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In order to improve enzymatic properties of glucoamylases, six recombinant genes
GA1–GA6 were created by domain shuffling of glucoamylase genes GAA1 from
Aspergillus niger Ld418AI and GATE from Talaromyces emersonii Ld418 TE using
overlap extension PCR and were expressed in Saccharomyces cerevisiae W303-1B;
only activities of GA1 and GA2 in the fermentation broth were higher than those of GAA1
but less than those of GATE. Further research results of GA1 and GA2 indicated that
chimeric glucoamylases GA1 and GA2 revealed increased thermostability compared with
GAA1 and GATE, although with a slight change in the activity and optimal temperature.
However, GA1 had almost the same catalytic efficiency as GATE, whereas the catalytic
efficiency of GA2 was slightly less than that of GATE, but still higher than that of GAA1. The
structural analysis showed that the change of enzymatic properties could be caused by the
increased and extended α-helix and β-sheet, which change the secondary and tertiary
structures of chimeric glucoamylases. These results demonstrated that domain shuffling
was feasible to generate a chimeric enzyme with novel properties.
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INTRODUCTION

Glucoamylase (GA) (α-l, 4-glucan glucohydrolase, EC 3.2.1.3) plays an important role in the
fermentation and food industries for saccharification of starch/amylopectin (Kumar and
Satyanarayana, 2009; Zong et al., 2022). It can catalyze hydrolysis of α-1,4 glycosidic bonds to
release D-glucose residues from the non-reducing ends of starch and related oligo- and
polysaccharide chains and also has limited ability to hydrolyze amylopectin α-1,6 linkages
resulting in glucose (Sauer et al., 2000). Although glucoamylases can be produced by many
fungal species (Norouzian et al., 2006), commercial or industrial glucoamylases with moderate
thermostability and high activity are mainly derived from Aspergillus niger (Norouzian et al., 2006),
Rhizopus oryzae (Wang et al., 2020), and Talaromyces emersonii (Nielsen et al., 2002) due to the
conversion of starch to glucose (Zong et al., 2022). Because the saccharification processes are usually
followed by a liquefaction process of starch and are performed at 60°C for 48–72 h, the glucoamylases
required in starch industrials have to possess good thermostability and catalytic activities (Lim and
Oslan, 2021; Tong et al., 2021). So, searching for a new source of glucoamylase with potentially
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applicable properties encompassing elevated temperature,
extreme pH, high salinity, organic solvents, surfactants, and
specificities (substrate and product) is still of considerable
importance (Schmidt et al., 2019). Although some novel
glucoamylases have been found and characterized for
industrial applications (Guo et al., 2019; Karim et al., 2019;
Lincoln et al., 2019; Zhang et al., 2019; Wang et al., 2020;
Lago et al., 2021; Wayllace et al., 2021), they did not achieve
industrially desirable traits.

In addition to exploring novel enzymes with desirable
properties in nature, attempts are being made to improve the
properties of the existing enzymes by protein engineering
techniques to make them suitable for industrial applications
(Parashar and Satyanarayana, 2016; Sharma et al., 2019).
These techniques mainly include rational design, semi-rational
design, directed evolution (error prone PCR and DNA shuffling),
and fusion (Schmidt et al., 2019; Sharma et al., 2019; Lim and
Oslan, 2021; Tong et al., 2021). However, the design of chimeric
enzymes by fusing different domains from native enzymes is
considered to be a straightforward method for generating a novel
enzyme with improved catalytic properties (Parashar and
Satyanarayana, 2016; Ali et al., 2020). Many chimeric enzymes
have enhanced thermostability, catalytic efficiency, substrate
specificity, and product selectivity (Parashar and
Satyanarayana, 2016; Parashar and Satyanarayana, 2017; Peng
et al., 2018). For example, Parashar et al. constructed a chimeric
α-amylase by fusing the domains of amylases from Bacillus
acidicola and Geobacillus thermoleovorans, which showed
enhanced thermostability and catalytic efficiency (Parashar and
Satyanarayana, 2016).

