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Functional modification of cyclodextrin glycosyltransferase (CGTases) for better product specificity and
thermostability is of great importance for industrial applications. In the present study, we aimed to
improve enzymatic product specificity and thermostability by rational design using B-CGTase from
Paenibacillus sp. (pCGTase) as a model enzyme. pCGTase showed optimal activity in sodium phosphate
buffer (pH 7.0) at 60 °C and retained >80% residual activity at pH 6-8 and 40 °C for 30 min. The
biochemical data demonstrated that Y1001/T, S145G/P, Y167H, and A315H/R/S mutants increased starch
conversion activity, particularly the B-cyclodextrin-forming activity. The structural analysis elucidated that
new hydrophobic interactions might be formed with substrates. Furthermore, the substitution of tyrosine
with isoleucine/histidine strengthens the hydrophobic reaction. The Ala315 was located in the calcium-

binding site, and mutations on Ala315, which is surrounded by a patch of polar residues, appear to
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Accepted 23rd February 2017 increase electrostatic interactions with peripheral residues. Therefore, Ala315 mutants were designed to

improve thermostability, and A315D mutant exhibited the highest thermostability at 60-70 °C for

DOI: 10.1039/c7ra00245a 30 min. This study provides an effective approach for improving the product specificity and
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Introduction

The cyclodextrins (CDs), a family of cyclic oligosaccharides,
typically contain six (a-CD), seven (B-CD), or eight (y-CD)
p-glucose molecules linked by a-1,4-glycosidic bonds."* CDs
adopt a hollow annular shape that has a hydrophilic outer
surface and a hydrophobic internal cavity that can form inclu-
sion complexes with various hydrophobic guest molecules.® The
unique structure of the CDs has led to their wide use in food,
pharmaceuticals, and related industry products.* CDs are
commonly produced from starch through an enzymatic process
that includes a cyclization reaction catalyzed by CD glycosyl-
transferase (CGTase; EC 2.4.1.19), an extracellular bacterial
enzyme belonging to the o-amylase family.?

CGTase is an important industrial enzyme that is
commonly used to convert starch into CDs by intramolecular
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transglycosylation. CGTases are classified into three groups
on the basis of the main CD product: a-, B-, and y-CGTases.
The 3D structure of CGTase®® revealed that these enzymes
hold four/five domains, with the active site located at the
bottom of an (a/B)g barrel in the A domain. Substrates bind
across the surface of the enzyme in a long groove formed by
domains A and B. The active site of CGTase comprises at least
nine glucose-binding subsites, labeled —7 to +2.%7 Structural
information has revealed the mechanism of hydrolysis of
glycosidic bond and cyclization reactions.” Glycosidic bond
cleavage occurs between subsites —1 and +1, whereas Glu257
acts as a proton donor and Asp229 serves as a general base or
nucleophile. The glycosyl intermediate is then transferred to
the 4-hydroxyl of its own nonreducing end, forming a new
a-1,4-glycosidic bond to yield a cyclic product.® Paenibacillus
sp. produces an intracellular CGTase (pCGTase, 75 kDa),
which belongs to the B-CGTase family.** pCGTase recognizes
a-1,4-glucose units, and the hydrolysis activity depends on the
size of the oligosaccharides. However, it could not hydrolyze
highly branched carbohydrates such as glycogen or dextran.
This enzyme was different from other CGTases in its ability to
hydrolyze maltose and trehalose because it contained the
maltose-binding site.’® Gel filtration of pCGTase gave the
same molecular weight suggesting this enzyme to be
a monomer. The isoelectric point of the enzyme was calcu-
lated to be 5.1. Three calcium-binding sites contributed to the

This journal is © The Royal Society of Chemistry 2017
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thermostability of this enzyme. The crystal structure of
pCGTase has been previously determined (PDB ID: 1UKS).
pCGTase contains four subdomains (Fig. 1a) and possesses an
(e/B)g barrel fold. The active site is located in domain A. Three
residues, Asp229, Glu257, and Asp328, form a catalytic triad.
The substrate carbohydrate and product B-CD are located in
the active site groove and are bound in an extended confor-
mation above the periphery of the (a/B)g barrel at the bottom
of the substrate-binding cavity (Fig. 1b). Residues Arg47,
Tyr89, His98, Tyr100, Trp101, Ser145, Tyr195, Asp196, Lys232,
His233, Phe259, His327, and Asp371 form hydrogen bonds or
hydrophobic interactions with the substrate and/or product
(Fig. 1c). These residues were considered to play an important
role in substrate recognition, and some of these resides
(Tyr89, Tyr195, Phe259 etc.) were previously selected as target
residues for rational design.>®

