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Abstract

The cyclodextrin glycosyltransferase (CGTase) was used to catalyze the conversion of starch into cyclodextrins (CD) in
industry. Improving the activity of CGTase to produce more CD with relative low cost is intensely interesting and has drawn
wide attention. Amino acid mutation of His167 into Cys significantly enhanced B-CGTase activity; however, optimiza-
tion of culture conditions for f-CGTase-H167C remains unclear. To determine this, the medium and culture conditions
for B-CGTase-H167C were optimized with response surface methodology. Maximum activity of p-CGTase-H167C was
obtained with the medium containing 1.1% corn starch, 4.4% corn steep liquor, 1.1% peptone, 0.02% MgSO,-7H,0 and 0.1%
K,HPO,-3H,0 that were cultured with the initial pH 8.4, incubation temperature at 37.4 °C, with 5% inoculation size and
shaking speed at 202 r/min. Under the optimal conditions, the activity of f-CGTase-H167C was up to 4355 U/mL, which is
1.93-fold in comparison with the initial activity. Our results established the promising culture strategy for the production of

cyclodextrins by p-CGTase-H167C.
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Introduction

Cyclodextrin glycosyltransferase (CGTase, 2.4.1.19) is a
member of the a-amylase family of glycosyl hydrolases that
catalyzes the formation of cyclic-oligosaccharides called
cyclodextrins (CDs) from starch and related carbohydrates
(Rendleman and Knutson 1998; Terada et al. 1997). The
main natural CDs are classified into o, § and y CD contain-
ing 6, 7, and 8 glucopyranose units, respectively (Alves-
Prado et al. 2008). The structure of CD has a hydrophilic
outer surface and a hydrophobic cavity (Lindner and Saenger
1980). Cyclodextrins are widely used in food, cosmetic, and
pharmaceutical industries, because they have the ability to
form water-soluble inclusion complex with a wild range of
substances and reshape their physicochemical properties
(Alves-Prado et al. 2008).
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Developing approaches to improve the quality and pro-
duction of CDs with low production cost has been a long-
term target in the industries. The CGTase produced mainly
by Bacillus is a key enzyme capable of converting starch
and related substances to CDs (Rosso et al. 2002). This kind
of microorganism can be isolated with the biotechnological
potential for the production of CGTase from different envi-
ronments. The protein of the CGTase enzyme has been puri-
fied and the properties including molecular weight, thermal
stability and pI have been well characterized. Strategies that
facilitate the growth of microbial and improve the output of
the enzyme are quite necessary for the potential industrial
roles of CGTase.

Conventionally, the production of CGTase was achieved
by incubating the bacteria with the culture medium that
contains essential components for the growth of the micro-
bial. Among the elements in the medium, the carbon and
nitrogen sources were obtained with high cost and complex
technical issues (Coelho et al. 2016). To solve this problem,
agro-industrial origins of carbon and nitrogen sources have
drawn wide attention (Akindahunsi and Oboh 2003; Brau-
man et al. 1996; Lepiz-Aguilar et al. 2013). Cassava flour, an
agro-industrial product rich in starch, can be simply obtained
and has been an alternative candidate for the carbon source
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(Akindahunsi and Oboh 2003; Brauman et al. 1996; Lepiz-
Aguilar et al. 2013). Additionally, it has been reported that
the corn steep liquor originated from corn processing and is
commonly used as the nitrogen source in fermentation (Coe-
lho et al. 2016; Ebadipour et al. 2016; He et al. 2017; Wis-
chral et al. 2016). To overall improve the growth of micro-
bial and the synthesis of enzyme, other essential elements
in the culture medium including metal ions and phosphate
also need to the optimized. As the growth of the bacteria
and the activity of the enzyme are affected by fermentation
conditions, such as the pH value of the medium, the culture
temperature, shaking speed as well as the inoculum concen-
tration, these parameters also need to the considered in the
fermentation process.

Our previous data demonstrated that the site-directed
mutation at the amino acid residue of His167 into Cys sig-
nificantly enhanced the enzymatic activity of f-CGTase.
This study aimed to establish the optimal conditions for
B-CGTase-H167C production. The effect of different
medium composition and culture conditions on the enzy-
matic activity of B-CGTase-H167C was detected. The
optimal parameters for the product of p-CGTase were
determined by response surface methodology and central
composition design.

