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Abstract
A strain CGT​-1 producing β-cyclodextrin glucanotranferase (β-CGTase) was identified as Paenibacillus campinasensis 
by morphological analysis and 16s rDNA analysis. The gene coding for β-CGTase was cloned, sequenced, and expressed 
in Escherichia coli BL21(DE3). Recombinant β-CGTase was purified and its purity evaluated by SDS-PAGE, showing it 
encodes a mature protein with a molecular mass of 74 kDa. The β-CGTase was most active at pH 7.0 and 65 °C, respectively. 
More than 80% activity was retained after incubation at 55 °C for 5 h. The stability of the enzyme was in a pH range from 
5.5 to 10.0. The Km and Vmax for the enzyme activity on CGTase were 3.75 mg/mL and 290.75 μmol/min, respectively. The 
recombinant plasmid pET28a-DacD-cgt-his, pET28a-OmpA-cgt-his, pET28a-OmpT-cgt-his, and pET28a-CGTase-cgt-his 
were constructed by cloning the signal peptide genes DacD, OmpA, OmpT, and signal peptide derived from cgtase gene into 
pET28a-cgt-his, respectively. The production of the recombinant β-CGTase with pET28a-DacD-cgt-his reached 60.89 U/
mL after 72 h of culture, which produced an approximately 1.98, 2.93, 4.15 to 9.74-fold higher activity than those contain-
ing OmpA, CGTase, OmpT, and the control without signal peptide, respectively. The culture conditions for extracellular 
production of the recombinant β-CGTase in E. coli BL21(DE3) were optimized. The CGTase activity reached the highest 
level (37.67 U/mL) under the induction of 0.03 mM IPTG at OD600 of 0.8 at 30 °C after 48 h of culture. Optimization of 
the extracellular secretion of the β-CGTase from Paenibacillus campinasensis in recombinant E. coli laid the foundation for 
further industrial production and application of β-CGTase.
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Introduction

Cyclodextrins (CDs) are industrially produced by a bio-
transformation step utilizing the enzyme cyclodextrin gly-
cosyltransferase (CGTase) (Biwer et al. 2002). CGTase is 

an important member of the α-amylase family of glycosyl 
hydrolase (family 13) (Szente and Szejtli 2004), which can 
catalyze the starch or starch matrix to cause intramolecu-
lar transglycosylation reaction to form CD (Li et al. 2007). 
α-amylases generally consist of three structural domains (A, 
B and C domain), while CGTases have five domains (A, 
B, C, D and E domain) (Tesfai 2012; Van der Veen et al. 
2000): the A domain has an active site located at the bottom 
of (β/α)8-barrel; the B domain is a ring region that binds to 
the substrate; the C domain is β-sandwich structure with the 
function of binding maltose or native starch; the D domain 
has β-sheet-like structure whose function is unknown; the 
E domain is used to bind starch (Janeček et al. 2014; Van 
der Veen et al. 2000). CGTases have been detected in many 
strains of Bacillus, Thermoanaerobacter, Brevibacterium 
and Thermoanaerobacter bacilli, and most of CGTase are 
naturally produced by Bacillus (Ong et al. 2008).
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CGTase catalyzes the cylclization of linear glucans 
into macrocycles, which are known as CDs. In most cases, 
CGTase predominantly forms mixtures of CDs with 6, 7 or 8 
glucose units, which are also designated as α-, β- and γ-CD 
(Qi and Zimmermann 2004; Tesfai et al. 2012), CGTases 
are accordingly classified into α-, β- and γ-CGTase (Takada 
et al. 2003). CDs can form inclusion complexes with many 
guest molecules, and the physical and chemical properties 
of the guest molecules can be modified (Ong et al. 2008). It 
has been widely used in many industrial fields such as food, 
cosmetics, medical, health, and agriculture in capturing fla-
vors and odors, stabilizing volatile compounds, improving 
hydrophobic substance solubility, and protecting substances 
against undesirable modifications (Del Valle 2004; Szejtli 
1997, 1998). Therefore, the demand for CDs is growing at a 
high rate in many industrial areas (Szejtli 2004).

