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A cyclodextrin glucanotransferase (CGTase) from Bacillus clarkii 7364 converts starch
into y-cyclodextrin (y-CD) with high specificity. Comparison of the deduced amino acid
sequence of this CGTase with those of other typical CGTases revealed that several amino
acids are deleted or substituted with others at several subsites. Of these amino acids,
Ala223 at subsite +2 and Gly255 at subsite +3 in the acceptor site of the enzyme were
replaced by several amino acids through site-directed mutagenesis. The replacement
of Ala223 by lysine, arginine and histidine strongly enhanced the y-CD-forming activity
intheneutral pHrange. Onthe other hand, allmutants obtained on replacing Gly255 with
the above amino acids showed significant decreases in the y-CD-forming activity. Taking
into account both the kinetic parameters and pK, values of the side chains of the three
basicamino acids, the protonation state ofthe amino groupsintheirside chains at subsite
+2 seems to enhance the hydrogen bonding interaction between these basic amino acids
and the glucose residues of linear oligosaccharides. The enhancement of the interaction
may play an important role by helping the substrate reach subsite +1, hence increasing

the y-CD-forming activity and k.,; value.

Key words: acceptor site, cyclodextrin, y-CD-forming activity, y-CGTase,

site-directed mutagenesis.

Abbreviations: CD, cyclodextrin; CGTase, cyclodextrin glucanotransferase; o-, - and y-CGTase, CGTase that
produces o-, f- and y-CD from starch as a major product, respectively.

Cyclodextrin (CD) has a closed ring structure consisting
of D-glucose residues linked through o-(1,4)-linkages. The
most common CDs consist of six, seven and eight glucose
residues, and are named o-, - and y-CD, respectively. The
structure of CDs has a hydrophilic outer surface and a
relatively hydrophobic internal cavity. CDs are able to
form complexes with various molecules, therefore there
have been extensive applications of CDs in the food, cos-
metic, agricultural and pharmaceutical industries (7). CDs
are formed by cyclodextrin glucanotransferase [CGTase;
EC 2.4.1.19] from starch and related o-(1,4)-linked glucose
polymers through the transglucosylation reaction (2).
These CGTases are classified as o-, B- and y-CGTases
according to the major CD product. Since the separation
of one type CD from a mixture of CDs is costly and time-
consuming, there is a need for a CGTase that predomi-
nantly produces one type of CD (3, 4). Both o- and B-CD
can be enzymatically produced on an industrial scale
by using the CGTases from Bacillus macerans (5) and
Bacillus sp. strain No. 38-2 (6). These CGTases specifically
convert starch into a- or -CD as the major product but still
give mixtures of CDs in different ratios. Although there is a
strong demand for y-CD that can trap larger molecules that
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cannot be trapped by o- or f-CD, the industrial production
of y-CD is not yet practical due to the low yield of this
substance even with use of the current CGTases (2, 7).
Several attempts have been made to change the properties
of CGTases and to enhance the y-CD yield, but no satisfac-
tory results have been obtained so far (8, 9).

We recently reported a novel CGTase from an alkalophi-
lic bacterium, Bacillus clarkii 7364, which converts
pre-gelatinized potato starch into y-CD with high specifi-
city (10). Comparison of the deduced amino acid sequence
of our CGTase with those of other typical CGTases
revealed that several amino acids forming subsites in
the substrate binding groove (2, 10-14) are deleted or sub-
stituted with other amino acids at subsites +3, +2, —3 and
-7 (Table 1). Ala223 (B. clarkii 7364 CGTase numbering) at
subsite +2 and Gly255 at subsite +3 are conserved in both
B/y- and y-CGTase, whereas these amino acids are replaced
by lysine and glutamic acid in both o- and B-CGTase,
respectively. Lysine at subsite +2 and glutamic acid at
subsite +3 play important roles in the structural integrity
of the active site and the disproportionation reaction,
respectively (15). Since the amino acids at subsites +2
and +3 in both B/y- and y-CGTase are hydrophobic, there
might be few, if any, hydrogen-bonding interactions
between these amino acids and glucose residues, and the
enzyme reaction might be affected.

