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Abstract
Phosphatases, which catalyze the dephosphorylation of compounds containing phosphate groups, are important members
of the haloacid dehalogenase (HAD)–like superfamily. Herein, a thermostable phosphatase encoded by an open reading
frame of Trd_1070 from Thermomicrobium roseum was enzymologically characterized. This phosphatase showed pro-
miscuous activity against more than ten sugar phosphates, with high specific activity toward ribose 5-phosphate, followed
by ribulose 5-phosphate and fructose 6-phosphate. The half-life of Trd_1070 at 70 °C and pH 7.0 was about 14.2 h. Given
that the catalytic efficiency of Trd_1070 on fructose 6-phosphate was 49-fold higher than that on glucose 6-phosphate, an
in vitro synthetic biosystem containing alpha-glucan phosphorylase, phosphoglucomutase, phosphoglucose isomerase,
and Trd_1070 was constructed for the production of fructose from maltodextrin by whole-cell catalysis, resulting in
21.6 g/L fructose with a ratio of fructose to glucose of approximately 2:1 from 50 g/L maltodextrin. This in vitro biosystem
provides an alternative method to produce fructose with higher fructose content compared with the traditional production
method using glucose isomerization. Further discovery and enzymologic characterization of phosphatases may promote
further production of alternative monosaccharides through in vitro synthetic biosystems.
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Introduction

The ubiquitous haloacid dehalogenase (HAD)–like superfam-
ily is a diverse superfamily comprised of enzymes that cata-
lyze a wide range of reactions (Huang et al. 2015; Kuznetsova
et al. 2015). To date, information of over 670,000 members of
the HAD enzyme superfamily (IPR023214) have been depos-
ited into the InterPro database (Mitchell et al. 2019).

Phosphatases (CO–P cleavage) account for the vast majority
of enzymes in the HAD superfamily (Burroughs et al. 2006;
Zhang et al. 2004), followed by ATPases (PO–P cleavage)
(Aravind et al. 1998; Collet et al. 1998b), phosphonatases
(C–P cleavage) (Morais et al. 2000), dehalogenases (C–Cl
cleavage) (Motosugi et al. 1982), and sugar phosphomutases
(CO–P cleavage/formation) (Collet et al. 1998a). Numerous
types of HAD phosphatases are present in cells of both pro-
karyotes and eukaryotes. For example, at least 23 members of
HAD phosphatases have been discovered in Escherichia coli
and at least 19 members have been found in yeast
(Kuznetsova et al. 2015; Kuznetsova et al. 2006). In brief,
HAD phosphatases play different cellular roles on various
aspects, including the maintenance of metabolic pools, the
regulation of primary and secondary metabolism, cell house-
keeping, and the uptake of nutrients (Allen and Dunaway-
Mariano 2004; Kuznetsova et al. 2006; Rangarajan et al.
2006; Rinaldo-Matthis et al. 2002; Wang et al. 2001). For
example, phosphoserine phosphatase participates in the bio-
synthesis of L-serine by catalyzing the dephosphorylation of
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phospho-L-serine (Wang et al. 2001). Deoxyribonucleotidase,
a ubiquitous enzyme in mammalian cells, dephosphorylates
nucleoside monophosphates and functions to balance the nu-
cleoside pools (Rinaldo-Matthis et al . 2002). 2-
Deoxyglucose-6-phosphatase helps to reduce the intracellular
level of 2-deoxyglucose-6-phosphate, which is a toxic ana-
logue of glucose 6-phosphate (G6P) and represses cell growth
at high concentrations (Kuznetsova et al. 2006).

The HAD phosphatases have a highly conserved α/β
Bcore^ domain that contains the phosphoryl transfer site (Lu
et al. 2008) and a Bcap^ domain that acts as a dynamic lid over
the core domain of the active site to provide the substrate
specificity determinants (Lahiri et al. 2004). In a previous
study, Huang et al. have examined the activity profile of more
than 200 HAD phosphatases by screening a customized li-
brary of 167 compounds. Their result has demonstrated that
75% of HAD phosphatases can utilize greater than five sub-
strates (Huang et al. 2015). For instance, more than half of the
characterized phosphatases from Saccharomyces cerevisiae
and E. coli show high promiscuous activity against multiple
phosphorylated metabolites (Kuznetsova et al. 2015;
Kuznetsova et al. 2006). Thus, HAD phosphatases exhibit
an extremely high level of substrate ambiguity, which may
serve to avoid the accumulation of phosphorylated metabo-
lites, to sufficiently metabolize large pools of similar sub-
strates, and to facilitate the evolution of new metabolic func-
tion in response to a change in the substrate pool caused by
environmental challenges (Huang et al. 2015).