In previous studies, production of CDs was restricted 
due to the lack of suitable strains that can efficiently pro-
duce CGTase. High yield and the specificity of CGTase 
is also one of the main focuses in production. Escherichia 
coli has been used as one of the most common hosts for 
the production of recombinant proteins (Gordon et al. 2008) 
because of its clear genetic background, simple operation, 
culture conditions, and large-scale high-density fermenta-
tion (Baneyx 1999). The extracellular secretion of CGTase 
has been investigated in E. coli (Kim et al. 1999). Gener-
ally, the type I, II, III, IV, and V protein secretion pathways 
have been described in Gram-negative bacteria (Mergulhão 
et al. 2005), with the type II (SecB) pathway being the most 
widely used (Choi and Lee 2004), and CGTase is secreted 
to the medium via the SecB pathway. SecB is a two-step 
process consisting of crossing and folding of the pre-protein 
from the inner membrane to the periplasm and the protein 
secretion by nonspecific periplasmic leakage to the medium 
(Su et al. 2012). The pre-protein contains a signal peptide 
of 15–30 amino acids to assist folding of nascent peptide 
chain and extracellular localization (Choi and Lee 2004). 
Signal peptides such as DacD (Sonnendecker et al. 2017), 
PelB (Sonnendecker et al. 2017), OmpA (Cheng et al. 2011), 
OmpT (Negahdaripour et al. 2017), endoxylanase (Jeong 
et al. 1998), etc. have been used in efficient secretory pro-
duction of recombinant proteins in E. coli (Lee et al. 2012). 
However, due to the formation of inclusion bodies in the 
process of protein expression, and low purification produc-
tivity, high-level extracellular secretion is not suitable for the 
expression of all biomolecules (Tsai et al. 2017). Therefore, 
it is essential to optimize induction time, induction tempera-
ture, and inducer concentration to obtain soluble and active 
recombinant proteins, rather than denatured recombinant 
proteins formed in inclusion bodies. It has been reported 
that the over expression of CGTase can increase the yield, 
decrease the expression time, and enhance the stability of 
the enzyme (Ramli et al. 2013).

The β-cyclodextrin has the lowest solubility in water (Zhu 
et al. 2016) among the three types of CDs and can be crys-
tallized easily. Because of these unique structural features, 
it is easy to produce and has been widely used in industry 
(Fernandes et al. 2014). In this study, we describe the isola-
tion of a potentially useful thermophilic bacterial strain from 
wine yeast mud and the optimization of high-level secretory 
expression of the recombinant β-CGTase in E. coli by using 
the signal peptide mentioned above.

Materials and methods

Isolation and identification of Paenibacillus 
campinasensis Hhj‑1

The thermophilic bacterial strain Paenibacillus campina-
sensis Hhj-1 was isolated from the yeast mud of ZhiJiang 
liquor (Hubei, China) as a potential β-CGTase producer. 
Diluted wine yeast mud samples were spread on the screen-
ing medium plates (soluble starch (10 g/L), peptone (5 g/L), 
yeast extract (5 g/L), K2HPO4 (1 g/L), MgSO4 (0.098 g/L), 
Na2CO3 (5 g/L), agar (15 g/L), phenolphthalein (0.3 g/L), 
methyl orange (0.1 g/L), and fermentation medium: solu-
ble starch (10 g/L), peptone (5 g/L), yeast extract (5 g/L), 
K2HPO4 (1 g/L), MgSO4 (0.098 g/L), and Na2CO3 (5 g/L). 
The formation of halo zones around the colonies after incu-
bation at 37 °C for 2–3 days, resulted from the production 
of phenolphthalein–cyclodextrin inclusion complexes, was 
considered as an initial indication of CGTase activity (Kuo 
et al. 2009). Fermentation medium (LB medium) was then 
used to select potential CGTase-producing bacteria by the 
evaluation of CGTase activity. The selected strain was iden-
tified by morphological and 16S rRNA sequencing.

