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Abstract 

Slowly digestible starch (SDS) has attracted increasing attention for its function of preventing metabolic diseases. 
Based on transglycosylation, starch branching enzymes (1,4-α-glucan branching enzymes, GBEs, EC 2.4.1.18) can be 
used to regulate the digestibility of starch. In this study, a GBE gene from Bacillus licheniformis (bl-GBE) was cloned, 
expressed, purified, and characterized. Sequence analysis and structural modeling showed that bl-GBE belong to the 
glycoside hydrolase 13 (GH13) family, with which its active site residues were conserved. The bl-GBE was highly active 
at 80 °C and a pH range of 7.5–9.0, and retained 90% of enzyme activity at 70 °C for 16 h. bl-GBE also showed high 
substrate specificity (80.88 U/mg) on potato starch. The stability and the changes of the secondary structure of bl-GBE 
at different temperature were determined by circular dichroism (CD) spectroscopy. The CD data showed a loss of 20% 
of the enzyme activity at high temperatures (80 °C), due to the decreased content of the α -helix in the secondary 
structure. Furthermore, potato starch treated with bl-GBE (300 U/g starch) showed remarkable increase in stability, sol-
ubility, and significant reduction viscosity. Meanwhile, the slowly digestible starch content of bl-GBE modified potato 
starch increased by 53.03% compared with native potato starch. Our results demonstrated the potential applications 
of thermophilic bl-GBE in food industries.
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Introduction
Nowadays, native starch cannot meet the new require-
ments of modern industry due to its inherent char-
acteristics, including insoluble in cold water, easy 
retrogradation, high viscosity, sensitivity to digestion 
in vivo, etc. (Zeeman et al. 2010). According to the rate 
and degree of digestibility, starch is categorized into 
rapidly digestible starch (RDS), slowly digestible starch 
(SDS) and resistant starch (RS) (Englyst et  al. 1992). 

Rapid digestion and absorption of RDS is prone to induce 
the generation of metabolic-related diseases, while SDS 
could slowly absorb and sustained glucose release, and 
could be used as a new low Glycemic Index (GI) modified 
starch (Li et  al. 2014a; Ludwig 2002; Miao et  al. 2015). 
Consuming low GI foods is beneficial to health, includ-
ing reducing the risk of chronic metabolic diseases, such 
as diabetes, obesity and cardiovascular diseases (Goff 
et  al. 2013). However, the content of SDS in food pro-
cessing was relatively low. To improve the food quality 
by increasing the content of SDS has become a hot topic 
in the academic and industrial research. There are many 
factors that affect the formation of SDS, such as granu-
lar structure, crystallinity, the ratio of amylose to amylo-
pectin and the fine structure (Li et al. 2014a, 2018). The 
previous study reported that α-1,6 glycosidic bonds were 
not easily digested and absorbed by human digestive 
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enzymes (Gilbert et  al. 2013; Kittisuban et al. 2014; Lee 
et al. 2013a).

Starch branching enzymes (1,4-α-glucan branching 
enzymes, GBEs, EC 2.4.1.18) break the α- 1,4 glycosidic 
bond and transfer to the α- 1,6 glycosidic bond (Takata 
et  al. 1994). In the Carbohydrate-Active enZymes data-
base (CAZy) (Henrissat and Bairoch 1996; Janecek et al. 
2014; van der Maarel et al. 2002), GBEs are classified into 
two types: GBEs with (β/α)8- barrel structure belonged 
to glycoside hydrolase family 13 (GH13), and GBEs with 
(β/α)7- barrel structure belonged to glycoside hydrolase 
family 57 (GH57) (Pal et  al. 2010a; Palomo et  al. 2011; 
Santos et  al. 2011).It has been reported that the GH13 
GBEs have a higher degree of branching effect than that 
of the GH57 GBEs modified products (Na et  al. 2017; 
Zhang et  al. 2019). Therefore, SDS was prepared pri-
marily using GH13 GBE in food industry. Based on the 
transglycosylation of GBE, the content of α-1,6-glycosidic 
bonds and the proportion of short branched chains of 
starch increased, and the average chain length decreased 
(Le et al. 2009; Lee et al. 2013b). These structural changes 
can improve the stability, retrogradation resistance and 
digestion resistance of starch, and can be used to prepare 
SDS (Hong et al. 2022; Xia et al. 2021). Li et al. found that 
the SDS content of corn starch modified by GBE from 
Rodothermus obamensis STB05 was increased to 23.90%, 
and its retrogradation resistance was obviously enhanced 
(Li et al. 2016, 2014b). Jo et al. found that the digestion 
rate of sweet potato starch was decreased after treatment 
with GBE from Streptococcus mutans (Jo et al. 2016b). In 
addition, various applications of starch modified by GBEs 
have been reported, including paper coating, sport drink-
ing ingredient, spray, and bio-friendly adhesives (Backer 
and Saniez 2003; Van der Maarel et al. 2014).

