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Abstract
Fructose, which is produced by the isomerization of glucose isomerase, is a crucial pre-
cursor for the biosynthesis of rare sugars. In this study, thermophilic glucose isomerases 
(GI) from Caldicellulosiruptor acetigenus (CAGI), Thermoanaerobacter thermocopriae 
(TTGI), and Thermotoga petrophila (TPGI) were screened from GenBank database by a 
virtual probe and were successfully expressed in Escherichia coli BL21(DE3). The results 
of characterization demonstrated that the optimal pH for CAGI and TTGI were 8.0 and 
were maintained at 80% in a slightly acidic environment. The relative residual activities 
of CAGI and TTGI were found to be 40.6% and 52.6%, respectively, following an incuba-
tion period of 24  h at 90 ℃. Furthermore, CAGI and TTGI exhibited superior catalytic 
performance that their reaction equilibrium both reached only after an hour at 85 ℃ with 
200  g/L glucose, and the highest conversion rates were 54.2% and 54.1%, respectively. 
This study identifies competitive enzyme candidates for fructose production in the industry 
with appreciable cost reduction.
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Introduction

D-Fructose is an isomer of D-glucose that is abundant in fruit juice and honey [1] and 
widely utilized in the food [2], pharmaceutical [3], and other fields [4]. D-Fructose has 
the advantages of easy glycogen formation, rapid metabolism, and energy conversion 
in the human body [5], without increasing the glycemic index [6]. Notably, D-fructose 
is an essential raw material for the biosynthesis of functional sugar [7, 8]. One of the 
current research hotspots is how to efficiently and economically produce fructose. In 
the industrial production of fructose, glucose isomerase (GI, EC 5.3.1.5), a class of 
homotetramer proteins containing metal ions[9], is utilized. It is generally believed 
that GI falls into two categories, with Class II inserting 20 to 35 amino acids at the 
N-terminus [10]. It is generally believed that GI falls into two categories, with Class 
II inserting 20 to 35 amino acids at the N-terminus [11]. The GI monomer is primar-
ily composed of two structural regions. The N-terminal enzyme-catalyzed pocket and 
two metal-binding sites are folded into a (α/β)8 bucket, while the C-terminal domain is 
folded into a ring [12, 13]. The overlap of the two subunits forms a tightly bound dimer 
[14, 15]. At 60–65 ℃, D-glucose is isomerized by GI into D-fructose during indus-
trial production [16]. It has been reported that increasing the temperature of industrial 
fructose production improves both efficiency and cost [17]. Anoxybacillus geoensis 
[18], Caldanaerobacter subterraneus [19], Caldicoprobacter algeriensis [20], Cal-
dicellulosiruptor bescii [21], and Streptomyces sp. SK [22] produced thermophilic GIs. 
Due to poor thermostability, however, these wild-type enzymes cannot meet industrial 
demand. Consequently, it is essential to discover new GI with increased catalytic effi-
ciency and enhanced thermostability [23].

The mining and screening of enzymes from organisms that inhabit extreme environ-
ments have become one of the solutions to the challenges encountered in the practical 
applications of enzymes [24]. By far, more than 67,000 GI genes have been added to 
the GenBank database. Whereas the majority of GI genes originated from Streptococ-
cus pneumoniae, Escherichia coli, and Staphylococcus aureus, extremophiles contrib-
uted a small amount. In this study, GIs derived from Caldicellulosiruptor acetigenus 
(CAGI), Thermoanaerobacter thermocopriae (TTGI), and Thermotoga petrophila 
(TPGI) were successfully expressed using virtual probes. Their biological activities 
including thermal stability and catalytic efficiency were measured and compared for 
the evaluation of their ability in the industrial production of fructose.

