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Abstract: Pullulanase (EC 3.2.1.41) belongs to the amylase family and is often used alone or in
combination with other amylases in the industrial production of starch-based products. This enzyme
is often required in industrial production because of its better stability. We here truncated the
pullulanase gene from the deep-sea hydrothermal anaerobic archaeon Thermococcus siculi HJ21 and
obtained Pul-HJ∆782, which is a member of the α-amylase family GH57. The results revealed that the
optimum temperature for Pul-HJ∆782 was 100 ◦C, and its thermostability at 100 ◦C improved after
truncation. Less than 15% of its enzyme activity was lost after 1 h of incubation at 100 ◦C, and 57%
activity remained after 5 h of treatment. Truncation significantly improved the overall pH tolerance
range of Pul-HJ∆782, and its stability in the pH range 4–8 was over 80% relative activity from an
average of 60%. The sequence and structural model of Pul-HJ∆782 was analyzed, and its instability
index was reduced significantly. Furthermore, the hydrolysates of the truncated and wild-type
pullulanase were analyzed, and the enzymatic digestion efficiency of the truncated Pul-HJ∆782
was higher.

Keywords: Thermococcus siculi HJ 21; hyperthermia pullulanase; truncation; stability

1. Introduction

Starch has a wide range of applications in various industries, such as the food industry,
pharmaceutical manufacturing industry, textile industry, building materials industry, and
chemical synthesis industry [1]. Glucose residues interconnected by α-1,4-glycosidic, α-
1,6-glycosidic, and α-1,3-glycosidic bonds form amylose and amylopectin [2]. α-Amylase
can hydrolyze α-1,4-glycosidic bonds in starch; these bonds occupy up to 20–30% of most
starches [3]. The other type of bond in starch affects the application of starch thoroughly [3].
Pullulanase (EC 3.2.1.41) can selectively hydrolyze amylopectin, thereby producing reduc-
ing sugars such as glucose, maltose, maltotriose, and pannose [4].

Based on the difference in its recognition of substrates, pullulanase is classified into
type I and type II pullulanase [5]. Type I pullulanase degrades pullulan and hydrolyzes
α-1,6-glycosidic bonds in starch or other polysaccharides [2]. Maltotriose and maltose
are the minimal products obtained by pullulanase type I for the breakdown of starch or
other polysaccharides. By contrast, type II pullulanase produces maltose, maltotriose, and
maltotetraose after breaking down starch or other polysaccharides containing α-1,4 and
α-1,6-glycosidic bonds [6,7]. If the products of pullulanase are glucose and maltose, it is
termed type III, which can recognize the specificity both the α-1,4 and α-1,6-glycosidic
bonds in pullulan [2].
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According to the Carbohydrate-Active Enzyme (CAZy) database classification system
(http://www.cazy.org/ (accessed on 16 February 2023)), pullulanase belongs to glycoside
hydrolase family 13 (GH13) and family 57 (GH57) [8]. Type I pullulanase usually belongs
to GH13, while different sources of type I pullulanase belong to different GH13 subfamilies.
For example, pullulanase from thick-walled bacteria usually belongs to GH13_12, while
GH13_13 contains pullulanase from plants, i.e., eukaryotes and bacteria mainly existing in
soil and water [9], and GH13_14 is commonly found in human gut lactobacilli [10]. Type I
pullulanase members all have a (β/α)8 barrel domain associated with the catalytic func-
tion of the enzyme molecule, which includes β4-aspartic acid as the catalytic nucleophilic
reagent, β5-glutamic acid as the proton donor, and β7-aspartic acid as the transition state
stabilizer [11,12]. Typically, type I pullulanase has four to seven conserved sequences [13].
Different GH13 subfamily type I pullulanases have different loop lengths and different
auxiliary catalytic domains in their molecular structures [14]. Type II pullulanases are a
class of starch debranching enzymes belonging to the GH13 and GH57 families of glyco-
side hydrolases and usually contain one or more CBM modules and a catalytic structural
domain [15]. The type II pullulanases derived from Lactobacillus plantarum L137 [16] and
Thermoanaerobacter ethanolicus 39E [17] belong to the GH13 family, and the type II pullu-
lanases derived from Pyrococcus yayanosii CH1 [18] and Thermococcus hydrothermalis [19]
belong to the GH57 family. GH57 family type II pullulanases are usually derived from
extremely thermophilic archaea such as Caldivirga [20], Pyrococcus [21], S. acidocaldarius [22],
Staphylothermus [23], and Thermococcus [24]. The catalytic center of the enzyme is composed
of an incomplete (β/α)7 folded barrel structure, including β4-glutamic acid as the catalytic
nucleophilic reagent and β7-aspartic acid as the proton donor, and containing five con-
served structural domains [13]. The type II pullulanase has dual activity in hydrolyzing
α-1,4 and α-1,6 glycosidic bonds [25].

Pullulanase required for industrial production usually needs to have good stability and
activity at high temperatures for long periods [26]. The improvement of the thermal stability
of pullulanase is mainly achieved through truncation of the N/C-terminal structural
domain, targeted mutagenesis, and computational design assistance [27,28].

Type I pullulanase has an essential role in the production of glucose and maltose
syrups [5]. For example, this enzyme improves the efficiency of starch hydrolysis, reduces
the use of saccharification enzymes, shortens reaction times, and improves the purity of
the products [29,30]. Because of its ability to act on both α-1,6 and α-1,4 glycosidic bonds,
type II pullulanase is used alone during starch liquefaction and saccharification, thereby
preventing the addition of other amylases [31]. Pullulanase added during beer brewing can
also reduce costs and enhance product quality. By contrast, the use of pullulanase during
resistant starch preparation can improve the properties of cyclodextrins and thus increase
their hydrophobicity [32]. Owing to its unique properties, an alkaline-resistant branched-
chain amylase is added to detergents, which greatly improves their cleaning efficiency
when acting together with alkaline α-amylase [33]. Some pullulanases are combined with
glycolytic enzymes and used as plaque inhibitors [34]. Thus, pullulanases are currently
an essential ingredient in the food industry, healthcare industry, light industry, and green
environmental protection industry.

Pul-HJ21 was obtained from Thermococcus siculi, and it was isolated and purified at
the deep-sea hydrothermal mouth of the Pacific Ocean by Prof. Wang in the laboratory in
the early stage. The genus T. siculi was first isolated and purified in a seawater-containing
lake in Vulcano, Italy [35]. T. siculi HJ21 can grow at 60 to 94 ◦C, with an optimum
growth temperature of 88 ◦C. The pullulanase produced by Thermococcus siculi HJ21 has an
optimum enzyme activity temperature of 100 ◦C [24]. In industrial production, a higher
action temperature often reduces energy waste and increases productivity. Therefore,
we used the Pul-HJ21 gene of T. siculi HJ21 to investigate its heat resistance mechanism.
In this study, Pul-HJ21 was truncated. The sequence analysis, 3D structure modeling,
conserved active site analysis, and related enzymatic property analysis of the truncated
pullulanase Pul-HJ∆782 were also carried out. The temperature and pH stability of Pul-
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HJ∆782 improved with the truncation of the C-terminus of Pul-HJ21. At the same time,
C-terminus truncation reduced the spatial obstruction during substrate binding. This also
allowed the truncated Pul-HJ∆782 to exhibit higher enzymatic digestion efficiency of the
substrate. This study provides a theoretical basis for the modification of type II pullulanase
for stability and the application of this modified pullulanase for industrial purposes.