The numerous HAD phosphatases provide us with a large
amount of versatile enzyme candidates that can be used to
produce a variety of biochemicals via dephosphorylation of
phosphate group–containing metabolites. For example, inosi-
tol monophosphatase was used to produce inositol via an
in vitro enzymatic biosystem (You et al. 2017), the HAD-
like phosphatase YqaB was introduced into S. cerevisiae to
produce N-acetylglucosamine (Lee and Oh 2016), sorbitol-
6-phosphate phosphatase SorPP was used for the biosynthesis
of sorbitol (Zhou et al. 2003), and a possible fructose-6-
phosphatase was proposed for the biosynthesis of fructose
(Moradian and Benner 1992). Nevertheless, substrate speci-
ficity has not been well characterized for a large number of
phosphatases, which prohibited the use of these enzymes in
the synthesis of value-added biochemicals. Accurate informa-
tion on substrate specificity is therefore key prerequisite for
the successful application of HAD phosphatases.

In vitro synthetic enzymatic biosystems are regarded as the
next-generation biomanufacturing platform featured by their
high product yield, fast reaction rate, great engineering flexi-
bility, and easy scale-up (You and Zhang 2017). Generally,
thermostable enzymes from thermophilic microorganisms
are recommended for in vitro biosystems due to their opera-
tional stability and low risk of contamination (You and Zhang
2017). Recombinant thermophilic enzymes overexpressed in

mesophilic hosts (such as E. coli) can be purified via a simple
heat precipitation process, which lowers the cost of enzyme
preparation (You et al. 2017). In addition, high operating tem-
perature decreases viscosity of the aqueous reaction solutions
and consequently enhances the mass transfer (You et al.
2017). Whole-cell biocatalysts utilizing recombinant thermo-
philic enzymes are considered to be a promising alternative to
purified enzymes in industrial processes due to several advan-
tages. These advantages include (i) higher stability compared
purified enzymes; (ii) reduced purification requirements be-
cause insoluble cell catalysts can be collected through centri-
fugation after a heat treatment step; (iii) independence of ex-
ogenous cofactors and avoidance of possible toxic constraints;
and (iv) more stability of the enzymes upon immobilization,
which is a process that can achieve robust reusability (Dong
et al. 2017; Kim et al. 2014; Ninh et al. 2013).

In this study, we performed the functional assignment of
HAD phosphatase Trd_1070 (GeneBank accession no.
ACM05684) from Thermomicrobium roseum DSM 5159,
which was previously uncharacterized. Sequence analysis
and substrate specificity assay were carried out to clarify
the substrate spectrum of Trd_1070. Then, enzymatic char-
acterization of Trd_1070 was performed to deep under-
stand its basic properties. On the basis of the characterized
enzymatic properties, E. coli whole-cell biocatalysts con-
taining overexpressed Trd_1070 as well as three other ther-
mostable enzymes, alpha-glucan phosphorylase (αGP),
phosphoglucomutase (PGM), and phosphoglucose isomer-
ase (PGI), were mixed and applied to the biosynthesis of
fructose from maltodextrin via a reported in vitro enzymat-
ic biosystem (Moradian and Benner 1992).

Materials and Methods

Bacterial strains and culture conditions

E. coli TOP10 and BL21 (DE3) were used for plasmid prop-
agation and protein expression, respectively. The E. coli
strains were grown in Luria−Bertani (LB) medium at 37 °C
with 100 μg/mL ampicillin (Solarbio, China) when required.
Unless otherwise indicated, other analytical reagents were
purchased from Sigma-Aldrich (USA).

Sequence analysis of Trd_1070

According to the protein sequence, function prediction and
homology analysis of T. roseum Trd_1070 were performed
using the NCBI (National Center for Biotechnology
Information, USA) database. Sequence alignment of
Trd_1070 and its homologous proteins was performed by
using ClustalW (http://clustalw.ddbj.nig.ac.jp/), and the
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phylogenetic tree was constructed by MEGA 6.0 software
using a neighbor-joining method (Tamura et al. 2013).

Cloning, expression, and purification of Trd_1070

The gene encoding Trd_1070 from T. roseumwas synthesized
by General Biosystems (Anhui) Co., Ltd. (Anhui, China) with
codon optimization, yielding plasmid pET15b-Trd_1070.
E. coli BL21 (DE3) harboring the recombinant expression
vector was cultured in LB medium at 37 °C and 220 rpm until
the optical density at 600 nm (OD600 nm) reached 0.6–0.8.
0.1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) was
then added into the shake flask, and the bacterial culture was
transferred to 16 °C for another 16 h of cultivation. Cells were
harvested by centrifugation at 4 °C and were resuspended in
lysis buffer (50 mM HEPES, 50 mM NaCl, pH 7.5). After
ultrasonication on ice, cell debris was removed by centrifuga-
tion at 12,000×g for 20 min at 4 °C. The crude enzyme was
loaded onto a nickel-nitrilotriacetic acid (Ni-NTA) affinity
column to purify the His-tagged Trd_1070. The targeting el-
uent was buffer exchanged to 50 mM HEPES buffer (pH 7.0)
by ultrafiltration (10-kDa cutoff membrane; Millipore,
Billerica, USA) at 4 °C. The homogeneity of the proteins
was checked using 12% SDS-PAGE. Protein concentrations
were determined by the Bradford method with bovine serum
albumin as the standard.