Total DNA was extracted using Bacterial Genomic DNA 
Extraction Kit (Omega Bio-tek, America), according to the 
manufacturer’s instructions. Bacterial primers: 27F (5′-AGA​
GTT​TGA​TCC​TGG​CTC​AG-3′) and 1492R (5′-GGT​TAC​
CTT​GTT​ACG​ACT​T -3′) were used to amplify 16S rRNA 
gene. The PCR products were purified and cloned into pMD-
18T (Takara, Dalian). The 16S rRNA gene sequences of 
bacteria showing high degree of similarity with strain Hhj-1 
were obtained using BLASTN (Hao et al. 2017) and were 
analyzed with MEGA 5.1 (Kumar et al. 2018). The phylo-
genetic tree of strain Hhj-1 was established using neighbor-
joining method (Hao et al. 2017; John et al. 2003).

Cloning and expression of the CGTase gene

E. coli JM109, BL21 (DE3) and Trans5α (TransGen Bio-
tech, Beijing) were used as hosts for gene cloning and pro-
tein expression. E. coli cells were incubated in LB medium 
containing 50 μg/ml kanamycin at 37 °C. The nucleotide 
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and amino acid sequence of the five CGTase genes was 
obtained from National Center for Biotechnology Infor-
mation (NCBI), and the four highly conserved amino acid 
regions of the CGTase were analyzed by DNAMAN. The 
homologous gene was analyzed from Bacillus sp. N-227 
using BLAST; the CGT​-cgtase gene was amplified from the 
genomic DNA by PCR using primers PCA cgt-N: 5′-ATG​
AAA​AGA​TTT​ATG​AAA​CTAAC-3′ and PCA cgt-C: 5′-TTA​
AGG​CTG​CCA​GTT​CAC​ATTCA-3′, cloned into pMD18-T, 
and the recombinant plasmid pMD-cgt was obtained.

Signal peptide of CGTase was analyzed by SignalP-5.0 
server (http://www.cbs.dtu.dk/servi​ces/Signa​lP). The 
CGTase had a signal peptide of 27 amino acids at N-termi-
nal. After removal of signal peptide of the cgt gene, pMD-
cgt was used as template to perform PCR amplification using 
primers cgt-N (5′-TAA​CCA​TGG​CTG​CCC​CGG​ATA​CCT​
CGG​TATCC-3′) and cgt-C-his (5′-CCA​CTC​GAG​AGGC​
TGC​CAG​TTC​ACA​TTC​AC-3′). The cgt gene was cloned 
into pET28a (Takara, Dalian) to obtain the recombinant 
plasmid pET28a-cgt-his which was then transformed into 
E. coli BL21 (DE3) for expression.

pET28a-cgt-his was used as template to perform Inverse 
PCR amplification using primers listed in Table  1.The 
Inverse PCR products were purified, cyclized, and trans-
formed into E.coli Trans5α for sequencing. The recombinant 
plasmid containing different signal peptide genes (DacD, 
OmpA, OmpT, and signal peptide derived from cgtase gene) 
was constructed.

Purification of the recombinant CGTase

The recombinant cells were collected (4 °C, 5000 g, 5 min), 
washed three times with deionized water, and then re-sus-
pended in imidazole buffer (5 mM imidazole, 0.5 M NaCl, 
and 20 mM Tris–HCl buffer, pH 7.9). The cells were dis-
rupted by sonication, centrifuged at 12,000g for 20 min, and 
the supernatant was kept at 65 °C for 1 h to denature all the 
thermolabile proteins, before centrifugation again at 20,000g 
(4 °C, 20 min) to remove denatured proteins. The resulting 
partially purified enzyme was further purified by Ni–NTA 
resin (7sea biotech, Shanghai). The active fractions were 

collected by gradient elution with the elution buffer (0.5 M 
NaCl, and 20 mM Tris–HCl buffer, 0.2, 0.4, 0.6, 0.8, 1.0 M 
imidazole, pH 7.9). The purity and molecular weight of the 
protein were analyzed by discontinuous SDS-PAGE (Sigma, 
America). Protein concentration was determined by the 
Bradford method using bovine serum albumin as standard.

Characterization of the purified β‑CGTase

The activity of CGTase was determined at different pH using 
Na2HPO4-citric acid buffer (pH 4.0–7.0), Tris–HCl buffer 
(pH 7.0–8.5) or glycine–NaOH buffer (pH 8.5–11.0). For 
determination of optimal pH, soluble starch (4%, 100 μL), 
buffer (90 μL), and the enzyme (10 μL) were incubated 
at 55 °C for 10 min followed by activity measurements. 
Optimal pH was the pH where the enzyme displayed its 
maximal activity. The optimal temperature for CGTase was 
determined at 30–90 °C in Tris–HCl buffer (pH 7.0). Opti-
mal temperature was the temperature where the enzyme 
displayed its maximal activity. The activity of the enzyme 
without pre-incubation was defined as 100%.