2. Results and Discussion
2.1. Pullulanase Bioinformatics Analysis

The physicochemical properties of Pul-HJ21 and Pul-HJ∆782 are listed in Table 1.
The ProParam analysis revealed that the truncated pullulanase has a molecular weight
of 90,046.50 Da, an extinction coefficient of 210,970 (mol·cm)−1, an amino acid isoelectric
point of 4.65, and positively and negatively charged residues of 120 and 69, respectively.
The stability analysis with an instability coefficient of 25.79 revealed that the protein has
excellent stability, and, therefore, the protein has great potential for industrial applications.
The Pul-HJ∆782 three-dimensional model constructed using Alpha Fold2 was scored using
UCLA-DOE LAB-SAVES v6.0 software. The pull-down plot showed that more than 95%
amino acids were located in the allowed region. Based on the scoring results, we determined
that the protein model could be used for further experiments such as molecular docking
and molecular dynamics simulations.

We compared the structure of Pul-HJ∆782 with the GH57 family glucan branching
enzyme from Thermococcus kodakaraensis (magenta; PDB code 3N98), and we found that
they shared a similar triangular structure [36,37]. The (β/α)7 barrel domain is shown in
orange, the double helix domain is shown in purple, and the C-terminal domain is shown
in yellow (Figure 1b,c). Two key catalytic residues, Glu318 and Asp421, are contained
in the (β/α)7 barrel domain. The structure of the full-length Pul-HJ21, the structure of
Pul-HJ∆782, and the incomplete (β/α)7 folded barrel structure are shown in Figure 1. The
central (β/α)7 barrel structure is also a common feature of GH57 family amylases [38].
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Figure 1. (a) Structural mode of Pul-HJ21. The green part shows the three-dimensional structure
of Pul-HJ∆782; the red part indicates the deleted structure of Pul-HJ21; the blue color indicates the
incomplete (β/α)7 folded barrel structure of Pul-HJ∆782. (b) Structural mode of Pul-HJ∆782. The
(β/α)7 barrel domain is shown in orange, the double helix domain is shown in purple, and the
C-terminal domain is shown in yellow. (c) Structural mode of Pul-HJ∆782. The (β/α)7 barrel domain
is shown in orange, the double helix domain is shown in purple, and the C-terminal domain is shown
in yellow.

Table 1. Comparison of the physical and chemical properties of truncated enzymes and Pul-HJ21.

Characteristics Pul-HJ∆782 Pul-HJ21

Number of amino acids 782 1372
Molecular weight (Da) 90,046.50 153,712.72

Theoretical pI 4.65 4.58
Asp + Glu 120 198
Arg + Lys 69 109
Formula C411H6159N1021O1218S21 C6972H10528N1758O2107S32

Instability index 25.79 28.83
Ext. coefficient/(mol·cm)−1 210,970 311,240

Aliphatic index 82.26 81.78
Grand average of hydropathicity

(GRAVY) −0.410 −0.37

2.2. Expression of Truncated Pullulanase

According to the search results of the conserved domain in NCBI and Inter PRO
database comparison, the protein consists of 1372 amino acids. The primary function
of the C-terminal functional region of the conserved domain structure was predicted as
carbohydrate transport and metabolism and signal transduction. The protein was predicted
to have six possible structural domains: the GH57 family conserved structural domain
of COG1449 and Glyco_hydro_57, the carbohydrate-binding structural domain, the N-
terminal catalytic structural domain of GH57N-APU heat-activated branched-chain, the
glycoside hydrolase barrel structural domain of Glyco_hydro/deAcase, and the α-amylase-
related structural domain. In this protein, the C-terminal structural domain is primarily
composed of the carbohydrate-binding functional COG4945 structural domain. We also
predicted the CGP-CTERM domain at positions 1331–1350. The structural domain has an
essentially invariant motif, Cys-Gly-Pro, followed by a highly hydrophobic transmembrane
domain, which is always located at the C-terminus of the protein (Figure 2). In Pang et al.’s
study of the catalytic properties of Pyrococcus yayanosii CH1, the excised N-terminal domain
increased the thermal stability and hydrolysis efficiency of the pullulanase enzyme [18].
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Therefore, we designed different primers to truncate Pul-HJ21 according to the different
lengths of the structural domains and investigated the changes in enzyme properties after
truncation for different conserved domains at the N-terminal end.
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Figure 2. Sequence analysis of HJ21 and different truncates.

We ligated five truncates, Pul-HJ∆782, Pul-HJ∆636, Pul-HJ∆576, Pul-HJ∆526, and Pul-
HJ∆477, to the vectors pET-29a(+) BamHI and NdeI. The resulting recombinant plasmids
were transformed into BL21. Induced expression revealed that only Pul-HJ∆782 was
enzymatically active. We speculate the presence of an essential structure at the C-terminus
of Pul-HJ∆782 that maintains the pullulanase and α-amylase activities. Moreover, this
structure has a vital role in the stability and binding to the substrate. The deletion of this
structure would cause the complete loss of enzymatic activity, as in the case of C-terminus
truncation by Kim et al. [39].

2.3. Characteristics of Truncated Pullulanase

By using pullulan and soluble starch as substrates, we measured the sum of the
enzymatic activities of the enzyme from 50 ◦C to 120 ◦C in 50 mM Tris–HCl buffer. The
results of experiments on temperature stability before and after truncation and the optimum
temperature are plotted in Figure 3. When the C-terminus was truncated, the optimum
temperature of 100 ◦C almost remained the same (Figure 3a,b), but the stability at 100 ◦C
improved. Before truncation, the enzyme activity decreased to 62% of the untreated group
after 1 h treatment at 100 ◦C, and only 30% of the enzyme activity remained after 5 h
treatment (Figure 3c). After truncation, the loss of enzyme activity after 1 h treatment at
100 ◦C was only lower than that before truncation. The loss was less than 15% after 1 h of
treatment at 100 ◦C, and the residual enzyme activity of 57% remained after 5 h of treatment
(Figure 3d). Thus, the C-terminal sequence was refined to improve the temperature. The
half-life of the Pul-HJ∆782 mutant was calculated to increase by 1.32 h at 100 ◦C. The
half-life at 80 ◦C also increased to 63.01 h from 15.40 h after truncation (Table 2).
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Figure 3. Temperature properties of Pul-HJ21 and Pul-HJ∆782. (a) Optimum temperature of Pul-HJ21;
(b) optimum temperature of Pul-HJ∆782; (c) temperature stability of Pul-HJ21 based on the sum of
α-amylase and pullulanase activities; (d) temperature stability of Pul-HJ∆782 based on the sum of
α-amylase and pullulanase activities.

Table 2. Half-life of Pul-HJ21 and Pul-HJ∆782.

Mutant and Temperature kd
a T1/2

b

Pul-HJ21-100 ◦C 0.176 ± 0.010 3.95 ± 0.3
Pul-HJ21-90 ◦C 0.051 ± 0.003 13.64 ± 1.1
Pul-HJ21-80 ◦C 0.019 ± 0.003 37.41 ± 8.4

Pul-HJ∆782-100 ◦C 0.132 ± 0.001 5.25 ± 0.1
Pul-HJ∆782-90 ◦C 0.048 ± 0.012 15.40 ± 5.4
Pul-HJ∆782-80 ◦C 0.011 ± 0.001 63.54 ± 8.2

Values represent the mean of three independent sets of experiments with SD < 5%. a: first-order rate constants of
inactivation. b: half-life = ln2/kd.