Materials and methods
Reagents

Primer STAR® HS DNA polymerase, restriction enzymes,
Molecular weight maker 250 were purchased form TaKaRa
(Dalian, China). Agarose, peptone, yeast extraction and agar
were obtained from Sigma-Aldrich. The plasmid min-pre
kit and gel extraction kit were purchased from TianGen
Biotech (Beijing) Co. Ltd. Ampicillin and isopropyl p-p-
thiogalactopyranoside (IPTG) were provided by Beijing
Dingguo Changsheng Biotechnology Co. Ltd.

Bacterial strain

The cDNA sequence of -CGTase with site-directed muta-
tion H167C was constructed into the expression plasmid
vector pUC-18, respectively. The resulting expression vec-
tor was verified by restriction analysis and sequencing. The
mutant enzymes were expressed by transforming the mutant
plasmids to the host E. coli strain BL21 (DE3) and induced
by lactose. The expression of f-CGTase was purified with
affinity chromatography and detected by sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE) with
12% separating gel. The band was visualized by Coomassie
Brilliant Blue R-250 dye staining.
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Fermentation assay

The glycerol stock of E. coli strain BL21 (DE3) harboring
pUC-18/p-CGTase was incubated with 10 mL LB medium
(yeast extract 5.0 g/L, tryptone 10.0 g/L and NaCl 10.0 g/L)
supplemented with 100 pg/mL ampicillin. Cells were incu-
bated at 37 °C for 8 h with shaking at 200 r/min to generate
the seed culture. To express the protein, an aliquot of the
seed culture (3%, v/v) was added to 100 mL LB medium and
cultured at 37 °C until the optical density at 600 nm reaches
1.5-2.0. Lactose was added into the medium with the final
concentration at 3% to induce protein expression for 12 h.
Following the induction growth, 0.5% Triton X-100 and 1%
glycine were added into the culture medium and cells were
cultured for another 8 h with shaking at 200 r/min. The cul-
ture medium was centrifuged with 7000 r/min at 4 °C for
10 min to obtain the crude enzyme extraction of p-CGTase.

B-CGTase activity detection

Diluted crude enzyme solution (0.01 mL) was added into
0.2 mL Gly-NaOH buffer (pH 9.0) containing freshly pre-
pared 0.2 mL of 0.2% potato starch to initiate the reaction.
After incubation at 40 °C for 10 min, the reaction was
stopped with 0.5 mL of 0.5 M glacial acetic acid. After-
wards, 3 mL of 0.005% iodine solution was added into the
reaction buffer and the absorbance at 700 nm was measured
using a spectrophotometer. Reaction buffer without crude
enzyme solution was used as the zero control. One unit
of enzyme activity was defined as the amount of enzyme
required to decrease 10% of the absorbance value according
to the equation:

U/mL = (a—b)/a x 1000 x dilution ratio (1)

(a the OD value of the control group; b the OD value of the
experimental group).

Statistical analysis

The results were presented as mean + S.D. and analyzed
by one-way analysis of variance (ANOVA). P < 0.05 was
considered as statistical significance.

Results and discussion

The protein expression of B-CGTase-H167C in E. coli
strain BL21 (DE3)

The full-length of cDNA sequence of f-CGTase with the
indicated amino acid residue mutation H167C was inserted
into the expression vector pUC-18-His. Afterwards trans-
formed into the E. coli strain BL21 (DE3), the construct
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expressed B-CGTase. After 48 h of post-induction growth,
the p-CGTase activity of the mutants H167C reached
2254 U/mL. The expressed protein product was purified by
Ni?* beads and further detected by western blot with anti-
His antibody. As shown in Fig. 1a, a major band approxi-
mately 70 kDa was visualized with Coomassie blue staining,
which is agreement with the molecular weight of B-CGTase-
H167C previously described. The western blot showed that
incubation with anti-His antibody generated a pure band of
B-CGTase-H167C (Fig. 1b).