In this study, we focused on the hydrophobic amino acids
of our y-CGTase from B. clarkii 7364 at subsites +2 and
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Table 1. Comparison of the amino acid residues around the active center in the four types of CGTase.

. Residue Residue in Residue in B/y- Residue in Function in
Residue No. in a-CGTase 3-CGTase and y-CGTase? y-CGTase” CGTase
Subsite +3 Acceptor

255 E E G G Disp.©
Subsite +2 Acceptor
174 F F F F Cycl.®
223 K K A A Disp.©
250 F F F F Cycl. and disp.©
Subsite +1 Acceptor
185 L L L L Disp.©
221 A A A A -
224 H H H General activity
Subsite —1 Catalytic
The catalytic residues (D220, E248 and D318) are completely conserved.
Subsite —2 Donor
95 H H H H General activity
98 w w w w -
365 R R R R -
Subsite -3 Donor
88-92 NYSGVNNT NYSGVNNT P-GGF-A P-EGF-S Cycl.© and spec.®
361 D D D D Cyecl.
187 D D D D Cycl.¢
47 K R T T Cycl.¢
Subsite —4 and -5
No side chain contacts
Subsite —6 Donor
158 Y Y Y Y -
170-171 GG GG GG GG -
184 N N N N Cycl.®
Subsite —7 Donor
142-143 SSTDPSFA SSDQPSFA D------ 1 D------ 1 Spec.®
Central
186 Y Y Y Y Cycl.¢

Reproduced from Uitdehaag, J.C.M. et al. (12), and Takada et al. (10), with some modifications. Dashes denote deletions. The underlined
residues and sequences are very specific in CGTases that produce y-CD primarily. o-, B-, B/y-, v-2, and y-CGTase® indicate the CGTases
from B. macerans (5), B. circulans strain 251 (12), Bacillus sp. 290-3 (3), Bacillus sp. G-825-6 (14), and B. clarkii 7364 (10), respectively.

“Disp., disproportionation; Cycl., cyclization; Spec., specificity.

+3 in the acceptor site and also investigated the effects
of replacement of these amino acids by several others
through site-directed mutagenesis. The replacement of
Ala223 at subsite +2 by basic amino acids strongly
enhanced the y-CD—forming activity in the neutral pH
range.

MATERIALS AND METHODS

Bacterial Strains and Plasmids—Bacillus clarkii 7364
was used for the production of wild-type CGTase (10).
Escherichia coli XL1-Blue (recAl endAl gyrA96 thi-1
hsdR17 supE44 relAl lac [F' proAB lacl’ZAM15
Tn10(Tet")] (Stratagene) was used for site-directed
mutagenesis. Escherichia coli BL21(DE3) [F~ opmT
hsdSg(rgmp”) gal dem (DE3)] (Novagen) was used for
the production of mutant CGTase proteins. Plasmid
pETGW was constructed by ligating the gene coding the
mature wild-type CGTase into plasmid pET12a (Novagen)
according to the supplier’s manual and was then used for
site-directed mutagenesis.

Site-Directed Mutagenesis—Site-directed mutagenesis
was conducted using a QuikChange Site-Directed

Mutagenesis Kit (Stratagene) according to the supplier’s
manual. The sequences of the mutagenic primers are
shown in Table 2. All mutations were confirmed by the
chain termination method (16) with an automated DNA
sequencer (Beckman Coulter, CEQ2000).

