8386 J. Agric. Food Chem. 2009, 57, 8386-8391
DOI:10.1021/jf902312u

JJOURNA AL

AGRICULTURAL AnD

A R T

FOOD CHEMISTRY
AR T | C_L_El

Mutations of Lysine 47 in Cyclodextrin Glycosyltransferase
from Paenibacillus macerans Enhance f-Cyclodextrin
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The nature of amino acid residue 47 shows a clear discrimination between the different groups of
cyclodextrin glycosyltransferase (CGTase). The effects of amino acid side chain at position 47 on
cyclodextrin product specificity were investigated by replacing Lys47 in the CGTase from Paeniba-
cillus macerans strain JFB05-01 with arginine, histidine, threonine, serine, or leucine. All of the
mutations reduced a-cyclodextrin-forming activity, whereas significant increases in -cyclodextrin-
forming activity were achieved. Especially, the mutations of Lys47 into threonine, serine, or leucine
converted P. macerans CGTase from o-type to /a-type. As a result, all of the mutants displayed a
shift in product specificity toward the production of -cyclodextrin. Thus, they were more suitable
for the industrial production of f-cyclodextrin than the wild-type enzyme. The enhancement of
p-cyclodextrin specificity might be due to weakening or removal of hydrogen-bonding interactions
between the side chain of residue 47 and the bent intermediate specific for a-cyclodextrin formation.
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INTRODUCTION

Cyclodextrins are cyclic, nonreducing oligo-glucopyranose
molecules linked via a(1,4)-glycosidic bonds mainly consisting
of six, seven, or eight glucose residues (a-, -, or y-cyclodextrin,
respectively) (7). They can form inclusion complexes with various
hydrophobic guest molecules (2). As a consequence of complex
formation, the properties of the included molecules are altered (3,4),
which leads to many potential applications of cyclodextrins in the
industries related to food, pharmaceuticals, chemicals, agricul-
ture, etc. (5—7). Cyclodextrins are commonly produced by the
enzymatic conversion of starch via an intramolecular transgly-
cosylation reaction catalyzed by cyclodextrin glycosyltransferase
(EC 2.4.1.19, CGTase). In addition to the cyclization reaction,
CGTase also catalyzes three other reactions: coupling, dispro-
portionation, and starch hydrolysis reactions (8).

All known wild-type CGTases produce a mixture of a-, -, and
y-cyclodextrins (9, 10). According to the main cyclodextrin
product during the initial stage of starch conversion, the CGTases
have been further classified into three main groups: o-, -, and
y-CGTases (11, 12). The limited cyclodextrin product specificity
of CGTase is disadvantageous for cyclodextrin production be-
cause the isolation of one particular type of cyclodextrin from the
reaction mixture requires a series of additional steps, including
selective crystallization of f-cyclodextrin (which is relatively
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poorly water-soluble) and selective complexation of a- or y-
cyclodextrins with organic solvents (13, /4). The additional steps
will increase significantly the costs of cyclodextrin production.
Moreover, the use of organic solvents also limits cyclodextrin
applications involving human consumption (/4, 15). Therefore,
the availability of CGTase capable of producing an increased
ratio of one particular type of cyclodextrin is highly desired. This
situation has strongly stimulated the constructions of mutant
CGTases with improved cyclodextrin product specificity.

In the past, a large number of site-directed mutations affect-
ing cyclodextrin product specificity of CGTase have been
made (/1, 16—18). Most of these mutations were based upon
amino acid residues located in the active center cleft, which
contains at least nine sugar-binding subsites with the catalytic
site between subsites 1 and —1 (79). Recently, some papers have
shown that many mutations at subsite —3 in the CGTases from
different sources could change cyclodextrin product specifi-
city (13, 16, 20—22), suggesting that subsite —3 was a key site
for cyclodextrin product specificity of CGTase.