In general, the GA from filamentous fungi consists of three
regions: the N-terminal catalytic domain (CD), C-terminal
starch-binding domain (SBD), and a linker composed
primarily of serine and threonine residues between the CD
and SBD (Sauer et al., 2000; Guo et al., 2019). Studies have
showed that the CD, linker, and SBD sequences of glucoamylase
from A. niger, respectively, contain residues 1–471, 472–508, and
509–616 (Lee and Paetzel, 2011; Suyama et al., 2017). Of course, a
few glucoamylases lack the SBD; however, it has almost the same
hydrolytic rate against soluble starch as the average GA, but
against insoluble starch, it has a much less hydrolytic rate than the
average GA (Sauer et al., 2000; Cornett et al., 2003; Hostinova
et al., 2003). The study of the three structural domains of
glucoamylase has been carried out, and the results indicated
that the positioning of the SBD related to the catalytic domain
had an effect on soluble starch/insoluble starch; the effect on
soluble starch was much less than that on insoluble starch
(Cornett et al., 2003). Moreover, the presence/absence of
O-glycosylated linker connecting the CD and SBD of
glucoamylase also affected the hydrolysis of insoluble starch
(Sauer et al., 2001; Lin et al., 2007).

Domain shuffling is a method to generate chimeric proteins
with novel structural and functional properties by fusing domains
of different proteins (Cornett et al., 2003; Marin-Navarro et al.,
2011; Gomis-Cebolla et al., 2020). In our laboratory, there are two
industrial strains, Aspergillus niger Ld418A1 and Talaromyces
emersonii Ld418 TE, producing glucoamylases GAA1 and GATE

which are used in saccharification processes of starch. GAA1 has
a good thermostability, but its optimal temperature is lower than
that of GATE. On the contrary, glucoamylase GATE has a higher
optimal temperature, but its thermostability is lower than that of
GAA1. We aim to create a chimeric glucoamylase combining
their positive characteristics using the domain shuffling method.
So, the three domains from the two glucoamylase genes GAA1
and GATE were amplified and then shuffled by overlap PCR to
generate six glucoamylase genes: GA1–GA6. The chimeric GA1
and GA2 obtained enhanced thermostability and had almost the
same catalytic efficiency as GATE.

MATERIALS AND METHODS

Strains, Plasmids, and Medium
Aspergillus niger Ld418A1 and Talaromyces emersonii Ld418 TE
were used as donors of glucoamylase genes and cultivated in a
PDA medium. Cloning was done in Escherichia coli DH5α, and
Saccharomyces cerevisiaeW303-1B (Xu et al., 2010) was used as a
host strain for the expression of glucoamylase genes, which were
grown in an LB medium and a YPD medium, respectively.

The pUCm-T vector was purchased from TaKaRa (Dalian,
Liaoning, China), and the pYPGE15 vector (Xu et al., 2010) was
provided by East China Normal University (Shanghai, China).
The restriction endonucleases and DNA ligases involved in the
molecular manipulation were bought from Fermantas (Tianjin,
China). The SC-U plate containing 0.67% YNB, 0.115% mixture
of basic amino acids, and adenine without uracil, 2% glucose, and
2% agar was used for screening yeast transformants. The YWSX
(SC-U without glucose, 1% soluble starch, 0.02% trypan blue)
plate was used for testing the expression of transformants.

METHODS

Cloning Glucoamylase Genes
Filamentous fungi Ld418A1 and Ld418 TE were, respectively,
cultivated in 50 ml PDAmedium at 28°C for three days. The total
RNA was extracted by the TRIzol method using a TRIquick
reagent (Solarbio Science and Technology Co., Ltd., Beijing
China) and processing as per the instructions. The cDNA was
obtained by reverse transcription using RNase inhibitor, dNTP,
M-MLV, and the primers ANR TER (Table 1), which were
designed and synthesized according to the mRNA sequence of
glucoamylase genes from A. niger in the NCBI database
(GenBank Accession No. BD087377) and T. emersonii in the
NCBI database (GenBank Accession No. AJ304803.1). The
glucoamylase genes GAA1 and GATE were synthesized by
PCR using the obtained cDNA as a template.

Domain Shuffling
The different domains (CD, linker, and SBD) were amplified by
PCR using glucoamylase genes GAA1 and GATE as templates
and corresponding primers, which are listed in Table 1. Domain
shuffling was conducted, as shown in Figure 1, using the overlap
extension PCR. For example, recombinant gene GA1 was
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amplified by overlap extension PCR using CD and linker
fragments from GATE and SBD fragments from GAA1 as
templates and TEWF/ANWR as primes. Six recombinant
genes GA1–GA6 were generated similar to GA1 by overlap
extension PCR.

