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Introduction

High fructose corn syrup (HFCS), a liquid mixture of glu-
cose and fructose, has become a major sweetener and food 
additive used extensively in a wide variety of processed 
foods and beverages ranging from candy, breads, tins, jams 
to drinks due to its functional and technological advantages 
over sucrose [6, 27]. 42 % of HFCS has been widely pro-
duced by glucose isomerase (GI). Currently, 55 % of HFCS 
with better function of sweetness is more popular as com-
pared to 42 % of HFCS [33]. It has been theorized and con-
firmed that elevated temperature (>85  °C) is required for 
isomerization by GI to achieve the 55 % of HFCS due to 
the isomerization reaction equilibrium, which would avoid 
additional downstream concentration steps [40]. By far, the 
production of 55 % of HFCS by one step is still not real-
ized because of lack of thermostable GI with high activity 
[7, 14]. Thus, it is necessary and urgent to screen a novel 
GI with high activity and stability at elevated temperature.

GIs (EC 5.3.1.5) catalyze the isomerization of d-glu-
cose or d-xylose to d-fructose or d-xylulose, which have 
been classified into two classes (class I and class II) 
based on the peptide length [44]. GIs of class II have 
more than 30–40 amino acids compared with GIs of 
class I at the N-terminus of the protein [7]. Each mono-
mer contains two domains, one is an N-terminal major 
domain folded as a (α/β)8-barrel which contains the cat-
alytic pocket and metal binding sites and the other is a 
C-terminal minor domain folded as a large loop away 
from the larger domain that attaches the adjacent subunit 
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to form a tightly bound dimer [20, 22]. Recently, some of 
GIs from class I have been applied into industry to pro-
duce 42  % of HFCS at 65  °C, which mainly originated 
from the Streptomyces murinus (SMGI), Bacillus coagu-
lans (BCGI), Actinoplanes mussousriensis (AMGI) and 
Streptomyes rubiginosus (SRGI) [14, 23, 46]. However, 
these reported GIs showed poor activities and thermo-
stabilities at high temperature over 80  °C. For example, 
SMGI performs well (750  kg fructose/kg enzyme) to 
produce 42 % of HFCS at 55–65 °C, but its productivity 
reduce to 273  kg fructose/kg enzyme and half-life was 
only 100 min at 80 °C, which could not meet the require-
ments for the 55  % of HFCS production [21]. Some 
hyperthermophilic GIs from Thermotoga neapolitana 
(TNGI) and Thermotoga maritime (TMGI) belonging to 
class II have also been cloned and characterized [5, 8]. 
The optimum temperatures for TNGI and TMGI reached 
95 and 100 °C, respectively. The lifetime productivity of 
TNGI at 90 °C is 1169 kg fructose/kg enzyme, which is 
5.6 times higher than that of SMGI [5]. In recent years, 
over-production of recombinant hyperthermophilic 
GIs has been achieved in Escherichia coli strains [1, 2, 
4]. Akdağ and Çalık reported the highest production of 
GI reached 4364.1  U/L using the exponential feeding 
strategy [1]. To meet the requirement of the industry, it 
is imminent to exploit novel GIs of class II with better 
activities and stabilities at higher temperature to produce 
55 % of HFCS by one-step conversion [18].

In this study, to produce 55 % of HFCS, genome min-
ing method was used to identify the novel thermophilic GI 
from class II, and GI from T. ethanolicus CCSD1 (TEGI) 
was screened from GenBank. After codons optimization, 
the synthesized TEGI gene was cloned and successfully 
expressed in E. coli BL21(DE3). To improve the ther-
mostability and catalytic efficiency, W139 and V186 of 
TEGI were selected for further mutation by site-directed 
mutagenesis method based on the structure modeling and 
molecular docking, and the mutant TEGI (TEGI-W139F/
V186T) with higher activity and thermostability was 
obtained. Furthermore, the characteristics of this mutant 
were investigated in detail. The specific activity of mutant 
TEGI to d-glucose was significantly increased to 92.1 U/
mg. Thermostability of mutant TEGI was more stable than 
wild type TEGI and showed 68  % residual activity after 
24 h incubation at 90  °C. For pH stability, residual activ-
ity of mutant TEGI was 82.4 % after 24 h incubation at pH 
6.5, higher than that of wild type TEGI. Using this mutant 
TEGI-W139F/V186T as the biocatalyst, the isomerization 
reaction could reach equilibrium within 1.5 h and fructose 
yield of 55.4 % was obtained. The obtained mutant TEGI-
W139F/V186T has great potential in the 55  % of HFCS 
production.

Materials and methods

Chemicals, strains, plasmids and growth conditions

d-Glucose, d-fructose and other chemicals were of ana-
lytical grade purity and commercially available. The 
pET-28b(+) (Novagen, Darmstadt, Germany) and E. coli 
BL21(DE3) (Invitrogen, Karlsruhe, Germany) were used 
for cloning and expression of GIs. Recombinant E. coli was 
incubated at 37  °C in Luria–Bertani (LB) medium (1  % 
tryptone, 0.5 % yeast extract and 0.5 % NaCl) containing 
50 µg/mL kanamycin (Kan).