Screen the alternative components of the culture
medium

The achievement of high yield of f-CGTase-H167C requires
efficient culture medium. Optimization of the medium com-
ponents would benefit the outcome of B-CGTase-H167C
and render the process more economical in the industry. To
determine this, several different components of the medium
including the carbon source, nitrogen source, metal ions as
well as phosphorus were added into the culture medium and
the enzymatic activity of f-CGTase-H167C was evaluated
under each condition, respectively.

Carbon source

As shown in Fig. 2a, of all the different carbon sources
tested, higher enzyme activity of the wild-type and mutant
B-CGTase-H167C was obtained when corn starch was used
as the carbon source. Considering the production cost, corn
starch is an optimal candidate to provide carbon source in the
production of f-CGTase-H167C. Consistently, optimization

Fig. 1 Expressing detection A
of B-CGTase-H167C. a The
expression of B-CGTase was
purified with His affinity chro-
matography and detected by
SDS-PAGE with 12% separat-
ing gel. The band was visual-
ized by Coomassie Brilliant
Blue R-250 dye staining. b The
production of B-CGTase-H167C
was confirmed by western blot
with anti-His antibody
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studies of the production media of B-CGTase by B. circulans
ATCC and B. firmus also suggested that maximum produc-
tion of B-CGTase was achieved with low substrate concen-
tration of starch (Gawande et al. 1998; Pinto et al. 2007).

Nitrogen source

Organic nitrogen is another essential element in the enzyme
expression. Previous studies have demonstrated that among
the complex organic nitrogen sources tested, yeast extract
was found to be the most significant component in the syn-
thesis of B-CGTase. To search for the alternative nitrogen
source in the B-CGTase-H167C production, 5% corn steep
liquor plus 1% peptone, yeast extraction, 1% peptone, 1%
urea, (NH,),SO,, NH,Cl was used in the medium as the
nitrogen source. The experimental results indicated that the
highest enzyme activity of f-CGTase-H167C was observed
when compound 5% corn steep liquor and 1% peptone were
added into the culture medium (Fig. 2b). This result differs
from that of the other group that the increased enzymatic
activity of B-CGTase in the presence of ammonium salt was
repressed by additional supplementation with organic nitro-
gen such as tyrptone or corn-steep liquor (Rosso et al. 2002).
However, consistent with our data, previous study also sug-
gested that organic nitrogen is required for the growth and
enzyme production.

Metal ions
In addition to the carbon and nitrogen sources, metal

ions are also key elements for the growth of organisms.
To determine the effect of different metal ions on the
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Fig.2 Screen the alternative components of the culture medium for
the production of f-CGTase-H167C. a 1% glucose, 1% fructose, 1%
soluble starch, 1% corn starch, 1% sucrose and 1% maltose were
added to the basal culture medium, respectively. The enzymatic activ-
ity of B-CGTase-H167C was measured at each condition. b With 1%
corn starch as the carbon source, 5% corn steep liquor plus 1% pep-
tone, yeast extraction, 1% peptone, 1% urea, 1% (NH,),SO,, and 1%
NH,CI were adapted as the nitrogen source and the enzymatic activ-

production of f-CGTase-H167C, several mineral salts
prepared in deionizer water were added into the basal
medium with the indicated concentration. As shown in
Fig. 2¢c, 0.02% MgS0O,-7TH,0 presented significant pro-
motion effect on the enzymatic activity of B-CGTase-
H167C with the maximum activity up to approximately
3050 U/mL. This result is supported by previous data that
found magnesium was essential for enzyme production
(Gawande et al. 1998).
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ity of f-CGTase-H167C was evaluated. ¢ The effect of different metal
ions including 0.02% K,SO,, 0.02% Na,SO,, 0.02% MgSO,, 0.02%
MnSO,, 0.02% FeSO,, 0.02% ZnSO, and 0.02% CuSO, on the activ-
ity of p-CGTase-H167C was determined with 1% corn starch and
5% corn steep liquor plus 1% peptone. The data were presented from
three independent experiments. d 0.1% K,HPO,, 0.1% Na,HPO, and
0.1% (NH,),PO, were added into the culture medium and the activity
of f-CGTase-H167C was detected, respectively

Phosphate

Beyond the above components of the medium, phosphate
was also found to be essential for the microbial growth
and metabolite biosynthesis. The influence of different
phosphate including 0.1% K,HPO,-3H,0, 0.1% Na,HPO,,
and 0.1% (NH,),PO, on the activity of f-CGTase-H167C
was assessed, respectively. As shown in Fig. 2d, for the
wild-type and mutant 3-CGTase-H167C increased activ-
ity was produced when K,HPO,-3H,0 was used as the
phosphate source. Maximum enzymatic activity reached
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up to 3230 U/mL by adding 0.1% K,HPO,-3H20 into the
culture medium. Consistently, Ibrahim et al. have reported
the importance of K,HPO, in the production of CGTase
by Bacillus sp. GI (Ibrahim et al. 2005).