To determine the pH stability of CGTase, the residual 
activity was assayed under standard conditions (55  °C, 
10 min) after a pre-incubation of the diluted enzyme solu-
tion at room temperature for 2 h in the pH 4.0–10.0 buffer. 
Thermal stability of CGTase was determined by assaying 
the residual enzyme with a pre-incubation for 1, 2, 3, 4, and 
5 h at 55, 65, and 75 °C without the substrate. The activity 
of the enzyme without pre-incubation was defined as 100%.

The effects of metal ions and reagents on the activity 
of the purified enzyme were determined by adding 0.1 M 
BaCl2, CaCl2, CoCl2, HgCl2, NaCl, MgCl2, MnCl2, EDTA, 
and SDS into the reaction mixture at final concentration of 
1, 5 and 10 mM, respectively. Each metal ion and reagent 
was incubated with enzyme for 10 min under standard con-
ditions (pH 7.5, 55 °C) before adding soluble starch (4%, 
w/v). Activity was expressed as a percentage of the activity 
obtained in the absence of the metal ions or chemical agents.

Kinetic studies were performed by measuring the CGTase 
activity at various concentrations of soluble starch ranging 
from 0.8 to 7.0 mg/mL. The values of Km and Vmax were 

Table 1   Primers used in inverse PCR reactions

Names Primers

DacD Primer-F:5′-TTG​TTC​GTT​TTT​AAC​TTA​TCG​TCT​GGT​TTT​GCG​GCC​CCG​GAT​ACC​TCG​GTATC-3′
Primer-R:5′-AGA​AGC​AGC​AAT​AAT​AAG​ACG​GCG​TTT​CAT​GGT​ATA​TCT​CCT​TCT​TAA​AG-3′

OmpA Primer-F:5′-GCA​CTG​GCT​GGT​TTC​GCT​ACC​GTA​GCG​CAG​GCC​GCC​CCG​GAT​ACC​TCG​GTATC-3′
Primer-R:5′-CAC​TGC​AAT​CGC​GAT​AGC​TGT​CTT​TTT​CAT​GGT​ATA​TCT​CCT​TCT​TAA​AG-3′

CGTase Primer-F:5′-GTT​ATC​CCT​CAC​GCT​GGG​CCT​TTT​GAG​CCC​GGT​CCA​CGC​AGC​CCC​GGA​TAC​CTC​GGT​ATC​-3′
Primer-R:5′-CAG​AGT​GTC​CAT​ACG​GCT​GTT​AGT​TTC​ATA​AAT​CTT​TTC​ATG​GTA​TAT​CTC​CTT​CTT​AAA​G-3′

OmpT Primer-F:5′-ACA​ACC​CCT​ATT​GCG​ATC​AGC​TCT​TTT​GCT​GCC​CCG​GAT​ACC​TCG​GTA​TC-3′
Primer-R:5′-CAG​GAC​TAT​TCC​CAG​AAG​TTT​CGC​CCG​CAT​GGT​ATA​TCT​CCT​TCT​TAA​AG-3′

http://www.cbs.dtu.dk/services/SignalP
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determined using Michaelis–Menten equation and double 
reciprocal plot (Lineweaver–Burk plot).

Optimization of the extracellular expression 
of CGTase in E. coli BL21(DE3)

A single colony of E. coli BL21 (DE3) harboring the 
recombinant plasmid pET28a- cgt-his, pET28a-DacD-cgt-
his, pET28a-OmpA-cgt-his, pET28a-OmpT-cgt-his, and 
pET28a-CGTase-cgt-his was inoculated into 50 mL LB 
medium with 50 μg/mL kanamycin and grown at 37 °C over-
night. Then, the 5% bacterium solution was inoculated into 
100 mL LB medium containing 50 μg/mL kanamycin and 
cultured in a shaker (200 rpm) at 37 °C. When the optical 
density at 600 nm (OD600) reached 0.8, 0.5 mM isopropyl 
β-d-1-thiogalactopyranoside (IPTG) was added into the cul-
ture. The growth of recombinant E. coli BL21 (DE3) and the 
enzyme activities of the samples (1 mL) were determined 
after induction for 0, 4, 8, 20, 26, 32, 48, 55, 67, and 72 h 
at 30 °C.