One major issue in CD production is that CGTases always
produce a mixture of CDs, including a-, -, and y-CDs. Selective
purification steps are thus required during CD synthesis to
obtain high yields of the desired specific product.’* Rational
design to produce a preponderance of one particular type of CD
would simplify the separation procedure. Many efforts have
been made to improve CGTase product specificity through site-

Fig. 1 Crystal structure of cyclodextrin glycosyltransferase from
Paenibacillus sp. (pCGTase) (PDB ID: 1UKS). (a) pCGTase domains A-D
are colored as green, cyan, magenta, and salmon, respectively. (b)
Substrate (cyan)/product (yellow) binding at the active site of pCGTase
in domain A. (c) Residues in the substrate/product-binding site are
shown as green sticks. The catalytic residues are shown as magenta
sticks.
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directed mutagenesis.”™" Most of these mutations have tar-
geted amino acid residues located in the active site cleft. For
instance, Tyr195 mutants of CGTase from alkalophilic Bacillus
sp. 1011 underwent changes in its cyclization characteristics,
producing considerably more y-CD than the wild-type
enzyme.'®?® Asp577 variants, which were located in the
calcium-binding site of the CGTase from Bacillus circulans
STB01, enhanced B-CD production.* D371R mutation at subsite
—3 of T. thermosulfurigenes EM1 CGTase strongly increased -
CD and lowered a-CD production.*® Mutations on Y89R and
D371K at subsite —3 in Paenibacillus macerans enhanced the o-
CD yield.” Mutations on S146P and Y89D at subsite —7 in
Bacillus circulans also increased the conversion of starch into a-
CD.”® The effects of Ala31 of in the neighborhood of calcium
binding site I of CGTase from Bacillus circulans STBO1 were
investigated, and A31R displayed increase in B-cyclodextrin
production with a concomitant decrease in o-cyclodextrin
production suggesting the mutant suitable for the industrial
production of B-cyclodextrin than the wild-type enzyme."
Thermostability is also one of the most important parameters
that determine the utility and commercial applicability of
a target enzyme.>* The thermostability of Bacillus sp. G1
CGTase was enhanced by rational mutagenesis at the calcium-
binding sites.* Mutations on A53S and H58I were reported to
improve to thermostability Bacillus megaterium o-amylase.>® Li
et al. investigated polyethylene glycols of low molecular weights
to enhance the thermostability of B-CGTase from B. circulans by
6.5-fold.”

Here we aimed to explore potential industrial biocatalysts for
commercial-scale manufacture of CDs. We reported the char-
acterization of pCGTase. We performed site-directed mutagen-
esis on residues around the substrate-binding site on the basis
of the structural information and investigated the effects of the
substituted amino acids on CD product specificity and
thermostability.

Material and methods

Sources of materials

Escherichia coli JM109 and BL21(DE3) used for DNA manipula-
tions and protein expression were from our laboratory stocks.
The CGTase gene was obtained from Paenibacillus sp. (GenBank
accession no. JX101460.1). The plasmid extraction kit was ob-
tained from Omega (Norcross, GA, USA). PrimeSTAR max, Dpnl,
and Taq DNA ligase were purchased from TaKaRa (Dalian,
China). Plasmid pET22b(+) (Novagen, Madison, WI, USA)
harboring the pCGTase gene was used as a template for site-
directed mutagenesis. DNA sequencing was performed by
GENEWIZ (Beijing, China). The Ni-NTA agarose resin was
purchased from Qiagen (Hilden, Germany). Other reagents were
of analytical or biological grade.