Screen the culture conditions to improve
the activity of B-CGTase-H167C

Conventionally, the highly efficient production of f-CGTase
is tightly associated with the medium composition, as well
as the culture conditions. It has been documented that initial
pH value, incubation temperature, inoculum concentration,
and shaking speed regulate the growth of microbial and the
biosynthesis of f-CGTase (Kimura et al. 1990; Lee et al.
2007; Ong et al. 2008; Rosso et al. 2002).
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Fig.3 Screen the culture conditions for p-CGTase-H167C. a Bacte-
rial strain harboring f-CGTase-H167C was cultured with the medium
containing the selected components as described in Fig. 2 with the
indicated pH value. The enzymatic activity of f-CGTase-H167C was
examined. Results were obtained from three independent experi-
ments. b B-CGTase-H167C was produced with different fermentation

Initial pH

To determine the optimum fermentation pH value for the
wild-type and mutant strain, microbial were cultured in the
screened optimum medium with the initial pH of 5.0, 6.0,
7.0, 8.0, 9.0, 10.0, respectively. Crude enzyme solution
was obtained and the activity of f-CGTase-H167C was
measured. The B-CGTase activity of both wild-type and
mutant f-CGTase produced in cultures was maximal with
an initial pH of 8.0 (Fig. 3a), which indicated that pH 8.0
is more appropriate for the growth of microbial and the
production of p-CGTase in comparison with that of other
initial pH values. Approximately, Rosso et al. demonstrate
the CGTase activity produced by B. circulans DF 9R was
maximal with an initial pH of 8.3 (Rosso et al. 2002).
It is also worth mentioning that another group reported
that the enzyme produced by a new alkalophilic isolate of

B 40 - -~ B-CGTase
' —8-B-CGTase-H167C
= 3.5 T
g‘? 25 1
=X
T~ 20
S8, . -
£Ex 15
£ <
<10 1
c
w 05 1
0.0 T T T T T T T |
28 30 32 34 36 38 40 42
Incubation temperature (°C)

D
~ 3.5 7 - B-CGTase
E ° % 3. CGTase-H167C
28 30
sX
o A ad
§§ 2.5 1
g<
ﬁ.<l 2.0 -
[ =4
i

15

140 160 180 200 220 240
Shakling speed (rpm/min)

temperature with initial pH value at 6.0. ¢ Bacterial strain express-
ing p-CGTase-H167C was seeded with the indicated inoculum size
and the activity of B-CGTase-H167C was detected at each condi-
tion. d Different shaking speed was adapted and the production of
B-CGTase-H167C was examined
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Bacillus represented optimum activity at pH 5.0 (Coelho
et al. 2016). These results indicated that the optimal pH
values of CGTase produced by different microbial strains
are variable.

Incubation temperature

To elucidate the influence of culture temperature on the
enzymatic activity of f-CGTase, both wild-type and
mutant strain-H167C were cultured at various incubation
temperature from 28 to 38 °C. As presented in Fig. 3b,
increasing enzymatic activity of B-CGTase-H167C was
observed at 30 °C, and the maximal activity up to 3335 U/
mL was achieved when microbial were cultured at 38 °C.
However, the activity of both wild-type and p-CGTase-
H167C decreased significantly with further increased incu-
bation temperature, which suggested that CGTase may be
rapidly get inactivated when the temperature was higher
than 38 °C. Interestingly, optimal reaction temperature
of CGTase from alkalophilic microorganisms has been
reported among 45-60 °C. Additionally, some rare strains
such as Thermoanaerobacter kivui have considerable
activity under extreme temperature (Avci and Donmez
2009). There data indicated that the enzyme produced by
different microbial strains have different thermal stability.