Production and Purification of CGTase—The wild-type
CGTase from B. clarkii 7364 was produced and purified as
described previously (10). The mutant CGTase was puri-
fied as follows. E. coli BL21(DE3) cells containing a recom-
binant plasmid were cultured aerobically in 1 liter LB
broth at 30°C in a 5 liter baffled flask with shaking at
90 rpm in the presence of ampicillin (50 pg/ml). Isopro-
pyl-B-D-thiogalatopyranoside was added to a final concen-
tration of 0.25 mM at the log phase of bacterial growth and
then the culture was continued. After 16 h incubation, the
culture broth was centrifuged and the cell-free superna-
tant was then concentrated to 100 ml using an ultrafiltra-
tion membrane, PM-10 (Amicon). The concentrate was
purified by the same method as used for the wild-type
CGTase. The protein concentration of the purified enzyme
was determined by the method of Lowry et al. with crystal-
line bovine serum albumin as a standard (17). The purified
enzyme was stored at 4°C until use.
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Enzyme Activity Assay—All enzyme activity assays were
performed in 25 mM HEPES-NaOH buffer (pH 7.5) and
25 mM Gly-NaCl-NaOH buffer (pH 10.0) at 40°C. The v-
and B-CD—forming activities were measured by incubating
the enzyme solution with 1.35% (w/v) soluble starch (Naca-
lai Tesque) in the above buffers for 10 min. The amounts
of y- and B-CD were photometrically determined with bro-
mocresol green (10, 18) and phenolphthalein (19), respec-
tively. One unit of each activity was defined as the amount
of enzyme that produced 1 pmol of the corresponding CD
per min. Starch-degrading activity was measured by the
blue value method of Fuwa (20) with some modifications
using 0.1% (w/v) amylose EX-III (SEIKAGAKU COR-
PORATION) in the above buffers. One unit of the activity
was defined as the amount of enzyme that gave a 10%

Table 2. Primers used for site-directed mutagenesis.

Sequence (5’ to 3’ direction)

331

decrease in the absorbance at 700 nm per min. Each
enzyme solution was diluted up to 0.02 unit for measuring
v- and B-CD—forming activities, and 0.4 unit for measuring
starch-degrading activity.

Kinetic Studies—The kinetic parameters were deter-
mined by measuring y-CD—forming activity as described
above, but the substrate solution was prepared with the
following concentrations: 0.01, 0.02, 0.03, 0.04, 0.05, 0.06,
0.08, 0.1, 0.14 and 0.2% (w/v). The kinetic parameters were
determined using the Michaelis-Menten equation with
IGOR Pro software (WaveMetics).

Determination of the Proportions of CDs Produced—The
proportions of CDs produced were determined on a HPLC
column, Aminex HPX-42A ($8 x 300 mm, Bio-Rad Labora-
tories), as described previously (10).

Structual Modeling of y-CGTase—The theoretical struc-
ture of the y-CGTase was obtained by homology modeling
from the SWISS-MODEL protein-modeling server (http:/
www.expasy.ch/swissmod/SWISS-MODEL.html) with the

A223D for cgegtggatgeggttgaccacatgectttggge
A223D rev geccaaaggceatgtggtcaaccgeatcecacgeg
A223E for cgegtggatgeggttgaacacatgectttggge
A223E rev gceccaaaggeatgtgttcaaccgeatecacgeg
A223H for cgegtggatgeggttcaccacatgectttggge
A223H rev gcecaaaggeatgtggtgaacegeatecacgeg
A223K for cgegtggatgeggttaaacacatgectttggge
A223K rev gceccaaaggceatgtgtttaaccgeatecacgeg
A223R for cgegtggatgeggttegacacatgectttggge
A223R rev gcccaaaggeatgtgtegaaccgeatecacgeg
A223S for cgegtggatgeggtttcacacatgecetttggge
A223S rev geccaaaggeatgtgtgaaaccgeatecacgeg
G255D for tacaggagcacaagacagcaatcattacc
G255D rev ggtaatgattgetgtettgtgetectgta
G255E for tacaggagcacaagagagcaatcattacc
G255E rev ggtaatgattgctetettgtgetectgta
G255K for tacaggagcacaaaaaagcaatcattacc
G255K rev ggtaatgattgettttttgtgetectgta
G255R for tacaggagcacaacgcagcaatcattacc
G255R rev ggtaatgattgetgegttgtgctectgta
G255S for tacaggagcacaaagcagcaatcattacc
G2558S rev ggtaatgattgetgcetttgtgcetectgta

Underlining denotes the coding sequence of the mutated amino
acids.

crystal structures of CGTases (PDB accession codes 1CIU,
1A47, 1CYG, 1PAM and 1I75) as templates. The maltono-
naose (G9) structure was derived from the complex struc-
ture of Bacillus circulans 251 CGTase with G9 (PDB
accession code 1CXK). The proposed complex structure
of our y-CGTase with G9 was modeled by means of super-
positioning of the above CGTase structures, followed by
least-square fitting of the Co atoms.