Protein expression and purification

Recombinant E. coli BL21(DE3) cells were transformed with
pET22b(+) harboring the wild-type pCGTase gene and were
grown at 37 °C in 5 mL lysogeny broth medium (yeast extract 5 g
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L', peptone 10 g L%, and NaCl 10 g L") containing 100 ug
mL ™" of ampicillin. The cultures were then transferred to 25 mL
terrific Broth medium [yeast extract 24 g L', peptone 12 g L™},
0.4% (v/v) glycerol, and KH,PO, 2.31 g L "/K,HPO, 12.54 g L]
containing 100 pg mL~" ampicillin and incubated at 37 °C.
When the ODgoy reached 0.6-0.8, isopropyl [-p-1-thio-
galactopyranoside was added to obtain a final concentration of
0.1 mM, and the culture was then further incubated at 16 °C.
After cultivation for 24 h, 0.5% (w/v) glycine, 0.5% (v/v) Triton-
100, and 0.2 mM CaCl, were added to increase the perme-
ability of the cell membrane and the stability of the soluble
enzyme. The entire induced expression process lasted 64 h.

After incubation, the supernatant of pCGTase was harvested
by centrifugation at 5000 x g for 15 min at 4 °C. Ammonium
sulfate was then added to the crude enzyme solution to obtain
20% saturation. After being stirred for 1 h at 4 °C, the suspen-
sion was centrifuged for 20 min at 15 000 X g. Ammonium
sulfate was then continuously added to the supernatant to
obtain 65% saturation. After centrifugation, the precipitate
including pCGTase protein was redissolved in buffer A (10 mM
Na,HPO,, 1.8 mM NaH,PO,, and 140 mM NaCl, pH 7.0). The
redissolved pCGTase was trapped on Ni-NTA agarose resin pre-
equilibrated with 10 mL buffer A. After washing, the target
protein was eluted with 10 mL buffer B (50 mM Na,HPO, pH
7.0, 200 mM imidazole, 300 mM NacCl). Protein concentrations
were determined by the Bradford method after suitable dilu-
tions, using Bio-Rad protein assay reagent kit (Hercules, CA,
USA) and bovine serum albumin as the standard for calibration
curves. The SDS-PAGE results of wild-type and some mutant
pCGTase enzymes are shown in ESI Fig. S1.1

Activity assays of pCGTase

The reaction mixture was composed of 0.1 mL 0.3-30 pg of wild-
type and mutant enzymes, 0.9 mL of 1% (w/v) soluble starch,
and 10 mM phosphate buffer (pH 7.0), and the reaction pro-
ceeded at 50 °C for 10 min. The activity of pCGTase was deter-
mined on the basis of the production of «-, B-, and y-CD
measured by the methyl orange,*® phenolphthalein,* and bro-
mocresol green®*® methods, respectively. One unit was defined as
the amount of enzyme required to form 1 umol of the CD
product per min. Experiments were repeated thrice for each
mutant.

Characterization of wild-type pCGTase

The B-CD-forming activity was measured to evaluate the activity
of pCGTase because it was divided into B-CGTases subfamily
and showed high product ratio for f-CD (Table 1). The optimal
temperature was determined by measuring the activity of
pCGTase at different temperatures ranging from 20 °C to 90 °C.
The thermostability was determined by measuring the residual
activity after the incubation of the enzyme at different temper-
atures (20-90 °C) for 30 min. The optimal pH value of the
purified enzyme was determined in the following buffers:
0.1 mM citrate buffer (pH 4.0-6.0), 0.1 mM sodium phosphate
buffer (pH 6.0-8.0), and 0.1 mM glycine-NaOH bulffer (pH 8.0-
10.0) at 60 °C for 10 min. The effect of pH on pCGTase stability
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Table 1 Product specificity of pCGTases”
Product ratio (%)
Conversion of