However, starch processing typically requires tem-
peratures as high as 70–100  °C (Peng et  al. 2021). The 
high gelatinization temperature of starch indicates that 
using thermophilic GBEs is an economical and effective 
strategy for industrial application, which can save a lot 
of cooling time and prevent microbial contamination, 
speed up the reaction process and shorten the reaction 
time (Ban et al. 2020a; Xiao et al. 2020). GBEs have been 
identified in various organisms (Ball and Morell 2003), 
such as microorganisms (Chengyao et  al. 2021; Suzuki 
and Suzuki 2016), plants (Sawada et al. 2018; Zhou et al. 
2020), and animals (Huynh et al. 2019). However, only a 
few of these GBEs showed activity at high temperature. 
Thermophilic GBE from Bacillus stearothermophilus dis-
plays optimal activity at 55  °C and retained only about 
20% activity when incubated at 70 °C for 0.5 h (Ban et al. 
2016). R. obamensis STB05 GBE remains stable at 70 °C 
and its optimum temperature is 65 °C (Wang et al. 2019). 
Aquifex aeolicus GBE is stable at 70  °C and displays 

optimal activity at 75 °C (Van der Maarel et al. 2003). The 
GBE from Geobacillus thermoglucosidans displays opti-
mal activity at 60 °C and lost activity after 20 min of incu-
bation at 70 °C (Ban et al. 2023). The modification process 
of starch requires GBEs with high catalytic efficiency and 
high thermal stability (Ban et al. 2018). Higher tempera-
tures are required in industrial applications. Therefore, 
to improve the thermal stability of G. thermoglucosidans 
GBE, researchers have used several strategies, including 
introducing salt bridge (Ban et al. 2020c) disulfide bonds 
(Ban et  al. 2020b) and C- terminal truncation (Li et  al. 
2020a).

However, these mutants do not meet the temperature 
for starch processing. In this study, a thermophilic GBE 
from Bacillus licheniformis ATCC14580 (bl-GBE) was 
identified. The bl-GBE was cloned and expressed in E. 
coli, and its biological characteristics were characterized. 
The bl-GBE’s thermostability was evaluated using the cir-
cular dichroism. Then we used the recombinant bl-GBE 
to treat potato starch to slow down the rate of digestion 
and improve the solubility and stability.

Materials and methods
Chemicals, strains, and plasmids
Additional file  1: Table  S1 shows the strains and plas-
mids used in this study. The gbe gene originated from 
B. licheniformis ATCC14580 (GenBank accession no. 
WP_061576929). All stains were cultured in Luria–Ber-
tani medium (10  g/L tryptone, 5  g/L yeast extract, and 
10  g/L NaCl). Isopropyl-β-D-thiogalactopyranoside 
(IPTG) and ampicillin were provided by Sangon Bio-
tech Co. Ltd. (Shanghai, China). The primer synthesis 
and sequencing were performed by GENEWIZ (Suzhou, 
China). Others are commercially available analytical 
grade chemicals.

Gene sequence analysis and structure modeling
The standard for determining thermophilic GBE genes 
was first established based on the physicochemical 
characteristics of homologous proteins. Therefore, the 
commercial thermophilic GBE from the B. stearothermo-
philus (Ban et al. 2016) was chosen as a standard protein. 
The GBE gene in the genome of B. licheniformis is located 
by BLASTP results, and this protein remains uncharac-
terized. Then, the related literature was searched in the 
PubMed database using "Bacillus licheniformis and ther-
mostable" as the keywords, and the results showed that 
there were many articles reporting that proteins from B. 
licheniformis had high thermal stability, including ther-
mostable phytase (Zhang et al. 2020), α-amylase (Fincan 
et al. 2021), cellulase (Yang et al. 2021), etc. It suggested 
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that GBE of B. licheniformis (bl-GBE) might have strong 
thermal stability potential.

The bl-GBE sequence analyses were carried out 
by the T-COFFEE (http:// www. tcoff ee. org). Multi-
ple alignments were done using ESPript 3.0, including 
four characterized thermophilic GBEs and six charac-
terized mesophilic GBEs. The UniProt Accession for 
these different sources of GBE is shown in Additional 
file 1: Table S2. The conserved domains and conserved 
bases were predicted through the website (http:// www. 
ncbi. nlm. nih. gov/ Struc ture/ cdd/ cdd. shtmln). The 3D 
structural model of bl-GBE was obtained from Alpha-
Fold Protein Structure Database (https:// alpha fold. ebi. 
ac. uk/). The resulting structure was visualized by the 
PyMOL program. EXPASY PROSITE (https:// web. 
expasy. org/ compu te_ pi/) analyzes the amino acid com-
position analysis of bl-GBE.