The overlap extension PCR was carried out under the
following conditions: the first step was initial denaturation at
95°C for five min, followed by six cycles of 95°C for 45 s, 72°C for
three min, six cycles of 95°C for 45 s, 55°C for 45 s, and 72°C for
four min, 20 cycles at 95°C for 45 s, 60°C for 45 s, and 72°C for
four min, and the final extension was carried out at 72°C for
ten min.

Construction and Transformation of
Recombinant Expression Vectors
The genes GAA1, GATE, and GA1–GA6 were, respectively,
ligated into pYPGE15 and transformed into E. coli DH5α by
CaCl2 transformation. The recombinant expression vectors were
identified by the digestion of restriction enzymes and sequencing
by Shenggong Biotech Company. The S. cerevisiae W303-1B was
transformed with the constructed vectors pYPGE15-GAA1,
pYPGE15-GATE, and pYPGE15-GA1–pYPGE15-GA6 by
using the electroporation method and was then inoculated
into the SC-U plate for screening transformants.

Expression, Activity Assay, and Purification
of GAs
The monoclonal transformants on the SC-U plate were
inoculated into the YWSX plate and incubated for 60 h at
30°C in order to screen the high-level GA expression strain by
determination of the ratio (DH/DC) of the hydrolysis circle
diameter (DH) and colony diameter (DC). The engineered
strains with higher ratios were inoculated into shake flasks
and fermented for three days at 30°C for the activity assay and
purification of GAs.

The GA activity in the fermentation supernatant was
determined according to a modified method (Miller, 1959).
With this method, 25 ml soluble starch (20 g/L) was mixed
with 5 ml 0.05 mol/L sodium acetate buffer (pH 4.5) and then
incubated at 40°C for five min in a tube. Furthermore, 2 ml
standard diluted enzyme solution was added into the tube and
incubated at 40°C for 30 min. Then, 0.2 ml NaOH (200 g/L) was
added. Finally, the diluted solution (diluted ten times) and 1.5 ml
DNS (3, 5-dinitrosalicylic acid) was mixed in the tube and
immediately transferred to boiling water for five min to end
the reaction. The absorbance of these mixtures was measured
at a wavelength of 520 nm with sterile water as the control. One
unit (U) of the enzyme activity was defined as the amount that

TABLE 1 | Sequences of the primers used for this research.

Primer Primer sequence (5–39) Restriction enzyme

ANF ATGTCGTTCCGATCTCTACTCGCC
ANR TCACAGTGTACATACCAGAGCGGG
TEF ATGGCGTCCCTCGTTGCTGGC
TER TCACTGCCAACTATCGTCAAGAATG
ANWF CGGAATTCATGTCGTTCCGATCTCTACTCGCC EcoR I
ANWR CCGCTCGAGTCACAGTGACATACCAGAGCGGG Xho I
TEWF GCTCTAGAATGGCGTCCCTCGTTGCTGGC Xba I
TEWR CCGCTCGAGTCACTGCCAACTATCGTCAAGAATG Xho I
GAA1F GCTACCAACACCGTCTGGCCAAGCATCGTGGCTACTGGCGGCACCACTA
GAA1R GGTTGTTGAGCTGCCAGAGCCAGAACTCGGCCACGAGGTGACAGTCAC
GAA2F GTCAGCACCAGTTACGGGGAGACATGTACCACTCCCACCGCCGTGGCTG
GAA2R GGGGATCGAGCCGGCCAGGTAGATGGAGGTTGATGACGTACTGGTGCTG
GATE1F GTGACTGTCACCTCGTGGCCGAGTTCTGGCTCTGGCAGCTCAACAACC
GATE1R TAGTGGTGCCGCCAGTAGCCACGATGCTTGGCCAGACGGTGTTGGTAGC
GATE2F CAGCACCAGTACGTCATCAACCTCCATCTACCTGGCCGGCTCGATCCCC
GATE2R CAGCCACGGCGGTGGGAGTGGTACATGTCTCCCCGTAACTGGTGCTGAC

The fragments (CD, SBD, or linker) amplified for each primer pairs: ANF/ANR, GAA1; TEF/TER, GATE; ANWF/ANWR, GAA1; TEWF/TEWR, GATE; ANWF/GAA1R, CD, of GAA1; GAA1F/
GAA2R, linker of GAA1; GAA2F/ANWR, SBD, of GAA1; TEWF/GATE1R, CD, of GATE; GATE1F/GATE2R, linker of GATE; GATE2F/TEWR, SBD, of GATE.

