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Cyclodextrin glycosyltransferases (CGTases) (EC 2.4.1.19) catalyze the conversion of starch or starch derivates into mix-
tures of a-, B-, and y-cyclodextrins. Because time-consuming and expensive purification procedures hinder the wide-
spread application of single-ingredient cyclodextrins, enzymes with enhanced specificity are needed. In this study, we
tested the hypothesis that the a-cyclodextrin selectivity of Paenibacillus macerans a-CGTase could be augmented by mask-
ing subsite —7 of the active site, blocking the formation of larger cyclodextrins, particularly 3-cyclodextrin. Five single
mutants and three double mutants designed to remove hydrogen-bonding interactions between the enzyme and substrate
at subsite —7 were constructed and characterized in detail. Although the rates of a-cyclodextrin formation varied only
modestly, the rate of B-cyclodextrin formation decreased dramatically in these mutants. The increase in a-cyclodextrin
selectivity was directly proportional to the increase in the ratio of their k_,, values for a- and B-cyclodextrin formation.
The R146A/D147P and R146P/D147A double mutants exhibited ratios of a-cyclodextrin to total cyclodextrin production
of 75.1% and 76.1%, approximately one-fifth greater than that of the wild-type enzyme (63.2%), without loss of thermosta-
bility. Thus, these double mutants may be more suitable for the industrial production of a-cyclodextrin than the wild-type

enzyme. The production of B-cyclodextrin by these mutants was almost identical to their production of y-cyclodextrin,
which was unaffected by the mutations in subsite —7, suggesting that subsite —7 was effectively blocked by these muta-
tions. Further increases in a-cyclodextrin selectivity will require identification of the mechanism or mechanisms by which

these small quantities of larger cyclodextrins are formed.

yclodextrin glycosyltransferase (EC 2.4.1.19, CGTase), which

belongs to glycohydrolase (GH) family 13, catalyzes the cycli-
zation, coupling, disproportionation, and hydrolysis of starch or
linear a-(1,4)-linked glucans (1-3). Industrial interest in these
enzymes arises from their preference for transglycosylation over
hydrolysis (2, 4, 5) and from their ability to catalyze the synthesis
of circular a-(1,4)-linked oligosaccharides, which are known as
cyclodextrins (3, 6). All known CGTases catalyze the formation of
mixtures of cyclodextrins containing 6 (a-cyclodextrin), 7 (B-
cyclodextrin), or 8 (y-cyclodextrin) glucose units. If these reac-
tions were allowed to reach equilibrium, the a-cyclodextrin/[3-
cyclodextrin/y-cyclodextrin ratio in the mixture would become
27:58:15 (7). In practice, the ratio of these products is determined
by the kinetics of their production, which varies with each indi-
vidual enzyme (2, 8). The CGTases are classified as a-, B-, or
v-CGTases or mixed CTGases on the basis of the cyclodextrin that
they produce in the main proportion (1-3).

Cyclodextrins are unique natural materials. They adopt the
structure of a truncated cone with a hydrophilic external surface
and a hydrophobic internal cavity (9) that allow them to bind
hydrophobic molecules within their internal cavities and carry
them into aqueous solution. These advantageous properties have
led to their widespread use in industries related to food, pharma-
ceuticals, and related products (10-12). Single-ingredient cyclo-
dextrins are preferred over cyclodextrin mixtures in almost all
industrial applications that require the formation of a complex
with a specific hydrophobic molecule.

Since natural CGTases produce mixtures of a-, 8-, and y-cy-
clodextrins, a time-consuming and expensive procedure is needed
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to purify the desired product. This added cost prevents the wide-
spread application of single-ingredient cyclodextrins. One poten-
tial solution to this problem that has received recent attention is
the construction of engineered CGTases with substantially en-
hanced product specificity. Reviews of recent progress in the arti-
ficial modifications of CGTases and their impact on biotechnolog-
ical processes have been published (2, 3). While some progress has
been made, particularly through modifications at subsite —3 or
—6 (13, 14), improvements in the a-cyclodextrin specificity of
a-CGTases, particularly via modifications at subsite —7, re-
main underexplored.