Expression and purification of recombinant bl‑GBE
The gene encoding bl-GBE from Bacillus licheniformis 
ATCC14580 genomic DNA was amplified with the fol-
lowing F1: CGC CAT ATG  ATG GCT GGT GTG AGT GCC 
TCG (underlined for Nde I restriction site) and R1 CCG 
CTC GAG TCC CTT TTT CGC TCC TCT CT (underlined 
for Xho I restriction site). The bl-GBE was labeled with a 
histidine tag at the C- terminal. The amplification prod-
uct and pET32a ( +) were double-cleaved with Nde I and 
Xho I. Recombinant plasmid pET32a ( +)/gbe was used 
to transform competent Escherichia coli BL21 (DE3). 
The recombinant strain was fermented in an LB medium 
containing 100 ug/mL ampicillin and 0.1  mM IPTG to 
produce bl-GBE at 20  °C. The strain was harvested by 
centrifugation and resuspended in wash buffer (20  mM 
tris, 50  mM NaCl, 5  mM EDTA, 1% Triton X-100, pH 
7.5). The cells were then sonicated on ice for 30  min 
and the cells lysate was collected by centrifugation at 
15,000 × g for 20 min. Then precipitations were dissolved 
with 10 mL denaturing buffer (50 mM tris, 6 M guanidine 
hydrochloride, 10  mM DTT, pH8.0). During the dialy-
sis renaturation process, we dropped the supernatant 
of denatured protein into renaturation buffer (50  mM 
PBS, 240 mM NaCl, 10 mM KCl, 0.5 M Arginine, 1 mM 
EDTA, 0.05% PEG4000, 0.05% Triton X-100, 1 mM GSH, 
0.1 mM GSSG; pH 6.5.) at 4 °C for 24 h to form the crude 
enzyme solution, and then put the solution into the dialy-
sis buffer (20 mM PBS pH6.5) at 4 °C to allow the crude 
enzyme solution to get the correctly folded protein. 
Finally, the correctly folded protein is subjected to  Ni2+ 
affinity chromatography to obtain the purified protein. 
The BCA protein assay kit was used to quantify the total 
protein of cells lysate according to the manufacturer’s 

instructions. The proportion of target bands to total pro-
tein was determined by ImageJ software to calculate the 
yield of bl-GBE.

Activity assay of recombinant bl‑GBE
According to iodine staining method described by Takata 
et  al., the activity of bl-GBE was assayed (Takata et  al. 
1994). The enzyme sample (50 µL) was mixed with starch 
solution (50 uL) consisting of 0.5% amylose (Sigma-
Aldrich) and reacted for 30 min and terminated the reac-
tion by adding 2 mL of iodine reagent. The iodine reagent 
was prepared by adding 0.5 mL of stock solution (2.6 g of 
 I2 and 26 g of KI in 100 mL of  ddH2O) and 0.5 mL 1 M 
HCl to 129 mL  ddH2O. One unit (U) of bl-GBE activity 
was defined as the amount of enzyme that can decrease 
the absorbance at 660 nm of the amylose-iodine complex 
by 1% per minute.

Circular dichroism analysis
The protein secondary structure of bl-GBE was analyzed 
by circular dichroism (CD) (Applied Photophysics, Sur-
rey, UK). The purified bl-GBE was incubated at 70  °C 
and 80  °C for 30  min, and the control group was incu-
bated for 30  min at 25  °C. The enzyme concentrations 
were 0.1  mg/mL dissolved in 10  mM phosphate buffer 
at pH 8.0, at room temperature. The spectrum from 190 
to 260  nm was determined after incubation at 70  °C or 
80 °C at room temperature. Protein secondary structural 
was determine using Circular Dichroism and analyze by 
Neural Networks (CDNN) (Ioannou et al. 2015; Lighezan 
et al. 2016).

Biochemical properties of recombinant bl‑GBE
To determine the optimal temperature for bl-GBE activ-
ity, purified bl-GBE was tested in a temperature range of 
30 °C–100°C. The highest enzyme activity for each reac-
tion condition was defined as 100% activity. The resid-
ual activities were then determined by measuring the 
remaining enzyme activity after incubating the bl-GBE at 
70 °C–90 °C for several time intervals. The optimum pH 
of enzyme activity was measured by incubating enzyme 
solution at pH values ranging from 4 to 12. The effect 
of pH on bl-GBE stability was studied by incubating the 
enzyme at different pH values (pH 4.0–12.0). The resid-
ual enzyme activity was then measured. The purified bl-
GBE was mixed with metal ion chloride salts  (Fe3+,  Zn2+, 
 Cu2+,  Ca2+,  Mg2+,  Mn2+,  Zn2+,  Li+,  Na+,  Li+, and  K+) 
and EDTA at concentrations of 1 mM, 5 mM and 10 mM. 
The residual enzyme activity of bl-GBE was measured. 
All reactions were repeated in triplicate, and the experi-
mental data displayed was mean ± standard deviation in 
this work.

http://www.tcoffee.org
http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtmln
http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtmln
https://alphafold.ebi.ac.uk/
https://alphafold.ebi.ac.uk/
https://web.expasy.org/compute_pi/
https://web.expasy.org/compute_pi/
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Substrate specificity for recombinant bl‑GBE
The substrate specificity of bl-GBE was studied using 
six starches as substrates, including amylose (Sigma-
Aldrich), amylopectin (Sigma-Aldrich), corn starch, wheat 
starch, soluble starch, and potato starch (Yuanye, Shang-
hai, China). 0.5% substrate (Ye et al. 2021) solutions were 
prepared with Tris–HCl buffer (pH8.5, 50  mM), and the 
enzyme activity determination method is shown above.