Materials and Methods

Culture Medium, Chemicals, Strains, and Plasmids

All of the reagents used in this study were of analytical grade and available on the mar-
ket. Escherichia coli BL21 (DE3) and pET-28b(+) (Novagen, Darmstadt, Germany) 
were used to express genes synthesized by Tsingke Biotechnology Ltd. (Hangzhou, 
China). Recombinant E. coli was grown in Luria–Bertani (LB) medium with 50 µg/mL 
kanamycin (kan) at 37 ℃.
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Database Mining of GI Gene

FoldX and Rosseta software were used to scan the whole protein energy of the reported 
Class II GI [25–28]. A virtual probe was designed according to conserved sequences 
and predicted sites, and Basic Local Alignment Search Tool (BLASTp) on the Genbank 
database (https:// www. ncbi. nlm. nih. gov/ prote in) was used for thermophilic GI genes 
mining. Secondary structures and hydrogen bond numbers were calculated by VADAR 
[29]. SWISS-MODEL was used to simulate the three-dimensional (3D) structure models 
(https:// swiss model. expasy. org) [30], and the models were evaluated using PROCHECK 
(https:// saves. mbi. ucla. edu/) [31]. AutoDock 4.2 [32] was used for molecular docking and 
calculation of binding affinity. Caldicellulosiruptor bescii GI (accession no. ACM59729), 
Caldicoprobacter algeriensis GI (accession no. MH172473), Thermoanaerobacter sidero-
philus GI (accession no. WP_006569355), Thermotoga neapolitana GI (accession no. 
L38994), Thermus Caldophilus GI (PDB: 1BXC), and Thermus oshimai (accession no. 
WP_016329521) were used as templates.

Heterologous Expression and Purification of GIs

The GIs genes after codons optimization were synthesized by Tsingke Biotechnology Co., 
Ltd. (Beijing, China) and subcloned into plasmid pET-28b. After being transfected into 
E. coli BL21 (DE3), the recombinant plasmid was grown to an  OD600 nm of 0.6–0.8 in LB 
medium with 50 µg/mL kan. A final concentration of 0.1 mmol/L of isopropyl-D-thiogalacto-
pyranoside was added, and the expression was then induced at 28 ℃ for 12 h. Recombinant 
cells expressing the protein were harvested and resuspended in phosphate buffer saline (PBS) 
buffer, then lysed by sonication (200W, SCIENTZ, China). The crude enzyme was collected 
by cryogenic centrifuge at 8500 × g for 10 min.  Ni2+ affinity chromatography was used to 
purify protein, as described previously [33]. Bio-Gel P-6 Desalting Cartridges (Bio-Rad, 
California, USA) was used to desalt. Sodium dodecyl sulfate–polyacrylamide gel electropho-
resis (SDS-PAGE, GenScript, Nanjing, China) was used to detect the target protein, and the 
total protein concentration was determined by the BCA method [34]. The molecular weight 
of the purified enzyme was determined by SEC-HPLC. The chromatographic column was 
AdvanceBio SEC 300 Å (7.8 × 300 mm, 2.7 µm particle size), the mobile phase was PBS 
buffer, the flow rate was 1  mL/min, and the determined wavelength is 205  nm. The peak 
time of AdvanceBio SEC 300 Å protein standard was taken as the horizontal coordinate, cor-
responding to the logarithm of protein molecular weight was the ordinate, and the standard 
curve was drawn to calculate the molecular weight of the purified enzyme.

Biochemical Characterization and Cellular Catalysis of GIs

Determination of Activity Enzyme Activities of GIs

The standard reaction system in a total volume of 500 µL was constituted of 50 µL diluted GI, 
50 mmol/L  NaH2PO4-Na2HPO4 (pH 7.0), 5 g/L glucose as substrate, 1 mmol/L  Co2+, and 
10 mmol/L  Mg2+. The mixture was incubated at 80 ℃ for 10 min and terminated by adding 
500 µL of 50 mmol/L  H2SO4. Hyper XP Carbohydrate  H+ (300 mm × 7.7 mm; Thermo Fisher 
Scientific, Waltham, USA) was used to analyze the concentration of glucose and fructose 
using HPLC (Waters 1515, Milford, USA) equipped with a refractive index detector (Waters 
2414, Milford, USA) with a flow rate of 0.6 mL/min at 60 ℃ and 5 mmol/L  H2SO4 as the 

https://www.ncbi.nlm.nih.gov/protein
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mobile phase. One unit (U) of isomerase activity was defined as the enzyme amount needed to 
produce 1 µmol of D-fructose per minute under the assay conditions.