Measurement of enzyme activity

The substrate specificity assays were performed at 80 °C for
10 min in HEPES buffer (pH 7.0) containing 5 mM MgCl2
and an appropriate amount of Trd_1070. Different sugar phos-
phates, including ribose 5-phosphate (R5P), ribulose 5-
phosphate (Ru5P), fructose 6-phosphate (F6P), xylulose 5-
phosphate (Xu5P), deoxyribose 5-phosphate (DR5P), fructose
1,6-diphosphate (F16P), glyceraldehyde 3-phosphate (G3P),
dihydroxyacetone phosphate (DHAP), tagatose 6-phosphate
(T6P), glucose 6-phosphate (G6P), allulose 6-phosphate
(A6P), glucosamine 6-phosphate (GlcN6P), glucose 1-
phosphate (G1P), mannose 6-phosphate (M6P), and inositol
1-phosphate (I1P), were tested one at a time at a final concen-
tration of 10 mM. The reaction was stopped by HClO4 and
neutralized by KOH (You and Zhang 2013). The released
inorganic phosphate was measured by the mild pH phosphate
assay (Saheki et al. 1985). One unit (U) of enzyme activity
was defined as the amount of enzyme that released 1 μmol of
phosphate per minute. The activity of Trd_1070 against the
general phosphatase substrate p-nitrophenyl phosphate
(pNPP) at a final substrate concentration of 1 mM was per-
formed in HEPES buffer (pH 7.0) containing 5 mMMgCl2 at
80 °C. The reaction was halted by adding sodium carbonate to
a final concentration of 0.75M. The absorbance of released p-
nitrophenol was detected at 405 nm. One unit of enzyme

activity was defined as the amount of enzyme that liberated
1 μmol of p-nitrophenol per minute. Unless otherwise stated,
each measurement was conducted in triplicate, and error bars
are reported as standard deviations.

Effects of temperature and pH on Trd_1070 activity

The effects of temperature and pH on Trd_1070 activity
and stability were evaluated using pNPP as substrate. For
determining the enzymatic optimal temperature, activities
of Trd_1070 were measured from 30 to 95 °C in 100 mM
HEPES buffer (pH 7.0) containing 5 mM MgCl2. One
hundred millimolars of Bis-Tris buffer (pH 6.0–7.0),
100 mM HEPES buffer (pH 7.0–8.0), and 100 mM Tris-
HCl buffer (pH 8.0–9.0) were used for optimal pH deter-
mination at 80 °C. The thermostability of Trd_1070 was
determined at 60, 70, and 80 °C in 100 mM HEPES buff-
er (pH 7.0). Aliquots of samples were taken at different
time points, and the residual activity was determined im-
mediately by using pNPP as substrate.

Effects of cations on Trd_1070 activity

To examine the effects of cations on the activity of Trd_1070,
NH4

+, Ca2+, Mg2+, Fe2+, Fe3+, Co2+, Ni2+, Cu2+, Mn2+, and
Zn2+ were added to a final concentration of 1 mM each at a
time. The effect of Mg2+ concentration on the enzymatic ac-
tivity of Trd_1070 was also tested. After pre-incubation in
HEPES buffer (pH 7.0) with the cations for 1 h at 4 °C, the
activity was determined using pNPP as substrate at 80 °C. The
Trd_1070 activity in the absence of the cations listed above
was considered 100%.

Determination of kinetic parameters of the purified
enzyme

The Michaelis–Menten kinetic parameters of purified
Trd_1070 were determined at pH 7.0 and 70 °C using several
substrates, including pNPP, G1P, G6P, and F6P. 0.246 mg/L of
Trd_1070 was incubated with pNPP at various concentrations
from 0.01 to 1 mM for 5 min. 0.516 g/L of Trd_1070 was
incubated with G1P at various concentrations from 0.5 to
20mM for 60min. 0.516 g/L of Trd_1070 was incubated with
G6P at various concentrations from 0.5 to 20 mM for 30 min.
0.086 g/L of Trd_1070 was incubated with F6P at various
concentrations from 0.2 to 10 mM for 3 min. The amounts
of the catalytic product, p-nitrophenol or phosphate, were de-
tected and were plotted against substrate concentrations to
calculate the initial reaction rates. Kinetic constants (the
Michaelis constant Km and the turnover number kcat) were
estimated using the Michaelis–Menten equation with
GraphPad Prism 5.01 software (San Diego, CA, USA) by
employing nonlinear regression.
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Application of Trd_1070 to the production of fructose
from maltodextrin