In this study, site-directed mutagenesis was performed on
Paenibacillus macerans o-CGTase (15) in an effort to enhance the
specificity of a-cyclodextrin production under industrial condi-
tions. The hypothesis behind this work is diagrammed in Fig. 1.
The synthesis of cyclodextrins begins when a linear maltooligosac-
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FIG 1 Schematic diagrams of the CGTase active site. (A) A maltoheptaose
intermediate covalently attached at the cleavage site (arrow), preceding 3-cy-
clodextrin formation. (B) A maltohexaose intermediate covalently attached at
the cleavage site, preceding a-cyclodextrin formation. (C) CGTase mutant
represented as having a “masked” subsite —7.

charide chain binds to the subsites of the active site (16). Binding
is followed by bond cleavage to yield a covalent glycosyl-enzyme
intermediate (17). Cyclodextrin synthesis then proceeds via an
intramolecular transglycosylation reaction (cyclization) (2).
Structures of maltohexaose and maltoheptaose bound at the do-
nor site have provided insight into the mechanisms governing
cyclodextrin size specificity (18). Panels A and B of Fig. 1 present a
general diagram representing the CGTase enzyme with covalently
bound maltooligosaccharide intermediates that can produce
B-cyclodextrin or a-cyclodextrin through subsequent cyclization.
Competition between these two patterns is hypothesized to be a
key feature in the mechanism that determines the product distri-
bution. The remote end of the donor-binding site, corresponding
to subsites —7 and —6, forms numerous hydrogen-bonding in-
teractions with the glucose unit (16, 18). These interactions could
play a role in determining cyclodextrin size specificity. The S146P
mutant, designed to disturb the hydrogen-bonding network at
subsite —7 of Bacillus circulans 251 3-CGTase, showed a decrease
in k_,, for B-cyclodextrin synthesis and an increase in a-cyclodex-
trin production (19). From this result, we formed the hypothesis
that removing hydrogen-bonding interactions and inducing steric
hindrance between subsite —7 and the nonreducing end of the
maltooligosaccharide would decrease the rate of B-cyclodextrin
synthesis, without having a negative effect on the rate of a-cyclo-
dextrin synthesis by P. macerans a-CGTase. Panel C of Fig. 1 dis-
plays a general diagram of the CGTase structure that we are trying
to achieve through mutagenesis.

MATERIALS AND METHODS

Bacterial strains, plasmids, and materials. Escherichia coli JM109 and E.
coli BL21(DE3) (13) were used as hosts for recombinant DNA manipula-
tions and protein expression, respectively. Plasmid cgt/pET-20b(+) (13),
which contains a gene encoding the mature wild-type CGTase from P.
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macerans strain JEB05-01 (Canadian Clinical Trials Coordinating Centre
[CCTCCJ: M203062), was used for site-directed mutagenesis and expres-
sion of CGTase proteins.

Primer Star HS DNA polymerase and the restriction endonuclease
Dpnl were purchased from TaKaRa Biotechnology (Dalian, China) Co.,
Ltd. A plasmid extraction kit, ampicillin sodium salt, and isopropyl-3-p-
1-thiogalactopyranoside were purchased from Sangon Biotech (Shanghai,
China) Co., Ltd. Yeast extract and tryptone were purchased from Oxoid
Co., Ltd. Bovine serum albumin and chromatographically pure a-cyclo-
dextrin, B-cyclodextrin, and y-cyclodextrin were purchased from Sigma-
Aldrich Co., LLC. Soluble starch, methyl orange, and phenolphthalein
were purchased from Sinopharm Chemical Reagent (Shanghai, China)
Co., Ltd. All other chemicals and reagents were of analytical grade.

Selection of mutation sites based on sequence and structural analy-
sis. ClustalX was utilized for multiple-sequence alignment (20). Theoret-
ical structures of the mutant CGTases were obtained by using homology
modeling performed by the SwissModel protein-modeling server (21).
The crystal structure of wild-type CGTase (PDB identifier [ID] 4JCL) was
used as the basis for the homology modeling. The PyMol molecular
graphics system (DeLano Scientific, San Carlos, CA) was used to visualize
and analyze the generated model structures, as well as to construct graph-
ical presentations and illustrative figures.

DNA manipulations and sequencing. Site-directed mutagenesis was
performed using overlap extension PCR (22) with plasmid cgt/pET-
20b(+) as the template and a pair of complementary primers. The se-
quences of the primers carrying the respective mutations are shown in
Table 1. DNA manipulations and calcium chloride transformation of E.
coli strains were performed as previously described (23). DNA sequencing
was performed by Sangon Biotech (Shanghai, China) Co., Ltd. The result-
ing expression vectors containing the correct mutations were used to
transform chemically competent E. coli BL21(DE3) for expression.