Effect of pH on GI Enzyme Activity

The optimum pH was measured at 80 ℃ in 50  mmol/L Mcilvaine buffer (pH 5.0–8.0), 
Tris–HCl (pH 8.0–9.0), and Glycine–NaOH (pH 9.0–10.0) with a span of 0.5. The high-
est enzyme activity was defined as 100%. The pH stability of the three enzymes was calcu-
lated by measuring their residual enzyme activity after they were placed in a wider pH range 
(3.0–12.0) in the buffer for 1 h at 25 ℃, with the highest activity defined as 100%.

Effect of Temperature on GI Enzyme Activity

The thermal activity of GI was determined by measuring viability at temperatures of 50–95 ℃ 
(water bath) and 95–120 ℃ (oil bath). The highest activity of GI was taken as 100% at differ-
ent temperatures. The thermal stability of the GI was determined in two ways: (1) the purified 
enzyme was incubated for 1 h at 70, 80, and 90 ℃; (2) the purified enzyme was incubated for 
24 h with metal ions added to the standard reaction. The activity of the non-heated enzyme 
was set as 100%. GI of 0.1 mg/mL was determined from 25 to 95 ℃ with a step of 1 mm on 
 ChirascanTm Circular Dichroism Spectrometer (Applied Photophysics Ltd., United Kingdom), 
and Tm values were obtained by fitting the data with Global 3.

Effect of Metal Ions and Chemical Reagents on GI Activity and Kinetic Parameters 
Determination

In order to investigate the effects of metal ions and chemical agents on the activity, the reaction 
was tested in a buffer solution of  NaH2PO4-Na2HPO4 buffer (pH 7.0) with 10 mmol/L (final con-
centration) EDTA, SDS, β-mercaptoethanol (β-ME),  CoCl2,  BaCl2,  FeSO4,  CaCl2,  MgCl2,  ZnCl2, 
 MnCl2,  CuCl2, or  NiCl2 at 80 ℃. In addition, 1 mmol/L  Co2+ was employed to investigate the 
synergistic effect of metal ions and chemical reagents. The activity of adding  CoCl2 is defined as 
100%. Kinetic parameters were determined in the range of 10 − 60 mmol/L for GI using glucose as 
substrate. The obtained data were analyzed by the Lineweaver − Burk plot method [35].

Cellular Catalysis of GI

The bioconversion of recombinant cells was tested at 85 ℃ (oil bath), and cooling devices were added 
to prevent evaporation. A total volume of 20 mL reaction system includes 50 g/L wet cells, 200 g/L 
D-glucose, 1 mmol/L  Co2+, 10 mmol/L  Mg2+, 50 mmol/L  NaH2PO4-Na2HPO4 buffer (pH 7.0) for 
4 h. Samples were withdrawn at different time intervals, and the conversion rate was measured. The 
ratio of the generated D-fructose to the leftover D-glucose was used to compute the conversion.