Plasmids pET20b-TmαGP, pET20b-TkPGM, and pET28a-
TtcPGI were used for the preparation of corresponding re-
combinant proteins, namely alpha-glucan phosphorylase
(αGP) from Thermotoga maritimaDSM3109, phosphoglu-
comutase (PGM) from Thermococcus kodakarensis ATCC
BAA-918, and phosphoglucose isomerase (PGI) from
Thermus thermophilus DSM 46338, respectively, by
methods as described elsewhere (Wang et al. 2017; You
et al. 2017). pET15b-Trd_1070 was used for the expression
of the phosphatase Trd_1070. pET20b-StIA was used to
express Sulfolobus tokodaii DSM 16993 isoamylase (IA),
which debranched maltodextrin by hydrolyzing α-1,6-glu-
cosidic linkages (Zhou et al. 2016). Each recombinant
E. coli strain was cultivated in a 5-L fermenter (T&J Bio-
engineering Co., Ltd., Shanghai, China) at 37 °C using
high-cell-density media with a slightly modified formula-
tion that the citric acid and thiamine were replaced with 10
g/L yeast extract (Riesenberg et al. 1991). In the fed-batch
phase, the specific growth rate was controlled at 0.10 per
hour, the pH value was controlled at 6.7–7.2, and the dis-
solved oxygen level was controlled to be more than 20%.
Protein expression was induced by adding 100 mg lactose/g
dry cell/h at 16 °C. The cells were then harvested by centri-
fugation (5,000×g, 20 min, 4 °C), washed twice, and stored
at − 20 °C. For the preparation of the whole-cell catalyst, the
cells were resuspended in HEPES buffer (50 mM, pH 7.0)
and subsequently heated at 70 °C for 20 min.

The pretreatment of maltodextrin was conducted bymixing
1 U/mL of IA with 100 g/L maltodextrin (DE 4-7) in 5 mM
acetate buffer (pH 5.5) containing 0.5 mM MgCl2. After in-
cubation at 80 °C for 3 h, the IA-treated maltodextrin was
obtained. One-pot biosynthesis of fructose was conducted in
100 mMHEPES (pH 7.0) containing 10 g/L IA-treated malto-
dextrin, 20 mM phosphate, and 5 mM MgCl2 at 70 °C under
anaerobic condition. In the proof-of-concept assay, the heat-
treated cells expressing αGP, PGM, PGI, and Trd_1070 were
added under loading amounts of 0.10 U/mL for each. After
process optimization, the reaction mixture containing 0.15 U/
mL αGP-containing cells, 0.15 U/mL PGM-containing cells,
0.60 U/mL PGI-containing cells, and 0.10 U/mL Trd_1070-
containing cells was constructed to produce fructose from 10
g/L IA-treated maltodextrin. For a high substrate concentra-
tion of 50 g/L IA-treated maltodextrin, the reaction was per-
formed at 70 °C under anaerobic condition in 100 mM
HEPES buffer (pH 7.0) containing 10 mM MgCl2, 50 mM
phosphate, 0.30 U/mL αGP-containing cells, 0.30 U/mL
PGM-containing cells, 1.2 U/mL PGI-containing cells, and
0.20 U/mL Trd_1070-containing cells. The reaction was car-
ried out with a stirring speed of 120 rpm. Samples were col-
lected at different time points. Fructose in the supernatant

were determined by an HPLC apparatus equipped with a
Bio-Rad HPX-87H column with 5 mM H2SO4 as a mobile
phase and a refractive index detector. The concentration of
glucose was determined by a glucose oxidase/peroxidase as-
say kit. G1P was determined using a coupled spectrophoto-
metric assay by a self-made G1P assay kit (100 mM HEPES
buffer at pH 7.5, 1 U/mL of glucose 6-phosphate dehydroge-
nase (G6PDH, EC 1.1.1.49), 1 U/mL of PGM, 0.15 mM
NAD+, 5 mM MgCl2). The generation of NADH was moni-
tored at 340 nm. G6P was measured by a self-made G6P assay
kit (100 mM HEPES buffer at pH 7.0, 1 U/mL of G6PDH,
0.15mMNAD+, 5 mMMgCl2) bymonitoring the absorbance
increase at 340 nm. F6P was determined by the G6P assay kit
supplemented with 1 U/mL PGI. The concentration of malto-
dextrin was determined by the amylose/amylopectin assay kit
(Megazyme, Wicklow, Ireland). Unless otherwise stated, each
measurement was conducted in triplicate, and error bars are
reported as standard deviations.

Sequence submission

The nucleotide sequence of codon-optimized full-length
Trd_1070 gene was deposited in the GenBank database under
the accession number of MK496545.