Production and purification of CGTase proteins. LB medium con-
taining 100 pg/ml ampicillin sodium salt was inoculated with a single
colony of E. coli BL21(DE3) cells harboring recombinant plasmid and was
incubated at 37°C overnight. An aliquot of the overnight culture was then
transferred into TB medium containing 100 pg/ml ampicillin sodium salt
and 7.5 g/liter glycine and was shaken at 37°C until the optical density at
600 nm reached 1.0. Isopropyl-3-p-1-thiogalactopyranoside was added to
give a final concentration of 0.05 mM to induce expression of the target
protein. Protein induction was performed at 25°C and continued for 48 h.
The culture supernatant, obtained by centrifugation at 10,000 X g for 15
min at 4°C, was subjected to salt fractionation using ammonium sulfate
(25% [wt/vol]) and dialyzed against buffer A (20 mM sodium phosphate
buffer, pH 6.5). This sample was applied to a DEAE Sepharose column

TABLE 1 Primers used for site-directed mutagenesis

Primer Sequence (5'-to-3" direction)

D145A-For ACGTCTCCGGCCGCTAGGGACAACCC
D145A-Rev GGGTTGTCCCTAGCGGCCGGAGACGT
R146A-For GTCTCCGGCCGACGCTGACAACCCCG
R146A-Rev CGGGGTTGTCAGCGTCGGCCGGAGAC
D147A-For CCGGCCGACAGGGCTAACCCCGGCTTCGCC
D147A-Rev GGCGAAGCCGGGGTTAGCCCTGTCGGCCGG
R146P-For ACGTCTCCGGCCGACCCTGACAACCCCG
R146P-Rev CGGGGTTGTCAGGGTCGGCCGGAGACGT
D147P-For CCGGCCGACAGGCCTAACCCCGGCTTCGCC
D147P-Rev GGCGAAGCCGGGGTTAGGCCTGTCGGCCGG

R146A/D147P-For
R146A/D147P-Rev
R146P/D147A-For
R146P/D147A-Rev
R146P/D147P-For
R146P/D147P-Rev

TCTCCGGCCGACGCTCCTAACCCCGGCTTC
GAAGCCGGGGTTAGGAGCGTCGGCCGGAGA
TCTCCGGCCGACCCTGCTAACCCCGGCTTC
GAAGCCGGGGTTAGCAGGGTCGGCCGGAGA
TCTCCGGCCGACCCTCCTAACCCCGGCTTC
GAAGCCGGGGTTAGGAGGGTCGGCCGGAGA

April 2016 Volume 82 Number 8


http://www.rcsb.org/pdb/explore/explore.do?structureId=4JCL
http://aem.asm.org

Cyclodextrin Glycosyltransferase Product Specificity

Region I Subsite -7
Paenibacillus macerans HNIKVVIDFAPNHTSPADRDNPGFAENGGMYDNGSLLGAYSND 170
Bacillus macerans HNIKVVMDFAPNHTNPASSTDPSFAENGALYNNGTLLGKYSND 197
Thermococcus sp. B1001 YNITIIIDFVPNHSNP-NDA----GEYGALYDNGTFVIDYPTD 192
Klebsiella pneumoniae YNMKLVLDYAPNHSN-ANDE--—--NEFGALYRDGVFITDYPTN 190
Anaerobranca gottschalkii HDIKVIIDFAPNHTSPAEVNNPNYAEDGNLYNNGEFVASYSND 210
T. thermosulfurigenes Eml HNIKVIIDFAPNHTSPASETDPTYAENGRLYDNGTLLGGYTND 171
B. stearothermophilus N02 KGIKVIIDFAPNHTSPASETNPSYMENGRLYDNGTLLGGYTND 166
Bacillus circulans 251 KNIKVIIDFAPNHTSPASSDQPSFAENGRLYDNGTLLGGYTND 170
Bacillus circulans 8 KGIKIVIDFAPNHT SPAMETDTSFAENGRLYDNGTLVGGYTND 170
Bacillus sp. 1011 HNIKVIIDFAPNHTSPASSDDPSFAENGRLYDNGNLLGGYTND 197
Bacillus ohbensisohbensis NGIKVIMDFTPNHSSPALETDPSYAENGAVYNDGVLIGNYSND 192
Bacillus firmus 290-3 HDIKVIIDFVPNHTSPVD—————— TIENGALYDNGRLVGHYSND 186
Bacillus sp. G-825-6 YDIKVIIDFVPNHTSPVD—————— IEDGALYDNGRLVGHYSND 186
Bacillus clarkii HDIKVVIDFVPNHT SPVD-—————— IEDGALYDNGTLLGHYSTD 189
« Sie 18 SiSpIg X XESS 5 * * g% ok g3 X,