Inoculum concentration

To evaluate the response obtained through various inocu-
lum concentrations, the inoculation size that ranged from
1 to 8% was added in the shaking bottle. Enhanced enzy-
matic activity of wild-type and mutant p-CGTase was
observed within the range of 1-5%. And the highest enzy-
matic activity was obtained when the inoculum size was
5% (Fig. 3¢). Further increased dose of inoculum led to the
decrease of B-CGTase-H167C. This result suggested that
inoculum concentration at 5% is optimal for the growth of
microbial and the production of B-CGTase-H167C.

Shaking speed

As the wild-type and mutant strains expressing 3-CGTase
used in this study are aerobic bacteria, the dissolved oxy-
gen content takes great effect on the microbial growth and
the enzyme biosynthesis. The concentration of dissolved
oxygen in the lipid culture medium is associated with
the shaking speed of the incubator. To assess the regula-
tion of agitation speed of rotary shaker on the enzymatic
activity of f-CGTase-H167C, speed ranging from 140 to
220 rpm/min was adapted. A shown in Fig. 3d, the activ-
ity of B-CGTase-H167C was enhanced with the speed
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between 140 and 200 rpm/min, and the maximal activity
was produced at the speed of 200 rpm/min. It is mentioned
that when the speed is above 200 rpm/min, the decrease in
the activity of B-CGTase-H167C was observed. This phe-
nomenon may be due to great shearing force that inhibited
the growth of the microbial.

Optimization of the medium components
by response surface methodology and Box-
Benhnken central composite design

Based on the single-factor experiment, the carbon and
nitrogen sources, the metal ions and the phosphate were
identified as important factors in regulating the activity
of B-CGTase-H167C. To further optimize the combined
effects of these factors on this enzyme, the experiments
were designed with Box—Behnken central composite, and
the four factors and three levels of response surface analy-
sis were employed to establish the multinomial regression
model. The regression model obtained after analysis with the
SASS.0 software gives the production of B-CGTase-H167C.
Four important parameters namely different carbon (X)
and nitrogen sources (X,), the metal ions (X;) and the phos-
phate (X,) were selected as the independent variables and
the B-CGTase activity (U/mL) was the dependent response
variable as shown in Table 1. Each of these independent
variables was studied at five different levels as per CCD in
four variables with a total of 27 experimental runs as shown
in Table 2. These factors were represented in the follow-
ing second-order polynomial equation where the activity of
B-CGTase-H167C was expressed as:

Yp_ cGTase - mig7e= 3913.333+167.25X,+134.4167X,
—0.5X;+8X,—141.75X; —87.5X, X,
+10.5X,X;—46.25X,X,—104.75X;
—3.75X,X;+5.5X,X,~107.125X>
+7.25X3X,—190.125X; )

The variance analysis of the regression model was
shown as Table 3. Statistical significance of the model was

Table 1 Variables and levels in central composite design of fermenta-
tion medium components