Preparation of bl‑GBE modified potato starch
The potato starch (10%, v/w) was gelatinized in a water 
bath for 30  min, and the bl-GBE (300 U/g starch) was 
added to begin the reaction at 70 °C for 12 h. Next, bl-GBE 
in the solution was inactivated by boiling for 20 min. The 
starch solution added three times the ethanol volume to 
the precipitated sample by centrifugation at 12,000×g for 
10 min, after which it was washed with 75% ethanol. The 
modification potato starch was freeze-dried and pulver-
ized into a powder by a 100-mesh sieve. Samples without 
bl-GBE addition was used as a control.

Iodine binding capability analysis
Iodine colorimetric analysis was performed as described 
(Wickramasinghe et  al. 2009). The absorption spectrum 
and the maximum absorption wavelength (λmax) were ana-
lyzed by scanning wavelengths from 300 to 800 nm.

Rheological properties analysis
According to a previous method (Guo et  al. 2016), the 
steady-state and dynamic rheology of 5% (w/v) native and 
bl-GBE treated starch was measured at 25 °C using a MAR-
SIII Rotational Rheometer. A program using a parallel plate 
with a diameter of 40  mm was selected as a steady-state 
test. After setting a gap of 1 mm, the excess starch solution 
was scraped off, and the apparent viscosity (η) of the starch 
paste was measured as the shear rate increased.

Solubility and dissolution stability analysis
Previously reported protocols were used to measure the 
solubility of the starch (Keeratiburana et al. 2020). The 0.5 g 
sample was added to 25 mL of distilled water and vibrated 
for 15  min. The sample solution was heated in boiling 
water for a few minutes and then centrifuged at 6000×g 
for 15 min. The supernatant was then dried to a constant 
weight at 110  °C. The starch weight was calculated. The 
starch was configured to 10% solution, and the stability of 
the solution was observed at different times (0 h, 24 h) at 
4 °C.

Solubility (%) =
(

weight of soluble starch/weight of starch sample
)

∗ 100.

In vitro digestion properties analysis
Based on the method established by Englyst (Englyst et al. 
1992), the method of in vitro digestibility of bl-GBE mod-
ified starch is slightly changed as previously reported (Jo 
et al. 2016a). Porcine pancreatic α -amylase (2 g) (P7545, 
Sigma Chemical Reagent Co., Ltd) was added to distilled 
water (24  mL) with stirring for 10  min and centrifuged 
at 1500×g for 10 min. The enzyme supernatant (20 mL) 
was transferred to a test tube and mixed with amyloglu-
cosidase (0.4 mL) (A7095, Sigma Chemical Reagent Co., 
Ltd) and distilled water (3.6 mL). The pH of the modified 
starch sample was adjusted to 5.2, and incubated at 37 °C 
for 10 min before adding 0.75 mL of mixed enzyme solu-
tion. Subsequently, the reaction mixture was aliquoted at 
20 min and 120 min and immediately boiled for 30 min 
to inactivate the enzyme. The content of glucose in the 
hydrolysate after modified starch digestion was deter-
mined by GOD-POD kit (Shin et al. 2010). The content 
of rapidly digestible starch (RDS), slowly digestible starch 
(SDS), and resistant starch (RS) is calculated as follows:

The G0 is the free glucose content, G20 and G120 
are defined as the produced glucose after 20  min and 
120 min of hydrolysis.

Results
Predicted 3D structure of bl‑GBE
bl-GBE is an uncharacterized conserved protein anno-
tated as a “1,4-alpha-glucan branching enzyme” in the 
B. licheniformis genome (https:// www. ncbi. nlm. nih. gov/ 
prote in/ WP_ 06157 6929.1/). Thus, this study is the first 
report to characterize bl-GBE. GBE has been reported 
to consist of domain A, domain C, and a family of car-
bohydrate-binding modules 48 (CBM48) (Janecek et  al. 
2019; Suzuki and Suzuki 2016). The 3D structure of bl-
GBE was predicated through AlphaFold database. The 
positions of catalytic amino acids and multiple domains 
of the bl-GBE are shown in Fig.  1a. CBM48 includes 
residues 26–108, the catalytic domain contains residues 
152–486 and the C-terminal domain contains residues 
520–618. Ten characterized thermophilic GBEs (includ-
ing three commercial GBE) and mesophilic GBEs were 
selected for multiple sequence alignment with bl-GBE 
and their thermal stability is shown in Table 5. The most 
homologous sequence was that of the thermophilic GBE 
from B. stearothermophilus (64.2%). Studies have shown 
that GBEs have four conserved regions that are present 
in the α-amylase family and contain all catalytic and 