FIG 2 Sequence alignment of conserved region I and subsite —7 in CGTases. The CGTases are ordered according to their cyclodextrin product specificity
(1-3), with a-CGTases on the top, followed by the a/B-CGTases and 3-CGTases and, finally, by the y-CGTases at the bottom. *, identical; :, conserved
substitution; ., semiconserved substitution. Conserved region I of the GH13 family is boxed. The region constituting subsite —7 is rendered with a gray
background. The protein sequences utilized are those of Paenibacillus macerans CGTase (GenBank accession number 4JCL_A), Bacillus macerans CGTase
(accession number P31835.1), Thermococcus sp. strain B1001 CGTase (accession number BAA88217.1), Klebsiella pneumoniae CGTase (accession number
P08704.1), Anaerobranca gottschalkii CGTase (accession number CAH61550.1), Thermoanaerobacterium thermosulfurigenes Em1 CGTase (accession number
1A47_A), Bacillus stearothermophilus N02 CGTase (accession number 1CYG_A), Bacillus circulans 251 CGTase (accession number 1CDG_A), Bacillus circulans
8 CGTase (accession number 1CGT_A), Bacillus sp. strain 1011 CGTase (accession number P05618.1), Bacillus ohbensis CGTase (accession number P27036.2),
Bacillus firmus 290-3 CGTase (accession number CAA01436.1) Bacillus sp. strain G-825-6 CGTase (accession number Q25CB6), and Bacillus clarkii CGTase

(accession number 4JCM_A).

(Pharmacia Biotech) (160 mm by 10 mm) that had been preequilibrated
with buffer A. Using a fast protein liquid chromatography (FPLC) system
(AKTA FPLC system; GE Healthcare), a linear gradient of 0 to 1 M NaCl
in buffer A was used to elute the adsorbed proteins. The fractions contain-
ing CGTase activity were pooled and dialyzed against buffer A overnight.
Protein concentrations were determined using the Bradford assay (24),
with bovine serum albumin as the standard.

CGTase activity assay. All enzyme assays were performed by incubat-
ing 0.1 ml of diluted enzyme (0.35 to 1.0 U/ml) with 2 ml of 2% (wt/vol)
soluble starch in 50 mM citric acid/disodium hydrogen phosphate buffer
(pH 5.5) at 45°C for 10 min. The a-cyclodextrin-forming activity was
determined using the methyl orange method (25), with some modifica-
tions. The reaction described above was terminated by the addition of 3.0
M HCI (0.2 ml), and then 0.2 ml of 0.44 mM methyl orange was added.
After the reaction mixture had incubated at 16°C for 20 min, the amount
of a-cyclodextrin in the mixture was determined spectrophotometrically
by measuring the absorbance at 505 nm. One unit of a-cyclodextrin-
forming activity was defined as the amount of enzyme that produces 1
pmol of a-cyclodextrin per min. The B-cyclodextrin-forming activity was
determined using the phenolphthalein method (26). One unit of each
activity was defined as the amount of enzyme that produces 1 pmol of
B-cyclodextrin per min.

Effect of pH and temperature on enzyme activity. The optimum pH
of the recombinant enzyme was determined by measuring its activity in
citric acid/disodium hydrogen phosphate buffers at pHs ranging from 3.5
to 8.0. The temperature dependence of the recombinant enzyme activity
was measured at between 30°C and 65°C in 50 mM citric acid/disodium
hydrogen phosphate buffer at pH 5.5. The buffer and soluble starch were
preincubated at each temperature for 10 min before initiation of the re-
action. The reaction was initiated by the addition of the enzyme and was
allowed to proceed for 10 min.

Stability of wild-type and mutant enzymes. The half-lives of the en-
zymes at 45°C were investigated to assess the thermostability. Samples
diluted in 50 mM citric acid/disodium hydrogen phosphate buffer (pH
5.5) to a protein concentration of 0.3 mg/ml were incubated at 45°C. After
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heat treatment, the residual activity was measured under the same condi-
tions. The initial activity before heat treatment was taken as 100%. All of
the values presented in graphs and tables represent the means of triplicate
measurements.

Cyclodextrin production and HPLC analysis. The formation of cy-
clodextrins under conditions resembling the industrial no-solvent pro-
duction process was measured by incubating 5% (wt/vol) soluble starch in
50 mM citric acid/disodium hydrogen phosphate buffer (pH 5.5) with 4.0
U (total cyclization activity) of CGTase per gram of starch at 45°C for 22 h.
In order to estimate the performance of the mutant enzymes, the wild-
type CGTase served as a control. Reactions were sampled at regular inter-
vals, and the samples were boiled for 10 min to inactivate the enzyme.
Acetonitrile was added to give a final concentration of 50% (vol/vol), and
then the mixtures were incubated at room temperature for 2 h to precip-
itate the unconverted starch and dextrin in the boiled samples. Superna-
tants were obtained by centrifugation at 10,000 X g for 10 min at room
temperature. The concentrations of a-, 8-, and y-cyclodextrins were de-
termined by high-performance liquid chromatography (HPLC) using an
Aps-2 Hypersil (NH2) column (4.6 mm by 250 mm, 5 pm pore size)
eluted with acetonitrile/water (70:30) at a flow rate of 0.8 ml/min and a
temperature of 40°C. Products were detected using an Agilent 2410 re-
fractive index detector. All of the values presented in the graphs and tables
are the means of the results of three independent replicates.