Before truncation, the optimal pH for α-amylase activity was 6 and that for pullulanase
activity was 6.5 (Figure 4a). After truncation, the optimal pH for α-amylase activity was
4.5 and that for pullulanase activity was 6.5 (Figure 4b). Both enzymes before and after
truncation maintained the best stability at pH 7 (Figure 4c,d). The broad pH tolerance range
of Pul-HJ∆782 significantly improved after truncation compared with that before truncation,
and the stability of α-amylase in the pH range 4–8 was more than 80% (Figure 4d).
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The high stability and wide pH tolerance of Pul-HJ∆782 at high temperatures allows
it to adapt to most starch liquefaction production processes. Moreover, it can shorten the
process time and save costs by improving the hydrolysis efficiency. Thus, it has great
potential for industrial production.

2.4. Hydrolysates of Truncated Pullulanase

The hydrolysates of Pul-HJ∆782 were analyzed to study the effect of truncation on
products. We performed HPLC analysis of the hydrolysates of pullulanase and soluble
starch degraded by Pul-HJ21 and Pul-HJ∆782 at 90 ◦C for different times. The results are
listed in Tables 3 and 4 and Figure 5. The standard curve of oligosaccharides by HPLC
measurements is shown in Table S1. The calibration plots of peak value (height) versus
concentration were linear for all standards (R2 > 0.99, p = 0.01). When soluble starch was
used as the substrate, glucose appeared as the minimal product. The minimal substrate
for the reaction was maltotriose when pullulan was used as a substrate. Therefore, the
changes in the different minimal products were detected up to 5 h of the reaction. When
pullulan was the substrate, the maltotriose content was basically unchanged in 5 h, being
264.86% before truncation and 264.28% after truncation, respectively. When soluble starch
was the substrate, the glucose content in the 5 h reaction increased from 44.39% before
truncation to 68.23% after truncation. Therefore, the truncated Pul-HJ∆782 had higher
hydrolysis efficiency.
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Table 3. Concentration of hydrolysates after the enzymatic digestion of soluble starch at different
times by Pul-HJ21 and Pul-HJ∆782.

Enzyme and Time
Oligosaccharides (mg/mL)

G7 G5 G3 G2 G1

Pul-HJ21-15 min 11.21 ± 0.48 0.78 ± 0.05 0.11 ± 0.03 0.12 ± 0.03 0.41 ± 0.02
Pul-HJ21-30 min 12.06 ± 0.38 0.76 ± 0.01 0.13 ± 0.02 0.19 ± 0.01 0.70 ± 0.20

Pul-HJ21-1 h 12.37 ± 0.30 0.92 ± 0.07 0.34 ± 0.05 0.38 ± 0.03 0.46 ± 0.04
Pul-HJ21-3 h 13.64 ± 0.17 1.09 ± 0.07 0.58 ± 0.14 1.06 ± 0.10 0.87 ± 0.02
Pul-HJ21-5 h 11.94 ± 0.72 0.88 ± 0.15 0.55 ± 0.17 0.85 ± 0.40 1.32 ± 0.04

Pul-HJ∆782-15 min 11.27 ± 0.39 0.82 ± 0.03 0.18 ± 0.10 0.28 ± 0.11 0.68 ± 0.05
Pul-HJ∆782-30 min 10.71 ± 0.61 0.76 ± 0.20 0.11 ± 0.03 0.35 ± 0.03 0.63 ± 0.10

Pul-HJ∆782-1 h 11.84 ± 0.53 0.96 ± 0.10 0.12 ± 0.01 0.28 ± 0.03 1.00 ± 0.05
Pul-HJ∆782-3 h 11.14 ± 0.33 0.64 ± 0.40 0.19 ± 0.03 0.36 ± 0.03 1.92 ± 0.39
Pul-HJ∆782-5 h 13.39 ± 0.56 1.17 ± 0.03 0.35 ± 0.11 0.60 ± 0.05 3.00 ± 0.18

Table 4. Concentration of hydrolysates after the enzymatic digestion of pullulan at different times by
Pul-HJ21 and Pul-HJ∆782.

Enzyme and Time
Oligosaccharides (mg/mL)

G7 G5 G3 G2 G1

Pul-HJ21-15 min 13.12 ± 0.56 0.95 ± 0.01 0.37 ± 0.14 / 0.42 ± 0.01
Pul-HJ21-30 min 14.62 ± 0.09 0.98 ± 0.02 0.50 ± 0.03 / 0.47 ± 0.03

Pul-HJ21-1 h 16.61 ± 0.72 0.88 ± 0.01 0.81 ± 0.09 / 0.48 ± 0.01
Pul-HJ21-3 h 14.88 ± 0.30 0.87 ± 0.03 2.03 ± 0.17 / 0.43 ± 0.03
Pul-HJ21-5 h 19.60 ± 0.78 1.06 ± 0.02 5.27 ± 0.28 / 0.52 ± 0.03

Pul-HJ∆782-15 min 13.86 ± 0.68 0.84 ± 0.02 0.14 ± 0.01 / 0.14 ± 0.01
Pul-HJ∆782-30 min 15.54 ± 0.74 0.81 ± 0.02 0.18 ± 0.03 / 0.11 ± 0.03

Pul-HJ∆782-1 h 17.84 ± 1.95 0.32 ± 0.73 0.36 ± 0.01 / 0.11 ± 0.02
Pul-HJ∆782-3 h 19.52 ± 0.91 0.75 ± 0.03 1.22 ± 0.13 / 0.14 ± 0.02
Pul-HJ∆782-5 h 18.90 ± 0.47 0.69 ± 0.69 1.99 ± 0.02 / 0.15 ± 0.02
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Figure 5. HPLC plots of Pul-HJ21 and Pul-HJ∆782 for the enzymatic digestion of pullulanase and
soluble starch at different times. (a) HPLC analysis of Pul-HJ21 during the enzymatic digestion
of soluble starch at different times; (b) HPLC analysis of Pul-HJ21 during enzymatic digestion of
pullulan at different times; (c) HPLC analysis of Pul-HJ∆782 during the enzymatic digestion of
soluble starch at different times; (d) HPLC analysis of Pul-HJ∆782 during the enzymatic digestion of
pullulan at different times; and (e) elution peaks of reference standards.

2.5. Molecular Mechanism of Truncated Pullulanase

By comparing the B-factor values of Pul-HJ21 and Pul-HJ∆782 (Figure 6A), we found
that the flexible loop ring region of Pul-HJ∆782 located at Leu259-Glu265 had decreased
significantly. This indicated that the rigidity of the flexible loop at 259L-265E was enhanced
after truncation (Figure 6B). Meanwhile, 259L-265E are located within the second conserved
region of the GH57 family (Figure 7). Glu265, as one of the most conserved amino acid
residues, is also the candidate site for targeted mutagenesis studies [19]. Usually, increasing
the rigidity of a protein at its flexible site is also considered an important tool in protein
stability modification.
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active site.

