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Abstract
Application of B. circulans 251 𝛽-CGTase to trehalose preparation increased
the trehalose conversion rate from 50.4% to 71.9%. To further improve the
substrate conversion rate, error-prone PCR-based high-throughput screening
technology was employed to screen for B. circulans 251 𝛽-CGTase mutants with
enhanced affinity for maltose as a disproportionation reaction acceptor. Us-
ing a low-substrate-concentration 96-well plate 4,6-ethylidene-p-nitrophenyl-𝛼-
D-maltoheptaoside (EPS) chromogenic method, a mutant M234I with improved
maltose affinity was finally obtained. The wild-type 𝛽-CGTase and mutant en-
zyme M234I were purified, and their enzymatic properties were determined. The
results showed: the specific activity of the mutant was 345.25 U/mg, while that
of the wild-type was 357.63 U/mg; the Km of mutant M234I for maltose was
0.2582 mM, which was only 54.4% of that of the wild-type (0.4749 mM), indi-
cating a significant improvement in maltose affinity; the optimum temperature
and optimum pH of the mutant did not change significantly compared with
the wild-type. Using maltodextrin (DE value 16) as substrate, mutant M234I
was applied in a multi-enzyme composite system for trehalose production. The
enzymatic reaction results showed that the trehalose conversion rate reached
a maximum of 74.9%, representing an increase of approximately 3% compared
with the wild-type 𝛽-CGTase.
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Abstract

The 𝛽-CGTase from Bacillus circulans 251 was applied to trehalose preparation,
increasing the trehalose conversion rate from 50.4% to 71.9%. To further im-
prove substrate conversion, error-prone PCR combined with high-throughput
screening was employed to identify mutants with enhanced affinity for maltose
as a disproportionation acceptor. Using a colorimetric assay with low substrate
concentrations of 4,6-ethylidene-p-nitrophenyl-𝛼-D-maltoheptaoside (EPS) in
96-well plates, a mutant M234I with improved maltose affinity was successfully
isolated. After purification of both wild-type and mutant enzymes, character-
ization revealed that the specific activity of mutant M234I was 345.25 U/mg,
compared to 357.63 U/mg for the wild type. The Km value of mutant M234I for
maltose was 0.2582 mM, only 54.4% of that of the wild type (0.4749 mM), indi-
cating significantly enhanced maltose affinity. The optimal temperature and pH
of the mutant remained largely unchanged compared to the wild type. When
applied to trehalose production using a multi-enzyme system with maltodextrin
(DE 16) as substrate, the mutant M234I achieved a maximum trehalose con-
version rate of 74.9%, representing an approximately 3% improvement over the
wild-type 𝛽-CGTase.

Keywords: 𝛽-CGTase, error-prone PCR, molecular modification, affinity, tre-
halose conversion

Introduction

Cyclodextrin glycosyltransferase (CGTase, EC 2.4.1.19) belongs to glycoside hy-
drolase family 13 and is an extracellular multifunctional enzyme capable of cat-
alyzing various reactions, including three transglycosylation reactions (coupling,
cyclization, and disproportionation) and a weak hydrolytic reaction. Based on
their product specificity in cyclization reactions, CGTases are commonly clas-
sified as 𝛼-CGTase, 𝛽-CGTase, and 𝛾-CGTase. Among the three transglycosy-
lation reactions, disproportionation dominates, representing an intermolecular
transglycosylation that transfers a cleaved portion of a linear maltooligosac-
charide to another acceptor, thereby elongating the acceptor chain. CGTase
transglycosylation activity can utilize various dextrins, sugar chains, and starch
molecules as glycosyl donors to improve the properties of acceptor molecules
through disproportionation or coupling reactions, such as enhancing the sweet-
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ness characteristics of stevioside, improving the solubility of chalcone sweeteners,
and producing vitamin C derivatives (AA-2G) with enhanced stability, as well as
preparing turanose and coupled sugars. This transglycosylation capability also
plays a crucial auxiliary role in multi-enzyme reaction systems, significantly im-
proving substrate utilization. For example, incorporating CGTase in trehalose
production systems can elongate the sugar chains of remaining small-molecule
sugar acceptors, enabling them to be further utilized by maltooligosyl trehalose
synthase for synthesizing maltooligosyl trehalose, thereby enhancing substrate
utilization. The CGTase from B. circulans 251 is a typical 𝛽-CGTase that
exhibits high acceptor affinity for small-molecule sugars in disproportionation
reactions. This study investigated its application in a multi-enzyme system
for trehalose production and performed directed evolution through error-prone
PCR combined with high-throughput screening to obtain improved mutants for
enhanced performance.