RESULTS AND DISCUSSION

Selection of mutation sites based on sequence and structural
analysis. To select the mutation sites, the amino acid sequence of
P. macerans a-CGTase was aligned with those of a series of 13
CGTases with different product specificities by using ClustalX. As
shown in Fig. 2, all of the sequences constituting subsite —7, which
islocated between conserved region I (conserved in GH family 13)
and Glul153 (conserved only in CGTases) (1, 2), are conserved in
length among the o/B- and B-CGTases. In addition, alignment of
the parsed three-dimensional (3-D) structures of 6 a-, /-, and
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B-CGTases, including that of P. macerans o-CGTase, showed that
the extended directions of the loops constituting subsite —7 in the
various enzymes are coincident (see Fig. S1A and B in the supple-
mental material). However, there is no loop that constitutes a
subsite similar to subsite —7 in y-CGTase (see Fig. S1C), and the
sequences of y-CGTases in this region are the shortest among all
the CGTases (Fig. 2). The possible explanation is that subsite —7
serves as a steric hindrance in the formation of larger cyclodextrin.
And this makes for the production of B- or a-cyclodextrin, as
deleting subsite —7 of Bacillus circulans 8 CGTase enhanced the
amount of y-cyclodextrin, with reduced amounts of - and a-cy-
clodextrin (27). Thus, we hypothesized that an expansion of this
steric hindrance effect by the introduction of mutations that serve
as additional steric hindrances would increase the rate of a-cyclo-
dextrin production to the level seen with B-cyclodextrin produc-
tion.

Previously, it was reported that, in the case of subsite —7 in B.
circulans 251 B-CGTase, the side chains of residues S145, S146,
and D147, as well as the N-H groups of S146 and D147, were
involved in the hydrogen-bonding interactions with the nonre-
ducing end of the substrate oligosaccharide (18). In P. macerans
a-CGTase, the analogous residues, D145, R146, and D147, also
have polar side chains that have the potential to form hydrogen-
bonding interactions with the glucose unit binding at subsite —7.
To test the aforementioned hypothesis, the side chains of all three
residues were removed, individually, via replacement with alanine
to form the D145A, R146A, and D147A mutants. Both the side
chain and the backbone N-H bonds were removed from residues
R146 and D147, individually, via replacement with proline to
form mutants R146P and D147P. In addition, both the R146P and
D147P mutants would induce steric hindrance between subsite
—7 and the nonreducing end of the maltooligosaccharide. The
double mutants R146A/D147P, R146P/D147A, and R146P/
D147P were also constructed, with the expectation that these mu-
tants would have a greater effect than the single-site mutations.

Construction, expression, and purification of wild-type and
mutant CGTases. Site-directed mutagenesis was performed using
overlap PCR; the resulting sequences were verified and used to
transform E. coli BL21(DE3) for expression. Protein concentra-
tions analyzed using the Bradford assay suggested that there were
no statistically significant differences (P > 0.05 [Student’s ¢ test])
in expression levels among the wild-type and the mutant enzymes.
The crude enzymes were purified by ammonium sulfate fraction-
ation and anion-exchange chromatography (see Table S1 and Da-
taset S1 in the supplemental material) and were demonstrated to
be homogeneous by SDS-PAGE. The bands of purified recombi-
nant CGTases were displayed near the 66.2-kDa marker band (see
Fig. S2).

Optimum pH and optimum temperature of wild-type and
mutant CGTases. To determine the optimum reaction tempera-
ture, a-cyclodextrin-forming activity was measured at pH 5.5 and
between 30°C and 65°C. The optimum pH of the enzymes was
measured, at 45°C, using citric acid/disodium hydrogen phos-
phate buffer at pH values ranging from pH 3.5 to pH 8.0. All of the
CGTase mutants had pH and temperature activity profiles similar
to those of the wild-type CGTase (data not shown). The optimal
pH and temperature for the wild-type and mutant CGTases were
pH 5.5 and 45°C, respectively.