The enzyme used in our studies, CGTase from Paenibacillus
macerans, produces mainly a-cyclodextrin during the initial stage
of starch conversion and thus is identified as o-CGTase (22). At
present, it is the most commonly used enzyme in the commercial
production of o-cyclodextrin (/3). In fact, after prolonged
incubation of P. macerans CGTase with soluble starch under
conditions resembling the industrial production nonsolvent pro-
cess, the proportion of f-cyclodextrin in the total cyclodextrin
products is even higher than that of a-cyclodextrin (22), so this
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Table 1. Oligonucleotide Primers Used for Site-Directed Mutagenesis

primer sequence® (5 to 3’ direction)

K47R-For CGATCCAATTTGCGGCTCTATTTCGG

K47R-Rev CCGAAATAGAGCCGCAAATTGGATCG
K47H-For CGATCCAATTTGCACCTCTATTTCGG
K47H-Rev CCGAAATAGAGGTGCAAATTGGATCG
K47T-For CGATCCAATTTGACGCTCTATTTCGG
K47T-Rev CCGAAATAGAGCGTCAAATTGGATCG
K478-For CGATCCAATTTGTCACTCTATTTCGG
K47S-Rev CCGAAATAGAGTGACAAATTGGATCG
K47L -For CGATCCAATTTGCTCCTCTATTTCGG
K47L -Rev CCGAAATAGAGGAGCAAATTGGATCG

@ Underlined sequences denote the coding sequences of the mutated amino acid.

CGTase is also frequently used in the commercial production of
p-cyclodextrin. Thus, mutants of this CGTase capable of produ-
cing an increased ratio of S-cyclodextrin are of high industrial
interest for the production of S-cyclodextrin.

It is known that residue 47 (P. macerans CGTase numbering)
is one of the main residues located near subsite —3 (16, 23). A
previous study has shown that the mutation of Argd7 in Bacillus
circulans strain 251 CGTase into a Leu or Gln resulted in a
generally decreased f-cyclodextrin-forming activity (/6), suggest-
ing that residue 47 had an important role in the cyclization
reaction. To further investigate the effects of amino acid side
chain at position 47 on different cyclodextrin-forming activities
and cyclodextrin product specificity of CGTase and eventually
obtain the mutants capable of producing an increased ratio of
B-cyclodextrin, in the present study, we chose to replace Lys47 in
the CGTase from P. macerans strain JFB05-01 with arginine,
histidine, threonine, serine, or leucine. The relative mechanisms
were also analyzed.

MATERIALS AND METHODS

Bacterial Strains and Plasmids. Escherichia coli IM109 was used for
recombinant DNA manipulations. The (mutant) CGTases were produced
with E. coli BL21(DE3) harboring (mutant) plasmid cg?/pET-20b(+).
Plasmid c¢gt/pET-20b(+), in which the gene coding the mature wild-type
CGTase from P. macerans strain JFB05-01 (CCTCC M203062) was placed
downstream of a DNA sequence coding pelB signal peptide and fused in
frame to six histidine codons (24), was used for site-directed mutagenesis,
sequencing, and expression of the (mutant) CGTase proteins.

DNA Manipulation and Sequencing. EX Taq HS DNA polymerase,
restriction endonucleases, and PCR reagents were purchased from
TaKaRa Shuzo (Otsu, Japan). DNA manipulations and calcium chloride
transformation of E. coli strains were performed as described (25). DNA
sequences were determined by cycle sequencing with an ABI PRISM
BigDye primer cycle sequencing kit with AmpliTag DNA polymerase
(Perkin-Elmer, Foster City, CA). Multiple sequence alignment was per-
formed with the CLUSTAL W program (26).

Site-Directed Mutagenesis. Site-directed mutagenesis was performed
by a one-step PCR method using plasmid cgt/pET-20b(+) as template and
a pair of complementary primers. The sequences of the mutagenic primers
are shown in Table 1. PCR products were treated with Dpnl and used to
transform E. coli JM109. The resulting (mutant) plasmids from these clones
were transformed into E. coli BL21(DE3). DNA sequencing was per-
formed to verify the presence of each of these mutations.