FIGURE 1 | Schematic of creating recombinant glucoamylase genes
GA1–GA6 by domain shuffling using the overlap extension PCR. CD, linker,
and SBD fragments fromGAA1 and GATE genes were, respectively, amplified
by PCR and were used as templates of the overlap extension PCR to
amplify GA1–GA6 genes.
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catalyzes soluble starch and produces 1 µmol glucose per minute
at 40°C, pH 4.5.

The purification of the GAs was performed as previously
reported with minor modifications (Cornett et al., 2003). The
fermentation supernatant collected by centrifugation was filtered
through Φ0.45-μm filter membrane and further concentrated
through a 10-kDa cutoff Amicon ultrafiltration system, followed
by diafiltration with three times its wash/diafiltration buffer
(0.1 mol/L sodium acetate, pH 4.3/1.5 mol/L NaCl). The crude
GAs were further purified through acarbose affinity
chromatography. The purity of the recombinant GAs was
examined by SDS-PAGE.

Effects of Temperature on the GA Activity
and Stability
The optimum temperature of the GAs was evaluated by
measuring the enzyme activity at different temperatures
(35–80°C) at pH 4.5. The effect of temperature on enzyme
stability was determined by measuring the residual activity
after being kept at different temperatures (45–80°C) for six h
and cooled down rapidly on ice, and the residual enzyme activity
of the recombinant GAs was individually measured at pH 4.5. A
stability curve of temperature was plotted when the enzyme
activity at optimal temperature was set as 100%.

Effects of pH on the GA Activity and Stability
The optimum pH of the GA was measured by varying the pH of
the reaction buffer using 0.05 mol/L sodium acetate buffer at
desired pH (from 3.0 to 6.5) at 40°C. In order to test the stability of
GA in different pH, the GA solution was adjusted to the desired
pH (3.0–6.5) using acetic acid and was kept at 4°C for 6 h, and
then the residual enzyme activity of the recombinant GAs was
individually measured at 40°C. A stability curve of pH was plotted
when the uninsulated enzyme activity at the optimal pH was set
as 100%.

Determination of Kinetic Parameters
Kinetic studies were performed in 0.05 mol/L sodium acetate at
40 °C, pH 4.5 using soluble starch as the substrate with
concentrations ranging from 0.125 km to 8 km. The Km and
Kcat values of the purified GAs were calculated using the
Lineweaver–Burk plot method.

Structural Analysis of Chimeric
Glucoamylases GA1 and GA2
The homologous analysis of DNA and the amino acid sequence
alignment of recombinant GAs were conducted using the tool
DNAMAN. The tool PSIPRED (Jones, 1999) was used to predict
the secondary structure of recombinant GAs. The tertiary
structure of recombinant glucoamylases was predicted by
SWISS-MODEL (Arnold et al., 2006). All pieces of software
were used to make a comparison of the structure between
GAA1 and GATE, and GA1 and GA2, and the change of
structure was also discussed.

RESULTS

Cloning GAA1 and GATE and Rearranging
Domains
The glucoamylase genes GAA1 and GATE were, respectively,
cloned and sequenced. According to the results, the size of genes
GAA1 and GATE were 1776 bp and 1857 bp, respectively,
consistent with the reported sequences. As shown in Figure 1,
CD, linker, and SBD regions of genes GAA1 and GATE were,
respectively, amplified by PCR. Then, six recombinant genes GA1
(GATECD + GATEL + GAA1SBD), GA2 (GATECD + GAA1L +
GAA1SBD), GA3 (GATECD + GAA1L + GATESBD), GA4
(GAA1CD + GATEL + GATESBD), GA5 (GAA1CD +
GAA1L + GATESBD), and GA6 (GAA1CD + GATE1L +
GAA1SBD) were obtained by overlap extension PCR and
further identified by sequencing; the lengths of these were
GA1 as 1776 bp, GA2 as 1791 bp, GA3 as 1872 bp, GA4 as
1857 bp, GA5 as 1842 bp, and GA6 as 1761 bp.