RESULTS

Specific Activities of the Wild-Type CGTase and Its
Mutants—Ala223 at subsite +2 and Gly255 at subsite
+3 were replaced by aspartic acid and glutamic acid (acidic
amino acids), lysine, arginine and histidine (basic amino
acids), and serine (hydroxyamino acid), and all mutant
CGTases were successfully produced and purified to
homogeneity. There was little difference in the expression
levels between the mutant CGTases and the recombinant
wild-type CGTase expressed by the same method, as the
mutant CGTases were expressed and 30-40 mg of mutant
CGTase protein per liter was produced. Assays of various
enzyme activities of the (mutant) CGTases were performed
(Table 3). The A223R mutant showed 4-fold (pH 7.5) and

Table 3. Starch-degrading, p-CD and y-CD forming activities of the wild-type CGTase and its mutants.

Starch-degrading activity B-CD—forming activity v-CD—forming activity

Enzyme (units/mg) (units/mg) (units/mg)
pH 7.5 pH 10.0 pH 7.5 pH 10.0 pH 7.5 pH 10.0

Wild type 323 959 0.11 0.50 0.47 5.41
A223D 9 41 ND ND ND 0.06
A223E 112 529 0.02 0.05 0.08 0.96
A223H 547 1,143 0.16 0.49 0.99 3.71
A223K 663 981 0.14 0.41 1.45 4.45
A223R 812 1,548 0.20 0.93 1.86 8.38
A223S 171 603 0.02 0.12 0.17 1.83
G255D 108 328 0.02 0.12 0.17 1.72
G255E 95 335 0.02 0.09 0.15 0.96
G255K 170 517 0.04 0.22 0.25 1.72
G255R 206 553 0.03 0.19 0.31 2.13
G255S 167 426 0.03 0.22 0.34 2.36

ND, not detected.
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Fig. 1. Effects of pH on the y-CD forming activity of the wild-
type CGTase and its mutants. The activity was measured under
the standard assay conditions given under “MATERIALS AND METH-
oDs” except at various pHs. The buffers used were 1/4x Mcllvaine
buffer (pH 3-7), 25 mM HEPES-NaOH buffer (pH 7.3-8.2), 25 mM
Gly-NaCl-NaOH buffer (pH 8.8-10.2), and 25 mM Na,HPO,-
NaOH buffer (pH 10.5-11.5). The pH activity profiles of wild
type (solid circles), A223H (solid diamonds), A223K (solid squares),
and A223R (solid triangles) are presented.

1.5-fold (pH 10.0) increases in y-CD—forming activity. The
A223H and A223K mutants showed slight decreases in
v-CD—forming activity at pH 10.0, but they showed
2-fold and 3-fold increases at pH 7.5, respectively. The
replacement of Ala223 with basic amino acids resulted
in significant increases in y-CD-forming activity, espe-
cially at pH 7.5. Although the starch-degrading activity
and B-CD-—forming activity of the A223H, A223K and
A223R mutants also showed significant increases com-
pared with those of the wild type CGTase, the rates of
the increases in these activities were relatively low at
pH 7.5 and the same at pH 10.0 compared with that of
v-CD—forming activity. The A223D, A223E and A223S
mutants, obtained by replacing Ala223 with acidic amino
acids and hydroxyamino acid, and all mutants obtained by
replacing Gly255 at subsite +3 with acidic amino acids,
basic amino acids and hydroxyamino acid showed signifi-
cant decreases in y-CD—forming activity at both pH 7.5 and
10.0. The y-CD—forming activities of the wild type CGTase
and its three mutants, A223H, A223K and A223R, were
measured at various pH values ranging from 3 to 11.5
(Fig. 1). The pH activity profiles of the A223H and
A223K mutants showed higher activity at neutral pHs
(pH 6-9) than that of the wild type CGTase, whereas
that of the A223R mutant showed higher activity in a
broader pH range (pH 6-10.5). Although the pH profiles
of y-CD—forming activity changed, especially at neutral
pH, the optimum pH did not change, remaining around
10.0.