Pul-HJ∆782 was sequenced against the conserved sequences of different enzymes
from the GH57 family (GenPept: AAD28552.1; BAC10983.1; AAL82059.1; CAB49104.1)
by sequence alignment [19]. Based on the description of R. Zona et al., we identified five
conserved sequence regions (CSR) from the GH57 family (Figure 7). CSR-1 is the His42-
Gln43-Pro44 co-identifier sequence. The Glu266 of CSR-2 is also defined as one of the most
conserved amino acids. CSR-2 and CSR-3 contain two catalytic residues, and Glu318 is
identified as the catalytic nucleophilic residue and Asp421 as the proton donor [40]. A
higher conserved Asp566 is present in CSR-5, which was also shown to interact with two
active-site water molecules [19]. It is noteworthy that in the structural model, CSR-2 was
located in a flexible ring, and the rigidity of this flexible ring was enhanced after truncation.
Consequently, the stability and catalytic efficiency of Pul-HJ∆782 were changed. In their
study of the glycogen branching enzyme from GH57, S. Na et al. found that the flexible ring
next to the active site had an important role in the overall catalytic reaction and the flexible
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ring was directly involved in the catalytic reaction [38]. For 259L-265E in Pul-HJ∆782, they
did not construct a catalytic pocket with Glu318 and Asp421, but 259L-265E connects the
α-helix and β-fold of the (β/α)7 barrel structure. The increased rigidity in the 259L-265E
range also suggested that the (β/α)7 barrel structure will have better backbone support.
Combined with our results, we found that a more stable catalytic backbone could lead to
higher stability and better catalytic efficiency in catalytic reactions at higher temperatures.

Using AutoDock, we then performed molecular docking with Pul-HJ∆782 as the
ligand isomaltotriose as the acceptor. The docking results showing the active region are
presented in Figure 8. All ligand conformations generated were scored on the basis of the
degree of binding (kcal/mol). The best position chosen, −9.2 kcal/mol, was analyzed for
the forces formed between the ligand and receptors. In the results of AutoDock, Glu318,
Ser569, Tyr46, Asp570, Ser581, Gly131, Arg56, Asp135, Trp58, His62, Gln43, Asn424, and
Asp421 were involved in hydrogen bonding as proton donors and acceptors. Among the
ligands, Trp573, Trp574, Gln583, Pro130, Pro44, His42, and His274 formed hydrophobic
interactions with the acceptor (Figure 9). Of them, Glu318 and Asp421 coincided with the
catalytic site of type II pullulanase already reported [19,41–43]. Moreover, in the GH57
enzyme-specific position, His40 was identified as involved in the donor 1 subsite, and
His42 was indirectly involved in catalytic reactions via water molecules [40,41]. Combined
with the result that the conserved catalytic site appears upon docking with isomaltotriose,
the smallest unit produced during the enzymatic cleavage of pullulanase, we speculate
that Pul-HJ∆782 also has pullulanase hydrolase activity [2].

Catalysts 2023, 13, x FOR PEER REVIEW 11 of 17 
 

 

ligands, Trp573, Trp574, Gln583, Pro130, Pro44, His42, and His274 formed hydrophobic 
interactions with the acceptor (Figure 9). Of them, Glu318 and Asp421 coincided with the 
catalytic site of type II pullulanase already reported [19,41–43]. Moreover, in the GH57 
enzyme-specific position, His40 was identified as involved in the donor 1 subsite, and 
His42 was indirectly involved in catalytic reactions via water molecules [40,41]. Combined 
with the result that the conserved catalytic site appears upon docking with isomaltotriose, 
the smallest unit produced during the enzymatic cleavage of pullulanase, we speculate 
that Pul-HJΔ782 also has pullulanase hydrolase activity [2]. 

 
Figure 8. Pul-HJΔ782 molecular docking results. The purple-colored structure is isomaltotriose. Figure 8. Pul-HJ∆782 molecular docking results. The purple-colored structure is isomaltotriose.



Catalysts 2023, 13, 453 12 of 17
Catalysts 2023, 13, x FOR PEER REVIEW 12 of 17 
 

 

 
Figure 9. Force formed between ligands and receptors and amino acid sites when Pul-HJΔ782 uses 
isomaltotriose as a substrate. 

We truncated the C-terminus of Pul-HJ21 and the protein isoelectric point was 
changed. Usually, changes in the protein isoelectric point are considered one of the main 
causes of pH changes. With truncation, the catalytic efficiency of Pul-HJΔ782 for the sub-
strate, especially pullulanase, substantially increased. A larger spatial structure near the 
active site was possibly exposed after the C-terminal structural domain of Pul-HJ21 was 
deleted. Because a larger space may allow the more rapid recognition of more substrates, 
the reaction rate increased accordingly. This finding also provides a theoretical basis for 
the subsequent modification of other pullulanases. 

3. Materials and Methods 
3.1. Materials and Reagents 
3.1.1. Strain and Plasmid 

Thermococcus siculi HJ21 was obtained from our laboratory. Escherichia coli BL21(DE3) 
and E. coli DH5α receptor cells were purchased from Solaibao. pET29a was purchased 
from Biotech Bioengineering Co., Ltd. (Shanghai, China). 

3.1.2. Reagents 
A DNA marker (Biotech Bioengineering Co., Ltd., Shanghai, China), Gel Red (Takara 

Biomedical Technology Co., Ltd., Beijing, China), agarose (Biowest Biotechnology Co., 
Ltd., Beijing, China), pullulan (Biowest Biotechnology Co., Ltd., Beijing, China), FastPure 
Plasmid Mini Kit and FastPure Gel DNA Extraction Mini Kit, and ClonExpress MultiS 
One Step Cloning Kit (Nanjing Novozymes Biotechnology Co., Ltd., Nanjing, China) were 
purchased for the experiments. The other reagents used in the experiments were analyti-
cally pure and were from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The 
primers used in the experiment are listed in Table 5 and were synthesized by Biotech Bi-
oengineering Co., Ltd. (Shanghai, China). 

  

Figure 9. Force formed between ligands and receptors and amino acid sites when Pul-HJ∆782 uses
isomaltotriose as a substrate.

We truncated the C-terminus of Pul-HJ21 and the protein isoelectric point was changed.
Usually, changes in the protein isoelectric point are considered one of the main causes of pH
changes. With truncation, the catalytic efficiency of Pul-HJ∆782 for the substrate, especially
pullulanase, substantially increased. A larger spatial structure near the active site was
possibly exposed after the C-terminal structural domain of Pul-HJ21 was deleted. Because
a larger space may allow the more rapid recognition of more substrates, the reaction rate
increased accordingly. This finding also provides a theoretical basis for the subsequent
modification of other pullulanases.

3. Materials and Methods
3.1. Materials and Reagents
3.1.1. Strain and Plasmid

Thermococcus siculi HJ21 was obtained from our laboratory. Escherichia coli BL21(DE3)
and E. coli DH5α receptor cells were purchased from Solaibao. pET29a was purchased from
Biotech Bioengineering Co., Ltd. (Shanghai, China).

3.1.2. Reagents

A DNA marker (Biotech Bioengineering Co., Ltd., Shanghai, China), Gel Red (Takara
Biomedical Technology Co., Ltd., Beijing, China), agarose (Biowest Biotechnology Co.,
Ltd., Beijing, China), pullulan (Biowest Biotechnology Co., Ltd., Beijing, China), FastPure
Plasmid Mini Kit and FastPure Gel DNA Extraction Mini Kit, and ClonExpress MultiS
One Step Cloning Kit (Nanjing Novozymes Biotechnology Co., Ltd., Nanjing, China)
were purchased for the experiments. The other reagents used in the experiments were
analytically pure and were from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
The primers used in the experiment are listed in Table 5 and were synthesized by Biotech
Bioengineering Co., Ltd. (Shanghai, China).
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Table 5. Primers used in the experiment.