Mutants starch to CDs (%) o-CD B-CD v-CD
wild type  41.6 + 2.8 175 +1.2 52.5+3.0 30.0+1.8
Y89S 33.3 £ 2.0 199 +1.5 594 +39 20.7+2.2
Y100A 29.4 + 3.2 189 +34 369+12 442+23
Y100D 37.3 +2.8 23.4+25 583+28 18.3+3.6
Y1001 47.7 £ 1.5 14.8 £0.8 64.8+45 205+14
Y100T 45.7 + 2.4 183 +34 53.3+42 284439
S145D 33.7 £ 2.1 32.4+2.5 32.6+43 35.0+£3.1
S145G 47.6 + 1.8 16.1 +£1.2 56.0+2.2 27.943.6
S145P 49.5 + 2.1 22.2 +41 452 +3.1 32.6+3.2
Y167H 49.8 + 1.4 16.5+ 3.2 58.0+3.8 25.5+1.0
Y195A 159+ 24 43.3 +2.3 20.1+3.4 36.7+21
Y195E 31.4 + 3.0 249+ 0.7 20.0+2.7 55.2+1.8
Y195V 23.6 + 3.7 319 +3.5 24.1+3.0 44.0+£3.7
Y195T 20.2 + 3.1 19.1 £3.2 304 +0.5 505+1.1
K232D 37.6 + 3.7 178 +£2.1 60.5+23 21.7+ 3.9
H233D 32.8+2.9 11.9+26 594 +2.1 287 +2.1
A315D 24.4 + 3.6 114 +1.3 541 +3.8 345+4.1
A315H 50.7 + 0.9 19.9+£3.3 50.8+1.8 293+44
A315R 50.6 £ 1.8 435+ 1.6 26.8+2.6 29.7+39
A315S 479 + 2.1 19.0 £ 3.0 424 +3.2 387420

¢ The value represents the mean of three independent experiments for
each mutant (standard deviations, n = 3).

was determined by incubating the purified enzymes in buffers
with different pH values for 1 h at 4 °C.

HPLC analysis of cyclodextrin products

The substrate (1% soluble starch) was incubated with 2 U
pCGTases of CD-forming activity per gram starch at 40 °C for 4 h
to determine the product ratio because pCGTase was more
stable at 40 °C than at 60 °C. The reaction reached equilibrium
conditions, and had little perturbation after 4 h. The residual
starch in the reaction mixture was digested into glucose by
adding 10 pL glucoamylase for 30 min, and the mixture was
then boiled for 10 min and centrifuged at 5000 x g for another
10 min for HPLC analysis. The supernatant was collected and
analyzed using HPLC with a Hypersil NH, column (5 pm
particle size; 250 x 4.6 mm). Deionized water (A) and acetoni-
trile (B) (35/65, v/v) were used as eluents at a flow rate of 1 mL
min~". The products were detected using a refractive index
detector (Waters 2414, Milford, MA, USA). The starch conver-
sion was determined as the amount of CD formed in the reac-
tion system. The mutants were also determined at the same
reaction conditions.

Site-directed mutagenesis

The pCGTase mutants were generated using a one-step PCR
method with plasmid pCGTase_pET22b wild-type as the
template. The primers used for mutagenesis are summarized in
ESI Table S1.f After amplification, the PCR reaction mixtures
were treated with Dpnl to completely digest the template and
then transformed into E. coli JM109 cells. All the mutations were
confirmed by DNA sequencing. pCGTase mutants were

This journal is © The Royal Society of Chemistry 2017
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expressed and purified using the method described above for
wild-type enzyme.

Results and discussion

Characterization of wild-type pCGTase and cyclodextrin
analysis

The purified wild-type pCGTase was active at pH 5.0-9.0, and
the maximal activity was observed at pH 6.5-7.5 (Fig. 2a).
pCGTase exhibited good stability at pH 6.0-8.0, and more than
80% of the maximal activity was retained in this range (Fig. 2b).
The optimal temperature for pCGTase activity was approxi-
mately 60 °C. The activity began to decrease when temperature
was increased, and there was only 22% residual activity at 90 °C
(Fig. 3a). The enzyme activity was also examined after storage at
different temperatures in sodium phosphate buffer; 80% of the
activity was retained after incubation at 20-40 °C for 30 min
(Fig. 3b). The enzyme lost almost all activity when the storage
temperature was >70 °C.