Results

Sequence analysis, expression, and purification
of recombinant Trd_1070

In the genome of T. roseum DSM 5159, the open reading
frame (ORF) of Trd_1070 gene encoded a 294 amino acid
protein (GenBank accession no. ACM05684.1), which was
annotated as N-acetylglucosamine-6-phoshatase or p-nitro-
phenyl phosphatase. Trd_1070 shared the highest sequence
identity of 78% to a putative acid sugar phosphatase from
bacterium HR28 (GenBank accession no. GBD20727.1),
which was a previously uncharacterized enzyme. Among the
characterized enzymes, the one with the highest sequence
identity to Trd_1070 was the thermostable p-nitrophenyl
phosphatase (NPPase) from Geobacillus stearothermophilus
(GenBank accession no. AAM29189.1; with 37% sequence
identity to Trd_1070) (Shen et al. 2014), followed by the glyc-
erol 3-phosphate phosphatase from Mycobacterium
tuberculosis (GenBank accession no. CCP44457.1; with
29% sequence identity to Trd_1070) (Larrouy-Maumus et al.
2013) and the ribonucleotide monophosphatase from E. coli
(GenBank accession no. CAA32355.1; with 27% sequence
identity to Trd_1070) (Tremblay et al. 2006). Sequence align-
ment and phylogenetic analysis indicated that Trd_1070 clus-
tered with a wide range of phosphatases from HAD–like hy-
drolase superfamily (Fig. 1a). However, the enzymatic
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properties, especially substrate specificity, of most of these
enzymes had not been determined so far. To look for more
evidence that Trd_1070 belongs to the HAD superfamily, we
also examined the sequence motifs shared by Trd_1070 and
the three characterized HAD–like phosphatases mentioned
above. HAD enzymes possess a typical structure consisting
of four loops (corresponding to four sequence motifs) and a
mobile cap domain (Fig. 1b) (Allen and Dunaway-Mariano
2004). Motif I (DXDX(T/V)) is the catalytic center and is
associated with Mg2+ cofactor binding (Collet et al. 1998a;
Guo et al. 2014). Motif II (S/TXX) is responsible for the
formation of hydrogen bond with oxygen in phosphate radical
(Guo et al. 2014). Motifs III (XKX) and IV ((G/S)(D/S)X2-
6(D/N)) both play a role in the orientation of the nucleophile
and the coordination of Mg2+ (Collet et al. 1998a; Guo et al.
2014). The cap domain (motif V) determines substrate speci-
ficity (Guo et al. 2014; Lahiri et al. 2004). On the basis of the
sequence and structure information of the three characterized
phosphatases, the conservative motifs I–V of Trd_1070 was

predicted (Fig. 1b), suggesting that Trd_1070 was a putative
HAD–like phosphatase.

The codon-optimized full-length Trd_1070 gene was syn-
thesized and was successfully expressed in E. coli BL21
(DE3) with a C-terminal His-tag. The recombinant protein
was purified by Ni-NTA column. According to SDS-PAGE
analysis, Trd_1070 was purified to homogeneity and showed
a single band with a molecular weight of 32 kDa, which was
consistent with the predicted value based on amino acid se-
quence (Fig. 2). Approximately 3.44 mg of Trd_1070 was
purified from 200 mL of the cell culture with a purification
yield of 36.1%.

Substrate specificity of Trd_1070

Substrate specificity of recombinant Trd_1070 toward a range
of sugar phosphates and pNPP was analyzed. Trd_1070 could
decompose pNPP with a specific activity of 98.6 U/mg at 80
°C, yielding phosphate, and a yellow product, p-nitrophenol.

Fig. 1 Bioinformatics analysis of Trd_1070. a Neighbor-joining
phylogenetic tree. Phylogenetic analysis was carried out using MEGA
6.0 software. b Multiple sequence alignments of Trd_1070 and three
characterized homologous HAD–like phosphatases on conservative

motifs I–V. AAM29189.1, p-nitrophenyl phosphatase (NPPase) from
G. stearothermophilus; CCP44457.1, glycerol 3-phosphate phosphatase
from M. tuberculosis; CAA32355.1, ribonucleotide monophosphatase
from E. coli
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This result indicated that Trd_1070 was able to process phos-
phorylated substrates. At 80 °C and pH 7.0, the specific ac-
tivity of purified Trd_1070 was 0.99 U/mg against R5P, 0.66
U/mg against Ru5P, 0.59 U/mg against F6P, 0.29 U/mg
against Xu5P, 0.26 U/mg against DR5P, 0.22 U/mg against
F16P, and only 0.01–0.1 U/mg against other nine phosphory-
lated substrates (Fig. 3). This result suggested that Trd_1070
was highly promiscuous. Trd_1070 demonstrated the highest
specific activity toward R5P, and a comparable activity
toward other pentose phosphates such as Ru5P and
Xu5P. Because Ru5P, Xu5P, and R5P might simulta-
neously exist as intermediates in the process of pentose
production, Trd_1070 would dephosphorylate all these in-
termediates to result in a mixture of ribose, ribulose, and