Production of the (Mutant) CGTases. A single colony of E. coli
BL21(DE3) cells harboring (mutant) plasmid c¢gt/pET-20b(+) was inocu-
lated into 10 mL of Luria—Bertani medium in the presence of 100 ug/mL
ampicillin and grown at 37 °C overnight. One milliliter of overnight culture
was then diluted into 100 mL of terrific broth medium in the presence of
100 ug/mL ampicillin and incubated on a rotary shaker (200 rpm) at 30 °C.
The expression of (mutant) CGTases was induced with 0.01 mM isopropyl
p-p-1-thiogalactopyranoside added at an optical density at 600 nm of
approximately 0.6. Protein induction was performed at 25 °C and
continued for 90 h.
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Bacterial source Parar sequence . Aecesson
45-50 No.
Kiebsiella pneumoniae M5a1 NLKKYT P08704
P. macerans JFB05-01 NLKLYF This study|
a-CGTase P. macerans IFO3490 NLKLYF AACO0435
Bacillus macerans NLKLYF P31835
Thermococcus sp. B1001 NWKLYW AB025721
T. thermosulfurigenes EM1 SLKKYF AAB00844
B-CGTase  Thermoanaerobacter sp. ATCC53.627 SLKKYF —_—
B. licheniformis NLKLYC CAAA177
B. circulans 8 NLKLYC P30920
Bacillus sp. 6.6.3 NLKLYC CAA4690
B. circulans E192 NLKLYC —_—
B-CGTase Alkalophilic B. sp. 38-2 NLRLYC P09121
Bacillus sp. B1018 NLRLYC P17692
Alkalophilic 8. sp. 1011 NLRLYC P05618
B. circulans 251 NLRLYC CAA5502.
Bacillus sp. KC201 DLHKYC BAA0238(
b/v-CGTase Alkalophilic 8. sp. N 1.1 DLHKYC P31746
B. ohbensis C-1400 DLHKYC BAA14289
Brevibacillus brevis CD162 DLHKYC AABB542i
B. firmus/ientus 290-3 DLTKYC CAAQ143
¥-CGTase B. larkia 7364 DLTKYC BAB91217
Baciluss0.G:825:6 DLIKYC ___BAESZ03d

Figure 1. Multiple sequence alignment of the region around amino acid
residue 47 in the CGTases from different sources. The position of residue
47 is shown in bold. Two cyclodextrins are indicated in those cases where
both cyclodextrins were formed in comparable amounts, but with (slight)
preference for the first one mentioned.

Purification of the (Mutant) CGTases. Culture supernatants were
obtained by centrifugation. The (mutant) CGTases in the culture super-
natant were further purified by affinity chromatography using a Ni-NTA
agarose column (Qiagen, Chatsworth, CA). Purity and molecular weight
were determined using sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE, 10% gel). The purified enzymes were divided into
aliquots and stored at —80 °C. Protein concentration was determined
according to the Bradford assay (27) using bovine serum albumin (Sigma-
Aldrich, Milwaukee, WI) as a standard.

Assays of CGTase. All enzyme assays were performed by incubating
0.1 mL of appropriately diluted enzyme with 0.9 mL of 3% (w/v) soluble
starch solution in 50 mM phosphate buffer (pH 6.0) at 40 °C for 10 min. -, 5-,
and y-cyclodextrin-forming activities were determined according to the methyl
orange (22, 28), phenolphthalein (29), and bromocresol green (30) methods,
respectively. One unit of each activity was defined as the amount of enzyme
that was able to produce 1 umol of the corresponding cyclodextrin per minute.

Thermostabilities of the (Mutant) CGTases. The thermostabilities
of the (mutant) CGTases were determined by incubating the purified enzymes
in 50 mM phosphate buffer (pH 6.0) at 40 °C. At various times, aliquots of the
enzyme were removed and assayed for residual o-cyclization activity.