Construction and Screening of Engineered
Strains
The recombinant expression vectors pYPGE15-GA1, pYPGE15-
GA2, pYPGE15-GA3, pYPGE15-GA4, pYPGE15-GA5, and
pYPGE15-GA6; the control vectors pYPGE15-GAA1 and
pYPGE15-GATE were constructed and transformed into S.
cerevisiae W303-1B; and the possible positive transformants
were selected from the SC-U plate and inoculated to the
YWSX plate to screen the recombinant strains which could
express highl-level GAs. The engineered strains YGAA1,
YGATE, YGA1, YGA2, YGA3, YGA4, YGA5, and YGA6

FIGURE 2 | Transparent hydrolysis circle test of the recombinant strains
expressing chimeric glucoamylases GAA1, GATE, GA1, GA2, GA3, GA4,
GA5, and GA6, respectively.
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could produce transparent hydrolysis circles around their
colonies on the YWSX plate, and it is found by calculating the
ratio of the diameters of hydrolysis circles and colonies, and the
ratios produced by the engineered strains YGAA1, YGATE,
YGA1, and YGA2 were obviously higher than those produced
by the other engineered strains (Figure 2). It is generally believed
that the higher the ratio was, the stronger the ability that strains
produce GAs will be. So, the three strains with the highest ratio in
each class of engineered strains were inoculated into flasks for
fermentation, and GA activities in the fermentation broth were
determined.

Enzymatic Activity Assay and SDS-PAGE of
Recombinant GAs
The enzyme activity was determined, and GATE had the highest
enzyme activity (73.4 IU/ml), followed by the recombinant GA1
(62.8 IU/ml), GA2 (31.6 IU/ml), and the original GAA1 (27.6 IU/
ml), and the activities of the other four recombinants GA3, GA4,
GA5, and GA6 were, respectively, 6.1, 21.1, 16.7, and 19.7 IU/ml,
which had even lower enzyme activity than GAA1. It showed that
domain shuffling could affect the expression and activity of
glucoamylase. So, GA1 and GA2 with higher activity than the
original GAA1 were purified for the analysis of their enzymatic
properties. The SDS-PAGE result indicated that apparent
molecular weights of the recombinant GAs were about 80 kDa
(Figure 3), which were all larger than their theoretical molecular
weights. It is possible that the recombinant GAs were glycosylated
due to presence of O-glycosylated linker. The result also showed
that their purity reached electrophoretic purity.

Analysis of Enzymatic Properties of
Recombinant Glucoamylases GA1 and GA2
Optimal Temperature and Thermal Stability
The results (Figure 4A) showed that the optimal temperature of
GATE, GA1, GA2, and GAA1 was 70°C, 65°C, 60°C, and 60°C,
respectively. Under the optimum temperature of GATE, GA1,

GA2, and GAA1, the enzyme activities of the fermentation broth
were 163.08 IU/ml, 140.36 IU/ml, 62.81 IU/ml, and 47.53 IU/ml,
respectively. The results (Figure 4B) showed that the activity of
recombinant GA declined after being preserved at different
temperatures for six h. The activity of GATE, GA1, GA2, and
GAA1 decreased to 73, 90, 86, and 80% at 50°C, and 53, 78, 72,
and 66% at 60°C, respectively. The results revealed that the
activities of recombinant GATE and GAA1 decreased much
faster than those of recombinant GA1 and GA2, where the
thermostability of GA1 was the highest, followed by GA2.
Both were higher than the original GAA1 and GATE,
indicating that the thermostability of GA could be enhanced
by domain shuffling.

The Optimum pH and pH Stability
According to Figure 4C, the optimum pH of the original GAA1
and GATE and the recombinant GA1 and GA2 was pH 4.5.
Under the optimum pH, the activity of GATE was the highest,
followed by GA1, and the activity of GA2 was higher than that of
GAA1. Figure 4D illustrates that the relative activity of GA1,
preserved at pH 4.5, 40°C for six h, was still 98%, which was
higher than that of GATE, GAA1, and GA2 (88, 94, and 92%,
respectively). The activity of the recombinant GAs was decreased
when the pH was far away from the optimum pH. However, the
reduced rate of GA1 was slower than that of others, indicating
that the pH stability of GA1 was higher than that of GAA1, GA2,
and GATE.