Results and Discussion

Mining and Screening of Thermostable GIs

To improve the efficacy of industrial fructose production, it is necessary to extract 
a GI gene with a high level of activity and thermal stability. Due to the low cost, high 
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throughput, and high precision of new DNA sequencing technologies, a large number of 
organisms have been sequenced [36]. As more extreme microorganisms are sequenced, 
genome mining is becoming a powerful tool for mining industrial enzymes applied to 
extreme conditions. The mining of genes from gene libraries not only reduces the work-
load of conventional screening, but also facilitates the targeting of enzymes with particular 
properties. In the present study, thermophilic glucose isomerases were extracted via data-
base mining. According to previous  reports, the free N-terminal and C-terminal of pro-
teins play a crucial role in protein stability. Consequently, the energy results obtained from 
FoldX and Rosetta calculations (Fig S1) were utilized to design GeneBank-mining virtual 
probes (Fig S2) at the N-terminal and C-terminal ends. As a result, nine potential thermo-
philic glucose isomerase genes were mined from the database (Fig S3). The amount of 
remaining glucose was detected by a glucose oxidase kit for preliminary screening. Three 
GIs including CAGI, TTGI, and TPGI were ultimately selected for subsequent analysis.

Gene Cloning, Expression, and Protein Purification

To determine the expression level of GI genes, the recombinant plasmids pET-28b car-
rying various GIs were transformed into E. coli BL21 (DE3). The purified and desalted 
protein was verified by SDS-PAGE, and the theoretical molecular weights of CAGI, TTGI, 
and TPGI were 51.04 kDa, 50.96 kDa, and 51.79 kDa, respectively (Fig. 1). The molecu-
lar weights of three GIs under physiological conditions was of 130 kDa as determined by 
SEC-HPLC (Fig S5). Combined with the theoretical molecular weight of GI, GIs exists 
primarily in the form of homologous dimer (theoretical molecular weight of 102  kDa) 
under physiological conditions. In addition, some proteins with small molecular weights 
might be the results of improper folding during the expression process. The failure to 
assemble correctly could theoretically impact the enzyme activity. The concentrations of 
purified enzymes determined by BCA Kit were 4.94 mg/mL, 7.95 mg/mL, and 1.42 mg/
mL for CAGI, TTGI, and TPGI, respectively.

Biochemical Characterization of CAGI, TTGI, and TPGI

Effect of pH on GI Activity

Different pH affects the conformational change of the enzyme, resulting in varying 
activities [37]. The enzyme activities of all three enzymes CAGI, TTGI, and TPGI 
reached the highest at pH 8.0 (Fig.  2a). At pH 6.5–7.0, CAGI can retain greater than 
88% of its relative activity, and TTGI can also retain approximately 80% of its activity. 
The activity of TPGI decreased significantly in an acidic environment and was lost at 
pH 6.0. The pH stability of GI was subsequently determined. The three enzymes were 
more stable in an acidic environment, as demonstrated by the results (Fig. 2b). Nonethe-
less, TPGI maintained 88% relative activity at pH 3.0 while CAGI and TTGI exhibited 
no detectable activity at the same condition. Following a 1 h incubation at pH 4.0–6.0 
and 25 ℃, the residual enzyme activities of all three enzymes were higher than 97%. 
After 1  h of incubation at an alkaline pH (8.0–11.0), the residual enzyme activity of 
the TTGI and TPGI was still above 63%. These results indicate that GIs can be stored 
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over a broad pH range without significant enzyme activity loss. All three enzymes are 
highly active in an environment with a slightly acidic pH. A slightly acidic environment 
minimizes the interaction between glucose and the ε-amino group of lysine residues, 
thereby preventing GI inactivation and lowering production costs. However, the optimal 
pH range for commercial GI is typically 7.5–9.0, and they show low activity in acidic 
environments [21]. This suggests that the mined enzyme in this study is a potential GI 
candidate for commercialization.