Materials and Methods

1.1.1 Strains and Plasmids Escherichia coli JM109 and E. coli BL21(DE3)
strains were preserved in our laboratory. The pMD19-T(simple) cloning vector
was purchased from Takara (Dalian, China). The pET-20b(+) expression vector
and the 𝛽-CGTase gene (𝛽-cgt) from B. circulans 251 were also preserved in our
laboratory.

1.1.2 Culture Media LB liquid medium, LB solid medium, and TB medium
were prepared according to standard protocols.

1.1.3 Enzymes and Reagents Restriction endonucleases (NdeI, HindIII),
rTaq DNA polymerase, protein molecular weight markers, DL5000 and DL10000
DNA markers were purchased from Takara (Dalian, China). T4 DNA lig-
ase was obtained from New England Biolabs (USA). Plasmid mini-prep and
gel extraction kits were purchased from CW Biotech. Trehalose, maltose, glu-
cose, and maltodextrin (DE 16) were obtained from Sigma-Aldrich. Acetonitrile
(HPLC grade) was purchased from Shanghai ANPEL Scientific Instrument Co.,
Ltd. EPS, kanamycin, and ampicillin were obtained from J&K Scientific. Other
routine reagents were purchased from Sinopharm Chemical Reagent Co., Ltd.

1.2.1 Error-Prone PCR of 𝛽-CGTase Gene The 𝛽-cgt gene from B. cir-
culans 251 was used as the template for error-prone PCR. Primers were designed
as CGT-ePCR-F: 5’-CATGCCATGGCACCGGATACCAGCGTT-3’and CGT-
ePCR-R: 5’-GGGAAGCTTACGGTTGCCAATTCACGT-3’, with restriction
sites underlined. The PCR reaction (50 �L) contained: ddH2O (30.7 �L), Mg2+

(25 mM, 8.0 �L), Mn2+ (10 mM, 0.3 �L), 10× rTaq buffer (5 �L), plasmid DNA
template (0.5 �L), primers CGT-ePCR-F and CGT-ePCR-R (10 �M each, 0.5
�L), dNTP mix (2.5 mM, 4 �L), and rTaq DNA polymerase (5 U/�L, 0.5 �L). The
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PCR program consisted of initial denaturation at 94°C for 4 min, followed by
30 cycles of 98°C for 30 s, 55°C for 10 s, and 72°C for 2 min 10 s, with a final
extension at 72°C for 10 min and holding at 4°C.

1.2.2 Construction of Mutant Library The error-prone PCR products
were gel-purified and ligated into the pMD19-T(simple) cloning vector. The
ligation mixture was transformed into E. coli JM109 competent cells and plated
on LB agar containing 100 �g/mL ampicillin. After overnight incubation at 37°C,
all positive clones were washed off the plate with LB liquid medium containing
100 �g/mL ampicillin and cultured at 37°C, 200 rpm for 3-5 h. Mixed plasmids
were extracted using a plasmid prep kit, double-digested with NdeI and HindIII,
and ligated into the pET-20b expression vector. The ligation products were
transformed into E. coli BL21(DE3) expression host and plated on LB agar
containing 100 �g/mL kanamycin to complete the mutant library construction.