Database mining and sequence alignment

The GI genes were obtained from the GenBank by the pro-
gram of Blast X and Blast P (http://blast.ncbi.nlm.nih.gov/
Blast.cgi) using amino acid sequence of TMGI as a tem-
plate. The structure-based multiple sequence alignment of 
amino acid sequences was carried out by program ClustalX 
and the sequence alignment was generated using the pro-
gram ESPRIPT [34, 41].

DNA manipulation, plasmid construction 
and sequencing

The GI gene from T. ethanolicus CCSD1 (TEGI) was codon 
optimized by an online codon adaptation tool JCAT (http://
www.jcat.de/Start.jsp) and chemically synthesized accord-
ing to its recorded sequence in NCBI (http://www.ncbi.nlm.
nih.gov/), and amplified by polymerase chain reaction (PCR) 
using primers containing NcoI and XhoI restriction sites 
(Table S1 in the Supporting Information) [9]. The PCR reac-
tion system (50  µL) consisted of 50  ng synthesized DNA, 
50 µM dNTP, 0.5 µM of forward and reverse primers, 5 µL 
10× pfu DNA buffer and 2 U pfu DNA polymerase. Ampli-
fication was carried out in a thermal cycler (Bio-Rad, CA, 
USA) under the following conditions: 5  min at 95  °C, 30 
cycles of 50 s at 94 °C, 30 s at 58 °C, 1.5 min at 72 °C and 
10 min at 72 °C. The PCR product was digested with NcoI 
and XhoI and ligated into pET-28b(+) to construct the recom-
binant plasmid, pET28b-TEGI, and then the pET28b-TEGI 
plasmid was transformed into E. coli BL21(DE3) competent 
cells [11]. 6× His-tag had been designed to be possessed at 
the C-terminal of protein for purification by affinity chroma-
tography. Plasmid DNA was isolated using the AxyPrep Plas-
mid Miniprep Kit (Axygen Biotech Ltd., Hangzhou, China) 
according to the instructions of the manufacturer. Extraction 
of DNA from agarose gel was carried out with the AxyPrep 
DNA Gel Extraction Kit (Axygen Biotech Ltd.). The positive 
clones were selected and sequenced using ABI 3730XL DNA 
Analyzer (Sangon Biotech Co. Ltd., Shanghai, China).

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.jcat.de/Start.jsp
http://www.jcat.de/Start.jsp
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
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Homology modeling and molecular docking

The three-dimensional (3D) structure of TEGI was con-
structed using Build Homology Models (MODELER) in 
Discovery Studio 3.0 using the crystal structure of a high 
homologous protein TTGI (PDB accession code: 1A0C) as 
template with the homology of 87 % identity to the TEGI. 
The catalytic tunnel size was analyzed using HotSpot Wiz-
ard (http://loschmidt.chemi.muni.cz/hotspotwizard/) to 
identify the residues essential for protein function, enzyme 
activity and substrate specificity. Autodock 4.2 was then 
used to study the interaction between substrate and TEGI, 
and to predict the spatial structure and catalytic mechanism 
of TEGI. His101 and Asp104 in TEGI were selected as 
flexible residues and all the C–OH were set rotatable. The 
conformation with the lowest binding energy was selected 
as final conformation. The visualization and structure anal-
ysis were performed with PyMOL program version 0.99 
(http://www.pymol.org) [12].

Site‑directed mutagenesis

The recombinant plasmid pET28b-TEGI was used as 
template for the site-directed mutagenesis. The synthetic 
mutagenesis primers were shown in Table S1 in the Sup-
porting Information. The condition of PCR was 98  °C 
for 3 min, followed by 30 cycles of 98 °C for 10 s, 58 °C 
for 15 s and 72 °C for 7 min. The final extension at 72 °C 
lasted for 10 min. The restriction enzyme DpnI was added 
to the PCR products directly to remove the methylated tem-
plate for 3 h at 37 °C. Then the products were purified and 
transformed into E. coli BL21(DE3) for expression. The 
mutant plasmid from the previous round of mutation was 
used as template for next round.

Expression and purification of recombinant enzymes

Recombinant E. coli transformants were cultured at 37 °C 
in 50 mL LB media containing 50 µg/mL kanamycin until 
its optical density at 600  nm (OD600) reached 0.6, and 
then 0.1  mM isopropyl-β-d-thiogalactopyranoside (IPTG) 
was added to induce the expression of the target protein at 
28 °C for 12 h. 1 g of the harvested cells was resuspended 
in 10 mL phosphates buffer (pH 6.5) and lysed by sonica-
tion with a Vibra-Cell VC 505 ultrasonic processor (Son-
ics and Materials Inc., CT, USA), and the obtained solu-
ble supernatant by centrifugation was used as the crude 
enzyme for further investigation.

The supernatant containing recombinant enzymes were 
directly applied to the nickel-NTA superflow column 
(1 × 10 cm2) which had been previously equilibrated with 
binding buffer. Then, the column was subjected to wash-
ing with five folds column volume of the same buffer and 

was eluted using elution buffer (50 mM Tris–HCl, 500 mM 
NaCl, 500  mM imidazole, pH 7.5) with a linear gradient 
of 20–500 mM imidazole. The eluted fusion proteins were 
collected, which were used for enzyme assay and sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE) analysis [29]. Total protein concentration was 
determined by the bicinchoninic acid (BCA) protein assay 
kit (Nanjing Keygen Biotechnology Co, Nanjing, China) 
based on the method reported by Smith et al. [36].