xylulose in similar proportions, which would in turn lead
to low yield and high separation cost of the desired prod-
uct . The s imi lar act iv i t ies of Trd_1070 on the
dephosphorization of different pentose phosphates sug-
gested that Trd_1070 was unsuitable to produce pentose.
By contrast, the activity of Trd_1070 for F6P was 6-fold
higher than that for the other hexose phosphates such as
G6P and G1P (Fig. 3). This property of Trd_1070 made it
a potential phosphatase to produce fructose.

Effects of temperature, pH, and cations on the activity
of Trd_1070

Using 1 mM of pNPP as substrate, the optimal temperature
and pH of Trd_1070 were determined to be 80 °C and 7.0,
respectively (Fig. S1a and S1b). Thermostability of Trd_1070
in 100 mM HEPES buffer (pH 7.0) strongly depended on
temperature. At 4.3 mg/L, the half-life of Trd_1070 was 3.7
h, 0.6 h, and 0.09 h at 60, 70, and 80 °C, respectively (Fig.
S1c). The effect of mass concentration on the thermostability
was determined at 0.86 g/LTrd_1070. In this case, the half-life
time of thermo-inactivation was extended to about 71.2 h,
14.2 h, and 0.2 h at 60, 70, and 80 °C, respectively (Fig.
S1d). Therefore, Trd_1070 was a phosphatase with excellent
thermostability, and the stability was temperature- and mass
concentration-dependent (Table 1).

Trd_1070 was slightly activated by Fe3+ and Ni2+ with a
relative activity of 140% and 141%, respectively. The enzyme
was significantly activated by 1 mM Mg2+, exhibiting a 4.6-
fold increase of specific activity (Fig. 4a). In addition, the
activity of Trd_1070 increased as the Mg2+ concentration in-
creased to 5 mM (Fig. 4b). The results suggested that
Trd_1070 was a Mg2+-dependent phosphatase.

Enzymatic kinetics analysis of Trd_1070

The kinetic parameters of Trd_1070 were measured against
pNPP and hexose phosphates in 100 mM HEPES buffer (pH
7.0) containing 5 mMMgCl2 at 70 °C (Table 2). The Km and
kcat values of Trd_1070 for pNPP were 0.09 mM and 5321.1
min−1, respectively, which led to a high catalytic efficiency
(kcat/Km) of the enzyme (59123.3 mM−1 min−1). The catalytic
efficiency values of Trd_1070 against sugar phosphates were
relative lower than that of Trd_1070 against pNPP. The Km

value of Trd_1070 for F6P was comparable to those for G1P
and G6P. However, the kcat/Km value of Trd_1070 for F6Pwas
one and two orders higher than those for G6P and G1P, re-
spectively (Table 2). These results indicated that Trd_1070
had much higher activity against F6P compared with G1P
and G6P, and was consistent with the results of substrate spec-
ificity experiment. On the basis of the above results of enzy-
matic characterization, we speculated that Trd_1070 could be
applied to a reported in vitro synthetic enzymatic biosystem
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purified Trd_1070 by Ni-NTA column
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containing alpha-glucan phosphorylase (αGP, phosphogluco-
mutase (PGM), phosphoglucose isomerase (PGI), and
fructose-6-phosphatase for the production of fructose from
maltodextrin (Moradian and Benner 1992).

Fructose biosynthesis by a Trd_1070-containing
whole-cell biosystem

On the basis of the enzymatic properties of Trd_1070, an
in vitro enzymatic biosystem containing Trd_1070 was

constructed to produce fructose from maltodextrin (Fig. 5a).
The reaction pathway consisted of four sequential steps: (1)
maltodextrin was phosphorolyzed by αGP in the presence of
inorganic phosphate, yielding G1P; (2) G1P was converted to
G6P by PGM; (3) G6Pwas isomerized to F6P by PGI; (4) F6P
was dephosphorylated into fructose and phosphate by
Trd_1070. Inorganic phosphate could be recycled between
reactions 1 and 4 in one vessel. The standard Gibbs energy
changes (ΔG′°) of reactions 1 to 4 were calculated to be + 2.8,
− 7.4, + 2.5, and − 11.7 kJ/mol at pH 7.0 and ionic strength of
0.1 M (http://equilibrator.weizmann.ac.il/), respectively
(Table 3). Although reactions of steps 1 and 3 were thermo-
dynamically unfavorable, their downstream exergonic reac-
tions, especially the reaction catalyzed by Trd_1070, helped
to push the overall reaction toward the desired direction.