1.2.3 Screening of Mutant Library A high-throughput colony picker
(Molecular Devices QPix 2) was used to transfer individual colonies from
LB agar plates into 96-deep-well plates containing 600 �L LB medium with
100 �g/mL kanamycin. The plates were incubated at 37°C, 900 rpm for 8-10
h. Then, 50 �L of seed culture was transferred to fresh 96-deep-well plates
containing 600 �L TB medium and cultured at 37°C, 900 rpm for 2 h. Protein
expression was induced by adding IPTG to a final concentration of 5 mM,
followed by incubation at 25°C for 48 h. The cultures were centrifuged at
4000 rpm, 4°C for 20 min, and the supernatants were collected for enzyme
activity assays after appropriate dilution. The assay mixture contained 200
�L of 0.5 mM EPS and 0.25 mM maltose, pre-incubated at 50°C for 10 min.
Then, 30 �L of diluted crude enzyme was added and reacted for exactly 75 min.
The reaction was terminated by boiling for 10 min. After cooling, 40 �L of
𝛼-glucosidase and 130 �L deionized water were added, mixed, and incubated at
60°C for at least 60 min. Finally, 100 �L of 1 M Na2CO3 solution was added,
mixed, and 200 �L was transferred to a microplate for absorbance measurement
at 400 nm. Mutants showing higher activity than the wild type under these
substrate concentrations were selected for further screening. The Km values of
improved mutants for maltose were determined, and mutants with reduced Km
values were sent to Genewiz (Suzhou, China) for sequencing.

1.2.4 𝛽-CGTase Disproportionation Activity Assay The disproportion-
ation activity assay was modified from the method described by van der Veen
et al. Briefly, 12 mM EPS and 20 mM maltose solutions were prepared in 50
mmol/L phosphate buffer (pH 5.5). Equal volumes (300 �L each) were pre-
incubated at 50°C, then 100 �L of diluted enzyme solution was added. After ex-
actly 10 min, the reaction was terminated by boiling for 10 min. Subsequently,
30 �L of diluted crude enzyme was added and reacted for 75 min, followed by
boiling for 10 min. After cooling, 100 �L of 𝛼-glucosidase and 100 �L deionized
water were added, mixed, and incubated at 60°C for at least 60 min. Then, 100
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�L of 1 M Na2CO3 solution was added, mixed, and the absorbance was measured
at 400 nm. One unit of CGTase disproportionation activity was defined as the
amount of enzyme that converted 1 �mol of EPS per minute under the specified
conditions at 50°C.

1.2.5 Expression and Purification of 𝛽-CGTase E. coli BL21(DE3)
cells harboring wild-type or mutant 𝛽-CGTase were inoculated into 10 mL LB
medium containing 100 �g/mL kanamycin and cultured at 37°C for 8-10 h. A
5% inoculum was transferred to TB medium containing 100 �g/mL kanamycin
and 7.5 g/L glycine, cultured at 37°C for 2 h, then induced with 5 mM IPTG
and incubated at 25°C for 48 h. The culture was centrifuged at 8000 rpm for
15 min, and the supernatant was collected as crude enzyme.

The crude enzyme was subjected to 30% ammonium sulfate precipitation, fol-
lowed by dialysis and purification using a Mono Q anion-exchange chromatogra-
phy column. Protein concentration was determined using the Bradford method.
The purified 𝛽-CGTase and its mutant were used for enzymatic characterization
and kinetic parameter determination.

1.2.6 Enzymatic Characterization (1) Optimal Temperature: Sub-
strates were pre-incubated at temperatures ranging from 35°C to 70°C (5°C
intervals), and enzyme activity was measured using the method described in
section 1.2.4. The highest activity was defined as 100%.

(2) Temperature Stability: Enzyme solution was diluted with pH 6.0 buffer
and incubated at 50°C. Samples were taken at regular intervals to measure
residual activity using the method in section 1.2.4, with initial activity (0 h)
defined as 100%.

(3) Optimal pH: Substrates were dissolved in 50 mmol/L buffers ranging from
pH 4.0 to 8.0 (0.5 pH unit intervals) to prepare 6 mM EPS and 20 mM maltose
solutions. After pre-incubation at 50°C, activity was measured as described in
section 1.2.4, with maximum activity defined as 100%.