Cyclization characteristics of wild-type and mutant CGTases.
The cyclization activities of the wild-type and mutant CGTases are
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TABLE 2 Cyclization activities of wild-type and mutant CGTases from
P. macerans

Cyclization activity

Ratio (k. a-CD/

CGTase koa-CD (s )" k., B-CD(s") k., B-CD)
Wild type 1473 £ 1.7 219 £ 0.8 6.7 £0.3

DI145A 130.6 = 3.8 19.7 £ 1.0 6.6 £0.3

R146A 159.1 £ 4.3 19.8 = 0.9 8.0 x 0.4

D147A 137.9 £5.2 1.7+ 0.4 11.8 0.4
R146P 156.1 £ 1.8 12.1 = 0.4 129 = 0.4
D147P 134.3 £ 2.0 9.1 0.3 14.8 = 0.5
R146A/D147P 1423 £ 39 9.2 0.5 155+ 0.8
R146P/D147A 153.2 £ 3.6 9.3 £0.2 16.5 = 0.4
R146P/D147P 1399 = 4.1 7.7 0.3 18.2 = 0.7

@ CD, cyclodextrin.

summarized in Table 2. None of the mutations in subsite —7
resulted in a substantial (=11.3%) change in the catalytic constant
(k.oy) for a-cyclodextrin formation compared with the wild-type
enzyme. The D145A and R146A mutants also exhibited only slight
(=10%) decreases in k,, for B-cyclodextrin formation compared
with the wild-type enzyme. However, the D147A, R146P, and
D147P mutants showed statistical significant (P < 0.01 [Student’s
ttest]), remarkable decreases in k., for B-cyclodextrin formation,
decreasing to 53.4%, 55.3%, and 41.6% of that of the wild-type
enzyme, respectively. The decreased k_,, values for 3-cyclodextrin
formation, combined with the slight change in k., for a-cyclodex-
trin formation, resulted in a substantial increase in the ratio of
these k., values (a-cyclodextrin formation to B-cyclodextrin for-
mation). Single mutants D147A, R146P, and D147P showed in-
creases of 75.2%, 92.8%, and 119% compared with the wild type,
respectively. The k., values for B-cyclodextrin formation of
the R146A/D147P, R146P/D147A, and R146P/D147P double
mutants were lower than those for the single mutants, at 42.0%,
42.5%, and 35.2% that of the wild-type enzyme, respectively,
which showed statistical significant (P < 0.01 [Student’s ¢
test]), remarkable decreases. Their k_,, ratios (a-cyclodextrin
formation to B-cyclodextrin formation) were much higher
than those of the single mutants, with increases of 130%, 145%,
and 170% compared with that of the wild-type enzyme, respec-
tively. Values that reflect substrate affinity, such as the sub-
strate K,,, values, cannot be reported here because the amounts
of cyclodextrin formed at the low substrate concentrations
needed to determine the K,, were too low to be reliably mea-
sured. This observation is consistent with those of previous
reports (28, 29). In addition, y-cyclodextrin-forming activity
was not analyzed, as it constituted a negligible fraction of the
total cyclodextrin-forming activity (13).

An alignment of the parsed structures of P. macerans o-
CGTase and B. circulans 251 3-CGTase is shown in Fig. 3A. Nu-
merous hydrogen-bonding interactions between subsite —7 and
the glucose at the nonreducing end of the oligosaccharide were
found within this alignment (Fig. 3B). Moreover, three pairs of
hydrogen-bonding interactions were retained in the case of P.
macerans a-CGTase (Fig. 3C). Hydrogen-bonding interactions
between polar groups are known to play an important role in
substrate binding in this enzyme (17, 18). In the present study,
replacement of D145 or R146 with alanine did not have a notable
influence on the synthesis of B-cyclodextrin. However, replace-
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FIG 3 Structural modeling of wild-type and mutant CGTases in cartoon format. (A) Alignment of P. macerans CGTase (PDB ID 4JCL) and B. circulans 251
CGTase (PDB ID 1EO5) in complex with maltoheptaose. One of the two structures and the non-reducing-end glucose are shown in panels B, C, D, and E. (B)
Wild-type B. circulans 251 CGTase. (C) Wild-type P. macerans CGTase. (D) Model of P. macerans CGTase mutant R146P. (E) Model of P. macerans CGTase
mutant D147P. The models of the R146P and D147P mutants were created using wild-type P. macerans CGTase (PDB ID 4JCL) as the template, and the two
mutant models have QMEAN4 scores of —0.72 and —0.80, respectively (30). Residues of B. circulans 251 CGTase (C, baby blue; N, blue; O, red) and P. macerans
CGTase (C, green; N, blue; O, red), directly involved in binding to the glucose unit (C, pink; O, red) in subsite —7, as well as the residues next to them and the
glucose unit, are rendered as sticks. The distances between the polar groups, which represent the hydrogen-bonding interactions, are indicated with red stippled
lines and black numbers. The figure was produced using PyMol.
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FIG 4 Production of cyclodextrins from 5% (wt/vol) soluble starch by the action of wild-type and mutant P. macerans CGTases at 45°C and pH 5.5. (A)
Wild-type CGTase. (B) Mutant D145A. (C) Mutant R146A. (D) Mutant D147A. (E) Mutant R146P. (F) Mutant D147P. (G) Double mutant R146A/D147P. (H)
Double mutant R146P/D147A. (I) Double mutant R146P/D147P. The concentrations of the cyclodextrin products (indicated in grams per liter; left axis) were
determined using HPLC. The percentage of the total of cyclodextrin products represented by each of the cyclodextrins (%, right axis) at each time point was

calculated from the HPLC data. CD, cyclodextrin.