Whole-cell biocatalyst is a useful tool to produce biochem-
icals due to its high stability, reduced purification requirement,
and low preparation cost (Dong et al. 2017; Kim et al. 2014).
Therefore, whole-cell biocatalysts of four BL21 (DE3) strains
containing T. maritima αGP (gene locus TM1168),
T. kodakarensis PGM (gene locus TK1108), T. thermophilus
PGI (gene locus TTHA0277), and T. roseum Trd_1070, re-
spectively, were mixed and applied to produce fructose from
maltodextrin. The specific activities of 1 OD600 nm of whole-
cell biocatalysts αGP, PGM, PGI, and Trd_1070 were 37.5
mU/mL, 81.0 mU/mL, 300.0 mU/mL, and 1.4 mU/mL, re-
spectively. At the beginning, 10 g/L maltodextrin (58.1 mM
glucose equivalent) was used for the proof-of-concept exper-
iment of this in vitro enzymatic biosystem when the loading
amounts of all four whole-cell biocatalysts are 0.10 U/mL.
The HPLC spectra showed that the whole-cell biosystem can
convert maltodextrin into fructose successfully, accompanied
with a high concentration of by-product of glucose which was

Table 2 The kinetic characteristics of Trd_1070 against phosphorylated
substrates in 100 mMHEPES (pH 7.0) containing 5 mMMgCl2 at 70 °C

Substrate kcat (min
−1) Km (mM) kcat/Km (mM−1 min−1)

pNPP 5321.1 0.09 59123.3

G1P 0.2 2.4 0.1

G6P 4.8 7.5 0.6

F6P 74.0 2.5 29.6
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Fig. 4 Effects of cations on the enzymatic activity of Trd_1070. a The
relative activity of Trd_1070 at 1 mM cations. b The effect of Mg2+

concentration on the activity of Trd_1070. The Trd_1070 activity in the
absence of any cations was considered 100%

Table 1 Enzymatic
characteristics of Trd_1070 Enzyme Optimal

temp (°C)
Optimal pH Half-life of Trd_1070

Incubation concentration
of Trd_1070 under 4.3 mg/L

Incubation concentration
of Trd_1070 under 0.86 g/L

Trd_1070 80 7.0 3.7 h under 60 °C 71.2 h under 60 °C

0.6 h under 70 °C 14.2 h under 70 °C

0.09 h under 80 °C 0.2 h under 80 °C
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caused by the futile dephosphorylation of G6P by Trd_1070
(Fig. S2a). The concentration values of fructose and glucose
were 12.5 mM (2.3 g/L) and 7.8 mM (1.4 g/L) at hour 20,
respectively (Fig. S2b).

The reaction conditions of this biosystem were opti-
mized to improve the product yield of fructose. The reac-
tion temperature was first determined. The reactions were
performed at 60, 70, and 80 °C (Fig. S3a). Although a
high titer of fructose (14.6 mM) was obtained under 80 °C
at 20 h, the biosystem can produce a comparable concen-
tration of fructose (12.9 mM) with a mole ratio of fructose

to glucose (F/G) of 1.59 under 70 °C at 20 h. In addition,
the optimal temperature of Trd_1070 is 80 °C, and the
reaction temperature of this in vitro enzymatic biosystem
was set at 70 °C to avoid thermal inactivation of
Trd_1070. Then the reactions were performed from pH
6.0 to 8.0 at 70 °C. This whole-cell biosystem can pro-
duce 12.0 mM, 12.3 mM, and 11.2 mM fructose in pH
6.5, 7.0, and 7.5, respectively (Fig. S3b). Thus, the pH
value of 7.0 was selected as the optimal pH. The ratio of
four different whole-cell biocatalysts was optimized under
70 °C and pH 7.0 according to the fructose concentrations
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Fig. 5 Biosynthesis of fructose from 10 g/L maltodextrin via an in vitro
synthetic enzymatic biosystem. a Scheme of the ATP- and cofactor-free
in vitro enzymatic biosystem for the synthesis of fructose from
maltodextrin. The enzymes were alpha-glucan phosphorylase (αGP),
phosphoglucomutase (PGM), phosphoglucose isomerase (PGI), and
phosphatase (Trd_1070). The intermediates were glucose 1-phosphate
(G1P), glucose 6-phosphate (G6P), and fructose 6-phosphate (F6P). b

HPLC profiles of reaction systems at different time points. c
Concentration profiles of substrates and products. The reaction was
performed at 70 °C under the condition of 10 g/L IA-treated
maltodextrin (58.1 mM glucose equivalent), 100 mM HEPES buffer
(pH 7.0), 10 mM MgCl2, 20 mM phosphate, 0.15 U/mL αGP-
containing cells, 0.15 U/mL PGM-containing cells, 0.60 U/mL PGI-
containing cells, and 0.10 U/mLTrd_1070-containing cells