HPLC Product Analysis. The formation of cyclodextrins under
conditions resembling industrial production process was measured by
incubation of 0.2 unit/mL (mutant) CGTases (total cyclization activity)
with 5% (wet basis, w/v) soluble starch solution in 50 mM phosphate buffer
(pH 6.0) at 40 °C for 40 h. At regular time intervals, samples were taken and
boiled for 10 min to terminate the reaction. To eliminate contaminating
oligosaccharides, the glucoamylase was added to the boiled sample at a
final concentration of 1 unit/mL, and then the mixture was incubated at
30 °C for 2 h, followed by boiling for 10 min. The concentrations of a-, -,
and y-cyclodextrins in the final sample were determined by HPLC on a
Lichrosorb NH2 column (Merck, Darmstadt, Germany) eluted with
acetonitrile/water (65:45) at a flow rate of | mL/min. Products were detected
by a Waters 410 refractive index detector (Waters Corp., Milford, MA).

Structure Modeling of the (Mutant) CGTases. The theoretical
structures of the (mutant) CGTases were obtained by homology modeling
from the SWISS-MODEL protein-modeling server (http://www.expasy.ch/
swissmod/SWISS-MODEL.html) (37). The proposed complex structures of
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Table 2. Cyclodextrin-Forming Activities and Thermstabilities (at 40 °C) of the Wild-Type and Mutant CGTases from P. macerans Strain JFB05-01¢

o-cyclodextrin-forming activity f-cyclodextrin-forming activity y-cyclodextrin-forming activity total half-life
enzyme (units/mg) (units/mg) (units/mg) (units/mg) tie (h)
wild-type 190.4 (85.1) 32.2(14.4) 1.1(0.5) 2237 8.0
K47R 165.5(77.3) 46.6 (21.7) 2.0(0.9) 2141 72
K47H 125.8(62.9) 71.9(35.9) 24(12) 200.1 6.5
K47T 88.1(47.4) 95.5(51.4) 22(12) 185.8 5.9
K47S 84.5(46.4) 95.7 (52.5) 2.0(1.1) 182.2 6.2
K47L 80.1(45.9) 92.5(53.1) 1.8(1.0) 174.4 4.8

Each value represents the mean of three independent measurements, and the deviation from the mean was below 5%. Numbers in parentheses indicate the ratio in specific

activities for the formation of the different cyclodextrins.

Subsite -3

Figure 2. Different conformations of amino acid side chain at position 47 in the structural models of the wild-type CGTase (A) and mutant K47L (B) complexed

with a maltohexaose inhibitor in the active site.

the wild-type and mutant CGTases with a maltohexaose inhibitor were
modeled by means of superpositioning of the above theoretical structure
and the complex structure of Thermoanaerobacterium thermosulfurigenes
strain EM1 CGTase with a maltohexaose inhibitor in the active site (PDB
accession code 1A47) (13), followed by least-squares fitting of the Coatoms.

RESULTS AND DISCUSSION

Residue 47 Is Functionally Conserved in CGTases. Sequence
comparisons of CGTases from different sources showed that the
nature of residue 47 has a clear discrimination between the dif-
ferent groups of CGTase (Figure 1), suggesting that the identity of
residue 47 may affect cyclodextrin product specificity of CGTase.
In the a- and o/B-CGTases it is a lysine. In the S-CGTases it
is either a lysine or an arginine. In the §/y-CGTases produc-
ing virtually no a-cyclodextrin, it is a histidine. Finally, in the
y-CGTase, it is a threonine. It seemed that the CGTase with a
relatively short side chain of residue 47 had a preference for the
production of larger cyclodextrins.

To investigate the effect of amino acid side chain at position 47
on cyclodextrin product specificity, in the present study, Lys47
near subsite —3 in the a-CGTase from P. macerans strain JFB0S5-
01 was replaced by arginine partly conserved in the 5-CGTase,
histidine conserved in the 3/y-CGTase, and threonine conserved
in the y-CGTase, respectively. In addition, a serine, in which the
side chain is shorter than that of threonine and which has intact
hydrogen-bonding capability, and a leucine, in which the side
chain is longer than that of threonine but which has no hydrogen-
bonding capability, were also chosen to replace Lys47.