(4) pH Stability: Enzyme was incubated in 50 mmol/L buffers (pH 4.0–8.0,
0.5 intervals) at 4°C for 24 h, then residual activity was measured using the
method in section 1.2.4, with initial activity defined as 100%.

(5) Determination of Km and kcat Values: Maltose solutions ranging
from 0.25 mM to 100 mM were prepared in 50 mmol/L phosphate buffer (pH
5.5). After pre-incubation at 50°C, enzyme activity was measured as described
in section 1.2.4. Kinetic parameters were calculated by fitting the data using
GraphPad Prism software.

1.2.7 Application of 𝛽-CGTase in Two-Enzyme System for Trehalose
Production A 20% (w/w) maltodextrin solution (DE � 16) was prepared in
sodium dihydrogen phosphate-potassium dihydrogen phosphate buffer. The re-
action mixture contained 5 U/g substrate pullulanase, 2.5 U/mL maltooligosyl
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trehalose synthase, 2.5 U/mL maltooligosyl trehalose hydrolase, and 0.6–2.4
U/mL CGTase (based on disproportionation activity). The pH was adjusted
to 5.5, and the reaction was carried out at 45°C with shaking at 120–180 rpm
for 30–35 h. The reaction was terminated by boiling, yielding reaction mixture
A. This mixture was then adjusted to pH 4.4 and treated with compound glu-
coamylase at 60°C for 24 h. The products were analyzed by high-performance
liquid chromatography (Agilent 1260) to calculate trehalose conversion. HPLC
analysis was performed using an amino column with acetonitrile:water (80:20)
as mobile phase at 30°C, flow rate of 0.8 mL/min, and refractive index detection
(RID).

1.2.8 Structural Prediction and Mutation Site Analysis The crystal
structure of wild-type 𝛽-CGTase was obtained from the Protein Data Bank
(PDB ID: 1CXK). Average structures of the mutant and wild-type enzymes
were calculated through Amber MD simulations.

Results and Discussion

2.1 Application of 𝛽-CGTase from B. circulans 251 in Trehalose
Preparation Trehalose enzymatic conversion was performed as described in
section 1.2.7. Without CGTase addition, HPLC analysis after saccharification
showed a trehalose yield of only 75.6 g/L, corresponding to a conversion rate of
50.4%. However, when 𝛽-CGTase from B. circulans 251 was added, trehalose
yield increased to 143.8 g/L, achieving a conversion rate of 71.9%. Analysis
of the reaction products revealed that the system containing 𝛽-CGTase still
contained substantial residual maltose (21.9 g/L). We hypothesized that
improving the affinity of 𝛽-CGTase for maltose as an acceptor in dispropor-
tionation reactions would enable utilization of this residual maltose to elongate
sugar chains for further trehalose synthesis, thereby increasing both substrate
utilization and trehalose conversion. Therefore, directed evolution of the B.
circulans 251 CGTase was performed using error-prone PCR combined with
high-throughput screening to obtain improved mutants.

2.2 Optimization of Error-Prone PCR Conditions Error-prone PCR
requires supplementation with additional Mg2+ and Mn2+ ions. Mg2+ stabi-
lizes the nucleic acid backbone and affects DNA polymerase activity, where low
concentrations reduce PCR efficiency while excessive concentrations cause non-
specific amplification. Mn2+ decreases template specificity of DNA polymerase
and increases the error rate of base pairing during PCR. By sequencing PCR
products obtained with different Mg2+ and Mn2+ concentrations and follow-
ing the principle that 1–3 amino acid mutations are optimal, we selected final
concentrations of 0.15 mM Mn2+ and 4 mM Mg2+ for the reaction system.
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2.3 Construction and Screening of the Mutant Library After optimiz-
ing error-prone PCR conditions, the 𝛽-cgt gene was amplified and subjected
to initial screening as described in sections 1.2.2 and 1.2.3. Mutants show-
ing absorbance values 0.1 higher than the wild-type CGTase were selected for
secondary screening in deep-well plates. After 11 rounds of screening approx-
imately 3000 clones, a positive transformant H-7 exhibiting improved activity
at low substrate concentrations was identified. For confirmation, H-7 was in-
oculated into TB medium (100 �g/mL kanamycin) at 5% inoculum, cultured
at 37°C, 200 rpm for 2 h, induced with 5 mM IPTG, and expressed at 25°C,
200 rpm for 48 h. Enzyme activity assays using 20 mM or 0.5 mM maltose
with 6 mM EPS revealed that H-7 showed 1.4-fold higher activity than the wild
type at 0.5 mM maltose, but only 95% of wild-type activity at 20 mM maltose,
suggesting improved maltose affinity.

