10 µl of total
cell lysate of E. coli M15 harboring pQE32; lanes 3, 4, 5, 6, 7 and
8 : 10 µl (in (a)) or 3 µl (in (b))of total cell lysate of E. coli M15
harboring pQG induced by 0, 1, 2, 4, 6 and 8 mM IPTG, respectively.

(b)
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To semi-quantify the amount of CGTase produced in
E. coli, we measured the enzyme unit (a) of a known amount
(W, mg ) of B. macerans CGTase and determined the total
enzyme units (b) in the soluble fraction of cell lysate from a
fixed volume (c, ml ) of E. coli culture.  Calculation using
the equation X (mg/l ) = W × b/a × 1000/c revealed that the
yields of the wild-type and E344D CGTases in E. coli were
103.6 mg/l and 125 mg/l, respectively.  Both of them were
about 20-fold higher than that secreted in the culture of B.
macerans.  The wild-type and E344D CGTases constituted
54 % and 60 % of the total cellular proteins of E. coli M15,
respectively, as examined by scanning the SDS-PAGE gel
with a Bio-Image scanner.

2. Purification and Characterization of the Wild-
type and Mutant CGTases Overexpressed in E.
coli

After the crude enzyme solution was passed through
two affinity columns as described in the Methods section,
the wild-type and the E344D CGTases with 18 extra amino
acid residues at their N-termini were purified.  The fusion

proteins were referred to as the wild-type and E344D
CGTases purified from E. coli.  Both of the purified en-
zyme displayed a single protein band on the native PAGE
gel after staining with Coomassie Brilliant Blue (Fig. 5(a)).
Zymograms of the two CGTases purified from E. coli
showed that they both had starch-digesting activity, as did
the authentic B. macerans CGTase (Fig. 5(b)).  Although
different amounts of purified CGTases were applied, both
protein and activity staining revealed the purity of the en-
zyme samples.

The results of Ouchterlory double fusion analysis
showed that there were similar bands of protein precipitate
between the antiserum of B. macerans CGTase and differ-
ent CGTases (data not shown).  These results suggest that
the antigenicities of the E. coli wild-type and E344D
CGTases are similar to that of the authentic B. macerans
CGTase.

The B. macerans CGTase, the wild-type and the E344
CGTases purified from E. coli were allowed to act indi-

Fig. 3. TEM examination of the CGTase inclusion bodies in E. coli. Panels
1 and 2 : E. coli M15 harboring pQE32; panels 3 and 4 : E. coli M15
harboring pQG grown for 5 hr after IPTG induction.

Fig. 4. Effect of the incubation temperature on the forms of wild-type
CGTase overexpressed from E. coli M15 harboring pQG.  (a)
Protein samples loaded onto the 10% SDS-polyacrylamide gel
were electrophoresed and stained with Coomassie Brilliant Blue.
(b) The proteins on the polyacrylamide gel were transblotted onto
an NC paper and detected immunologically with antibodies raised
against B. macerans CGTase.  Lane M : low molecular weight
standard; lane 1 : B. macerans CGTase; lanes 2, 3 and 4 : total,
soluble and insoluble fraction, respectively, of E. coli cell lysate
prepared from cell samples incubated at 37 ºC; lanes 5, 6 and 7 :
total, soluble and insoluble fraction, respectively, of E. coli cell
lysate prepared from cell samples incubated at 20 ºC.

(a)

(b)
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vidually with various concentrations of α-CD to measure
their enzymatic coupling activities.  Table 1 shows the ki-
netic parameters of the three CGTases.  The authentic B.
macerans CGTase (2.10 mM, 99.8 s–1) and the wild-type
CGTase (0.58 mM, 26.5 s–1) purified from E. coli had dif-
ferent Km and kcat values; however, their catalytic
efficiencies, kcat/Km, were similar.  Since the E. coli
overexpressed CGTase was different from the authentic B.
macerans CGTase in the N-terminal region, we suspected
that the difference of catalytic mechanisms between these
two enzymes was due to the structural change of the
overexpressed CGTase in its N-terminal domain.  Moreover,
the kcat/Km value of E344D CGTase was 2-fold higher than
that of wild-type CGTase, suggesting that the E344D sub-
stitution in the mutant enzyme led to a higher coupling
efficiency.