ment of D147 with alanine resulted in a remarkable decrease in the
k.a for B-cyclodextrin production. One interpretation is that the
latter mutation results in elimination of a hydrogen bond (3.3 A;
Fig. 3C) between side chain O81 of D147 and O4 of the glucose
unit in subsite —7. Mutants R146P and D147P, which lack both a
polar side chain and a backbone NH, exhibited a further decrease
in k., of B-cyclodextrin formation, compared with R146A and
D147A, respectively. In the case of structural modeling, Fig. 3D
and E show obvious steric hindrance generated between the C8 of
proline and the glucose unit in subsite —7 (a distance of 1.9 for
both R146P and D147P), which would disrupt the hydrogen-
bonding interactions in this region. This result suggests that steric
hindrance may also be helpful in decreasing 3-cyclodextrin for-
mation.

Stability of the wild-type and mutant CGTases. The wild-type
and mutant CGTases were individually incubated at 45°C and pH
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5.5 to evaluate their stability. These incubations were sampled at
specified intervals, and the a-cyclodextrin-forming activity of the
samples was measured. Mutants D145A, D147A, and D147P had
shorter half-lives (3.3, 3.7, and 2.9 h, respectively) than their wild-
type parent (5.2 h) (see Fig. S3 in the supplemental material). In
contrast, the R146A and R146P mutants displayed longer half-
lives (9.2 and 8.8 h, respectively). The R146A/D147P, R146P/
D147A, and R146P/D147P double mutants displayed half-lives
(5.5, 5.8, and 4.4 h, respectively) similar to that of the wild-type
enzyme.

Production of cyclodextrins by wild-type and mutant
CGTases. The time courses of cyclodextrin production in reaction
mixtures containing 5% (wt/vol) soluble starch and 4.0 U of each
CGTase per gram of starch were analyzed by using HPLC. All of
the CGTase variants produced a mixture of cyclodextrins at each
time point (Fig. 4). After 22 h of incubation, 30.2% to 36.9% of the
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FIG 5 Production of cyclodextrins from 5% (wt/vol) soluble starch by the
action of wild-type and mutant P. macerans CGTases after incubation at 45°C
and pH 5.5 for 10 h. The concentration of each cyclodextrin (indicated in
grams per liter) was determined by HPLC analysis. CD, cyclodextrin.

soluble starch had been converted into cyclodextrins by each of
the CGTases. In each case, the ratio of a-cyclodextrin to total
cyclodextrins produced tended to decrease with incubation time.
Thus, the concentrations of 3- and y-cyclodextrin increased dur-
ing the entire 22 h of incubation time, while that of a-cyclodextrin
reached a plateau at approximately 10 h.

Despite this overall similarity, there were important differ-
ences in cyclodextrin production among the mutants and wild-
type CGTases. At the 10-h time point, the wild-type CGTase pro-
duced 10.28 g/liter a-cyclodextrin, 4.14 g/liter 3-cyclodextrin,
and 1.84 g/liter y-cyclodextrin (Fig. 5), which yields a percentage
of a-cyclodextrin in total cyclodextrins of 63.2%. Each of the mu-
tants, except the D145A mutant, produced a smaller amount of
B-cyclodextrin, which showed a statistically significant difference
(P < 0.02 [for R146A] and P < 0.01 [for the others] [Student’s ¢
test]). All these mutants produced a slightly larger amount of
a-cyclodextrin than the wild-type CGTase; among these mutants,
the R146A, R146P, and D147P single mutants and the double
mutants showed a statistically significant difference (P < 0.05
[Student’s t test]). These increases in a-cyclodextrin production
and decreases in B-cyclodextrin production led to remarkable in-
creases in the percentage of a-cyclodextrin compared to total cy-
clodextrins for mutants R146A (68.1%), D147A (68.8%), R146P
(71.4%), and D147P (73.0%) compared with that of wild-type
enzyme (63.2%). The R146A/D147P, R146P/D147A, and R146P/
D147P double mutants showed greater increases in a-cyclodex-
trin production and greater decreases in 3-cyclodextrin produc-
tion than the single-site mutants. Thus, the double mutants had
even greater percentages of a-cyclodextrin compared to total cy-
clodextrins (75.1%, 76.1%, and 76.8%, respectively) than the sin-
gle-site mutants. For these mutants, B-cyclodextrin production
was almost as low as y-cyclodextrin production. In general, the
differences in y-cyclodextrin production between these mutants
and wild-type CGTase were negligible (1.63 to 2.05 g/liter; P >
0.05 [Student’s ¢ test]).
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Mechanistic considerations and future directions. The re-
sults presented above are consistent with our original mechanism-
based hypothesis. The percentages of a-cyclodextrin production
compared to total cyclodextrin production for the various CGTases
were directly proportional to the ratios of their k., values for a-
and B-cyclodextrin production (Table 2 and Fig. 5). Linear regres-
sion results in a coefficient of determination (R?) of 0.948 (see
Dataset S1 to S4 in the supplemental material), providing con-
vincing evidence that the key to selective formation of a single
cyclodextrin is modification of the rates at which the individual
cyclodextrins are produced.