Lys47 Is Important for the a-Cyclization Reaction. The mutants
were successfully constructed by site-directed mutagenesis via
one-step PCR; all of the mutations were verified by DNA
sequencing. The wild-type and mutant CGTases were expressed
in E. coli BL21 (DE3). There was no significant difference in the
expression levels between the recombinant wild-type and the
mutant CGTases, as 40—50 mg of the CGTase proteins/L was

produced in the flask cultures. Purified (mutant) CGTase pro-
teins were obtained by one-step nickel affinity chromatography
on Ni-NTA resin. SDS-PAGE analysis showed that all proteins
were purified to apparent homogeneity and displayed an appar-
ent molecular mass of approximately 76 kDa.

The cyclization activities of wild-type and mutant CGTases
are shown in Table 2. The wild-type CGTase had a relatively high
o-cyclodextrin-forming activity. Compared to the wild-type en-
zyme, mutations K47R and K47H resulted in 13 and 34%
decreases in a-cyclodextrin-forming activity, respectively, whereas
mutants K47T, K47S, and K47L showed >2-fold decreases in
o-cyclodextrin-forming activity. The decreased a-cyclization ac-
tivities of all the mutants indicated that Lys47 was important for
the a-cyclization reaction.

Previously, some crystal soaking experiments, in which CGTase
crystals were first soaked in a solution containing the maltononaose
inhibitor and subsequently in a solution containing the maltohex-
aose inhibitor, had revealed that the (mutant) CGTase with a
relatively high a-cyclodextrin-forming activity had a preference for
the binding of a maltohexaose inhibitor over a maltononaose
inhibitor in the active site (13, 19, 20). In addition, at subsite —3
the maltohexaose binding mode was radically different from the
maltononaose binding mode, the former being more bent toward
the center (Tyr195) of the active site (I3, 22). Thus, the bent
conformation of the ligand should be correlated with the formation
of a-cyclodextrin. It might represent a (partly) specific intermediate
in the o-cyclization reaction (13, 20). Furthermore, X-ray structural
analysis of the CGTase from T. thermosulfurigenes strain EM1
complexed with a maltohexaose inhibitor in the active site revealed
that the bent conformation was stabilized by Lys47 through
hydrogen-bonding interactions with the O2 atom of the sugar at
subsite —3 (/3). Therefore, hydrogen-bonding interactions might
also exist between Lys47 in the wild-type CGTase from P. macerans
and the bent intermediate specific for a-cyclodextrin forma-
tion (Figure 2A). However, it was noted that hydrogen-bonding
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Figure 3. Cyclodextrins formed during incubation of a (mutant) CGTase from P. macerans strain JFB05-01 (0.2 unit/mL total cyclization activity) with 5% (wet
basis, w/v) soluble starch solution at pH 6.0 and 40 °C for 40 h: A, wild-type CGTase; B, mutant K47R; C, mutant K47H; D, mutant K47T; E, mutant K47S;
F, mutant K47L; @, o-cyclodextrin; B, 3-cyclodextrin; A, y-cyclodextrin. Each value represents the mean of three independent measurements.

interactions were not found between Argd7 in the f-CGTases and
the bent or straight intermediate, although Arg47 could hydrogen
bond to cyclic compounds (such as cyclodextrin) (16).