Determination of Kinetic Parameters
The kinetic parameters of the recombinant GAs are shown in
Table 2. The Km values of GATE, GA1, GA2, and GAA1 were
32.58 s−1, 30.01 s−1, 26.29 s-1, and 18.71 s−1, respectively, showing
that the affinity of GA1 to the substrates was similar to that of
GATE; however, the affinity of GA2 to substrates was lower than
that of GATE but superior to the affinity of GAA1 to substrates.
By the analysis of their Kcat values, it was found that Kcat values
of GA1 (0.15 mg/ml) and GA2 (0.15 mg/ml) were very similar to
those of GATE (0.16 mg/ml) but outclassed GAA1 (0.12 mg/ml),
indicating that Kcat values may be related to the SBD of
glucoamylases. As for Kcat/Km, Kcat/Km values of GATE,
GA1, GA2, and GAA1 were, respectively, 203.62 mg/mL/s,
200.07 mg/mL/s, 175.27 mg/mL/s, and 155.92 mg/mL/s,
indicating that GATE and GA1 had almost the same catalytic
efficiency. Nevertheless, the catalytic efficiency of GA2 was less
than that of GATE but higher than that of GAA1. These results
revealed that domain shuffling could still influence catalytic
efficiency.

Structural Analysis of Chimeric
Glucoamylases GA1 and GA2
Analysis of the Primary Structure
Through the similarity comparison of amino acid sequences
between recombinant GAs and original GAs, GAA1 and
GATE had a similarity of 55.11%, GATE and GA1, GA2 had
a similarity of 86.88 and 84.19%, respectively, GA1 and GA2 was
94.30%. Marín-Navarro (Marin-Navarro et al., 2011) indicated

FIGURE 3 | SDS-PAGE of recombinant GAs. M: protein marker; 1:
GAA1, 2: GA1; 3: GA2; 4: GATE.
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that domain shuffling of different enzymes might evolve new
enzymes and improve the enzymatic properties due to possible
changes in the secondary and tertiary structures of the enzymes.

Prediction of the Secondary Structure
According to the analysis result of PSIPRED (Jones, 1999)
(Figure 5), the number of α-helixes of GA1 and GA2 did not
change, but the length of some α-helixes changed. Compared

with GATE, the length of α-helixes at seven regions (98,
273–281, 300–305, 344, 378–384, 396–420, and 433–460,
amino acid number) increased and extended, especially at
the regions (396–420 and 433–460). The longer the α-helix
is, the higher the thermal stability will be (Stoffer et al., 1993).
Figure 5 also shows that both the number and length of the β-
sheet of GA1 and GA2 changed compared with GATE. GA1
had nine β-sheets, which was three β-sheets less than GATE,
and formed one new β-sheet (516–518 region), which did not
exist in GATE and GAA1. The length of the β-sheet of GA1
increased at the 514–524 regions and decreased at 328–332 and
565–569 regions, which were the same as those of GAA1.
However, GA2 had ten β-sheets, which was two β-sheets less
than GATE, and formed two new β-sheets (200–209 and
516–518 regions) which only existed in GAA1. The length
of the β-sheet of GA1 increased at the 134–139 and 530–537
regions and decreased at the 328–332 and 565–569 regions,

FIGURE 4 | Effect of temperature and pH on activities and stabilities of recombinant GAs. (A) Effect of temperature on the activity of the GA. GA activity was
measured at various temperatures (35–80°C) at pH 4.5. (B) Thermal stability of the purified GA. After being kept at different temperatures (45–80°C) for six h and cooled
down rapidly on ice, the residual enzyme activity of GA was measured at pH 4.5. The enzyme activity at optimal temperature was set as 100%. At 50°C, the relative
activity of GATE, GA1, GA2, and GAA1was 73, 90, 86, and 80%, respectively, corresponding to 100%. At 60°C, the relative activity of GATE, GA1, GA2, and GAA1
was 53, 78, 72, and 66%, respectively, corresponding to 100%. (C) Effect of pH on GA activity. GA activity was measured in the pH range of 3.0–6.5 at 40°C. The
maximum activity was obtained at pH 4.5. (D) pH stability of the GA. GA activity was determined after being kept at various pH values (3.0–6.5) for 6 h at 40°C. A stability
curve of pH was plotted when the enzyme activity at optimal pH was set as 100%. The relative activity of GA1, GATE, GAA1, and GA2 was 98, 88, 94, and 92%,
respectively.