Enzyme assays

d-Glucose was used as substrate and the compositions of 
reaction mixture were as follows: 10  % d-glucose (w/v), 
10 mM Mg2+, 1 mM Co2+, 50 mM phosphates buffer (pH 
6.5) and an appropriate amount of the enzyme in a total vol-
ume of 10 mL. The isomerization reaction was performed 
at 90 °C for 10 min and followed by incubating at 0 °C for 
10 min to inactivate the enzyme. d-fructose formed in the 
reaction mixture was measured using a SpectraMax M5 
spectrophotometer (Molecular Devices LLC, CA, USA) 
by the cysteine–carbazole–sulfuric acid method [19]. One 
unit of the enzyme activity was defined as the amount of 
enzyme that produced 1 μmol of d-fructose per min under 
the assay conditions described above.

Determination of kinetic parameters

Kinetic parameters of wild type TEGI and its mutants were 
calculated from the initial rate of the purified enzyme using 
d-glucose as substrate at the concentrations ranging from 
50 to 400  mM. The double-reciprocal plots of the initial 
reaction rate against the substrate concentrations were per-
formed [42].

Characterization of purified recombinant enzymes

The optimum temperatures of wild type TEGI and mutant 
TEGI-W139F/V186T were determined by incubating the 
enzyme in assay mixtures at temperatures ranging from 
60 to 95  °C and determining the residual enzyme activi-
ties in 50 mM phosphates buffer (pH 6.5) with 1 mM Co2+, 
10 mM Mg2+, 10 % d-glucose (w/v) and 2.4 mg purified 
enzymes, respectively. For thermostability analysis, sam-
ples of wild type and mutant were incubated for 24  h at 
90 °C. The residual activity was determined at 90 °C under 
the standard assay conditions. The non-heated enzyme was 
taken as the control (100 % of activity).

The optimum pH was determined by assaying the 
enzyme reaction in 50 mM potassium phosphate buffer (pH 
5.0–7.0), 50 mM Tris–HCl buffer (pH 7.0–8.5) and 50 mM 
glycine sodium hydroxide buffer (pH 8.5–10.0) with 1 mM 
Co2+, 10  mM  Mg2+, 10  % d-glucose (w/v) and 2.4  mg 

http://loschmidt.chemi.muni.cz/hotspotwizard/
http://www.pymol.org
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purified enzymes at 90  °C, respectively. To determine 
the pH stability, the purified enzymes were preincubated 
in phosphates buffer (pH 6.5) with the concentration of 
50 mM at 0 °C for 24 h. The residual activities were deter-
mined under the standard assay conditions. The non-prein-
cubated enzyme was taken as the control (100 % activity).

The purified enzymes were incubated overnight at 4 °C 
in 50 mM phosphates buffer containing 10 mM EDTA, and 
then dialyzed against 50 mM phosphates buffer containing 
2  mM EDTA and finally dialyzed against 50  mM phos-
phates buffer. The effects of divalent metal ions on enzyme 
activities were studied by incubating the enzyme in reaction 
mixtures with 50  mM phosphates buffer (pH 6.5), 10  % 
d-glucose (w/v) and 2.4 mg dialyzed purified enzymes con-
taining Mg2+, Co2+, Mn2+, Zn2+, Ni2+, Cu2+, Ca2+, Ba2+ 
and Fe2+ with a final concentration of 10 mM. The residual 
activity was measured under the standard assay conditions 
and expressed as a percentage of the activity observed in 
1 mM Co2+ and 10 mM Mg2+.

Biocatalysis of d‑glucose to d‑fructose using mutant 
TEGI‑W139F/V186T

After cultivation, E. coli cells harboring mutant enzyme 
were harvested by centrifugation at 12,000×g for 10 min 
at 4 °C. 10 mL of conversion system contained 2 mL crude 
enzyme (5.69 mg protein/mL), 1 mM Co2+, 10 mM Mg2+, 
10  % glucose (w/v) and 50  mM phosphates buffer (pH 
6.5). The reaction was carried out on a water bath shaker at 
90 °C for 5 h. Samples were taken periodically for HPLC 
analysis. The bioconversion catalyzed by wild type TEGI 
was taken as the control.

HPLC analysis

Detection of concentrations of d-glucose and d-fructose 
was performed with a Waters HPLC system (Waters, Mil-
ford, USA) fitted with a Waters 2414 refractive index detec-
tor (Waters) using a Hi-Plex Ca column (300 ×  7.7 mm) 
(Agilent Technologies, Waldbronn, Germany) with a guard 
column. Samples and standards were eluted at 60 °C with 
ultrapure water (0.5 mL/min). For calculation of the reac-
tion products, d-glucose and d-fructose standards were 
included in the run. The yield represents the ratio between 
the formed d-fructose and the initial d-glucose.

Statistical analysis

If not specifically noted, all experiments in this study were 
performed in triplicate. Analysis of variance (ANOVA) was 
carried out using the SAS program version 8.1 (SAS Insti-
tute Inc., Cary, NC). Least significant differences (LSD) 
were computed at p < 0.05.

Sequence submission

The genes encoding the wild type TEGI and mutant TEGI-
W139F/V186T were respectively deposited in the Gen-
Bank database under the accession numbers of KP844881 
and KP844882.