Variables Rang and levels
-1 0 1
X: carbon (corn flour) (%) 0.8 1.0 1.2
X,: nitrogen source (steep water: 4 (3:1) 5(4:1) 6 (5:1)
peptone) (%)
X3: MgSO,-TH,0 (%) 0.01 0.02 0.03
X,: K,HPO,-3H,0 (%) 0.08 0.10 0.12
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Tableg Process Variablc?s and RUN X, X, X3 X, Y: culture medium Y: fermenta-
lev§ls in central composite (U/mL) tion condition
design arrangement and ' (U/mL)
response values of fermentation
medium 1 -1 -1 0 0 3330 3106
2 -1 1 0 0 3780 3392
3 1 -1 0 0 3727 3360
4 1 1 0 0 3827 3905
5 0 0 -1 -1 3625 3687
6 0 0 -1 1 3600 3704
7 0 0 1 -1 3616 3648
8 0 0 1 1 3620 3685
9 -1 0 0 -1 3320 3178
10 -1 0 0 1 3480 3218
11 1 0 0 -1 3825 3683
12 1 0 0 1 3800 3721
13 0 -1 -1 0 3630 3168
14 0 -1 1 0 3600 3197
15 0 1 -1 0 3860 3554
16 0 1 1 0 3815 3578
17 -1 0 -1 0 3452 3172
18 -1 0 1 0 3460 3270
19 1 0 -1 0 3800 3559
20 1 0 1 0 3850 3612
21 0 -1 0 -1 3450 3196
22 0 -1 0 1 3430 3268
23 0 1 0 -1 3748 3696
24 0 1 0 1 3750 3770
25 0 0 0 0 3950 3905
26 0 0 0 0 3950 3911
27 0 0 0 0 3840 3927
Table 3 . Variance analysis of the Items Degrees of ~ Sum of squares Mean squares F Pr>F Significance
regression model for the culture freedom
medium of B-CGTase-H167C
X, 1 335,670.8 335,670.8 84.68708 0.0001 K
X, 1 216,814.1 216,814.1 54.70048 0.0001 K
X3 1 3 3 0.000757 0.978504
X, 1 768 768 0.19376 0.667629
X2 1 107,163 107,163 27.03638 0.000222 wE
XX, 1 30,625 30,625 7.726445 0.016661 *
XX, 1 441 441 0.111261 0.744469
XX, 1 8556.25 8556.25 2.158674 0.16749
X2 1 58,520.33 58,520.33 14.76422 0.002342 ok
XX, 1 56.25 56.25 0.014191 0.907145
X,X, 1 121 121 0.030527 0.864212
X3 1 61,204.08 61,204.08 15.44131 0.002 wE
XX, 1 210.25 210.25 0.053044 0.821727
X2 1 192,786.7 192,786.7 48.63857 0.0001 K
*P < 0.05; **P < 0.01
Hi et €) Springer
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evaluated by F test on the analysis of variance estimates of
mean squares, which demonstrated that the regression is sta-
tistically significant (P < 0.01). At the 5% probability level,
the liner and quadratic coefficient of carbon (X,) and nitro-
gen sources (X,), the quadratic coefficient of the metal ions
(X3) and phosphate (X,) were significant (P < 0.01) for the
enzymatic activity of B-CGTase-H167C (Table 3). However,
the linear coefficient of metal ions (X3) and phosphate (X,)
and the interactions of any two of these four factors were
not significant in the regulation of the f-CGTase-H167C
activity (Table 3). These results suggested that the correla-
tion between the tested factors and response values can be
described as quadratic paraboloid regression equation. The
extent of effect levels of these elements on the production of
B-CGTase was corn starch (X;) > corn steep liquor + pep-
tone (X,) > K,HPO,-3H,0 > MgS0O,-7H,0.

Credibility of the regression model indicated in Table 4
revealed that the model fitted the data well with a high coef-
ficient of determination (R? = 0.9457), which explains the
88.24% of the variability in the production of f-CGTase-
H167C. Therefore, this model can be used to analyze and
predict the optimal medium components of B-CGTase-
H167C. To obtain the coded values for each optimal point,
the first partial derivatives of the regression model was set
to 0, which was showed as below:

167.25 — 283.5X, — 87.5X, + 10.5X; — 46.25X, = 0

134.4167 — 87.5X, — 209.5X, — 3.75X; + 5.5X, =

|
o

—0.5+10.5X, —3.75X, — 214.25X; +7.25X, = 0

8 —46.25X, +5.5X, +7.25X, — 380.25X, = 0. 3)

From this model, the values for the X, X,, X; and X, are
0.4559, 0.4503, 0.0112 and — 0.0277, respectively. Cor-
respondingly, the values for carbon and nitrogen sources,
metal ions and phosphate were 1.1, 5.5, 0.02, and 0.1%,
respectively. Under this circumstance, the predicted optimal
enzymatic activity of f-CGTase-H167C reached 3913.33 U/
mL. To validate the precision of this model, the bacteria
strain expressing f-CGTase-H167C was cultured with the
above-predicted parameters and the enzyme activity of
B-CGTase-H167C was obtained as 3910.24 U/mL. This

Table 4 Reliability analysis of the regression model for the culture
medium of B-CGTase-H167C

Master model Predictive model

Mean 3671.667 3671.667
R-square (%) 94.57 94.57
Adj. R-square (%) 88.24 88.24
RMSE 62.9576 62.9576
Ccv 1.714687 1.714687
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result suggested that the regression equation is a good model
for the production of B-CGTase-H167C.