In order to study the effect of induction time (OD600 = 0.4, 
0.6, 0.8, 1.0, 1.3), induction temperature (20 °C, 25 °C, 
30 °C, 37 °C) and IPTG concentration (0, 0.01, 0.03, 0.05, 
0.1, 0.3, 0.5, 0.7 mM) on the cell growth and extracellular 
production of the recombinant β-CGTase using the signal 
peptide DacD, the growth of recombinant E. coli BL21 
(DE3) and the enzyme activities were analyzed during the 
48-h shaking induction.

Cellular fractionation

Cell fractionation was performed as described previously 
(Li et al. 2012).

Assay of CGTase

α-CGTase activity (Li et  al. 2009) was determined by 
methylorange method with some modifications. 450 μL of 
4% (w/v) soluble starch in phosphate buffer (50 mM, pH 
8.0) was pre-incubated at 55 °C for 1 min, and then 50 μl 
diluted enzyme was added. After being incubated at 55 °C 
for 10 min, the reaction was terminated by the addition of 
500 μL 1.0 M HCl. Subsequently, 500 μL 0.1 mM methyl 
orange in 50 mM phosphate buffer (pH 8.0) was added, and, 
after centrifugation at 10,000g for 3 min, the optical density 
was measured at 505 nm. One unit of α-CGTase activity 
was defined as the amount of enzyme that produced 1 µmol 
of α-CD per min.

β-CGTase activity (Kuo et al. 2009) was measured by 
phenolphthalein method with slight modifications. 200 μL 
of 4% (w/v) soluble starch in Tris–HCl buffer (0.1 M, pH 
7.5) was pre-incubated at 55 °C for 1 min, and then 20 μL 
diluted enzyme was added. After being incubated at 55 °C 
for 10 min, the reaction was terminated by the addition of 
700 μL Na2CO3–NaHCO3 buffer (0.5 M, pH 10.0). Sub-
sequently, 100 μL 0.02% (w/v) phenolphthalein prepared 
in 5 mM Na2CO3 was added, and, after centrifugation at 
10,000g for 3 min, optical density was measured at 550 nm. 

Fig. 1   Phylogenetic tree of P. 
campinasensis strain Hhj-1 
based on 16s rDNA sequence 
homology (the scale bar rep-
resents 0.01 substitutions per 
site, and the bootstrap values 
are based on 1000 resamplings. 
The number at each node is the 
bootstrap probability. The num-
ber after the species name is the 
GenBank accession number)
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One unit of β-CGTase activity was defined as the amount of 
enzyme that produced 1 µmol of β-CD per min.

γ-CGTase activity (Tesfai 2012) was measured by BCG 
method with some modifications. 500 μL of 4% (w/v) solu-
ble starch in phosphate buffer (pH 6.0) was pre-incubated at 
55 °C for 1 min, and then 100 μL diluted enzyme was added. 
After being incubated at 55 °C for 10 min, it was terminated 

by the addition of 250 μL 0.2 M HCl. Subsequently, 100 μL 
0.05% (w/v) bromocresol green in 20% ethanol was added 
and left at room temperature for 20 min. 2 mL of 1 M acetate 
buffer containing 30 mM citric acid (pH 4.2) was added; 
after centrifuging at 10,000g for 3 min, optical density was 
measured at 505 nm. One unit of γ-CGTase activity was 
defined as the amount of enzyme that produced 1 µmol of 
γ-CD per min.