RDS (%) = (G20−G0) × 0.9× 100

SDS (%) = (G120− G20) × 0.9× 100

RS (%) = 100%− RDS (%)− SDS (%)

https://www.ncbi.nlm.nih.gov/protein/WP_061576929.1/
https://www.ncbi.nlm.nih.gov/protein/WP_061576929.1/
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substrate-binding residues (Hayashi et  al. 2015; Janecek 
et  al. 2014; Takata et  al. 1994). Figure  1b showed the 
alignment sequence of the catalytic domain A region 
which both thermophilic and mesophilic GBEs showed 
significant sequence identity. The GBEs sequence con-
tains four conserved regions bl-GBE possesses conserved 
catalytic triad amino acid sequences at Asp309, Glu352, 
and Asp420, which is common in GBEs belonging to 
GH13.

Heterologous expression and purification of bl‑GBE
To verify the biological properties of the candidate bl-
GBE, the 1884  bp of the bl-GBE sequence was success-
fully amplified from the B. licheniformis ATCC14580 
genome and the DNA sequence was confirmed by 
sequencing. To produce bl-GBE protein in E. coli BL21 
(DE3), we used a pET32 (+) expression vector system 
containing an efficiently T7 promoter. After induction 
of expression by the recombinant strain, it was found 
that almost all of the proteins were expressed in inclu-
sion bodies, and the bands shown by SDS-PAGE cor-
responded to the theoretical bl-GBE molecular mass 
of 73.8KDa (Fig.  2a). Higher expression levels were 
observed in fermentation for 72  h at 20  °C, achieving 
the final yield of about 650  mg/L. Next, the recombi-
nant bl-GBE was subjected to renaturation, denaturation 
and purification. The position of the purified enzyme on 
SDS-PAGE was shown in Fig. 2b. The bl-GBE recovered 
with specific enzyme activity of 77.2 U/mg for amylose 
and total protein recovery was 23.3% (Additional file  1: 
Table S3).

Biochemical properties of recombinant bl‑GBE
We analyzed the optimum temperature of bl-GBE by 
conducting a series of enzymatic assays under vary-
ing conditions. bl-GBE activity increased from 10 to 
100% with an increase in temperature from 30 to 80  °C 
(Fig.  3a). bl-GBE showed a maximum activity at 80  °C. 
The bl-GBE was incubated under high-temperature con-
ditions varying from 70 to 90 °C for 10 min to 40 h. The 
results showed the bl-GBE retained 90% of enzyme activ-
ity at 70  °C for 16  h. At 80  °C for 30  min, 80% activity 
remained (Fig.  3b). bl-GBE lost 80%-85% activity when 
preincubated at 80  °C for 1–1.5  h and all of its activity 

when incubated for 3 h or more (Fig. 3b). After incuba-
tion at 90  °C for 10  min, the residual activity was only 
30%.

The effect of pH on bl-GBE activity was investigated. 
The results showed the highest activity at pH 8.5 with 
50% activity from pH 7.5 to pH 9.0 (Fig.  3c). bl-GBE 
activity increased from 10 to 60%, with an increase in pH 
from 4.0 to 7.5. The relative activity of bl-GBE was only 
10%–30% at pH 10.0–12.0. The bl-GBE was stable from 
pH 7.0 to 9.0 after incubation for 12 h and the remain-
ing 75% of its initial activity at pH 6.0 (Fig. 3d). bl-GBE 
activity rapidly decreased under strongly acidic or strong 
basic conditions, retaining only 15%-30% of its activity, 
and lost all activity at pH 4.0.

Additionally, the stability and activity of the enzyme are 
most important in commercial applications and could be 
affected by metal ions.  Fe3+,  Ba2+,  Cu2+,  Mn2+, and  Zn2+ 
strongly inhibited enzyme activity, and as the concen-
tration increased, the degree of inhibition was greater. 
bl-GBE activity had no significant effect on some metal 
ions, such as  Li+,  Na+,  Cs+, and  K+ (Fig.  3e). With the 
presence of chelating agent EDTA, the activity of bl-GBE 
almost completely lost (Fig. 3e).

Substrate specificity for recombinant bl‑GBE
We evaluated the activity of various substrates for the 
recombinant bl-GBE. As shown in Table  1, the high-
est activity of 80.88 U/mg was obtained towards potato 
starch, while amylose, amylopectin, wheat starch, soluble 
starch, and corn starch are 95.45%, 59.71%, 75.1%, 86%, 
and 50.88%, relative to that of potato starch, respectively. 
Then the enzyme kinetics of bl-GBE were studied.