Primer (5′ to 3′) Primer

His-F atgcaccaccaccaccaccacAGGCGGGTGGTTGCC His-F
T-His-F taagaaggagatatacatatgATGCACCACCACCACCACCACAGG T-His-F
477-R acggagctcgaattcggatccCATCATCTTGGGGGTGAGCTT 477-R
526-R acggagctcgaattcggatccGCCTATCCAGGTGGAGAGCG 526-R
576-R acggagctcgaattcggatccCCCATACCACCAGAACCAGTCG 576-R
636-R acggagctcgaattcggatccATTCTTCATCTCCCCCTCCTTG 636-R
782-R acggagctcgaattcggatccCTTCAGCTCGACGGGGGT 782-R

3.2. Methods
3.2.1. Pullulanase Gene Acquisition

The sequence of the pullulanase gene in T. siculi HJ21 was checked in GenBank under
the registration number EU849120 and downloaded. The sequence was cloned using
SnapGene 5.2 [44] to simulate the design of adding two enzyme cleavage sites, BamHI and
NdeI. The finalized gene sequence was synthesized by Biotech Bioengineering Co., Ltd.,
China. The synthesized pullulanase gene was ligated to the pET-29a(+) plasmid.

3.2.2. Bioinformatics Analysis of Pullulanase

Pullulanase gene sequences were spliced and compared using SnapGene 5.2, and con-
served domain and ORF analyses of protein families were performed using the NCBI database
and Inter Pro (https://www.ncbi.nlm.nih.gov/ (accessed on 16 February 2023), http://www.
ebi.ac.uk/interpro/ (accessed on 16 February 2023), respectively). The secondary structure of
pullulanase was predicted through NetSurfP analysis (https://services.healthtech.dtu.dk/
service.php?NetSurfP-2.0 (accessed on 16 February 2023)), and the three-dimensional struc-
ture was modeled in three dimensions by using Alpha Fold2 (https://colab.research.google.
com/github/deepmind/alphafold/blob/main/notebooks/AlphaFold.ipynb (accessed on 16
February 2023)) [45]. The modeled proteins were submitted to the UCLA-DOE LAB-SAVES
v6.0 (https://saves.mbi.ucla.edu/ (accessed on 16 February 2023)) server for scoring and
evaluation and then uploaded to SWISS-MODEL (https://swissmodel.expasy.org/interactive
(accessed on 16 February 2023)) for the Ramachandran map. The docking of small-molecule
glycans and protein receptors was performed using AutoDock-GPU [46], and the docking
results were analyzed through Pymol mapping. The physicochemical properties of the pro-
teins were analyzed using ProParam (https://web.expasy.org/protparam/ (accessed on 16
February 2023)). The B-factor value of each amino acid atom in the protein files was modeled
in Alpha Fold. Then, we used the ba2r tool to convert the B-factor values of these atoms to the
B-factor values of individual amino acids [47].

3.2.3. Truncated Expression of the Pullulanase Gene

Based on the results of the conserved domain analysis, the primers were designed to
obtain gene sequences of different lengths. The sequences were ligated to the pET29α(+) vec-
tor linearized by BamH I and Nde I enzymatic cleavages by using a non-ligase-dependent
single-fragment fast cloning kit. The recombinant plasmids containing different target genes
of varying sizes were separately transferred into DH5α receptor cells. Then, the successfully
transformed positive clones were extracted for plasmid sequencing, whereas the normally
sequenced plasmids were re-transferred into BL21 receptor cells. The valid positive clones
were inoculated in 10% liquid LB medium containing 50 µg/µL kanamycin and incubated
at 37 ◦C, 180 rpm until the OD600 reached 1. Isopropyl β-D-Thiogalactopyranoside (IPTG)
was then added at a concentration of 50 µg/µL and fermented at 16 ◦C for 12 h at 180 rpm.
The broth was centrifuged at 8000× g for 15 min to collect the pellets. The pellets were
then resuspended in PBS buffer and sonicated at 600 W for 15 min by using an ultrasonic
disruptor. The disruptor was set for 1 s with a 2 s interval. Finally, the supernatant was
collected by centrifugation at 13,200× g for 10 min at 4 ◦C and was considered the crude
enzyme solution and stored at 4 ◦C.

https://www.ncbi.nlm.nih.gov/
http://www.ebi.ac.uk/interpro/
http://www.ebi.ac.uk/interpro/
https://services.healthtech.dtu.dk/service.php?NetSurfP-2.0
https://services.healthtech.dtu.dk/service.php?NetSurfP-2.0
https://colab.research.google.com/github/deepmind/alphafold/blob/main/notebooks/AlphaFold.ipynb
https://colab.research.google.com/github/deepmind/alphafold/blob/main/notebooks/AlphaFold.ipynb
https://saves.mbi.ucla.edu/
https://swissmodel.expasy.org/interactive
https://web.expasy.org/protparam/
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3.2.4. Detection of Pullulanase Activity

One enzyme activity unit (U) is defined as the amount of enzyme required to produce
1 µmol of maltose through the enzymatic digestion of pullulan in 1 min. Enzyme activity
was determined using the dinitrosalicylic acid (DNS) method. In this method, 50 µL of
crude enzyme solution was added to a test tube containing 150 µL of 1% pullulanase or 1%
soluble starch, and the reaction was carried out at 100 ◦C for 15 min. Then, to terminate the
reaction, 200 µL of DNS solution was added and the mixture was boiled in boiling water
for 5 min. Subsequently, 3 mL of pure water was added, and the absorbance value was
measured at 540 nm after mixing. The enzyme activity was calculated according to the
following formula. When the temperature was equal to or greater than 100 ◦C, the buffer
and enzyme solution were encapsulated in an oil bath in an ampoule. The ampoule was
quickly cooled in ice water before adding DNS to terminate the reaction when the oil bath
reaction was finished. To prevent the evaporation of water at high temperatures, 1 mL of
enzyme solution was encapsulated in an ampoule for the temperature stability assay.

Pullulanase enzyme activity(U/mL) =
∆OD−b

a × 1000× 1000
342.3× 15× 50

(1)

a: slope in the DNS standard curve; b: intercept in the DNS standard curve.

3.2.5. Analysis of Enzymatic Properties

To determine the optimum temperature for pullulanase, its enzyme activity was
measured at 50, 60, 70, 80, 90, 100, 110, and 120 ◦C. In the optimum pH assay, the enzyme
activity of pullulanase at pH 4.0–9.0 was determined using 50 mM acetic acid–sodium
acetate (pH 4.0–6.0) and Tris hydrochloride (pH 6.0–9.0) as buffers.

In the heat stability assay, the enzyme solutions were incubated at 80, 90, and 100 ◦C
for 5 h, with samples taken every 1 h and then stored at 4 ◦C. The untreated group was
used as the control to determine the enzyme activity. The thermostability was calculated
based on the sum of the amylase and pullulanase activities. In the pH stability assay, the
enzyme solutions were placed in different pH buffers for 4 h. The untreated group was
used as the control to determine the enzyme activity at different pH and to determine the
effect of pH on the enzyme solutions.