Effect of Temperature on GI Activity

The thermal activity of GI was measured at 50–120 ℃. The optimal temperature for TPGI 
was 90 ℃, and CAGI and TTGI still maintained high activities in the temperature range of 
90–120 ℃ (Fig. 2c and d). After 1-h incubation at 90 ℃, the residual enzyme activities of 

Fig. 1  SDS-PAGE analyses of 
purified GIs. Lanes: M, direct-
load color prestained protein 
marker; lines 1, 2, 3: CAGI, 
TTGI, and TPGI were purified 
by immobilized metal ion affinity 
chromatography
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TTGI and CAGI were 6.9% and 3.4%, while TPGI was completely inactivated (Fig. 2e). 
The thermal stability of GI would be significantly enhanced by the presence of metal ions 
according to the previous studies [38, 39]. Our results confirmed that the auxiliary effect 
of metal ions on CAGI and TTGI activities as they preserved around 90% of their initial 
activities after 12-h incubation at 90 ℃, and TPGI retained 52.8% (Fig. 2f). Extending the 
incubation time to 24 h, the residual enzyme activity of TTGI was 52.6%, and CAGI was 
40.1%. CAGI and TTGI demonstrated superior thermal stability. The Tm values of CAGI, 

(c) (d)

(f)

(a) (b)

(e)

Fig. 2  Enzymatic properties of purified GIs. a Effects of pH on the GIs determined at 80 ℃ from pH 5.0 
to 10.0. b pH stability assay. After pre-incubation of the GIs at pH 3.0–12.0 and 25 ℃ for 2 h, the residual 
activities of GIs were determined at optimal condition. c and d Thermoactivities of the GIs at 50–95 ℃ 
(water bath) and 95–120 ℃ (oil bath). e and f Thermostabilities assays of GIs and GIs with metal ions. The 
GIs were pre-incubated at 70, 80, or 90 ℃, and aliquots were removed at specific. Error bars represent the 
means ± SD (n = 3)
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TTGI, and TPGI were 67.9 ± 0.4 ℃, 64.9 ± 0.3 ℃, and 62.0 ± 0.4 ℃, respectively (Fig. 3). 
The higher Tm value of CAGI was consistent with the highest thermal stability within 12 h. 
The thermal stability of the selected enzyme was superior to what had been previously 
reported. The optimal temperatures for reported GIs from Geobacillus caldoxylosilyticu 
[40], Caldicellulosiruptor bescii [21], Anoxybacillus gonensisG2T [18], and Caldicopro-
bacter algeriensis [20] were at 80, 80, 50, and 90 ℃, respectively. The residual enzyme 
activity of Caldicoprobacter algeriensis GI [20] was approximately 28% of the initial 
activity after 90 ℃ incubation for 2 h. A GI from Bacillus sp [41] retained around 20% of 
its initial activity at 80 ℃ after 30 min of incubation. A GI of Caldicellulosiruptor bescii 
[21] lost about 20% of its initial activity at 90 ℃ after 2 h of incubation.

Molecular dynamics (MD) simulation has been widely used to analyze the thermal sta-
bility of enzymes recently. The thermal stability mechanisms of fructosidases and amylases 
have been analyzed by MD simulation. MD can provide contribution of region to thermal 
stability via the root mean square fluctuation (RMSF) and guide subsequent experiments 
[42]. The conformational changes of CAGI and TTGI were simulated at 90 ℃ for 50 ns 
for investigation of thermal stability mechanisms. It was found that TTGI exhibits greater 
flexibility at loop-helix (aa 66–85) (Fig S7). Previous studies have demonstrated that the 
conformation of proteins with greater flexibility has a higher entropy, resulting in a greater 
free energy required for denaturation and thereby preserving their structural stability. The 
thermal stability of TTGI after 12  h is superior to that of CAGI, confirming the above 
analysis. Therefore, we hypothesize that the flexible terminal of GI with a certain degree of 
flexibility typically contributes more to the thermal stability.