Results

Screening thermophilic GIs from GenBank database

To improve the economic feasibility and competitiveness 
for industrial production of 55 % HFCS, the GI with high 
activity and thermostability toward glucose is desirable. 
By comparing the enzymatic characteristics of GIs from 
Class I and Class II that have been previously reported, 
which was found that the thermostability of class I of 
GIs was usually lower than that of class II although some 
GIs have better productivities [18]. It is reported that 
the activity of immobilized SMGI from class I was sat-
isfied at moderate temperature (150  U/g, 45  % conver-
sion at 65 °C), but its thermostability still could not meet 
the industrial requirement [21]. By contrast, the optima 
temperature of GIs from class II had an advantage over 
GIs from class I because of their additional 30–40 amino 
acids at the N-terminus, which makes them more flex-
ible under high temperature. TNGI and TMGI, the rep-
resentatives of class II of GIs showed their optima tem-
perature at 95 and 100 °C, and half-lives at 80  °C were 
1.2 and 11.6 h, respectively [5]. Therefore, in this work, 
the genome mining approach was used to screen thermo-
philic GIs from GenBank using TMGI as template [35]. 
The conserved motif FSVAFWHTF of TMGI was used 
as a probe, and five highly homologous GI sequences 
were obtained (Fig. S1 in the Supporting Information). 
Via deletion of the highly homologous hits that are from 
the same kind of bacteria with >90 % homology and the 
published sequences, GIs from Thermotoga petrophila 
RKU-1 (TPGI, YP_001244714.1) and Thermoanaero-
bacter ethanolicus CCSD1 (TEGI, WP_003868244.1) 
were selected. In the amino acid sequence of TEGI, His 
and Pro exist at a higher frequency than those in TPGI, 
which provide more rigidity to the polypeptide backbone 
and enhanced thermal stability of the enzyme. Based on 
the analysis above, the TEGI was selected for further 
research.

Cloning and expression of recombinant TEGIs

To obtain the overexpression of TEGI, the codons of TEGI 
gene were optimized and replaced by those with higher 
frequencies according to the codon usage bias of E. coli, 
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which caused the CAI (Codon Adaptation Index) increased 
from 0.17 to 1.00, and GC content increased from 36.1 to 
48.9  % in TEGI gene sequence. Subsequently, the opti-
mized TEGI gene was synthesized and subcloned to the 
T-vector. To construct expression vector, the gene encod-
ing TEGI was successfully amplified by PCR and cloned 
into pET28b(+) between the restriction sites of NcoI and 
XhoI. 6× His-tag was designed to combine with C-terminal 
of the target protein, which makes the expressed recombi-
nant TEGI could be purified by Ni2+ affinity chromatog-
raphy in one step. The recombinant plasmid was identified 
and confirmed by the restriction endonuclease analysis and 
DNA sequencing. The positive clone was used for cultiva-
tion and induction, the recombinant TEGI was successfully 
expressed in E. coli after 12 h induction. The SDS-PAGE 
analysis of intracellular soluble protein indicated that the 
molecular weight (MW) of TEGI approximated 50  kDa 
(Fig.  1a). According to the densitometric scanning result, 
TEGI had a good soluble expression. The activity assay 
showed that specific activity of TEGI reached 39.9  U/mg 
and 53.8 % of conversion could be obtained using glucose 
as substrate.

Site‑directed mutagenesis of TEGI based on molecular 
simulation

To improve the activity and thermostability of the recom-
binant TEGI, the molecular modification was carried out in 
this study. The 3D structure of TEGI was constructed with a 
GI crystal structure from Thermoanaerobacterium thermo-
sulfurigenes (TTGI, PDB: 1A0C) as template by SWISS-
MODEL homology modeling and the sequence homology 
is 87 % between TTGI and TEGI. The quality of the model 
obtained was assessed by procheck. 93.1 % residues were 
located in the most favorable regions, 6.7  % in additional 
allowed regions and 0.3  % in generously allowed regions 
which indicate that the model is credible. The structure of 
TEGI contains a TIM barrel consisting of eight α-helices 
and eight parallel β-strands which is accord with the pub-
lished structures (Fig. 2a). To investigate the conserved resi-
dues around the catalytic pocket, four GI structures (PDB: 
1A0C, 4HHL, 4J4K and 4LNC) were used to do the multi-
ple structure alignment by ESPRIPT and the active pocket 
was further analyzed by Autodock 4.2. Through the multi-
ple structure alignment, Trp and Val were identified as con-
served residues at the bottom of the active pocket of TEGI 
structures (Fig.  3). And it was reported that Trp replaced 
by another small residue containing a phenyl ring which 
is located in a β-sheet of TIM barrel could reduce the Km 
value previously via enlarging the active pocket [26]. More-
over, there is a hydrophobic core in the TIM barrel which 
would also contribute to the stability of enzyme (Fig. 2b). 
So Trp139 was replaced by Phe which is a hydrophobic 
amino acid with the aim to enlarge the active pocket and 
strengthen the intramolecular hydrophobic interaction to 
improve the activity and thermal stability (Fig.  2c, d). Val 
contains a small hydrophobic side chain which is not benefi-
cial for the binding of the hydrophilic d-glucose. So Thr or 
Ser was selected to replace the Val186 containing a hydro-
philic side chain but similar steric hindrance. After first 
round of site-directed mutagenesis, three mutants TEGI-
W139F, TEGI-V186T and TEGI-V186S were obtained. 
Among them, TEGI-W139F and TEGI-V186T showed 
improvement in activities compared to the wild type TEGI 
(Fig. 4). To further improve the activity of TEGI, the sec-
ond round of site-directed mutagenesis to overlap the two 
positive mutations Trp139Phe and Val186Thr was car-
ried out, and then the double point mutant TEGI-W139F/
V186T was obtained. The activities and thermostabili-
ties of these mutants obtained in these two rounds of site-
directed mutagenesis were determined and the double point 
mutant TEGI-W139F/V186T showed the highest activity 
of 92.1 U/mg (Fig. 4) and thermostability of 68 % residual 
activity after 24  h at 90  °C (Table  1). In addition, the Km 
value was reduced from 421.0  mM (TEGI) to 245.2  mM 
(TEGI-W139F/V186T) and the catalytic efficiency (kcat/Km) 