Secondary structure measurements of recombinant bl‑GBE
The CD spectrum is used to study the secondary 
structure of proteins (Horchani et al. 2014; Yang et al. 
2008). In this study, the structural changes of the 
enzyme at high temperature were determined by CD 
spectra to study the thermal stability of bl-GBE. To 
observe the secondary structure changes of bl-GBE 
in detail, three temperatures (25 °C, 70 °C, and 80 °C) 
were selected. Native bl-GBE had 19.52% α-helix, 
34.63% β-fold, 14.01% β-turn, and 31.83% random 
coil (Table  2). CD data showed no obvious change in 

(See figure on next page.)
Fig. 1 Multiple alignment and homology modeling analysis of bl-GBE a 3D structural model of bl-GBE protein was generated using AlphaFold. 
Glu352 (a nucleophile), Asp309, and Asp420 (acid/base catalyst) are the three catalytic residues conserved in members of the GH13 family. The 
position of the 3 domains is shown in different colors; yellow: the N-terminal domain, blue: catalytic domain A, and green: the C-terminal domain, 
b Sequence alignment of GBEs. Conserved residues are designated with red squares and white lettering, and similar residues are designated with 
red lettering. GBE amino acid sequences from different sources are aligned. GBEs in black box has been commercialized. The secondary structure 
is derived from the predicated structure of bl-GBE (AlphaFold). The highly conserved catalytic residues are indicated with red stars. The four highly 
conservative motifs (CRS) are in the blue triangle
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Fig. 1 (See legend on previous page.)
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the secondary structure of bl-GBE when incubated at 
70  °C for 30 min (Fig. 4). After bl-GBE was incubated 
at 80  °C for 30 min, the β-fold in its secondary struc-
ture was increased by 5.98% and the α-helix decreased 
by 5.17%. These results indicate that high temperature 
destroyed the bl-GBE ’s secondary structure.

Iodine binding capability analysis
Amylose and amylopectin can form a single-chain 
complex with iodine and the affinity of the starch 
structure for iodine can be estimated by spectropho-
tometry (Jiang et  al. 2014). The wavelength spectrum 
of the starch-iodine complex can reflect the struc-
tural change of the bl-GBE by a maximum wavelength 
movement and the decreasing absorption value. The 
complex formed by potato starch-iodine is dark blue 
with a maximum absorption wavelength of 620  nm 
and an absorbance of 2.81 (Fig.  5a). The branching 
reaction was characterized by a decrease in iodine 
binding capacity (Xia et  al. 2021), which was consist-
ent with our results. The maximum absorption wave-
length of the modified starch-iodine complex is at 

approximately 530 nm, and the absorption value of the 
complex at approximately 530  nm and is significantly 
reduced to 1.15 (Fig.  5a). This indicated that bl-GEB 
increased the α-1,6-branching points of starch.

Rheological measurement
The complex dynamic viscosity (η*) of starch at 25  °C 
is shown (Fig. 5b). The results indicated that the appar-
ent viscosity of all the sample pastes decreased as the 
shear rate increased, and the potato starch solution is a 
shear-thinning fluid. The viscosity value of the enzyme-
modified starches decreased by one order of magnitude 
of unmodified starch, which indicated that the viscosity 
of bl-GBE modified starch is lower. Therefore, the modi-
fied starch can be applied to in high-concentration food 
industry with low viscosity.

Solubility and dissolution stability of bl‑GBE modified 
potato starch
The solubility reflected the degree of combination 
between starch and water, which was closely related to 
the internal structure of starch. We found that 10% of 
potato starch with the aqueous solution of the potato 

Fig. 2 Expression, and purification of recombinant bl-GBE a SDS-PAGE analysis of bl-GBE expressed as inclusion bodies in BL21 (DE3). Lane M, 
Unstained Protein MW Marker; lanes 1–4, samples induced at 20 °C for 12, 24, 48, and 72 h, respectively; lane 5, uninduced control, b SDS-PAGE 
analysis of the purified recombinant bl-GBE protein. Lane M, unstained Protein MW Marker; lane1: purification sample of recombinant bl-GBE. The 
black arrow indicates the position of bl-GBE protein band
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starch was almost insoluble in cold water. The enzyme-
modified potato can be quickly dispersed in rapid dis-
solution. After standing for 24 h, the potato starch was 

precipitated, as shown in Fig.  5c, while the enzyme-
modified starch was still in a uniformly stable solution 
state. The results of the solubility calculations for the 
native and bl-GBE treated-potato starches were shown 
in Table 3. This indicated that bl-GBE modified starch 
solubility (70.5%) approached 10 times that of native 
starch (7.9%). These results demonstrated that bl-GBE-
modified starch can increase the solubility and stability 
of starch.