To determine the half-life, 1 mL of enzyme solution was placed at 80 and 100 ◦C for
different times. After treatment, the enzyme solution was centrifuged at 13,200× g for
30 min to remove the heat-denatured proteins. The residual enzyme activity was then
measured. The time was plotted against ln(enzyme activity) and a linear fit was performed.
The slope in the linear equation that we then obtained was the primary inactivation constant
of the enzyme at that temperature. The half-life was calculated from the following equation.

t1/2 =
ln 2
kd

(2)

3.2.6. Analysis of Enzymatic Hydrolysates

The enzyme solution was mixed with the substrate at a 1:2 volume in an equal volume
of Tris–HCl buffer (pH 6.0) and incubated at 90 ◦C for 15 min, 30 min, 1 h, 3 h, and 5 h. All
samples were filtered through a 0.22-µm filter membrane (Thermo Fisher Scientific Co., Ltd.
(Shanghai, China), and the hydrolysates were detected at 75 ◦C using a Water Sugar-Pak1
column, where pure water was used as the mobile phase at a flow rate of 0.4 mL/min. For
determination of the standard curve of oligosaccharides, different concentrations of seven
standard sugar stock solutions were measured by HPLC. Then, the linear relationship was
determined between the peak height and concentration.
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3.2.7. Data Analysis

All experiments were performed in triplicate. All statistical analyses were performed
using OriginPro 2021 (64-bit). The error bars presented on the figures correspond to the
standard deviations.

4. Conclusions

We here developed a C-terminal truncation strategy by analyzing the Pul-HJ21 struc-
tural domain. Pul-HJ∆782, Pul-HJ∆636, Pul-HJ∆576, Pul-HJ∆526, and Pul-HJ∆477 were
expressed. Only Pul-HJ∆782 was enzymatically active among the five mutants. Pul-HJ∆782
is a type II pullulanase. The thermal stability and pH tolerance of Pul-HJ∆782 improved
after truncation. The enzyme retention ability increased from 62% to 87% after 1 h of
treatment at the optimum temperature of 100 ◦C and from 30% to 57% after 5 h of treatment.
The α-amylase activity of Pul-HJ∆782 achieved more than 80% stability at pH 4–8, thereby
indicating that the truncated sequence at the C-terminus of the structural domain can im-
prove the stability significantly. Pul-HJ∆782 can break down pullulanase into isomaltotriose
faster than Pul-HJ21. Thus, the experiments provide an essential reference for the stability
of pullulanase and the improvement of its product decomposition efficiency. Moreover,
it offers theoretical data to support the development and research of more heat-resistant
pullulanases for industrial applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13030453/s1, Table S1: Linearity of the HPLC measurements;
Table S2: Protein sequences.

Author Contributions: X.W.: Conceptualization, methodology, writing—original draft preparation.
R.S. and B.D.: Data curation, resources. B.W. and M.L. (Mingwang Liu): Visualization, investigation
and software, validation. X.W. and M.L. (Mingsheng Lyu): Writing—review and editing. S.W. and
J.L.: Funding acquisition, project administration. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was supported by the National Key R&D Program of China (Grant No.
2022YFC2805101); the National Natural Science Foundation of China (Grant No. 32172154 and
32201964); 521 Program Grant No. LYG06521202107; the Priority Academic Program Development of
Jiangsu Higher Education Institutions (PAPD); and the Research & Practice Innovation Program of
Jiangsu (SJCX22_1659).

Data Availability Statement: The interaction data used to support the study findings are included
within the article and the supporting information file. Moreover, all the data used to support the
study findings are available from the corresponding author upon request.

Conflicts of Interest: The authors confirm that there is no conflict of interest regarding this paper.

References
1. Apriyanto, A.; Compart, J.; Fettke, J. A review of starch, a unique biopolymer–Structure, metabolism and in planta modifications.

Plant Sci. 2022, 318, 111223. [CrossRef] [PubMed]
2. Kahar, U.M.; Latif, N.A.; Amran, S.I.; Liew, K.J.; Goh, K.M. A Bibliometric Analysis and Review of Pullulan-Degrading Enzymes—

Past and Current Trends. Catalysts 2022, 12, 143. [CrossRef]
3. Bangar, S.P.; Ashogbon, A.O.; Singh, A.; Chaudhary, V.; Whiteside, W.S. Whiteside, Enzymatic modification of starch: A green

approach for starch applications. Carbohyd. Polym. 2022, 287, 119265. [CrossRef] [PubMed]
4. Xu, P.; Zhang, S.Y.; Luo, Z.G.; Zong, M.H.; Li, X.X.; Lou, W.Y. Biotechnology and bioengineering of pullulanase: State of the art

and perspectives. World J. Microbiol. Biotechnol. 2021, 37, 43. [CrossRef] [PubMed]
5. Xia, W.; Zhang, K.; Su, L.; Wu, J. Microbial starch debranching enzymes: Developments and applications. Biotechnol. Adv. 2021,

50, 107786. [CrossRef]
6. Wang, M.; Hu, H.; Zhang, B.; Zheng, Y.; Wu, P.; Lu, Z.; Zhang, G. Discovery of a New Microbial Origin Cold-Active Neopullulanase

Capable for Effective Conversion of Pullulan to Panose. Int. J. Mol. Sci. 2022, 23, 6928. [CrossRef]
7. Wang, X.; Nie, Y.; Xu, Y. Industrially produced pullulanases with thermostability: Discovery, engineering, and heterologous

expression. Bioresour. Technol. 2019, 278, 360–371. [CrossRef]

https://www.mdpi.com/article/10.3390/catal13030453/s1
https://www.mdpi.com/article/10.3390/catal13030453/s1
http://doi.org/10.1016/j.plantsci.2022.111223
http://www.ncbi.nlm.nih.gov/pubmed/35351303
http://doi.org/10.3390/catal12020143
http://doi.org/10.1016/j.carbpol.2022.119265
http://www.ncbi.nlm.nih.gov/pubmed/35422280
http://doi.org/10.1007/s11274-021-03010-9
http://www.ncbi.nlm.nih.gov/pubmed/33547538
http://doi.org/10.1016/j.biotechadv.2021.107786
http://doi.org/10.3390/ijms23136928
http://doi.org/10.1016/j.biortech.2019.01.098


Catalysts 2023, 13, 453 16 of 17

8. Drula, E.; Garron, M.L.; Dogan, S.; Lombard, V.; Henrissat, B.; Terrapon, N. The carbohydrate-active enzyme database: Functions
and literature. Nucleic Acids Res. 2022, 50, D571–D577. [CrossRef]

9. Moller, M.S.; Henriksen, A.; Svensson, B. Structure and function of alpha-glucan debranching enzymes. Cell. Mol. Life Sci. 2016,
73, 2619–2641. [CrossRef]

10. Møller, M.S.; Goh, Y.J.; Rasmussen, K.B.; Cypryk, W.; Celebioglu, H.U.; Klaenhammer, T.R.; Abou Hachem, M. An Extracellular
Cell-Attached Pullulanase Confers Branched alpha-Glucan Utilization in Human Gut Lactobacillus acidophilus. Appl. Environ.
Microbiol. 2017, 83, e00402–e00417. [CrossRef]

11. Kuriki, T.; Imanaka, T. The concept of the alpha-amylase family: Structural similarity and common catalytic mechanism. J. Biosci.
Bioeng. 1999, 87, 557–565. [CrossRef] [PubMed]

12. Matsuura, Y.; Kusunoki, M.; Harada, W.; Kakudo, M. Structure and possible catalytic residues of Taka-amylase A. J. Biochem.
1984, 95, 697–702. [CrossRef] [PubMed]