TABLE 2 | Kinetic parameters of recombinant GAs.

Enzyme Kcat (/s) Km (mg/ml) Kcat/Km (mg/mL/s)

GAAI 18.71 ± 1.81 0.12 ± 0.02 155.92 ± 8.91
GATE 32.58 ± 1.52 0.16 ± 0.03 203.62 ± 6.28
GA1 30.01 ± 1.22 0.15 ± 0.06 200.07 ± 7.68
GA2 26.29 ± 1.38 0.15 ± 0.05 175.27 ± 5.98
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which were consistent with GAA1. These differences might
cause GA1 and GA2 to have a more stable structure than
GATE and GAA1. The 179 and 400 sites of amino acids in GA
from A. niger have been identified as the catalytic sites
(Frandsen et al., 1994; Sierks et al., 1990; Svensson et al.,
1990), so a change in the second structure near these
catalytic sites might affect their activities. GA1, GA2, and
GATE shared the same CD sequences only because their
linker and/or SBD sequences were different. Their second

structures in the CD showed significant differences.
Moreover, there was an increasing frequency at the
C-terminal near the CD domain, which indicated that the
linker and SBD near the CD domain might influence the
secondary structure of the CD domain. The linker and SBD
of GATE contained more numbers of β-sheets than those of
GAA1, GA1, and GA2. These β-sheets might influence the
secondary structure of GATE’CD domain and strengthen the
binding of the enzyme with the substrate (Coutinho and Reilly,

FIGURE 5 | Prediction and comparison of secondary structures of GA1, GA2, GATE, and GAA1 using the tool PSIPRED. The yellow arrowmeans β-sheet, and the
circular column means α-helix.
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1994a). Jia et al. (2004) indicated that there was no complete
correspondence between the amino acid sequence and
conformation of the protein. Luo and Dong (1988) also
showed that the amino acids near the CD domain played a
decisive role in the formation of the secondary structure, which
mainly had effects on the specificity and catalytic activity of
enzymes. The structural differences of the α-helix and β-sheet
between chimeric GA1, GA2, and the original GATE and
GAA1 contributed to knowing the higher structure of GA
and the action mechanism of GA to the substrate (Coutinho
and Reilly, 1994b).

Prediction of the Tertiary Structure
The tertiary structure of chimeric glucoamylases was predicted by
SWISS-MODEL (Arnold et al., 2006). The CD domains are
described in Figure 6A, and the three-dimensional conformation
of GATECD, GAA1CD, GA1CD, and GA2CD had a similarity. The
homology modeling template of GAA1CD had a high-degree
homology to the PDB: 3eqaA protein and GATECD, GA1′CD,
and GA2CD had a non-high-degree homology to the PDB: lgaiA
protein. As Figure 6A shows, the C-terminal α-helix structure sited
on the outside of the catalytic activity betweenGATE andGAA1was
different, whereas that of GA1, GA2, and GATE was alike. The GA2

FIGURE 6 | Tertiary structure prediction of CD and SBD. (A) Tertiary structure prediction of CD domains. The homology modeling template of GAA1CD had a high-
degree homology to PDB: 3eqaA protein and GATECD, GA1CD, and GA2CD were non-high-degree homology to PDB: lgaiA protein. (B) Tertiary structure prediction of
SBD domains with Linker. The homology modeling template of GAA1SBD, GATESBD, GA1SBD, and GA2SBD were all PDB: 11acoA protein.
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had a β-sheet near the center of the CD domain compared with GA1
and GATE and had no difference with GAA1 in the same domain,
whichmight have influenced the activity of GA2. This was consistent
with the prediction of the secondary structure.