kDa M 1 2 3 4 5 6 7(a)
116.0
66.2

45.0

35.0

25.0

18.4
14.4

kDa M 1 2(b)
116.0
66.2

45.0

35.0

25.0

18.4
14.4

Fig. 1   a SDS-PAGE analysis of expression products and purified 
enzymes from TEGI. Lane M standard proteins marker of differ-
ent molecular weights. Lane 1 E. coli BL21(DE3), lane 2 E. coli 
BL21(DE3)/pET28b(+), lane 3 TEGI without induced by IPTG, 
4 TEGI induced by IPTG, lane 5 precipitation of cell extract, lane 
6 supernatant of the cell extract, lane 7 TEGI purified by the metal 
affinity chromatography. b SDS-Page analysis of purified enzymes 
from wild type TEGI and mutant TEGI-W139F/V186T. Lane 1 wild 
type TEGI purified by the metal affinity chromatography. Lane 2 
mutant TEGI-W139F/V186T purified by the metal affinity chroma-
tography
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of TEGI-W139F/V186T was improved 1.86-fold as com-
pared to wild type TEGI (Table 2). In consideration of the 
preferable characteristics, the mutant TEGI-W139F/V186T 
was selected for further investigation.    

Purification and biochemical characterization of wild 
type TEGI and mutant TEGI‑W139F/V186T

After completion of the cultivation and induction accord-
ing to the procedure mentioned in the “Materials and meth-
ods”, the E. coli cell biomass reached 1.95 g (DCW)/L and 
activity reached 1718  U/L for wild type TEGI, while the 
E. coli cell biomass reached 2.44 g (DCW)/L and activity 
reached 4535  U/L for mutant TEGI-W139F/V186T. Both 
wild type TEGI and mutant TEGI-W139F/V186T were 
purified by Ni2+ affinity chromatography according to the 
procedures described in “Materials and methods”. Table S2 
in the Supporting Information summarized the results of 
the purification efficiency for wild type TEGI and mutant 
TEGI-W139F/V186T. The elutes containing wild type 
TEGI and mutant TEGI-W139F/V186T were analyzed 
using SDS-PAGE (Fig. 1b).

The effects of temperature on the activities and stabili-
ties of wild type TEGI and mutant TEGI-W139F/V186T 
were investigated. As shown in Fig. 5a, the wild type TEGI 

and mutant TEGI-W139F/V186T showed the maximum 
activities both at 90  °C. The activity of wild type TEGI 
increased slowly from 60 to 90  °C; however, the activity 
of mutant TEGI-W139F/V186T increased gradually from 
60 to 80  °C but increased sharply from 80 to 90  °C. The 
activity of both wild type TEGI and mutant TEGI-W139F/
V186T began to decrease when the temperature increased 
above 90  °C. Moreover, the specific activity of mutant 
TEGI-W139F/V186T (92.1  U/mg) was improved 231  % 
compared to that of wild type TEGI (39.9  U/mg). The 
study of thermostability showed that wild type TEGI main-
tained approximately 56 % of its activity after incubation at 
90 °C for 24 h, while the residual activity of mutant TEGI-
W139F/V186T could retain more than 68  % at the same 
conditions, which is 1.21-fold increase compared with wild 
type TEGI (Fig.  5b). The results confirmed that mutant 
TEGI-W139F/V186T was more thermostable than the wild 
type TEGI and other reported GIs (Table 1).

To investigate the effect of pH on GIs activity, the reac-
tion was performed in buffers monitored at different pH 
from 5.0 to 10.0. As shown in Fig. 5c, both wild type TEGI 
and mutant TEGI-W139F/V186T showed almost the same 
trends of activities under different pH conditions. The 
maximum specific activity of the evolved and wild type 
TEGI was observed at the slightly acidic pH 6.5. Compared 

Fig. 2   The overall structure of 
TEGI constructed by homology 
modeling. a The TIM barrel, 
the β strand were colored by 
purple, b the hydrophobic core 
composed by the hydrophobic 
residue on β strand of TIM bar-
rel, c the position of Trp139 on 
the β strand, d the position of 
Phe139 on the β strand and the 
interaction with the neighbor 
hydrophobic residues
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to wild type TEGI, the activity of mutant TEGI-W139F/
V186T has increased significantly ranging from pH 5.0 
to 10.0. Moreover, the specific activity of mutant TEGI-
W139F/V186T was about 2.3-fold higher as compared 
to the wild type TEGI under the optimal temperature and 
pH. The investigation of pH stability showed that mutant 
TEGI-W139F/V186T was more stable than wild type 
TEGI, and 82.4  % of its original activity was maintained 
when exposed at pH 6.5 for 24  h. However, the residual 
activity of wild type TEGI was 80.9 % at the same condi-
tions (Fig. 5d). The results of optimal pH and pH stability 
showed that there is no apparent difference for TEGI before 
and after genetically engineered.