13. Janecek, S.; Svensson, B.; MacGregor, E.A. Alpha-Amylase: An enzyme specificity found in various families of glycoside
hydrolases. Cell. Mol. Life Sci. 2014, 71, 1149–1170. [CrossRef] [PubMed]

14. Stam, M.R.; Danchin, E.G.; Rancurel, C.; Coutinho, P.M.; Henrissat, B. Dividing the large glycoside hydrolase family 13 into
subfamilies: Towards improved functional annotations of alpha-amylase-related proteins. Protein Eng. Des. Sel. 2006, 19, 555–562.
[CrossRef] [PubMed]

15. Zeng, Y.; Xu, J.; Fu, X.; Tan, M.; Liu, F.; Zheng, H.; Song, H. Effects of different carbohydrate-binding modules on the enzymatic
properties of pullulanase. Int. J. Biol. Macromol. 2019, 137, 973–981. [CrossRef] [PubMed]

16. Kim, J.H.; Sunako, M.; Ono, H.; Murooka, Y.; Fukusaki, E.; Yamashita, M. Characterization of gene encoding amylopullulanase
from plant-originated lactic acid bacterium, Lactobacillus plantarum L137. J. Biosci. Bioeng. 2008, 106, 449–459. [CrossRef]
[PubMed]

17. Lin, H.Y.; Chuang, H.H.; Lin, F.P. Biochemical characterization of engineered amylopullulanase from Thermoanaerobacter
ethanolicus 39E-implicating the non-necessity of its 100 C-terminal amino acid residues. Extremophiles 2008, 12, 641–650.
[CrossRef]

18. Pang, B.; Zhou, L.; Cui, W.; Liu, Z.; Zhou, S.; Xu, J.; Zhou, Z. A Hyperthermostable Type II Pullulanase from a Deep-Sea
Microorganism Pyrococcus yayanosii CH1. J. Agric. Food Chem. 2019, 67, 9611–9617. [CrossRef]

19. Zona, R.; Chang-Pi-Hin, F.; O’Donohue, M.J.; Janecek, S. Bioinformatics of the glycoside hydrolase family 57 and identification of
catalytic residues in amylopullulanase from Thermococcus hydrothermalis. Eur. J. Biochem. 2004, 271, 2863–2872. [CrossRef]

20. Li, X.; Li, D. Preparation of linear maltodextrins using a hyperthermophilic amylopullulanase with cyclodextrin- and starch-
hydrolysing activities. Carbohydr. Polym. 2015, 119, 134–141. [CrossRef]

21. Dong, G.; Vieille, C.; Zeikus, J.G. Cloning, sequencing, and expression of the gene encoding amylopullulanase from Pyrococcus
furiosus and biochemical characterization of the recombinant enzyme. Appl. Environ. Microbiol. 1997, 63, 3577–3584. [CrossRef]
[PubMed]

22. Choi, K.H.; Cha, J. Membrane-bound amylopullulanase is essential for starch metabolism of Sulfolobus acidocaldarius DSM639.
Extremophiles 2015, 19, 909–920. [CrossRef] [PubMed]

23. Li, X.; Li, D.; Park, K.H. An extremely thermostable amylopullulanase from Staphylothermus marinus displays both pullulan-
and cyclodextrin-degrading activities. Appl. Microbiol. Biotechnol. 2013, 97, 5359–5369. [CrossRef] [PubMed]

24. Jiao, Y.L.; Wang, S.J.; Lv, M.S.; Xu, J.L.; Fang, Y.W.; Liu, S. A GH57 family amylopullulanase from deep-sea Thermococcus siculi:
Expression of the gene and characterization of the recombinant enzyme. Curr. Microbiol. 2011, 62, 222–228. [CrossRef]

25. Cantarel, B.L.; Coutinho, P.M.; Rancurel, C.; Bernard, T.; Lombard, V.; Henrissat, B. The Carbohydrate-Active EnZymes database
(CAZy): An expert resource for Glycogenomics. Nucleic Acids Res. 2009, 37, D233–D238. [CrossRef]

26. Akassou, M.; Groleau, D. Advances and challenges in the production of extracellular thermoduric pullulanases by wild-type and
recombinant microorganisms: A review. Crit. Rev. Biotechnol. 2019, 39, 337–350. [CrossRef]

27. Bi, J.; Chen, S.; Zhao, X.; Nie, Y.; Xu, Y. Computation-aided engineering of starch-debranching pullulanase from Bacillus
thermoleovorans for enhanced thermostability. Appl. Microbiol. Biotechnol. 2020, 104, 7551–7562. [CrossRef]

28. Lingmeng, L.; Fengying, D.; Lin, L.; Dannong, H.; Jingwen, C.; Wei, W.; Dongzhi, W. Biochemical Characterization of a Novel
Thermostable Type I Pullulanase Produced Recombinantly in Bacillus subtilis. Starch–Stärke 2018, 70, 1700179.

29. Tanimoto, T.; Omatsu, M.; Ikuta, A.; Nishi, Y.; Murakami, H.; Nakano, H.; Kitahata, S. Synthesis of novel heterobranched
beta-cyclodextrins having beta-D-N-acetylglucosaminyl-maltotriose on the side chain. Biosci. Biotechnol. Biochem. 2005,
69, 732–739. [CrossRef]

30. Shaw, J.F.; Sheu, J.R. Production of High-maltose Syrup and High-protein Flour from Rice by an Enzymatic Method. Biosci.
Biotechnol. Biochem. 1992, 56, 1071–1073. [CrossRef]

31. Bertoldo, C.; Antranikian, G. Starch-hydrolyzing enzymes from thermophilic archaea and bacteria. Curr. Opin. Chem. Biol. 2002,
6, 151–160. [CrossRef] [PubMed]

32. Hara, K.; Fujita, K.; Kuwahara, N.; Tanimoto, T.; Hashimoto, H.; Koizumi, K.; Kitahata, S. Galactosylation of cyclodextrins and
branched cyclodextrins by alpha-galactosidases. Biosci. Biotechnol. Biochem. 1994, 58, 652–659. [CrossRef] [PubMed]

33. Schallmey, M.; Singh, A.; Ward, O.P. Developments in the use of Bacillus species for industrial production. Can. J. Microbiol. 2004,
50, 1–17. [CrossRef] [PubMed]

http://doi.org/10.1093/nar/gkab1045
http://doi.org/10.1007/s00018-016-2241-y
http://doi.org/10.1128/AEM.00402-17
http://doi.org/10.1016/S1389-1723(99)80114-5
http://www.ncbi.nlm.nih.gov/pubmed/16232518
http://doi.org/10.1093/oxfordjournals.jbchem.a134659
http://www.ncbi.nlm.nih.gov/pubmed/6609921
http://doi.org/10.1007/s00018-013-1388-z
http://www.ncbi.nlm.nih.gov/pubmed/23807207
http://doi.org/10.1093/protein/gzl044
http://www.ncbi.nlm.nih.gov/pubmed/17085431
http://doi.org/10.1016/j.ijbiomac.2019.07.054
http://www.ncbi.nlm.nih.gov/pubmed/31295482
http://doi.org/10.1263/jbb.106.449
http://www.ncbi.nlm.nih.gov/pubmed/19111640
http://doi.org/10.1007/s00792-008-0168-4
http://doi.org/10.1021/acs.jafc.9b03376
http://doi.org/10.1111/j.1432-1033.2004.04144.x
http://doi.org/10.1016/j.carbpol.2014.11.044
http://doi.org/10.1128/aem.63.9.3577-3584.1997
http://www.ncbi.nlm.nih.gov/pubmed/9293009
http://doi.org/10.1007/s00792-015-0766-x
http://www.ncbi.nlm.nih.gov/pubmed/26104674
http://doi.org/10.1007/s00253-012-4397-1
http://www.ncbi.nlm.nih.gov/pubmed/23001056
http://doi.org/10.1007/s00284-010-9690-6
http://doi.org/10.1093/nar/gkn663
http://doi.org/10.1080/07388551.2019.1566202
http://doi.org/10.1007/s00253-020-10764-z
http://doi.org/10.1271/bbb.69.732
http://doi.org/10.1271/bbb.56.1071
http://doi.org/10.1016/S1367-5931(02)00311-3
http://www.ncbi.nlm.nih.gov/pubmed/12038998
http://doi.org/10.1271/bbb.58.652
http://www.ncbi.nlm.nih.gov/pubmed/7764858
http://doi.org/10.1139/w03-076
http://www.ncbi.nlm.nih.gov/pubmed/15052317