2.4 Sequencing of the Mutant Sequencing of the improved mutant H-7
revealed mutations at three nucleotide positions: 624, 702, and 1110. Only the
mutation at position 702 resulted in an amino acid change, converting methion-
ine to isoleucine at residue 234. The sequencing results are summarized in Table
1 , confirming that mutant H-7 is the M234I variant.

Table 1 Sequencing results of the mutant

Mutant Mutated nucleotide bases Mutated amino acids
M234I T624C / G702A / C1110T M234I

2.5 Purification of Wild-Type and Mutant 𝛽-CGTase The crude en-
zyme was precipitated with 30% ammonium sulfate and centrifuged at 8000
rpm for 20 min to collect the protein pellet. The pellet was resolubilized and
dialyzed against 20 mM sodium dihydrogen phosphate-potassium dihydrogen
phosphate buffer (pH 7.5), then purified using a Mono Q anion-exchange col-
umn. SDS-PAGE analysis [Figure 1: see original paper] showed that the target
protein achieved electrophoretic purity. Protein content and enzyme activity
were measured at each purification step, with results indicating that the spe-
cific activity (disproportionation) of recombinant 𝛽-CGTase was 357.63 U/mg,
while that of mutant M234I was 345.25 U/mg, showing no significant change
after mutation.

Figure 1 SDS-PAGE analysis of wild-type and mutant M234I 𝛽-CGTase
M: Protein Marker (High)
1: Purified wild-type 𝛽-CGTase
2: Purified mutant M234I

Table 2 Purification results of wild-type and mutant (M234I) 𝛽-CGTase
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Enzyme
Purification
steps

Total
protein

Total
activity

Specific
activity
(U/mg)

Recovery
rate (%)

Purification
fold

M234I
𝛽-
CGT

Crude
extract

Salt pre-
cipitation
Mono Q 10/100

Wild-
type
𝛽-
CGT

Crude
extract

Salt pre-
cipitation
Mono Q 10/100

2.6 Kinetic Analysis Kinetic parameters determined using purified wild-
type and mutant M234I 𝛽-CGTase are shown in Table 3 . The Km value of
wild-type 𝛽-CGTase for maltose was 0.4749 mM, while that of mutant M234I
was 0.2582 mM, demonstrating significantly improved substrate affinity. The
kcat values for wild-type and mutant M234I were 488.7 s−1 and 453.2 s−1, re-
spectively.

Table 3 Kinetic parameters of wild-type and mutant M234I 𝛽-CGTase

Enzyme kcat (s−1) Km (mM) kcat/Km (mM−1・s−1)
Wild type 0.4749
M234I 0.2582

2.7 Enzymatic Properties of Wild-Type and Mutant 𝛽-CGTase 2.7.1
Optimal Temperature and Thermal Stability

The optimal reaction temperature and thermal stability of mutant M234I and
wild-type 𝛽-CGTase are shown in Figures 2 [Figure 2: see original paper] and 3
[Figure 3: see original paper]. Both enzymes exhibited an optimal temperature
of 60°C, indicating no significant change in the mutant. However, as shown in
Figure 3, the half-lives at 45°C, 50°C, 55°C, and 60°C were 10.2 h, 1.9 h, 15
min, and 3 min for the mutant, compared to 13.1 h, 2.9 h, 39 min, and 5 min
for the wild type, respectively. Thus, the thermal stability of mutant M234I
𝛽-CGTase was slightly reduced compared to the wild type, though both showed
poor stability at high temperatures.