The tertiary structures of the SBD domain are shown in
Figure 6B. The homology modeling templates of GAA1SBD,
GATESBD, GA1SBD, and GA2SBD were all PDB: 11acoA
protein. However, there was a high-degree homology on the
SBD domain between GAA1, GA1, GA2, and the template but
only a certain homology between GATE and the template.

DISCUSSION

Recombination of the existing protein domain is a
straightforward method for the creation of new proteins and
obtainment of some positive trait strains (Marin-Navarro et al.,
2011; Parashar and Satyanarayana, 2016). This study used two
chimeric glucoamylases, GA1 and GA2, with higher
thermostability and similar catalytic efficiency. As for the
enzyme activities, GATE, GA1, GA2, and GAA1 were
163.08 IU/ml, 140.36 IU/ml, 62.81 IU/ml, and 47.53 IU/ml,
respectively. According to the results, GA1, GA2, and GA3
shared the same CD as GATE, while GA4, GA5, and GA6
shared the same CD as GAA1, but the enzyme activity of the
former, except for GA3, was much higher than the latter. This
demonstrated that the CD was a key factor for determining the
enzyme activity. The difference between the recombinant GA1
and original GATE was the application of the SBD of GAA1, and
the enzyme activity was approximate (only decreased 14%),
showing that the change in the SBD had a slight influence on
enzyme activity, which agreed with an earlier study (Cornett et al.,
2003). The difference in the enzyme activity between GA1 and
GA2 was caused by the different application of linker. The
recombinant GA3 shared the same CD and SBD with the
original GATE and the same Linker with the original GAA1,
but its enzyme activity dropped significantly (decreased 92%),
which further indicated the influence of linker on the change of
the enzyme activity. The reason for this may be that different
linkers changed the structure of the CD and SBD. Some studies
have shown that the CD and SBD of fungal GAs are functionally
independent, the connective function of the linker is not
dependent on a special sequence, and different O-glucosylation
patterns of linker influence the stability and secretion of GAs and
digestion of raw starch (Coutinho and Reilly, 1994a). So, we
speculated that linker affected the activities of chimeric GAs by
changing the structure of the CD and SBD, which was consistent
with the structural predict of recombinant GAs (Figures 5, 6).

Above all, although each domain of glucoamylase could affect
the enzyme activity more or less, the influence of the CD on the
enzyme activity was the greatest, followed by linker, and the
influence of the SBD on the enzyme activity was weak.

The properties of the recombinant GA1 and GA2 and the
original GATE and GAA1 were further analyzed. The optimal
temperature of chimeric GA1 was 65°C, which was lower than
that of GATE (70°C) but higher than that of GAA1 (60°C), and the
optimal temperature of recombinant GA2 was the same as GAA1,

but the thermostability of GA1 and GA2 was higher than that of the
original GAs, suggesting the domain shuffling of GAs could change
the thermal stability, although with a slight decrease in the enzyme
activity. The reason for the higher stability of GA1 and GA2,
according to the analysis of the secondary structure, may be the
increased and extended α-helix of GA1 and GA2, especially at the
396–420 and 433–460 regions; the longer α-helix is, the higher the
thermostability will be (Stoffer et al., 1993). Through the analysis of
the tertiary structures, it could be seen that the SBD of GATE had
four additional structures constructed by the β-sheet. This complex
structure might make GATE easier to bind with substrates.

CONCLUSION

This study has successfully obtained six chimeric glucoamylase
genes by domain shuffling of two glucoamylase genes with
different enzymatic properties using overlap extension PCR.
Of the six chimeric glucoamylases, only GA1 and GA2
revealed higher enzyme activities than the original GAA1 in
the fermentation broth. Meanwhile, GA1 and GA2 also
showed enhanced thermostability. Moreover, GA1 had the
same catalytic efficiency as GATE. GA2 was slightly less than
GATE but still higher than GAA1 in terms of catalytic efficiency.
The prediction of the secondary and tertiary structures indicated
that the increased and extended α-helix of GA1 and GA2,
especially in the poor thermal stability and easily being broken
region of the amino acid between 443 and 444, may lead to higher
thermostability. In a word, by domain shuffling, two novel
thermostability chimeric glucoamylases were created, which
offered a feasibility to generate novel enzymes with enhanced
properties.
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