Fig. 3 Characterization of bl-GBE. The maximum enzyme activity in each group was set at 100%, a bl-GBE activity at different temperatures. 
Reactions were performed at temperatures ranging from 30 to 100 °C, b bl-GBE residual activity after incubation for different durations at 70 °C, 
80 °C, and 90 °C, c Effect of pH on bl-GBE activity. Activity assays for purified recombinant bl-GBE were performed at 80 °C temperature with pH 
ranging from 4.0 to 12.0, d pH stability of bl-GBE. bl-GBE was preincubated for 12 h at pH ranging from 4.0 to 12.0 before measuring residual activity, 
e Effect of reagents on enzyme activity of bl-GBE

Table 1 Substrate specificity of the bl-GBE

Substrates Relative activity (%) Specific activity (U/mg)

Amylose 95.45 ± 1.09 77.20 ± 1.59

Amylopectin 59.71 ± 3.53 48.3 ± 3.51

Potato starch 100 ± 0.15 80.88 ± 3.12

Soluble starch 86.00 ± 2.15 69.56 ± 4.99

Wheat starch 75.1 ± 1.94 60.74 ± 0.19

Corn starch 50.88 ± 2.54 41.16 ± 3.65

Table 2 Secondary structural element contents of bl-GBE 
incubated at different temperatures for 30 min

The contents were estimated using CDNN

Structure Samples

25 °C 70 °C 80 °C

α-Helix (%) 19.52 18.98 18.51

β-fold (%) 34.63 35.95 36.78

β-Turn (%) 14.01 13.71 13.39

Radom Coil (%) 31.83 31.35 31.4

Fig. 4 CD spectra of the enzyme after incubation at different 
temperature conditions
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In vitro digestibility of bl‑GBE modified potato starch
In vitro digestion experiment was carried out to investigate 
the change of digestibility of starch after denaturation. The 
content of RDS showed a downward trend. RDS decreased 
from the 51.28% to 35.18% (Table 4). The content of SDS 
increased from 25.21 to 38.58%, an increase of 12.37%. RS 
content increased from 23.71 to 26.39%, an increase of 
1.68%.

Discussion
To meet the requirements of starch industry, it was 
necessary to find an ideal GBE with both high activ-
ity and thermal stability. Sequence alignment analysis 

showed that the similarity between bl-GBE and thermo-
philic GBEs is in the range of 40–65% (Additional file 1: 
Table  S2). These results confirmed catalytic functional-
ity of bl-GBE. bl-GBE activity reached 80.88 U/mg for 
potato starch after renaturation. The specific activity of 
bl-GBE was 77.20 U/mg for amylose, which was higher 
than G. stearothermophilus (36 U/mg) (Aga et al. 2010), 
Rhizomucor miehei (10.70 U/mg) (Wu et  al. 2014), and 
Mycobacterium tuberculosis (63.75U/mg) (Pal et  al. 
2010b). This showed that the higher catalytic efficiency of 

Fig. 5 Physicochemical characteristics of native and bl-GBE-modified potato starch a Wavelength scanning profile of iodine complex formed by 
starch, b Static rheological properties of bl-GBE modified potato starch, c Native and bl-GBE modified potato starch dissolution stability at different 
times (0 h, 24 h)

Table 3 Solubility of the native and bl-GBE modified potato 
starch

Sample Solubility (%)

Control 7.9 ± 0.4

Modified potato starch 70.5 ± 0.5

Table 4 The digestibility of potato starch modified with bl-GBE

The data were expressed as means and standard deviations (SD), which were 
calculated from three repetitions of each treatments

Samples RDS content (%) SDS content (%) RS content (%)

Control 51.28 ± 0.14 25.21 ± 1.06 22.71 ± 1.16

Modified 
potato 
starch

35.18 ± 0.21 38.58 ± 2.06 26.39 ± 0.75
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bl-GBE was conducive to its industrial applications. Con-
sidering the application of bl-GBE in functional material 
synthesis and the food industry in the future, we would 
try to soluble express in food-safe strains.

Temperature markedly affected enzyme activity and 
influenced molecular structure (Ping et al. 2017). Table 5 
showed the optimum temperature and thermal stabil-
ity of GH13 GBE from bacteria, which have been heter-
ologous expressed and characterized in the BRENDA 
enzyme database. GBE from A. aeolicus has the high 
optimum temperature (75  °C). However, its specific 
enzyme activity is lower (4.9U/mg) (Wang et  al. 2019), 
resulting in high production cost (Van der Maarel et al. 
2003). Recombinant thermophilic bl-GBE was first char-
acterized in this study and has the highest optimum 
temperature (80  °C) in the GH13 family. And meets the 
high temperature conditions required by industry. The 
GBE from B. stearothermophilus lost 84% of its activ-
ity in 30  min at 70  °C (Kiel et  al. 1991), while bl-GBE 
still retains 30% of enzyme activity at 70  °C in 40  h. 
Therefore, the bl-GBE is more stable than GBE from B. 
Stearothermophilus. The bl-GBE has a longer half-time 
(24 h) at 70 °C, while A. gottschalkii lost 50% of its activ-
ity at 55  °C for 55  min (Thiemann et  al. 2006) which is 
much higher than that of other GBEs (Ban et  al. 2018).
These results confirmed that bl-GBE has strong thermal 
stability and optimum temperatures. Three GBEs in the 
GH13 family have been commercialized, demonstrating 
the commercial potential of GBEs. At present, the three 
commercial R. obamensis STB05, B. Stearothermophilus 
and A.aeolicus GBEs are respectively used for the pro-
duction of high-branched functional starch (Roussel et al. 