Figure 2 [Figure 2: see original paper] Optimal temperature of wild-type and
mutant M234I 𝛽-CGTase
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Figure 3 Temperature stability of wild-type and mutant M234I 𝛽-CGTase at
(a) 45°C, (b) 50°C, (c) 55°C, and (d) 60°C

2.7.2 Optimal pH and pH Stability

The optimal pH and pH stability results are presented in Figures 4 [Figure 4:
see original paper] and 5 [Figure 5: see original paper]. Both mutant M234I and
wild-type 𝛽-CGTase showed an optimal pH of 6.0. The enzymes maintained over
90% relative activity at pH 5.5–8.0, but both were rapidly inactivated below pH
5.5, indicating similar pH stability profiles.

Figure 4 [Figure 4: see original paper] Optimal pH of wild-type and mutant
M234I 𝛽-CGTase

Figure 5 [Figure 5: see original paper] pH stability of wild-type and mutant
M234I 𝛽-CGTase

2.8 Application of Mutant M234I in Trehalose Production Trehalose
enzymatic conversion was performed as described in section 1.2.7. As shown in
Figure 6 [Figure 6: see original paper], when the enzyme dosage was 2.4 U/mL,
the wild-type 𝛽-CGTase produced 143.8 g/L trehalose (71.9% conversion), while
mutant M234I produced 149.8 g/L trehalose, achieving a conversion rate of
74.9%. The glucose, maltose, and trehalose contents in the reaction products are
shown in Table 4 . The mutant showed reduced maltose content and increased
glucose and trehalose levels compared to the wild type.

Figure 6 [Figure 6: see original paper] Trehalose yield under different enzyme
dosages

Table 4 Glucose, maltose, and trehalose content in the reaction system before
saccharification

Enzyme Glucose (g/L) Maltose (g/L) Trehalose (g/L)
Wild type
M234I

2.9 Mutation Site Analysis The three-dimensional structure of wild-type 𝛽-
CGTase was obtained from the PDB database (PDB ID: 1CXK). The mutation
site M234I is located in a loop region near the +1 subsite of the substrate
binding site, with H233 (also in this loop) participating in acceptor glucose
residue binding. Average structures of the wild-type and mutant M234I were
obtained through Amber MD simulations [Figure 7: see original paper], and
docking with substrate molecules revealed that the M234I mutation altered
the loop conformation, bringing it closer to the acceptor binding region. The
hydrogen bond distance between H233 and the acceptor substrate maltose was
2.9 Å in the mutant [FIGURE:8(A)], shorter than the 3.3 Å distance in the
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wild type [FIGURE:8(B)], potentially improving CGTase binding to maltose
acceptor.

Figure 7 [Figure 7: see original paper] Average structures of wild-type and
mutant M234I 𝛽-CGTase kinetic trajectories. The green region shows the wild-
type loop and residues, while the blue region shows the mutant M234I loop and
residues.

Figure 8 [Figure 8: see original paper] Docking models of acceptor substrate
with average structures of (a) mutant M234I and (b) wild-type 𝛽-CGTase

Conclusion

This study applied 𝛽-CGTase from B. circulans 251 to trehalose production,
increasing the conversion rate from 50.4% to 71.9%. Analysis of the reaction
products revealed substantial residual maltose, suggesting that improved mal-
tose affinity could further enhance substrate utilization. Using error-prone PCR
and high-throughput screening, we successfully obtained mutant M234I with en-
hanced maltose affinity in disproportionation reactions, showing a Km of 0.2582
mM (54.4% of the wild-type value). The mutant maintained similar optimal
temperature and pH, though with slightly reduced thermal stability. Applica-
tion of M234I in a multi-enzyme trehalose production system reduced residual
maltose content and increased trehalose conversion to 74.9%, representing a 3%
improvement over the wild type. These findings contribute to the development
of more efficient enzymatic processes for trehalose production from starch.
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