Fig. 5. Purity and activity of the wild-type and mutant CGTases. Disc-
PAGE was performed on a 7.5% polyacrylamide gel. The protein
samples were loaded onto a polyacrylamide gel, electrophoresed,
then (a) stained with Coomassie Brilliant Blue, (b) soaked in the ice
cold acetate buffer ( 0.02 M, pH 5.0), and then stained with a
solution containing 3% KI and 1.3% I2. Lanes 1, 2 and 3 : B.
macerans CGTase, wild-type and E344D CGTase from E. coli,
respectively.

Table 1.  Kinetic Parameters of Different CGTases

Km (mM) kcat (s–1) kcat/Km(M–1s–1)
B. macerans CGTase 2.10±0.11 9.98×101 4.75×104

wild-type CGTase from E. coli 0.58±0.05 2.65×101 4.57×104

E344D CGTase from E. coli 1.05±0.06 9.07×101 8.64×104

Notes: These parameters were determined by means of a coupling reac-
tion of CGTase.  A fixed amount of CGTase was added to the reac-
tion mixture, which contained various concentrations of α-CD ( 0.
5, 1.0, 2.5, 5.0, 7.5, 10.0 or 12.5 mM), 20 mM sucrose, 0.1 mg
amyloglucosidase, and 20 mM Tris-HCl buffer ( pH 7.5 ). The glu-
cose produced was estimated using the colorimetric method of
Daniel and Neal (1967) with dinitrosylisilic acid as reagent.

The cyclodextrins produced by different CGTases
while acting on soluble starch are shown in Fig. 6.  The
conversion rates of total CDs were 50.5%, 46.1% and 42.
5% for the authentic B. macerans CGTase, the wild-type
and E344D CGTases purified from E. coli, respectively.  In
addition, the conversion rates for α-CD were 18.4%, 24.
9% and 14.5% for the three enzymes, respectively.  α-CD
was the major product of cyclization reaction in the early
stage for all three enzymes.  The change in the amount of
α-CD and β-CD during incubation was similar to that re-
ported for other α-CGTases (Kaneko et al., 1990).

IV. Discussion

We found previously that no other starch-digesting
enzymes were copurified with CGTase expressed in E. coli
after β-CD affinity chromatography (Wung, 1994).
However, the advantage was lost in the purification of
CGTases overexpressed in E. coli M15.  This is because
two different forms of CGTase were expressed in E. coli
cells harboring pQG and pQG-D plasmids, owing to the
presence of an extra ribosomal binding site in front of the
cgt gene on the plasmids.  Thus, an extra Ni-NTA affinity
column was designed to selectively purify the CGTase with
6x His residues fused at the N-terminus of the protein.  Based
on the purification data, we found that this was the pre-
dominant form of CGTase overexpressed in E. coli.  This
result suggests that the 5’ most ribosomal binding site of
the cgt gene was used more frequently than the one adja-
cent to the cgt gene during translation.

It was proposed by Kubota et al. (1991) that the sub-
strate binding-sites on CGTase are located in both domains
A and D of the enzyme.  The differences in the Km and kcat
values of coupling reaction between the authentic B.
macerans CGTase and the wild-type CGTase purified from
E. coli indicate that the 6x His and the extra amino acids
residues at the N-terminus of the E. coli overexpressed
CGTase might affect the structure of domain A.  The influ-
ence of this potential structural change was also observed
in the cyclization activity of CGTase.  The maximal yields
of α-CD by these two CGTases were about the same: 36.
4% and 36.7%, respectively (Fig. 6).  However, the dura-
tions of time required for the maximal yields of α-CD were
different; it was longer for the CGTase with peptide fusion
at the N-terminus.  We suspected that this was caused by
the poor substrate-binding capability or the slower turn over
rate of the fusion CGTase.  The slowest declining rate of α-
CD in the reaction mixture containing wild-type CGTase
purified from E. coli might have been due to the smallest
kcat value of the coupling reaction of this enzyme (Table
1).  The cyclization rate of the E344D CGTase was highest
among the three; however, the production of α-CD by this
enzyme was not as high as that of the wild-type CGTase.
The remaining α-CD in the reaction mixture after 48 hr in-
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cubation was 14.5% and 24.5% for E344D and wild-type
CGTases, respectively.  The higher catalytic efficiency of
the mutant CGTase on coupling reaction might explain why
only a smaller amount of α-CD remained after a longer
period of incubation.  The above-mentioned results revealed
that E344 is not only responsible for substrate binding, but
is also involved in catalytic function.  Furthermore, the N-
terminal region of this enzyme is involved in both substrate
binding and catalytic activities of CGTase.  The coincident
changes of coupling (Table 1) and cyclization reactions (Fig.
6) imply that the two reactions are carried out at the same
location or at nearby location of the enzyme.
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