Results

Identification of the P. campinasensis Hhj‑1

Eleven strains of CGTase-producing bacteria were isolated 
from the yeast mud; strain Hhj-1, which has strong CGTase 
activity, was identified by morphological analysis and 
molecular identification. The partial sequence of 16S rRNA 
gene revealed 99% homology with that of P. campinasensis 
strain BL11. The strain was classified as P. campinasensis 
Hhj-1. The 16S rRNA sequence has been deposited in the 
GeneBank database under the accession number KF143743. 
Activity of α-CGTase, β-CGTase and γ-CGTase was also 
studied and only β-CGTase activity could be detected in 
strain Hhj-1. Therefore, we could ensure that the produced 
CGTase was a β-CGTase. The deduced nucleotide sequence 
of P. campinasensis Hhj-1 was compared with the other 

Fig. 2   SDS-PAGE of recombinant β-CGTase [M: molecular mass 
marker; con: the soluble protein of E.coli BL (DE3); 1: the recombi-
nant soluble protein of E.coli BL (DE3); 2: purification of β-CGTase 
by nickel-column affinity chromatography]

Fig. 3   Properties of recombi-
nant CGTase produced by E. 
coli. [a Optimum pH; b pH sta-
bility; c optimum temperature; 
d thermal stability (each value 
represents the mean of three 
independent experiments, and 
error bars represent the standard 
deviation based on three inde-
pendent experiments)]
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16 strains, and the phylogenetic tree was also constructed 
(Fig. 1).

Purification of the recombinant CGTase 
and characterization of the recombinant CGTase

Intracellular expressed CGTase was purified by heat treat-
ment (65 °C, 2 h) and Ni–NTA resin affinity. A single pro-
tein band was observed by SDS-PAGE with an estimated 
size of 74 kDa (Fig. 2).

CGTase was characterized using the purified recombi-
nant enzyme. The recombinant CGTase was more than 90% 
active at pH 5.0–10.0 with an optimum at 7.0 in buffers 
(Fig. 3a), and more than 70% of the activity was retained 
after 2 h of incubation in buffers at pH 5.5‒10.0 at room 
temperature (Fig. 3b). The optimum temperature for the 
enzyme was 65 °C at pH 7.0. At temperature above 65 °C, 

the enzyme activity decreased significantly (Fig. 3c). Ther-
mostability assays indicated that its residual activity was 
more than 95% after being incubated at 55 °C for 5 h and 
the activity was lost rapidly at 75 °C (Fig. 3d).

The effects of metal ions, EDTA, and SDS on the recom-
binant CGTase activity are shown in Table 2. CGTase was 
slightly inhibited by Ba2+, Co2+, EDTA, and Mn2+, while 
Hg2+ and SDS can inhibit CGTase significantly, especially 
at 10  mM concentration. CGTase activity was slightly 
increased by 1 mM Ca2+ and 1 mM Ba2+.

The kinetic analysis was performed by a colori-
metric assay, measuring the β-CD concentration. The 
Lineweaver–Burk plot indicated that Km value of 
CGTase was 3.75 mg/mL and Vmax value of CGTase was 
290.75 μmol/min (Fig. 4), when using soluble starch as sub-
strate. A Kcat value of 3392/s was calculated from the data.

Optimization of extracellular expression in E. coli 
BL21 (DE3)

The recombinant plasmids pET28a-DacD-cgt-his, pET28a-
OmpA-cgt-his, pET28a-OmpT-cgt-his, and pET28a-
CGTase-cgt-his were constructed by cloning the signal 
peptide genes DacD, OmpA, OmpT, and the signal peptide 
derived from cgtase gene into pET28a-cgt-his, respectively. 
The plasmid pET28a-cgt-his was set as control.

The five different plasmids were induced to express for 
72 h. OD600 and β-CGTase activity were determined in extra-
cellular fraction at different times (Fig. 5). Except for a relative 
higher OD600 value of cells harboring pET28a-DacD-cgt-his, 
the recombinant plasmids pET28a-cgt-his, pET28a-OmpA-
cgt-his, pET28a-OmpT-cgt-his, and pET28a-CGTase-cgt-his 
had no significant effect on the growth of the cells, and the 

Table 2   Effects of various reagents on recombinant CGTase activity 
(data were shown with mean ± STD for n = 3)

Metal ion/reagent Residual activity (%)