Catalysts 2023, 13, 453 17 of 17

34. Furiga, A.; Dols-Lafargue, M.; Heyraud, A.; Chambat, G.; Lonvaud-Funel, A.; Badet, C. Effect of antiplaque compounds and
mouthrinses on the activity of glucosyltransferases from Streptococcus sobrinus and insoluble glucan production. Oral Microbiol.
Immunol. 2008, 23, 391–400. [CrossRef] [PubMed]

35. Zillig, W.; Holz, I.; Janekovic, D.; Schafer, W.; Reiter, W.D. The Archaebacterium Thermococcus celer Represents, a Novel Genus
within the Thermophilic Branch of the Archaebacteria. Syst. Appl. Microbiol. 1983, 4, 88–94. [CrossRef] [PubMed]

36. Palomo, M.; Pijning, T.; Booiman, T.; Dobruchowska, J.M.; van der Vlist, J.; Kralj, S.; Leemhuis, H. Thermus thermophilus
glycoside hydrolase family 57 branching enzyme: Crystal structure, mechanism of action, and products formed. J. Biol. Chem.
2011, 286, 3520–3530. [CrossRef] [PubMed]

37. Santos, C.R.; Tonoli, C.C.; Trindade, D.M.; Betzel, C.; Takata, H.; Kuriki, T.; Murakami, M.T. Structural basis for branching-enzyme
activity of glycoside hydrolase family 57: Structure and stability studies of a novel branching enzyme from the hyperthermophilic
archaeon Thermococcus kodakaraensis KOD1. Proteins 2011, 79, 547–557. [CrossRef]

38. Na, S.; Park, M.; Jo, I.; Cha, J.; Ha, N.C. Structural basis for the transglycosylase activity of a GH57-type glycogen branching
enzyme from Pyrococcus horikoshii. Biochem. Biophys. Res. Commun. 2017, 484, 850–856. [CrossRef]

39. Kim, S.Y.; Kim, H.; Kim, Y.J.; Jung, D.H.; Seo, D.H.; Jung, J.H.; Park, C.S. Enzymatic analysis of truncation mutants of a type II
pullulanase from Bifidobacterium adolescentis P2P3, a resistant starch-degrading gut bacterium. Int. J. Biol. Macromol. 2021,
193, 1340–1349. [CrossRef]

40. Imamura, H.; Fushinobu, S.; Yamamoto, M.; Kumasaka, T.; Jeon, B.S.; Wakagi, T.; Matsuzawa, H. Crystal structures of 4-
alpha-glucanotransferase from Thermococcus litoralis and its complex with an inhibitor. J. Biol. Chem. 2003, 278, 19378–19386.
[CrossRef]

41. Henrissat, B. Glycosidase families. Biochem. Soc. Trans. 1998, 26, 153–156. [CrossRef] [PubMed]
42. Erra-Pujada, M.; Debeire, P.; Duchiron, F.; O’Donohue, M.J. The type II pullulanase of Thermococcus hydrothermalis: Molecular

characterization of the gene and expression of the catalytic domain. J. Bacteriol. 1999, 181, 3284–3287. [CrossRef] [PubMed]
43. Kang, S.; Vieille, C.; Zeikus, J.G. Identification of Pyrococcus furiosus amylopullulanase catalytic residues. Appl. Microbiol.

Biotechnol. 2005, 66, 408–413. [CrossRef]
44. Dao, V.L.; Chan, S.; Zhang, J.; Ngo, R.; Poh, C.L. Single 3′-exonuclease-based multifragment DNA assembly method (SENAX).

Sci. Rep. 2022, 12, 4004. [CrossRef] [PubMed]
45. Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Hassabis, D. Highly accurate protein structure

prediction with AlphaFold. Nature 2021, 596, 583–589. [CrossRef] [PubMed]
46. Santos-Martins, D.; Solis-Vasquez, L.; Tillack, A.F.; Sanner, M.F.; Koch, A.; Forli, S. Accelerating AutoDock4 with GPUs and

Gradient-Based Local Search. J. Chem. Theory Comput. 2021, 17, 1060–1073. [CrossRef]
47. Lu, T.; Tan, H.; Lee, D.; Chen, G.; Jia, Z. New insights into the activation of Escherichia coli tyrosine kinase revealed by molecular

dynamics simulation and biochemical analysis. Biochemistry 2009, 48, 7986–7995. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1111/j.1399-302X.2008.00441.x
http://www.ncbi.nlm.nih.gov/pubmed/18793362
http://doi.org/10.1016/S0723-2020(83)80036-8
http://www.ncbi.nlm.nih.gov/pubmed/23196302
http://doi.org/10.1074/jbc.M110.179515
http://www.ncbi.nlm.nih.gov/pubmed/21097495
http://doi.org/10.1002/prot.22902
http://doi.org/10.1016/j.bbrc.2017.02.002
http://doi.org/10.1016/j.ijbiomac.2021.10.193
http://doi.org/10.1074/jbc.M213134200
http://doi.org/10.1042/bst0260153
http://www.ncbi.nlm.nih.gov/pubmed/9649738
http://doi.org/10.1128/JB.181.10.3284-3287.1999
http://www.ncbi.nlm.nih.gov/pubmed/10322035
http://doi.org/10.1007/s00253-004-1690-7
http://doi.org/10.1038/s41598-022-07878-x
http://www.ncbi.nlm.nih.gov/pubmed/35256704
http://doi.org/10.1038/s41586-021-03819-2
http://www.ncbi.nlm.nih.gov/pubmed/34265844
http://doi.org/10.1021/acs.jctc.0c01006
http://doi.org/10.1021/bi900811p

	Introduction 
	Results and Discussion 
	Pullulanase Bioinformatics Analysis 
	Expression of Truncated Pullulanase 
	Characteristics of Truncated Pullulanase 
	Hydrolysates of Truncated Pullulanase 
	Molecular Mechanism of Truncated Pullulanase 

	Materials and Methods 
	Materials and Reagents 
	Strain and Plasmid 
	Reagents 

	Methods 
	Pullulanase Gene Acquisition 
	Bioinformatics Analysis of Pullulanase 
	Truncated Expression of the Pullulanase Gene 
	Detection of Pullulanase Activity 
	Analysis of Enzymatic Properties 
	Analysis of Enzymatic Hydrolysates 
	Data Analysis 


	Conclusions 
	References