In the present study, due to the removal of all possible hydrogen-
bonding interactions with the sugar at subsite —3, the K47L
mutation might dramatically affect the stabilization of the bent
conformation (Figure 2B). Moreover, the removal of the hydro-
philicity might also affect neighboring amino acids. Thus, among all
of the mutants, the K47L mutant showed the highest decrease in
o-cyclodextrin-forming activity. Mutations of Lys47 into threonine or
serine, with intact hydrogen-bonding capability but a much shorter
side chain than the original lysine, might also cause the almost
complete loss of the interactions between the side chain of residue 47
and the bent intermediate, thus resulting in significant decreases in
o-cyclodextrin-forming activity, which were comparable to the
K47L mutation. In addition, mutations of Lys47 into arginine or
histidine caused moderate decreases in o-cyclodextrin-forming
activity when compared to the wild-type enzyme and mutant
K47L. This suggested that the interactions for Lys47 with the bent
intermediate were at least partially retained in both mutants.

Mutations of Lys47 Increased f-Cyclization Activity. The wild-
type CGTase had a relatively low S-cyclodextrin-forming activity
(Table 2). Significant increases in S-cyclodextrin-forming activity
were, however, achieved by mutations of Lys47 (Table 2). Com-
pared to the wild-type enzyme, mutations K47R and K47H

resulted in 1.5- and 2.2-fold increases in S-cyclodextrin-forming
activity, respectively, whereas mutants K47T, K47S, and K47L
showed about 3-fold increases in 8-cyclodextrin-forming activity,
which was even higher than a-cyclodextrin-forming activity.
Probably due to the destabilization of the bent conformation,
the intermediates in a straight conformation, which might be
(partly) specific for the formation of S-cyclodextrin (19, 22, 32),
were more frequently formed in the cyclization reaction of these
mutants. Noteworthily, in the B. circulans strain 251 CGTase, the
mutations of Argd7, even into Leu, displayed contrary effects
on p-cyclodextrin-forming activity (/6), suggesting that the
responses of CGTases from different sources to the mutations
of residue 47 were significantly different.

The wild-type CGTase showed little detectable y-cyclodextrin-
forming activity, whereas y-cyclodextrin-forming activity was not
affected significantly by all of the mutations of Lys47 (Table 2).
A possible explanation was that these mutations did not produce
more space at the end of the substrate binding cleft to accom-
modate additional sugar residues (33).

However, for all of the mutants, the increase in 5-cyclodextrin-
forming activity did not completely compensate for the decrease
in a-cyclodextrin-forming activity. As a result, the mutations of
Lysd47 resulted in 4—22% decreases in total cyclization activity.
Furthermore, the mutant with a lower o-cyclodextrin-forming
activity corresponded to a lower total cyclization activity.
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Table 3. Starch Conversion of the Wild-Type and Mutant CGTases from P. macerans Strain JFB05-01%

product (g/L)

CGTase conversion of starch into cyclodextrins (%) o B y

wild-type 42.3 7.6(41.8) 9.9(54.4) 0.69(3.8)
K47R 415 6.8(38.1) 10.3(57.7) 0.75(4.2)
K47H 40.5 6.0(34.4) 10.7 (61.4) 0.72 (4.1)
K47T 39.3 5.0(29.6) 11.2(66.4) 0.68(4.0)
K478 39.8 4.8(28.0) 11.6 (67.7) 0.73(4.3)
K47L 37.9 4.7 (28.0) 11.0(67.6) 0.58(4.4)

@CGTase proteins (0.2 unit/mL total cyclization activity) were incubated with 5% (wet basis, w/v) soluble starch solution at pH 6.0 and 40 °C for 40 h. Numbers in parentheses

indicate the ratio in the different cyclodextrins.