With the regression model, the response surface method-
ology and the contour plot analysis by SAS software were
shown as Fig. 4. Combined this analysis with Box—Benhnken
central composite design, the optimal medium compo-
nents for producing p-CGTase-H167C consisted of 1.1%
corn starch, 4.4% corn steep liquor, 1.1% peptone, 0.02%
MgS0,-7H,0 and 0.1% K,HPO,-3H,0. Previous studies
by other research groups also improved enzyme produc-
tion with the response surface methodology. Gawande et al.
showed that the optimum composition of the culture medium
consisted of corn starch 21.0 g/L, yeast extract 23.0 g/L,
and pharmamedia 22.0 g/L (Gawande et al. 1998). Another
example is that the optimized culture medium for f-CGTase
produced by B. stearothermophilus HRI was made up of
sago starch 16.02 g/L, peptone from casein 20.0 g/L,
K,HPO, 1.4 g/L, CaCl, 0.2 g/L and initial pH 7.54 (Abd
Rahman et al. 2004). These findings illustrated the wild
application of response surface methodology in searching
for the optimal culture conditions that improved the activity
of B-CGTase produced by different microbial strains.

Optimization of the culture conditions by statistical
analysis

Similar to the culture components, to determine the optimal
culture conditions for f-CGTase-H167C, the effect of the
initial pH (X, ), incubation temperature (X,), inoculation con-
centration (X;) and shaking speed (X,), were evaluated by
the central composite design and RSM analysis as shown in
Table 5. Each of these independent variables was studied at
five different levels as per CCD in four variables with a total
of 27 experimental runs as shown in Table 2. The second-
order polynomial equation where the activity of B-CGTase-
H167C was expressed as:

Yy comue-migre = 3914.333 +208.6667X, +216.6667X,
+12.16667X, +23.16667X, — 282.125X?
+64.75X, X, — 11.25X,X; — 0.5X, X,
—280.375X; — 1.25X,X; + 0.5X,X,

—199.875X; +5X,X, — 122.375X. @)

Variance analysis of regression model for the fermentation
conditions of B-CGTase-H167C was presented as Table 6,
which indicated that the regression model is statistically sig-
nificant (P < 0.01). Among those fermentation conditions,
the liner and quadratic coefficient of initial pH (X;) and incu-
bation temperature (X,), the quadratic coefficient of seed-
ing concentration (X;) and shaking speed (X,) significantly
influenced the enzymatic activity of p-CGTase-H167C
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Fig.4 The response surface methodology and the contour plot analysis by SAS software from the regression model for the production of

B-CGTase-H167C with the optimized medium components

Table 5 Variables and levels in central composite design of fermenta-
tion conditions

Variables Range and levels
-1 0 1
X,: initial pH 7 8 9
X,: incubation temperature (°C) 36 37 38
X;: the quadratic coefficient of seed- 4 5 6
ing concentration (%)
X, shaking speed (r/min) 180 200 220

(P < 0.01). However, the liner coefficient of inoculation con-
centration (X;) and shaking speed (X,) as well as the interac-
tion between any of these two elements has no significant

effect on the activity of p-CGTase-H167C. These results
suggested the correlation between these four factors and
enzymatic activity was presented as quadratic paraboloid
regression equation. As shown in Table 6, the influence of
these factors on f-CGTase-H167C activity was, in order,
initial pH (X,), incubation temperature (X,), shaking speed
(X,) and inoculation concentration (X3).

As shown in Table 7, the high coefficient of determination
(R? = 0.9457) of this regression model indicated that it was
able to explain the 85.80% of the variability in the produc-
tion of p-CGTase-H167C. Therefore, we used this model to
predict the optimal culture conditions of p-CGTase-H167C
with the following equation:

208.6667—564.25X, + 64.75X, + 11.25X,—0.5X, = 0

Pigllase ¢l ay .
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Table 6 Variance analysis of