1 mM 5 mM 10 mM

Ba2+ 100 ± 0.5 92.7 ± 2.2 86.0 ± 1.5
Ca2+ 100.5 ± 1.4 94.9 ± 1.4 97.1 ± 1.3
Co2+ 97.2 ± 0.9 82.5 ± 1.5 75.3 ± 0.8
Hg2+ 73.4 ± 0.4 37.8 ± 1.9 5.7 ± 0.4
Na+ 96.9 ± 1.3 96.9 ± 0.5 91.0 ± 1.3
Mg2+ 97.4 ± 0.7 96.3 ± 1.2 91.5 ± 0.9
Mn2+ 88.4 ± 2.1 90.6 ± 2.4 80.2 ± 2.0
EDTA 82.5 ± 1.3 85.8 ± 1.6 74.3 ± 0.9
SDS 80.0 ± 1.9 42.6 ± 1.6 22.8 ± 1.4

Fig. 4   Lineweaver–Burk plot 
for the Michaelis–Menten 
constant (Km) and the maxi-
mum velocity (Vmax) for the 
CGTase with soluble starch as a 
substrate
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growth trend of the cells was similar. Extracellular enzymatic 
activity of β-CGTase for the plasmid containing the DacD 
signal peptide was significantly higher than that for the other 
signal peptides and the control. It has been demonstrated that 
the extracellular β-CGTase activity with pET28a-DacD-cgt-his 

reached 60.89 U/mL after 72 h of culture, which produced an 
approximately 1.98, 2.93, 4.15, and 9.74-fold higher activ-
ity than those containing OmpA, CGTase, OmpT, and the 
control, respectively. The extracellular β-CGTase activity 
with pET28a-DacD-cgt-his reached 12.51 U/mL after 26 h 

Fig. 5   Cell growth of E. coli (DE3) and β-CGTase activity in extra-
cellular fraction at different times. [a DacD; b OmpA; c the signal 
peptide of cgt gene; d OmpT; e no signal peptide (each value rep-

resents the mean of three independent experiments, and error bars 
represent the standard deviation based on three independent experi-
ments)]
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of culture, which produced approximately 3.34, 3.56, 5.13, 
and 11.48-fold higher activity than pET28a-OmpA-cgt-his, 
pET28a-CGTase-cgt-his, pET28a-OmpT-cgt-his, and pET28a-
cgt-his, respectively. After 48 h, the extracellular, periplasmic, 
intracellular, and insoluble inclusion bodies of the recombinant 
CGTase of the five different plasmids were analyzed by SDS-
PAGE (Fig. 6).

The recombinant plasmid pET28a-DacD-cgt-his was 
taken as target plasmid to study different expression level 
under different induction time, induction temperature and 
inducer concentration. The results are shown in Fig. 7; since 
long-term induction enhances the hydrolysis reactions of 
CGTase and leads to the autolysis of bacteria, the induc-
tion period was shortened to 48 h (Carneiro et al. 2013). 
CGTase activity reached the highest level under the induc-
tion of 0.03 mM IPTG at OD600 of 0.8 at 30 °C, and with the 
bacterial growth, CGTase activity began to decline (Fig. 7a, 
b). The extracellular β-CGTase activity reached 37.67 U/
mL at 30 °C, when it was approximately 5.55, 1.33, and 
1.31-fold higher than at 20 °C, 25 °C, and 37 °C (Fig. 7c, d), 
respectively. The extracellular β-CGTase activity decreased 
with increasing IPTG concentration. When 0.03 mM IPTG 
was added, the activity was approximately 11.71, 1.14, 1,22, 
1,71, 1,83, 1,92, and 1.93-fold higher than in the absence 

of IPTG and with 0.01 mM, 0.05 mM, 0.1 mM, 0.3 mM, 
0.5 mM, 0.7 mM IPTG (Fig. 7e, f).

Discussion

In this paper, a β-CGTase producing strain Paenibacil-
lus campinasensis Hhj-1 has been isolated and identified. 
This is the first report on the cloning and the high-level 
extracellular secretion of the β-CGTase from Paenibacil-
lus campinasensis. The purification and characterization 
of CGTase from Paenibacillus campinasensis have been 
reported previously (Alves-Prado et al. 2007). The opti-
mal pH for the recombinant β-CGTase was determined 
as 7.0 and the enzyme was stable from pH 5.0 to 10.0 in 
this study. However, Alves-Prado et al. (2007) reported 
that the purified CGTase could be stable from pH 6.0 to 
11.0 after 24 h of incubation at 25 °C. The β-CGTase 
from Bacillus sp. G1 was stable in a wide pH range of 
6.0–10.0 (Ong et al. 2008). A narrow pH stability (pH 
6.0–9.0) was observed for the β-CGTase from Paeniba-
cillus illinoisensis ZY-08 (Lee et al. 2012). The optimum 
reaction temperature was determined to be 65 °C and the 
recombinant enzyme retained about 80% activity when 