Mutations of Lys47 Enhanced f-Cyclodextrin Specificity. The
effect of the mutations of Lys47 on cyclodextrin product speci-
ficity was first reflected in the change of initial cyclodextrin
product ratio. Among all four CGTase-catalyzed reactions, only
the effect of cyclization is apparent at the start of the reac-
tion (16, 20). Thus, this ratio is determined by different cyclodex-
trin-forming activities of CGTase and reflects the preference of
the enzyme for the production of the specific cyclodextrins (20).
In the present study, all of the mutations of Lys47 resulted in
increased proportions of S-cyclodextrin-forming activity in total
cyclization activity (Table 2), thus causing a shift in the preference
toward the production of S-cyclodextrin. The shift was most
apparent for mutants K47T, K47S, and K47L, which showed a
preference for the production of f-cyclodextrin over a-cyclodex-
trin. It was suggested that these single mutations could convert
P. macerans CGTase from a-type into f/a-type. However, these
results were not consistent with the expectation, obtained from
multiple sequence alignment (Figure 1), that the mutant with a
shorter side chain of residue 47 had a higher preference for the
production of larger cyclodextrins, whereas hydrogen-bonding
interactions between the side chain of residue 47 and the bent
intermediate in the a-cyclization reaction appeared to contribute
to the size of cyclodextrin products formed (Figure 2).

The mutations of Lys47 also resulted in the change of cyclodex-
trin product ratio after equilibrium was reached. For the wild-type
CGTase, at the initial stage of the reaction, a-cyclodextrin was the
main product. At the later stages, the proportion of a-cyclodextrin
in the total cyclodextrin products decreased while the proportion of
f-cyclodextrin increased (Figure 3A). After 40 h of incubation, the
wild-type enzyme produced a mixture of a-, 5-, and y-cyclodex-
trins at a ratio of 41.8:54.4:3.8 (Table 3). Compared to the wild-
type enzyme, all of the mutants produced more S-cyclodextrin
at the expense of o-cyclodextrin, whereas the production of
y-cyclodextrin was not affected significantly (Figure 3B—F). Espe-
cially for the mutants K47T, K47S, and K47L, after 40 h of
incubation, the amounts of 3-cyclodextrin in the reaction mixture
were about 1.1—1.2-fold of that of the wild-type enzyme, whereas
the amounts of a-cyclodextrin decreased to 62—66% of that of the
wild-type enzyme (Table 3). The proportions of S-cyclodextrin in
the total cyclodextrin products reached 66—68% (Table 3).

The final cyclodextrin product ratio is a combined result of all
four CGTase-catalyzed reactions (13, 20, 34). With the incubation
time prolonged, the degradation of cyclodextrins via the coupling
reaction is not negligible. Meanwhile, -, 5-, and y-cyclodextrin
formation rates will gradually decrease due to product inhibi-
tion (22). Eventually, the formation and degradation of a-, 8-, and
y-cyclodextrins may reach equilibrium. For any (mutant) CGTase,
the final ratio obtained after 40 h of incubation (Table 3) had an
obvious difference from the initial ratio expected from its cyclo-
dextrin-forming activities (Table 2). Nevertheless, the changes of
the final ratio for the mutants could be closely related to their
altered cyclodextrin-forming activities; after 40 h of incubation, the

mutant with a higher proportion of -cyclodextrin-forming activ-
ity in total cyclization activity (Table 2) still had an increased
contribution of S-cyclodextrin at the expense of a-cyclodextrin
when compared to the wild-type enzyme (Table 3).

In addition, although equal amounts of cyclization activity
were used in our cases, all of the mutants had lower conversions of
starch into cyclodextrins than the wild-type enzyme (Table 3).
Stability tests revealed that the mutant with a lower conversion
was accompanied by a shorter half-life at 40 °C (Table 2), so the
decreased total cyclodextrin production from starch was prob-
ably caused by the decreased stability of the enzyme.

In summary, all of the mutations described in this study resulted
in significant increases in [-cyclodextrin-forming activities, with
concomitant decreases in a-cyclodextrin-forming activity. Especi-
ally, the mutations of Lys47 into threonine, serine, or leucine could
convert P. macerans CGTase from o-type into f/a-type. As a
result, these mutants displayed a shift in product specificity toward
the production of S-cyclodextrin. They were more suitable for the
industrial production of f-cyclodextrin than the wild-type enzyme.
These data provided clear evidence that amino acid side chain at
position 47 near subsite —3 had an important effect on the
cyclodextrin product specificity of CGTase.
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