. Items Degree of ~ Sum of squares Mean of squares F Pr>F Significance

the regression model for the freedom

fermentation conditions of

p-CGTase-H167C X, 1 522,501.3 522,501.3 50.42307  0.0001 o
X, 1 563,333.3 563,333.3 54.36349 0.0001 ok
X; 1 1776.333 1776.333 0.171422 0.686155
X, 1 6440.333 6440.333 0.621513 0.445781
X3 1 424,504.1 424,504.1 40.96602 0.0001 ok
XX, 1 16,770.25 16,770.25 1.618383 0.227417
X, X5 1 506.25 506.25 0.048855 0.828784
XX, 1 1 1 0.000097 0.992323
X3 1 419,254.1 419,254.1 40.45937 0.0001 o
X, X5 1 6.25 6.25 0.000603 0.98081
X,X, 1 1 1 0.000097 0.992323
X3 1 213,066.8 213,066.8 20.56163 0.000684 ok
X;X, 1 100 100 0.00965 0.923367
X3 1 79,870.08 79,870.08 7.707721 0.016766 ok

*P < 0.05; **P < 0.01

216.6667 + 64.75X,—560.75X,—1.25X; + 0.5X, =0
12.16667—11.25X,~1.25X,—399.75X;, + 5X, = 0

23.16667—0.5X, +0.5X, + 5X;—244.75X, = 0. (5)

The optimum coded values of the variables X;, X,, X5 and
X, was determined as 0.4193, 0.4348, 0.0185 and 0.0951,
which corresponded to initial pH 8.4, incubation tempera-
ture 37.4 °C, inoculation concentration 5.0% and shaking
speed 202 r/min. Under these conditions, the predicted activ-
ity of B-CGTase-H167C achieved the value of 3895.33 U/
mL. To validate the accuracy of this model, we measured
the activity of B-CGTase-H167C under these culture con-
ditions. The activity of B-CGTase-H167C was detected as
3892.45 U/mL by three independent experiments, which

Table 7 Reliability analysis of the model for the culture conditions of
B-CGTase-H167C

Master model Predictive model

Mean 3521.111 3521.111
R-square (%) 93.45 93.45
Adj. R-square (%) 85.80 85.80
RMSE 101.7956 101.7956
Ccv 2.891008 2.891008

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

fitted well to the predicted value 3895.33 U/mL. Finally,
with the analysis of response surface methodology and the
central composite design shown in Fig. 5, optimal conditions
for B-CGTase-H167C included an initial pH of 8.4, incuba-
tion temperature at 37.4 °C, 5% of inoculation concentration
and shaking speed of 202 r/min. Notably, under the optimal
medium components and the culture condition, the activity
of f-CGTase-H167C was up to 4355 U/mL, which is 1.93-
fold in comparison with the initial enzymatic activity.

Determination of CDs by HPLC-MS

For the HPLC analysis, 500 pL of crude liquid of
B-CGTase-H167C was mixed with 2.5 mL 6.0% corn
starch solution at 60 °C for 24 h. Afterwards, the mixture
was centrifuged at 4500 rpm for 15 min at 4 °C. The super-
natant was incubated with 0.1 mL a-glucamylase for 1 h
and then filtered with 0.45 pm membrane for HPLC-MS
analysis. The HPLC map showed that the time for the
peak of B-CD was similar the standard control of $-CD
as shown Fig. 6a. The peak was collected and confirmed
by MS. The data showed that the molecular weight of the
sample was 1134.4, which was similar to that of the 3-CD
(Fig. 6b). Collectively, these results suggested the product
of B-CGTase was B-CD.
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Fig.5 The response surface methodology and the contour plot from the model equation for the production of f-CGTase-H167C with the opti-

mized culture conditions

Conclusion

In this study, we screened the medium components and
the culture conditions for f-CGTase-H167C. With the
response surface methodology and central composite
design analysis, optimum conditions selected in this study
were: 1.1% corn starch, 4.4% corn steep liquor, 1.1% pep-
tone, 0.02% MgS0O,-7H,0 and 0.1% K,HPO,-3H,0 with

the initial pH 8.4, incubation temperature 37.4 °C, inocu-
lation size 5% and shaking speed of 202 r/min. The pro-
duction of f-CD was confirmed by HPLC-MS analysis.
Our results provide efficient strategy for the production
of CGTase by the mutant strain p-CGTase -H167C with
relative low cost.
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