The effects of various divalent metal ions on the activi-
ties of wild type TEGI and mutant TEGI-W139F/V186T 
are shown in Table 3 in the Supporting Information. Both 

Fig. 3   The analysis of active 
pocket of glucose isomerase in 
Protein Data Bank. a 1A0C, b 
4HHL, c 4J4K, d 4LNC
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Co2+ and Mg2+ had stimulating effects on the activities of 
wild type TEGI and mutant TEGI-W139F/V186T, indi-
cating that the GI activity was Co2+ and Mg2+ depend-
ent. Mn2+ (10  mM) also had slight activation on enzyme 
activity. These results were identical to those previously 
reported [15, 28]. The metal ions Ba2+, Ni2+ and Fe2+ with 
concentration of 10 mM had slight inhibitions on the activi-
ties of wild type TEGI and mutant TEGI-W139F/V186T. 
The stronger inhibitory effects were observed in the pres-
ence of Cu2+, Zn2+ and Ca2+, but the tolerance ability of 
mutant TEGI-W139F/V186T to Ca2+ had been slightly 
improved compared with wild type TEGI.

The kinetic parameters of the wild type TEGI and 
mutant TEGI-W139F/V186T with glucose concentra-
tions from 50 to 400  mM were determined according to 
the Michaelis–Menten model and Lineweaver–Burk plots 
(Fig. S2 in the Supporting Information). As depicted in 
Table 2, Michaelis constants (Km) of the wild type TEGI 
and mutant TEGI-W139F/V186T were 421 and 245 mM. 
The analysis of the Km values indicated that the mutant 
TEGI-W139F/V186T showed a higher affinity toward 
d-glucose than wild type TEGI and lead to a 1.86-fold 
improvement in catalytic efficiency (kcat/Km). The maxi-
mum reaction rates (Vmax) of wild type TEGI and mutant 
TEGI-W139F/V186T were 27 and 29.2  mM/(min  mg) 
at 90  °C, and the turnover numbers (kcat) were 22.6 and 
24.5 s−1, respectively.

Biocatalysis of d‑glucose to d‑fructose using mutant 
TEGI‑W139F/V186T

To verify the potential application of mutant TEGI-W139F/
V186T in enzymatic production of 55 % HFCS, the isomer-
ization was performed by mutant TEGI-W139F/V186T, 
and the wild type TEGI was used as the control. The reac-
tion mixture with a final volume of 10 mL in a 50-mL flask 
proceeded for 5  h at 90  °C with shaking (150  rpm). The 
time courses of the bioconversion of d-glucose to produce 
HFCS using the wild type TEGI and mutant TEGI-W139F/
V186T are shown in Fig. 6. The molar yield of d-fructose 
reached 45.9  % within 30  min and increased sharply to 
reach 54.8 % after 1.5 h using mutant TEGI-W139F/V186T 
as catalyst, and then the isomerization tended to be steady 
and finally reached maximum 55.4  % when the reaction 
extended to 5 h. In contrast, d-fructose was produced with a 
molar yield of 34.9 % within 30 min and increased rapidly 
within 3 h to reach 52.9 %, and the isomerization gradually 
maintained equilibrium after 3  h transformation by wild 
type TEGI and continuously retained greater than 53  % 
upon prolonged incubation. Mutant TEGI-W139F/V186T 
with short equilibrium time attributed to the higher affinity 
and catalytic efficiency toward d-glucose, and an enhance-
ment of thermostability which was preferable to the com-
mercial GIs reported in the literatures [21, 30]. These 
results suggested that the mutant TEGI-W139F/V186T had 

Table 1   Comparison of thermostabilities of GIs

GIs Optimum temperature (°C) Thermostability References

T. saccharolyticum 80 T1/2 = 4 h at 80 °C [43]

T. saccharolyticum MGI4-35 80 T1/2 = 27 h at 80 °C [43]

T. neapolitana DSM 5068 95 T1/2 = 1.2 h at 80 °C [8]

T. maritima 100 T1/2 = 11.5 h at 80 °C [8]

A. cellulolyticus 11B 80 T1/2 = 4 h at 75 °C [32]

T. fusca 80 T1/2 = 2 h at 80 °C [13]

S. murinus 65 T1/2 = 10 h at 85 °C [21]

Wild type TEGI 90 56 % residual activity after 24 h at 90 °C This work

TEGI-W139F 90 65 % residual activity after 24 h at 90 °C This work

TEGI-V186T 90 59 % residual activity after 24 h at 90 °C This work

TEGI-V186S 90 45 % residual activity after 24 h at 90 °C This work

TEGI-W139F/V186T 90 68 % residual activity after 24 h at 90 °C This work

Table 2   Kinetic constants of 
wild type and mutant TEGI-
W139F/V186T using d-glucose 
as substrate

Enzyme Km (mM) Vmax  
(µmol/min/mg)

kcat (s
−1) kcat/Km  

(/mM/min)

Wild type TEGI 421.0 ± 7.2 27.0 ± 0.8 22.6 3.2

TEGI-W139F 322.4 ± 9.1 33.3 ± 0.6 27.9 5.2

TEGI-V186T 255.4 ± 3.8 27.8 ± 0.5 23.3 5.5

TEGI-V186S 1361.9 ± 27.2 71.8 ± 1.4 60.1 2.7

TEGI-W139F/V186T 245.2 ± 4.4 29.2 ± 0.5 24.5 6.0
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a higher catalytic efficiency which was a potential candi-
date in the one-step production of 55 % HFCS.