Kinetic Parameters of the Wild-Type CGTase and Its
Mutants—The kinetic parameters of the wild type CGTase
and its three mutants, A223H, A223K and A223R, were
determined by measuring y-CD—forming activities at pH
7.5 and 10.0 (Table 4). At pH 10.0, the K, values of the
A223H and A223K mutants were higher than that of the
wild type CGTase, while the K, value of the A223R mutant
was lower than that of the wild type CGTase. The k..
values of both the A223H and A223K mutants at pH
10.0 were slightly higher than that of the wild-type

Y. Nakagawa et al.

Table 4. Kinetic parameters of the y-CD-forming activity of
the wild-type CGTase and its mutants.

Enzyme K., (%) Feas (71

Peat/ K (s %)

Wild type pH7.5 0.041+£0.011 0.77+0.21 19.0 £2.3
pH 10.0 0.033£0.005 8.27+0.15  256.0+33.0
A223H pH7.5 0.050+0.002 1.99+0.28 40.0+4.5
pH 10.0 0.061+0.013 8.73+1.62 143.9+20.4
A223K pH7.5 0.036+0.000 2.79+0.01 77.3+1.0
pH 10.0 0.046+0.017 9.37+1.71 1725%18.1
A223R pH75 0.033+0.001 3.21+0.37 96.8+8.9
pH 10.0 0.026 £0.011 14.11+1.37 586.7 £ 18.0

Table 5. HPLC analysis of CDs produced in reaction
mixtures containing 1% soluble starch and the wild-type
CGTase and its mutants at pH 7.5 and 10.0, and at 50°C
after 48 h incubation.

pH 7.5 pH 10.0
Enzyme a-CD B-CD v-CD a-CD B-CD v-CD
(HPLC area %)

Wild type  ND 0.8 10.9 ND 3.5 27.5
A223D ND ND 0.1 ND ND Trace
A223E ND ND 3.3 ND ND 2.0
A223H ND 1.5 12.8 ND 1.7 8.8
A223K ND 1.3 21.3 ND 0.8 23.8
A223R ND 0.8 20.8 ND 1.3 19.2
A2238 ND ND 5.4 ND 0.2 17.4
G255D ND ND 3.9 ND ND 1.3
G255E ND ND 2.7 ND ND 0.7
G255K ND 0.1 5.7 ND ND 0.7
G255R ND ND 6.3 ND ND 0.7
G255S ND ND 5.6 ND ND 2.0

ND, not detected.

CGTase, whereas the catalytic efficiencies (k.at/K,) of
both mutants were significantly reduced. The values
of both k..t and k../K,, of the A223R mutant at pH 10.0
were approximately 2-fold higher than those of the wild
type CGTase. The K., values of the wild type CGTase and
the A223R mutant at pH 7.5 were higher than those values
at pH 10.0. The K,, values of both the A223H and A223K
mutants at pH 7.5 were lower than those values at pH
10.0 and approached those of the wild type CGTase. The
values of both k. and k../K,, of the three mutants,
A223H, A223K and A223R, at pH 7.5 were significantly
increased compared with those of the wild type CGTase.
In the case of the A223R mutant, the values of k. and
keat/ Ky were 4.1-fold and 5.0-fold higher than those of the
wild type CGTase, respectively.

Analysis of the Proportions of CDs Produced by the
Wild-Type CGTase and Its Mutants—The production of
CDs in reaction mixtures containing 1% soluble starch
and a (mutant) CGTase (0.15 mg/g dry starch) incubated
at pH 7.5 and 10.0, and at 50°C was analyzed (Table 5). The
wild type CGTase produced 10.9% v-CD from 1% soluble
starch at pH 7.5 and 50°C after 48 h incubation. The three
mutants, A223H, A223K and A223R, produced approxi-
mately 1.2- to 2-fold greater amounts of y-CD. At this
time, the mutants showed almost the same productivity
of B-CD as that of the wild type CGTase. Other mutants
produced lower amounts of y-CD (0.1-6.3%) than that
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(A)

Formation of CDs (HPLC area%)
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Fig. 2 Courses of CD production in reaction mixtures con-
taining 10% soluble starch and the wild-type CGTase and
its mutants at pH 7.5 (A) and 10.0 (B), and 50°C. The enzymes
used were the wild type (circles), A223H (diamonds), A223K
(squares), and A223R (triangles). The production of - and y-CD
is shown by open and closed symbols, respectively.