The difference in thermal stability is not due to a single factor, but rather to the cumula-
tive effect of numerous weak interactions. In general, β-folds are generally considered to 
be more stable than α-helices. It was discovered that the intrinsic dipole of the α-helix is 
stabilized by a positively charged residue at the C-terminal and a negatively charged resi-
due at the N-terminal, which results in an antiparallel arrangement of adjacent helices and 
provides the protein with stabilizing energy of 5000–7000 kcal/mol [43]. TTGI contained 
17% β-fold and demonstrated greater thermal stability than CAGI and TPGI, both of which 
contained 16%. The aromatic interactions including π-π and cation-π interaction were also 

Fig. 3  The Tm values of CAGI, 
TTGI, and TPGI were deter-
mined by CD spectra
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one of the factors that influence the structural stability of the protein. A pair of aromatic 
contacts on the surface of the protein or in close proximity to the active site can increase 
protein stability by 0.6–1.3 kcal/mol [42]. It was determined that there were 235 aromatic 
H-bonds in CAGI and 232 in TTGI and none in TPGI (Table 1). Similar results were found 
for π-π and cation-π, CAGI was 36 and 16, and TTGI was 44 and 8, respectively. TPGI did 
not produce any aromatic interaction. Consequently, we speculate that the aromatic interac-
tions might be one of the factors influencing the thermal stability of GI.

Effect of Metal Ions and Chemical Reagents on Activity and Kinetic Parameters

There are two metal binding sites in the active center of GIs named M1 and M2, known 
as structural and catalytic metal sites, respectively [44]. GIs showed no activity when no 
metal ions were present (Fig. 4). All three enzymes were activated in the presence of  Co2+, 
while  Mg2+ had a slight activating effect on CAGI and TTGI. In the presence of  Co2+, 
the addition of  Mg2+ increased TTGI activity by up to 115.9%. The addition of additional 
 Mg2+ or  Co2+ had no effect on CAGI or TPGI. Meal ion  Fe2+ has a slight activating effect 
on TTGI in the presence of  Co2+, and the relative vitality was 107.8%, which differs from 
previous studies [21, 35]. Comparatively, other metal ions and chemical reagents inhibited 
the activities of GIs, which was consistent with previous reports [11, 20, 21, 39]. It has 
been demonstrated that metal ions with a radius greater than 0.8 Å have softer electrostatic 
interactions with GI, which inhibits protein activity [45]. This was also supported by the 
fact that the radii of  Ba2+ (1.35 Å) and  Ca2+ (0.99 Å) were greater than 0.8 Å, inhibiting 
the GI activity to varying degrees.

Kinetic parameters of the GI were determined toward D-glucose at 80 ℃. The Km 
and Vmax of CAGI were estimated to be 64.0 ± 2.3 µmol/L and 59.2 ± 2.3 U/mg, respec-
tively, while those of TTGI were 103.4 ± 14.3 µmol/L and 72.8 ± 7.0 U/mg (Table 2). 
The Km of TPGI was 85.7 ± 9.0  µmol/L, and Vmax was 131.9 ± 9.3 U/mg. The max-
imum velocity of the mined GI was significantly greater than what was reported 
(Table 2). The significance of comparing Km value alone is obscure. The turnover num-
ber (kcat/Km) of CAGI, TTGI, and TPGI were 46.2 L/min mmol, 35.3 L/min mmol, and 
77.0 L/min mmol, respectively. This indicated that the catalytic efficiency of these three 
enzymes were high, while those of GIs from Thermoanaerobacter saccharolyticum [17] 

Table 1  Characteristics of the GIs Parameter CAGI TTGI TPGI

Optimum pH 8 8 8
Optimum temperature  > 95  > 95 90
Helix (%) 46 45 47
Beta (%) 16 17 16
Coil (%) 36 37 36
Turn (%) 5 5 5
Hydrophobic moment 1.90 2.8 1.23
Sum positive surface area 35,151.64 34,469.62 35,085.75
Sum negative surface area 20,714.99 20,627.21 20,632.01
Aromatic H-Bond 235 232 0
Stacking 36 44 0
Cation 16 8 0
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and Bacillus stearothermophilus [46] were only 2.6 L/min mmol and 1.5 L/min mmol, 
respectively. These indicated that the three GIs discovered in this study have a higher 
catalytic efficiency.