Discussion

Glucose isomerase (GI) is one of the most important indus-
trial enzymes, which is widely used in the production of 
HFCS, a sweetener for beverages and foodstuffs. The com-
mercial available GI belonging to the class I has been used 
for manufacturing the 42 % HFCS in a mild temperature, 
but it is very difficult to make the conversion reach 55 % 
in one step by currently available GIs [7]. So far, 55 % of 
HFCS has to be produced by additional downstream pro-
cessing steps [14]. However, it is confirmed that some GIs 
of class II from thermophilic bacterium had good ther-
mostability. Therefore, according to the thermodynamic 
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Fig. 5   Effects of temperature and pH on the activities and stabili-
ties of wild type and mutant TEGI-W139F/V186T. a Effect of tem-
perature on activities. The reaction was performed at 60–95  °C as 
the indicated temperatures. b Effect of temperature on stabilities. 
Wild type TEGI and mutant TEGI-W139F/V186T were incubated 
for 24 h at 90 °C. The residual activity was measured under standard 
assay condition. The original activity without incubation was taken 
as 100 %. c Effect of pH on activities. Wild type TEGI and mutant 
TEGI-W139F/V186T activities were measured at the indicated pH 

values in 50  mM buffer: phosphate buffer (pH 5.0–7.0), Tris–HCl 
(pH 7.0–8.5), Gly-NaOH (pH 8.5–10.0). d Effect of pH on enzyme 
stability. The purified enzymes were preincubated in phosphate buffer 
of pH 6.5 with the concentration of 50  mM at 0  °C for 24  h. The 
residual activity was measured under standard assay condition. The 
original activity at individual pH was taken as 100 %. All the reac-
tions under various conditions were started by the addition of the 
enzyme solution that was preincubated with 10  mM  Mg2+, 1  mM 
Co2+ at 90 °C and pH 6.5 for 3 min

Table 3   Effect of divalent metal ions on the activities of wild type 
and mutant TEGI-W139F/V186T

ND the activity is not detectable

Metal ions Relative activity (%)

Wild type TEGI TEGI-W139F/V186T

Co2+ 93.5 ± 0.38 38.3 ± 0.15

Mg2+ 21.0 ± 0.59 33.2 ± 0.24

Mn2+ 30.0 ± 1.56 15.5 ± 0.87

Cu2+ ND 8.5 ± 0.33

Zn2+ ND 6.8 ± 0.29

Ba2+ 2.6 ± 0.50 22.3 ± 0.98

Fe2+ 8.6 ± 1.10 7.1 ± 0.78

Ni2+ 2.8 ± 0.52 11.7 ± 1.22

Ca2+ 1.5 ± 0.35 10.6 ± 0.53

Co2+ + Mg2+ 100 100
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equilibrium of isomerization, the availability of thermosta-
ble and thermoactive GIs of class II for 55 % of HFCS pro-
duction raises the possibility that higher temperature could 
be used to improve the potential yield of fructose [40]. 
Currently, screening hyperthermophilic GIs has been a hot 
issue in production of 55 % HFCS.

A genome mining approach, substitute for the microor-
ganisms screening from soil, following gene cloning was 
adopted in this study to search for robust GI capable of pro-
ducing HFCS with high thermostability and catalytic effi-
ciency. Screening GIs containing two advantages of class 
I and class II can be achieved through this method, which 

is difficult and time-consuming in conventional way [39]. 
This promising method for quick discovery of novel biocat-
alysts had been emerged and applied in recent years which 
made a great progress in nitrile biocatalysis [17]. Kaplan 
et  al. [24] using genome method found the nitrilase from 
fungal and made it express successfully in E. coli. As a 
point of reference, in this study, the gene encoding T. etha-
nolicus CCSD1 GI with a good activity and thermostability 
was obtained by the strategy of genome mining method and 
was successfully expressed in E. coli.

The wild type TEGI has showed great potentiality as 
biocatalyst candidate for its high conversion (53.8  %) 
under the high temperature (90  °C). However, to ful-
fill the requirements of the industrial production of 55  % 
HFCS, the catalytic activity of the recombinant GI needs 
to be further improved. The site-directed mutagenesis tech-
nique was used to improve the thermostability and activ-
ity of TEGI toward d-glucose [45]. The key to the success 
of site-directed mutagenesis is the analysis of the structure 
and selection of the mutation site [18]. The model structure 
of TEGI showed a typical (α/β)8 barrel fold, an additional 
about 31 amino acids N-terminus whose specific function 
was not clear and an active center located at the C-termi-
nus of the β-barrel [10]. The active center was two metal 
binding sites, M1 (the structural metal site) bounds Glu232, 
Glu268, Asp296, Asp339, and two water molecules, and 
M2 (the catalytic metal site) bounds Glu268 (shared with 
M1), His271, Asp307, Asp309, and the catalytic water 
[25]. Studies on the 3D structure and catalytic mechanism 
of GI revealed that the catalytic residues including His101, 
Lys341, Asp339, Asp309 and Lys234 are highly conserved 