produced by the wild type CGTase. The wild type CGTase
produced 27.5% y-CD from 1% soluble starch at pH 10.0
and 50°C after 48 h incubation. The three mutants, A223H,
A223K and A223R, showed lower production of CDs than
that by the wild type CGTase, producing 8.8, 23.8 and
19.2% of y-CD, respectively. Other mutants except for
the A223S mutant produced only small amounts of y-CD
(0.0-2.0%). The wild type CGTase and its three mutants,
A223H, A223K and A223R, which produced greater
amounts of y-CD from 1% soluble starch at pH 7.5, were
used for reactions with 10% soluble starch at pH 7.5 and
10.0 (Fig. 2). From 10% soluble starch as well, the A223H,
A223K and A223R mutants produced greater amounts of
v-CD at pH 7.5 and 50°C than did the wild type CGTase.
Both the A223K and A223R mutants produced approxi-
mately 8% v-CD after 48 h incubation. At this time, the
mutants showed almost the same production of B-CD as
that by the wild type CGTase. All CGTases produced the
maximum amount of 8% y-CD at pH 10.0 and 50°C. The
production of y-CD by the wild type CGTase and the A223H
mutant reached the maximum after 24 h incubation,
whereas the maximum production by the A223K and
A223R mutants was achieved after only 8 h incubation.
After the maximum production of y-CD had reached a
plateau, only the y-CD formation increased.
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DISCUSSION

In this study, the effects of replacement of hydrophobic
amino acids in the y-CGTase from B. clarkii 7364 at sub-
sites +2 and +3 were investigated. Our results showed that
the replacement of Ala223 at subsite +2 by basic amino
acids caused increases in the y-CD—forming activity and
the k., values, and decreases in the K,,, values, especially
in the neutral pH range. To assess the interaction between
a (mutant) CGTase and linear or cyclic oligosaccharides,
the coupling and disproportionation reactions are ana-
lyzed; however, both activities were too weak to detect
in the initial stages of the reactions (data not shown).
The pK, values of three basic amino acids, histidine, lysine
and arginine, are 6.0, 10.5 and 12.5, respectively. Although
the experimental pK, values for His223, Lys223 and
Arg223 in each mutant were not measurable at pH 7.5,
the amino group in the side chain of His223 is thought
to slightly conjugate the protonated form (-NHs"), and
those of Lys223 and Arg223 are thought to predominantly
conjugate the protonated form. At pH 10.0, only the amino
group in the side chain of Arg223 is thought to predomi-
nantly conjugate the protonated form. The results suggest
that the high proportion of the protonation state of the
amino groups in the side chains of these amino acids posi-
tioned at 223 corresponds to the high level of yv-CD—forming
activity. It has been reported that the amino group in the
side chain of lysine at subsite +2 undergo a hydrogen bond-
ing interaction with the glucose residue of a linear oligo-
saccharide and little interaction with those of CDs (12, 21).
The protonation state seems to enhance the hydrogen
bonding between these basic amino acids at subsite +2
and the glucose residues of linear oligosaccharides. The
enhancement of the interaction at subsite +2 may play
an important role by helping the substrate reach subsite
+1, hence increasing the 7y-CD—forming activity and
kcat value. It has been also reported that the hydrophobic
interaction between the aliphatic side chain of Lys232 at
subsite +2 and Trp258 that neighbors the acid/base cata-
lyst Glu259 in B. circulans 251 CGTase plays an important
role in the structural integrity of the active site (12). The
replacement of Ala223 by these basic amino acids at sub-
site +2 might enhance the hydrophobic interaction with
Trp248 that neighbors the acid/base catalyst Glu249 in
B. clarkii 7364 CGTase. This might contribute to the struc-
tural integrity of the active site and the increases in k..
values as well. We constructed a theoretical structure of
v-CGTase by homology modeling using the crystal struc-
tures of five CGTases (PDB accession codes 1CIU, 1A47,
1CYG, 1PAM and 1175) as templates, and simulated the
mutational effects of the A223H, A223K and A223R muta-
tions (Fig. 3). The constructed models of the wild-type
CGTase and these mutants indicate that Ala223 at subsite
+2 in the wild-type CGTase is located apart from the glu-
cose residues of linear oligosaccharides whereas the amino
groups in the side chains of His223, Lys223 and Arg223 are
located close to the glucose O3 atom of the +2 glucose
residue. The distance between these amino acid residues
positioned at 223 and the glucose residue of a linear oligo-
saccharide seems to correlate with the kinetic parameter
results.