Fig. 4  The effects of ions or reagents on purified GIs. CK is to add 1 mmol/L  Co2+. Hollow columns indi-
cate the addition of 10  mmol/L metal ions or chemical reagents. Solid columns indicate the addition of 
10 mmol/L metal ions or chemical reagents. Solid columns indicate the addition of 1 mmol/L Co.2+ and 
10 mmol/L metal ions or chemical reagents. Error bars represent the means ± SD (n = 3)

Table 2  Kinetic parameters of GIs

Microorganism Km (mmol/L) Vmax (U/mg) kcat/Km (L/
min mmol)

References

Caldicellulosiruptor acetigenus 64.0 59.2 46.2 This study
Thermoanaerobacter thermocopriae 103.4 72.8 35.3 This study
Thermotoga petrophila 85.7 131.9 77.0 This study
Caldicoprobacter algeriensis 40 41 194 [20]
Thermoanaerobacter thermosulfurigenes 114.1 9.3 4.1 [47]
Thermotoga neapolitana 89 22 13 [48]
Thermotoga maritima 118 16.2 6.9 [49]
Thermoanaerobacter ethanolicus 421 27 3.2 [11]



4409Applied Biochemistry and Biotechnology (2023) 195:4399–4413 

1 3

Cellular Catalysis

Biocatalysis has entered a golden age with the advent of bioinformatics, high-through-
put screening, and enzyme-directed evolution. Currently, immobilized GIs are used in 
the industrial production of fructose. Typically, the cell membrane prevents substrate 
and product from penetrating, resulting in a weak cellular catalytic effect. However, the 
extraction of enzymes and their greater fragility compared to intact cells would increase 
the production cost. Here, recombinant cells of CAGI and TTGI with excellent thermal 
stability and high catalytic performance were used as catalysts to reduce the cost of 
fructose production. Within 30 min, the yield of D-fructose by CAGI and TTGI reached 
47.2% and 48.5%, respectively. The reaction equilibrium was achieved after 1 h, and a 
bioconversion rate of 54.0% was reached until the 4-h reaction (Fig. 5). Neifar et al. [20] 
used a purified enzyme solution to reach 54.7% after 120 min at 85 ℃ with the substrate 
concentration of 0.8  mol/L. The conversion by purified GI from Thermotoga naph-
thophila RKU-10 reached 52.2% at 95 ℃ [23]. Deng et al. [50] reported that an equi-
librium was reached after 4 h at 70 ℃ with a maximum conversion of 53% by a GI of 
Thermobifida Fusca WSH03-11. Jia et al. [39] achieved 52% conversion after 5 h using 
recombinant GI cells. In comparison, CAGI and TTGI screened in this study exhibited 
higher catalytic efficiency and shorter times to reach reaction equilibrium (Table  S2). 
These advantages indicated that the GIs mined in this study are ideal candidates for 
low-cost industrial fructose production.

Conclusion

In conclusion, bioinformatics software-designed virtual probes were used to success-
fully mine thermophilic GIs, which were then heterologously expressed in E. coli, and 
the enzyme properties of three GIs were measured. The TTGI still retained 52.6% of the 
enzyme activity after 24 h of incubation at 90 ℃, much higher than previously reported 

Fig. 5  The time courses of 
bioconversions. The reaction 
was conducted at 85 ℃ in 20 mL 
reaction mixture with 50 mM 
 NaH2PO4-Na2HPO4 (pH 7.0) 
containing  Co2+ (1 mmol/L) and 
Mg.2+ (10 mmol/L), using reor-
ganization of the cell CAGI and 
TTGI, respectively. Error bars 
represent the means ± SD (n = 3)
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GIs, indicating that TTGI is superior for industrial production of D-fructose with excellent 
catalytic efficiency at high temperature. After half an hour of catalysis by TTGI, a maxi-
mum conversion of 54.1% was achieved. This research provides not only an attractive can-
didate GI for low-cost fructose production, but also a theoretical foundation for computer 
simulation studies of GIs.
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