The CD products were confirmed by HPLC, and the retention
times of a-, -, and y-CD products were 12.25, 14.75, and
18.5 min, respectively (ESI Fig. S21). The wild-type pCGTase had
high B-CD-forming activity (27.3 U mg ') compared with o-/y-
CD-forming activity (10.7 and 13.7 U mg™ ', respectively).
Furthermore, pCGTase (wild type) had a starch conversion
ability of approximately 41.6%. The a-, B-, and y-CD-forming
ratios were 17.5%, 52.5%, and 30%, respectively (Table 1),
which indicates that pCGTase is a B-CD-specific enzyme.
Compared with starch conversion 38.2% (wild type) of cyclo-
dextrin glycosyltransferase from Paenibacillus sp. 602-1 at pH
6.5 and 40 °C for 24 h," pCGTase showed better conversion rate
in 4 h than the previously reported enzyme.

Protein modification for product specificity

The functional modification of pCGTase has potential benefits
to increase product specificity. High thermostability is impor-
tant for industrial catalysts because enzyme reaction rates and
reactant solubility can be significantly improved at higher
temperature, which helps to reduce industrial production costs.
Compared with random mutagenesis to improve product
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specificity and enzyme thermostability, rational engineering
requires detailed protein structural information.” Several
rational strategies have been applied for the increment of
enzyme thermostability, such as improvement of the packing of
the hydrophobic core, introduction of disulfide bridges, and
engineering of surface salt bridges.*'~**

Rational design was performed to change the starch
CD-forming activity, and thermostability by
analyzing structural information, particularly the residues
located in the substrate-binding site. For this purpose, mutants
of Tyr89, Tyr100, Ser145, Tyr167, Tyr195, Lys232, His233, and
Ala315 were selected as the target residues for designing for

conversion,

rational engineering and aiming at the improvement of product
specificity or thermostability. Mutants Y100I/T, S145G/P,
Y167H, and A315H/R/S improved starch conversion into the
various CDs relative to the wild-type enzyme (Table 1). Notably,
Y1001, S145G, and Y167H resulted in a higher yield of B-CD,
whereas S145P and A315H/R/S exhibited a higher yield of o-/y-
CD. It was noted that some mutants decreased the starch
conversion activity while changing the product CD-forming
ratios. In particular, Y89S, Y100D, K232D, H233D, and A315D
improved the B-CD-forming ratio. Y100A, S145D, and Y195A/E/
V/T reduced starch conversion activities and B-CD-forming
specificity and increased o-/y-CD-forming ratios.

Structural superposition of B-CGTase with a-/y-CGTase
showed that the active site of 3D structures of the CGTases were
similar in the CGTase family (Fig. 4a). The substrate-binding
cavity is large enough to hold three kinds of products. The
residues in substrate-binding sites, such as Tyr89, Tyr100,
Tyr167, Tyr195, K232, and H233, are almost identical and highly
conserved in this family of enzymes except for Ser145. In
pCGTase, the m-stacking interaction of Tyr100 and glucopyr-
anose units plays an important role in substrate recognition
and CD-forming ability. Y100I/T showed slightly improved
starch conversion activity relative to the wild-type, whereas
Y100D/A had decreased the activity. This implied that new CH,/
7 or hydrophobic interactions might be formed when Tyr100 is
mutated to isoleucine or threonine. In particular, the substitu-
tion of tyrosine to isoleucine strengthens the hydrophobic
reaction. S145G/P and Y167H mutants were considered to form

o

80 1
60 3

40 7

Relative activity (%)

20 A

5 5.5 6 6.5 7 7.5 8 8.5 9

pH

Fig. 2 Effect of pH on the activity of pCGTase. (a) pH dependence of pCGTase. Activity was measured in the reaction mixtures adjusted to
various pH values with 0.1 mM citrate, sodium phosphate, and glycine—NaOH buffers. (b) Analysis of pH stability of pCGTase. pCGTase was
preincubated at different pH values for 1 h at 4 °C. The activities of wild-type pCGTase are represented as 100 in optimal reaction conditions, and
the residual activity was determined at various pH conditions. Error bars are standard deviations (n = 3).
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Fig. 3 Effect of temperature on the activity of pCGTase. (a) Temperature dependence of PCGTase. Activity was measured at various temper-
atures in the standard assay conditions. (b) Thermostability analysis of PCGTase. pCGTase was preincubated at various temperatures for 30 min.
The activities of wild-type pCGTase are represented as 100 in optimal reaction conditions. Error bars are standard deviations (n = 3).