Close inspection of the individual k_,, values for the produc-
tion of - and B-cyclodextrin revealed that the increase in the k.,
ratio was not driven by increases in the rate of a-cyclodextrin
formation but rather by the decrease in the rate of $-cyclodextrin
formation. Since a-cyclodextrin, which is composed of six glucose
units, is the smallest cyclodextrin produced by CGTases (1, 2),
hindering the formation of larger cyclodextrins seemed an unam-
biguous way to design CGTase mutants with enhanced a-cyclo-
dextrin specificity. The data presented here demonstrate that
masking subsite —7 accomplished this goal. Interestingly, the
small amount of y-cyclodextrin produced and its negligible
variation among all the CGTases tested suggest that y-cyclo-
dextrin production does not involve binding at subsite —7. The
fact that the R146P/D147P double mutant reduced the B-cy-
clodextrin production to essentially the same level as the y-cy-
clodextrin production suggests that subsite —7 was fully
blocked by this mutant and that further increases in a-cyclo-
dextrin specificity must be achieved by addressing the mecha-
nism or mechanisms by which these low levels of 8- and ~y-cy-
clodextrin are being produced.

In addition to a-cyclodextrin specificity, the amount of a-cy-
clodextrin resulting from the activity of the CGTases is an impor-
tant property for a-cyclodextrin production. The amounts of cy-
clodextrins are the result of comprehensive effects of cyclodextrin
generation and degradation (coupling, disproportionation, and
hydrolysis) (7, 8); nevertheless, they were all based on active en-
zymes. In this study, despite there being a poor R* value, the A(a-
cyclodextrin) value (the difference between the amounts of a-cy-
clodextrin from the mutant and wild-type enzymes) increased
along with the ratios of the k,, values for a- and 3-cyclodextrin
(see Dataset S2 in the supplemental material). However, a decent
R? value of 0.9178 (see Dataset S3) between the half-lives of the
enzymes and the deviation of A(a-cyclodextrin) [i.e., the differ-
ence between A(a-cyclodextrin) and its corresponding value cal-
culated from the regression line in Dataset S2] was observed.
When considering this regression line (Dataset S3) as the factor of
enzyme stability and further amending the A(a-cyclodextrin)
value by deducting the calculated value from the regression line in
Dataset S3 from A (a-cyclodextrin), a significant R* of 0.9805 for
the amended A(a-cyclodextrin) and the ratios of the k., values
for a- and B-cyclodextrins is observed (see Dataset S4 in the sup-
plemental material). Thus, the poor R* between A (a-cyclodex-
trin) and the ratios of the k_,, values for a- and B-cyclodextrin (see
Dataset S2 in the supplemental material) was closely related to the
changes in the stability of the enzymes. The amount of a-cyclo-
dextrin obtained in the product is determined by both the speci-
ficity and the stability of the enzyme, and greater a-cyclodextrin
production would be achieved by increasing both the stability and
the specificity of the mutant.
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In conclusion, the ratio of k,, values for a- and B-cyclodextrin
of CGTase was crucial for a-cyclodextrin production. The higher
the ratio of k_,, values, the higher the percentages and amounts of
a-cyclodextrin produced by the CGTase mutant. Incidentally,
high stability of CGTase would have a positive effect on a-cyclo-
dextrin production. The present report describes the design and
characterization of mutants in subsite —7 of the P. macerans
a-CGTase for the first time. The data suggest that the double
mutants effectively blocked subsite —7 of the active site cleft and
boosted the a-cyclodextrin specificity by as much as 22% to 76.8%
of the total cyclodextrins produced. Notably, double mutants
R146A/D147P and R146P/D147A exhibited both greatly en-
hanced a-cyclodextrin specificity and greatly enhanced stability,
suggesting that these mutants have the potential to provide better
performance than the wild-type enzyme in an industrial setting.
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