Fig. 6   SDS-PAGE analysis of cellular localization of —CGTase in 
the cells grown for 48 h. a Extracellular soluble fraction; b periplas-
mic fraction; c intracellular soluble fraction; d intracellular insolu-

ble fraction. (M: molecular marker; 1, 6, 11, 16: DacD; 2, 7, 12, 17: 
OmpA; 3, 8, 13, 18: the signal peptide of cgtase; 4, 9, 14, 19: OmpT; 
5, 10, 15, 20: pET28a-cgt-his)
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Fig. 7   Effect of different induction time, induction temperature, and 
inducer concentration on recombinant protein. [a, b Induction time; 
c, d induction temperature; e, f inducer concentration (each value 

represents the mean of three independent experiments, and error bars 
represent the standard deviation based on three independent experi-
ments)]
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kept at 55 °C for 5 h. Therefore, the recombinant enzyme 
can show endurance in acid and alkali, which is consist-
ent with the enzymatic properties of the CGTase derived 
from the original strain. The CGTase activity was inhibited 
strongly by 10 mM Mg2+, Cu2+ and Hg2+, Ni2+, whereas 
weakly affected by Na+. Lee et al. (2012) once reported 
a CGTase which could not be inhibited by EDTA, and it 
was not a metalloenzyme. However, the β-CGTase in this 
study was a metalloenzyme, and 1 mM Ca2+ played a key 
role in the catalysis of the enzyme. The enzymatic reac-
tion kinetics of the purified recombinant enzyme showed 
Kcat value was 3392/s, Km value was 3.75 mg/mL, and 
Vmax value was 290.75 μmol/min. The Km of CGTase from 
Paenibacillus campinasensis Hhj-1 was higher than P. 
campinasensis strain H69-3 (1.69 ± 0.39 mg/mL) (Alves-
Prado et al. 2007) and smaller than CGTase from Bacil-
lus agaradhaerens (21.2 mg/mL) (Martins and Hatti-Kaul 
2002). The Vmax of this CGTase was higher than Geobacil-
lus thermoglucosidans CHB1 (23.7 μmol/min) (Jia et al. 
2017). However, Km values ranging from 1.77 to 5.7 mg/
mL and Vmax from 43 to 1027 μmol/min have been previ-
ously reported for various CGTases (Ibrahim et al. 2012).

In the expression experiment, DacD was proved to 
be the most efficient signal peptide, the extracellular 
β-CGTase produced an approximately 11.48-fold higher 
activity than that without a signal peptide after 26 h of 
culture, while lowest with the signal peptide OmpT. Son-
nendecker et  al. (2017) reported that the DacD signal 
peptide strongly promoted the extracellular production 
of CGTase in E. coli and the activity of the extracellular 
CGTase (Bacillus) was 2.7- to 4.6-fold higher than those 
containing PelB, CgtS signal peptide. As reported, insolu-
ble inclusion bodies formed in E. coli under overexpres-
sion (Sørensen and Mortensen 2005), the recombinant 
CGTase accumulated near the inner membrane, the insol-
uble inclusion bodies blocked the translocation channels 
and hindered further protein secretion (Li et al. 2014). In 
this paper, induction temperature and IPTG concentration 
were reduced to enhance the production of the soluble 
protein. β-CGTase activity reached the highest level under 
the induction of 0.03 mM IPTG at OD600 of 0.8 at 30 °C. 
It has been previously reported that induction at lower 
temperatures (25 °C) increases the extracellular secretion 
of the recombinant proteins (Wang et al. 2018).

The study in this paper revealed the potential of 
β-CGTase from P. campinasensis Hhj-1 in application of 
β-cyclodextrin production in pharmaceutical, food, chemical 
and other related industries. The thermostable and wide PH 
reaction range of the enzyme will certainly make CGTase a 
promising candidate in food additives and pharmaceutical 
excipient.
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