Fig. 4 (a) The products [B-cyclodextrin (CD) yellow; y-CD magental
binding at the active site of CGTases. (b) Close-up view showing the
position of Ala315 in the structure of pCGTase and its interactions with
other residues.

hydrophobic interactions with the substrate. Tyr195 has been
previously reported to regulate the cyclization specificity in a-
CGTase."® The a-/y-CD-forming ratios was increased on mutants
of Y195A/E/V/T, although the mutation reduced starch conver-
sion activities. In previous report,*® Y195E retained the same
level activity of starch conversion while Y195V decreased the

13730 | RSC Adv., 2017, 7, 13726-13732

activity. Furthermore, Y195E/V improved the B-/y-CD-forming
ratios. It is possible that cyclodextrin glycosyltransferase from
Paenibacillus sp. 602-1 belongs to a-CGTase, and pCGTase is B-
CGTase. Tyr195 is located at the bottom of the center-bound CD
in the active site, and it forms hydrogen bonds with glucopyr-
anose units (Fig. 1c). It was presumed that the mutants Y195E/T
retained the hydrogen bond and increased the space required to
form y-CD. The mutants Y195A/V might form hydrophobic
interactions with glucopyranose units of a-CD. It is interesting
that A315H/R/S mutants had improved starch conversion
activity compared with the wild-type pCGTase, particularly the
a-CD-forming activity. This indicates that a charged residue at
position 315 is necessary to form alternate pCGTase confor-
mations that are more likely to produce a- or y-CD rather than
B-CD.

Protein modification for thermostability

Mutants of Ala315 exhibited the obviously improved residual
activity at 60-70 °C for 30 min compared with the wild-type
enzyme (Fig. 5). In particular, A315D retained approximately
90% activity at 60 °C for 30 min (Fig. 5a) and approximately 60%
activity at 70 °C for 10 min (Fig. 5b). However, both wild-type
enzyme and Ala315 mutants showed drastically reduced
activity when incubated at 80 °C for 5 min, with the exception of
A315D/H, which retained approximately 30% activity (Fig. 5c).
These mutants lost almost all activity (approximately 95%) on
incubation at 80 °C for 20 min.

Ala315 is located at the substrate entrance of the A/D domain
interface and is surrounded by a patch of polar or charged
residues including Asn274, Glu275, Asn578, Asp577, and
Asn620 (Fig. 1 and 4). The introduction of a charged residue in
place of Ala315 appeared to increase electrostatic interactions,
and the substrate was considered to move smoothly into the
active site. Ala315 was previously reported to be located in the
calcium-binding site, and A315D significantly changed the
contribution of Ca®>" to B-CGTase thermostability.>* Therefore,
Ala315 mutants were designed for increasing the salt bridge/
hydrogen bond with peripheral residues to improve enzyme
thermostability. A315D/H/R/S mutants demonstrated improved
residual activity, particularly at 60 °C and 70 °C, which were
consistent with structural predictions. These mutants involving

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Thermostability analysis of Ala315 mutants of pCGTase.
Mutants were preincubated at (a) 60 °C, (b) 70 °C, and (c) 80 °C for 5-
30 min. The activities of wild-type pCGTase are represented as 100 in
optimal reaction conditions, and the residual activities were then
determined in the standard assay conditions. Error bars are standard
deviations (n = 3).

charged or polar residues, ie., Asp, His, Arg, and Ser, were
considered to strengthen the calcium-binding affinity at Ala315
of pCGTase.

Conclusion

The purified pCGTase and mutants were characterized with
respect to their CD-forming activities. The optimum pH (7.0)
and pH stability (6.0-8.0) of the recombinant pCGTase and the
optimum temperature (60 °C) and thermostability (20-40 °C for
30 min) were determined. We successfully applied structure-
based rational design to improve the enzymatic activity and
thermostability by directly mutating important residues. In
particular, Tyr100, Ser145, Tyr167, and Ala315 mutants
increased B-CD-forming activity. The Ala315 mutants exhibited
higher thermostability at 60-70 °C for 30 min. The hydrophobic
interactions and electrostatic interactions attribute to improve

This journal is © The Royal Society of Chemistry 2017
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the specific activity and thermostability, respectively. The
results will be useful for the rational design of a biocatalyst for
the industrial production of CDs.
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