In contrast, both the A223D and A223E mutants,
obtained by replacing Ala223 with acidic amino acids,
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showed slight y-CD—forming activity at both pH 7.5 and
10.0. This might be caused by the repulsion between the
carboxyl group in the side chains of these amino acids and
the substrate. In general, glutamic acid at subsite +3 is
conserved in both o- and B-CGTase, and it has been
reported that the B-CD—forming activity of the E264A
mutant was hardly affected in the case of CGTase from

Y. Nakagawa et al.

Ala223 Fig. 3 Stereoviews of the
structural conformation
around the amino acid resi-
dues positioned at 223 of the
wild-type CGTase (dark gray)
(a), A223H (dark gray) (b),
A223K (dark gray) (¢), and
A223R (dark gray) (d) com-
plexed with maltononaose
(light gray). The glucose resi-
dues are numbered +2, +1, and
—1 as their corresponding subsite
numbering.

His223

His224

Arg223

His224

B. circulans strain 251 (15). However, all mutants obtained
by replacing Gly255 at subsite +3 with various amino acids,
including glutamic acid, showed significant decreases in
various activities at both pH 7.5 and 10.0. According to
the constructed model of wild-type B. clarkii 7634 CGTase,
the region around Gly255 forms a helix (data not shown).
Compared with the corresponding region of B. circulans
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251 CGTase, the helix bends more tightly and the confor-
mation around Gly255 is much closer. Therefore, it seems
that mutations at the site of Gly255 introduce steric hin-
drance around subsite +3 and the mutants show significant
decreases in their activities.

The analysis of production of CDs from 1% soluble starch
by the wild-type CGTase and its mutants at pH 7.5 showed
that higher y-CD—forming activity leads to greater y-CD
production. In the case of the A223H, A223K and A223R
mutants, the y-CD production increased but there was lit-
tle change in the B-CD production. This fact suggests that
the replacement of Ala223 by basic amino acids probably
has little effect on the donor site involved in y-CD specifi-
city, and probably has an effect on the acceptor site only.
Both the A223K and A223R mutants showed approxi-
mately 1.4-fold y-CD production from 10% soluble starch
at pH 7.5 and 50°C after 48 h incubation compared to the
amounts produced by the wild type CGTase, the maximum
production being about 8% y-CD. At pH 10.0, the rates of
v-CD formation by the wild-type CGTase, and the A223H,
A223K and A223R mutants differed, but the y-CD produc-
tion by all these CGTases reached a plateau at 8%. In the
case of the wild type CGTase and A223H mutant, even
when the reaction was prolonged and/or excessive amounts
of CGTase were used at pH 7.5, the y-CD production still
reached a plateau at 8% (data not shown). The plateau in
v-CD production might be caused by two phenomena
(22-25). One is product inhibition. The binding of produced
CD to the active site and the maltose binding site of
CGTase inhibits the binding of the substrate to these
sites. The other is a coupling reaction. At the start of
the reaction, the CGTase reaction is almost a cyclization
reaction. However, as the reaction proceeds, the coupling
reaction with produced CD and low molecular weight sac-
charides is not negligible. The coupling reaction causes the
formation of smaller CDs. Our results showed that only the
B-CD formation increased after the maximum production
of y-CD had reached a plateau. Although the maximum
amounts of y-CD produced from 10% soluble starch by
the wild-type CGTase and its mutants were not different
from each other, this might be due to little interaction of
alanine and three basic amino acids positioned at 223 with
CD. The maximum amounts of y-CD did not change but
the rates of y-CD formation were efficiently accelerated
without any change in CD production specificity.

We wish to thank Dr. G. Okada, professor emeritus of
Shizuoka University, for critical reading of the manuscript.
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