2013a), the synthesis of glycogen (Kajiura et al. 2009), and 
the preparation of highly-branched cyclic dextrin (Takata 
et  al. 1996). However, their optimum temperature is 
lower than 80  °C. It indicated that bl-GBE had better 
commercial prospect in starch modification.

The CD spectra found a decrease in α-helix content 
after bl-GBE incubation at 80  °C for 30  min. According 
to the thermal stability results of this study, the enzyme 
lost 20% of its activity after incubation under the same 
conditions. The results revealed that high temperatures 
reduced its activity by changing the secondary structure 
of bl-GBE. The native bl-GBE secondary structure con-
tained well α -helix, while its content decreased with 
increasing the temperature. The content of β-sheet also 
changed significantly under similar denaturation condi-
tions. This mechanism of bl-GBE inactivation differs from 
that reported for R. obamensis GBE, in which the con-
tents of α-helix and β-fold were significantly decreased, 
and the content of random coil was significantly 
increased, respectively (Wang et al. 2019). However, this 
is similar to the previously reported enhancement of the 
thermal stability of G. thermoglucosidasius GBE by  K+ or 
 Na+ in the presence of glycerol by increasing the α-helix 
content (Ban et al. 2017).

In addition, compared with native potato starch, bl-
GBE modified potato starch showed increased branch 
density, solubility, stability, SDS content, and decreased 
viscosity. Compared with the GBE-treated potato starch 
from Aspergillus niger with the solubility increased 
to up to 64.6% (Guo et al. 2019), the solubility level of 
bl-GBE modified potato starch (70%) was relatively 
high. This might be due to the fact that the short-chain 

Table 5 Optimal temperature and thermal stability of branching enzymes from different organisms. bl-GBE in this study is displayed 
in bold fonts

Organism Thermal stability Optimal temperature References

Bacillus subtilis – 30 °C Lee et al. (2008)

Bacillus cereus Retain activity at 50 °C for 30 min 30 °C Takata et al. (2010)

Escherichia coli Retain 50% activity at 25–37 °C 30 °C Guan et al. (1997)

Mycobacterium tuberculosis Less than 37 °C 30 °C Garg et al. (2007)

Deinococcus geothermalis Retain full activity at 60 °C 34 °C Palomo et al. (2009)

Deinococcus radiodurans Retain full activity at 60 °C 34 °C Palomo et al. (2009)

Butyrivibrio fibrisolvens H17C – 37 °C Rumbak et al. 1991)

Streptococcus mutans No more than 40 °C 37 °C Kim et al. (2008)

Anaerobranca gottschalkii Stable at 50 °C for more than 6 h 50 °C Thiemann et al. (2006)

Geobacillus mahadia The half-life70°C is 5 h, respectively 55 °C Mohtar et al. (2016)

Caldicellulosiruptor bescii – 60 °C Park et al. (2019)

Bacillus stearothermophilus Stable up to 60 °C 55 °C Takata et al. (1994)

Rhodothermus obamensis STB05 Stable up to 80 °C 65 °C Roussel et al. (2013b)

Aquifex aeolicus Stable up to 90 °C 75 °C Choi et al. (2009)

Bacillus licheniformis ATCC 14,580 Stable up to 70 °C for 16 h 80 °C This study
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structure of starch was provided with high branch den-
sity by enzyme modification of starch, which inhibited 
the recrystallization of amylose, and resulted in more 
hydrogen bond exposure, enhancing the hydration 
properties and solubility of starch. Gelatinized starch 
has poor flowability and makes it difficult to perform 
the enzyme-catalyzed reaction, A decrease in viscosity 
of bl-GBE modified starch could be due to a decrease 
in the amylose content and entanglement between the 
amylose chains. In addition, due to the short length 
and high density of the branched chain, the interaction 
between molecular chains is weakened, which reduces 
the content of the junction zone in the gel network 
structure, resulting in greater shear-thinning power. 
The more important industrial application of GBEs is 
the production of SDS. Some studies have reported that 
differences in starch digestibility can be attributed to a 
variety of factors (Man et al. 2015; Tester et al. 2004). It 
has been reported that the reduced digestibility of some 
GBE-modified starches may be related to the chain 
length, branch density and molecular weight of the 
starch (Guo et al. 2019; Li et al. 2020b). Compared with 
native potato starch, the SDS content of bl-GBE modi-
fied potato starch was increased by 53.03% and this is 
higher than the SDS content of GBE from Aquabacte-
rium sp. strain A7-Y modified starch (Chengyao et  al. 
2021). Based on the potential application of bl-GBE, we 
will continue to analyze the properties of bl-GBE modi-
fied starch to improve the industrial application value 
of highly branched starch.
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