0 1 2 3 4 5
30

35

40

45

50

55
F

ru
ct

o
se

 y
ie

ld
 (

%
)

Time (h)

TEGI-W139F/V186T

wild type TEGI 

Fig. 6   Progress curves of the isomerization of glucose in 10 ml reac-
tion mixture with 50  mM phosphate buffer (pH 6.5), Co2+ (1  mM) 
and Mg2+ (10 mM) using wild type TEGI and mutant TEGI-W139F/
V186T as biocatalyst, respectively

Fig. 7   Comparison of the conformation of the wild type TEGI (a) 
and mutant TEGI-W139F/V186T (b). Amino acid backbones were 
represented by  ribbon cartoon model. The active sites, His 101 and 
Asp 104, Trp139 and Val186 (for wild type TEGI, a), and Phe139 and 
Thr186 (for mutant TEGI-W139F/V186T, b) were represented by sticks 

models. In mutant TEGI-W139F/V186T, a new hydrogen bond (green 
dashed line) between Thr186 and C6-OH of d-glucose was formed to 
stabilize the transitional conformation. Replacement of Trp139 with a 
smaller residue Phe enlarged the binding pocket. The distance between 
O5 ring oxygen and imidazole nitrogen was shorter (color figure online)
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[16, 25]. In particular, His101 was involved in the sugar 
ring opening after proton acceptance from the O1 atom 
of the sugar hydroxyl and transfer it to O5 of the ring [3]. 
Our strategy to improve catalytic efficiency of TEGI was to 
expand the substrate-binding pocket by introducing small, 
hydrophobic amino acids or to increase its binding affin-
ity toward the hydrophilic d-glucose by introducing hydro-
philic amino acids into TEGI at the positions around the 
active site [38]. In addition, enhancing the rigidity of pro-
tein or stabilizing its structure by introduce hydrogen bond 
could improve the thermostability of enzyme [18].

As discussed above, Trp139 and Val186 located in the 
proximity of the catalytic site His101, which were highly 
conserved, were selected as mutation points (Fig.  7). 
Trp139 was substituted by a smaller residue Phe (Fig. 7a, b)  
resulting in an extension of the binding pocket, which 
decreased the steric hindrance for binding of the substrate 
with the enzyme. The O5 ring oxygen was close to the 
position 139, it could be speculated that mutant Phe is more 
spacious making the ring opening easier, so as to increase 
the catalytic efficiency [31, 38]. And also, the replacement 
of Phe increased the intramolecular hydrophobic interac-
tion which improved the thermostability (Table  1). The 
effect of replacing a hydrophilic Thr in site of Val186 sta-
bilized the transition state by producing hydrogen bond 
with C6-OH group of d-glucose instead of hydrophilic 
interaction according to the result of Val186 replaced by 
Ser and then improved the catalytic efficiency for d-glucose 
[37]. These two mutant sites were overlapped to generate 
a double mutant TEGI-W139F/V186T which showed an 
increased affinity of the enzyme for its substrate d-glucose, 
as a result of decrease in Km value than single point mutant. 
And a shorter distance of 3.0 Å between O5 ring oxygen 
and imidazole nitrogen was observed by molecular dock-
ing (Fig. 7). The spacious volume of the substrate-binding 
pocket could decrease a steric hindrance when glucose 
ring opening and isomerizing, so the specific activity and 
kcat/Km were dramatically improved compared to wild type 
TEGI.

Furthermore, the mutant TEGI-W139F/V186T biocata-
lyst with the best thermostability displayed a higher conver-
sion that made the reaction reach equilibrium within 1.5 h 
at 90 °C, the yield of fructose reached 55.4 %, which was 
superior to the previously reported GIs at similar reaction 
temperatures. Meanwhile, the higher catalytic efficiency by 
this mutant will not only economically shorten equilibrium 
time but also reduce the by-product. All these make mutant 
TEGI-W139F/V186T a promising biocatalyst utilized in 
55 % of HFCS production [7, 18]. Obviously, to produce 
55 % HFCS at an industrial scale, a proper immobilization 
technique may be a powerful tool to improve enzyme prop-
erties, and the catalytic conditions need to be optimized, 
which is undergoing in our lab.

In conclusion, in this study a new GI gene from T. etha-
nolicus CCSD1 was screened by genome mining and het-
erologously overexpressed in E. coli. To improve the activ-
ity and conversion of d-glucose, TEGI had been engineered 
by site-directed mutagenesis, and a mutant, TEGI-W139F/
V186T with high catalytic activity of 92.1 U/mg, was suc-
cessfully obtained. The value of kcat/Km and thermostability 
of this mutant at 90 °C for 24 h was 1.86-fold and 1.21-fold 
than that of wild type TEGI. Structure analysis showed that 
the mutant TEGI-W139F/V186T had a more spacious sub-
strate-binding pocket than the wild type TEGI and a more 
steady conformation between substrate and active site, which 
improved the catalytic activity. In addition, mutant TEGI-
W139F/V186T was applied in biotransformation of glucose 
with conversion reaching 55.4  % and shortened the reac-
tion equilibrium time within 1.5 h. This study indicated that 
mutant TEGI-W139F/V186T will be an attractive and com-
petitive candidate for one-step production of 55 % HFCS.
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