Table 3 The information of
enzymes used in this in vitro
synthetic enzymatic biosystem

Enzyme EC no. Source Gene locus ΔG′°a Keq
a

Alpha-glucan phosphorylase (αGP) 2.4.1.1 T. maritima TM1168 2.8 0.3

Phosphoglucomutase (PGM) 5.4.2.2 T. kodakarensis TK1108 − 7.4 20.0

Phosphoglucose isomerase (PGI) 5.3.1.9 T. thermophilus TTHA0277 2.5 0.4

Fructose-6-phosphatase (Trd_1070) − T. roseum Trd_1070 − 11.7 115.0

a The standard Gibbs energy changes (ΔG′°) and the theoretical equilibrium constants (Keq) were calculated by
using the calculator at http://equilibrator.weizmann.ac.il/ at pH 7.0 and an ionic strength = 0.1 M
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and F/G values (Fig. S4). The optimal ratio of heat-treated
whole-cell biocatalysts αGP, PGM, PGI, and Trd_1070
was determined as 3:3:12:2 at the loading amounts of
0.15 U/mL (4 OD600 nm), 0.15 U/mL (1.85 OD600 nm),
0.60 U/mL (2 OD600 nm), and 0.10 U/mL (71.4 OD600

nm) for converting 10 g/L maltodextrin, respectively.
Then, we performed fructose production experiments under

the optimal conditions. HPLCwas used to quantify the concen-
trations of fructose and glucose (Fig. 5b). The concentration of
maltodextrin rapidly decreased before hour 10 and the residual
maltodextrin was 13.1 mM in glucose equivalent at hour 60.
Meanwhile, the concentration of fructose gradually increased
to 5.2 g/L (28.9 mM) at hour 60 with a fructose yield of 49.7%
(Fig. 5c), and the by-product glucose was maintained at a con-
centration of 2.4 g/L (13.5 mM) at hour 60. The main interme-
diate of this biosystem was G6P, which reached a highest con-
centration of 14.8 mM at hour 4 and gradually decreased to
2.9 mM at hour 60. The concentration of total sugar was main-
tained at a relatively constant level (Fig. 5c).

Subsequently, this biosystem was analyzed using 50 g/
L IA-treated maltodextrin (277.5 mM glucose equivalent)
as substrate to investigate its potential for industrial appli-
cations. Generally, the enzyme amounts on 50 g/L malto-
dextrin should be 5 times of those on 10 g/L maltodextrin.
However, 357 OD600 nm of Trd_1070, which was 5 times
of that on 10 g/L maltodextrin, was too much to be added
into the reaction system containing 50 g/L maltodextrin.
Thus, 2 times of enzyme loadings on 10 g/L maltodextrin
were chosen to produce fructose from 50 g/L maltodex-
trin, while the ratio of the four enzymes remained the
same. Less enzyme loadings should only affect the reac-
t ion time. As shown in Fig. 6, at hour 96, the

concentrations of fructose and glucose were 21.6 g/L
(120.2 mM) and 9.8 g/L (54.5 mM), respectively.

Discussion

Currently, fructose is mainly produced by the reversible
isomerization of glucose which is carried out in aqueous
phase by using glucose isomerase (GI, EC 5.3.1.5), resulting
in the low product yield of fructose because of the thermo-
dynamic equilibrium of GI (Li et al. 2017). In addition, in-
activation of GI at higher temperatures, the narrow pH oper-
ationwindow, inhibitory effect by Ca2+, and the requirement
of Co2+ by GI are the major drawbacks of this process (Li
et al. 2017). Exploration for more efficient routes to produce
fructose is therefore of great interest. A thermodynamically
favorable metabolic pathway containing alpha-glucan phos-
phorylase, phosphoglucomutase, phosphoglucose isomer-
ase, and fructose-6-phosphatase was proposed to produce
fructose from maltodextrin (Moradian and Benner 1992).
The final exergonic step catalyzed by fructose-6-
phosphatase pulls reaction intermediates to fructose thor-
oughly. However, the phosphatase that selectively dephos-
phorylates F6P in the final exergonic step has not been found
yet (Moradian and Benner 1992). In our study, the catalytic
efficiency of Trd_1070 for F6P was 49-fold higher than that
for G6P and 296-fold higher than that for G1P; Trd_1070
seemed to be the appropriate phosphatase for F6P dephos-
phorylation (Table 3). Thus, Trd_1070 was recruited into
this reported four-enzyme biosystem to produce fructose
from maltodextrin (Fig. 5a). As shown in Fig. 6, 21.6 g/L
fructose was produced from 50 g/L IA-treated maltodextrin.
Due to the side reaction of Trd_1070 toward G6P, glucose
was produced as a byproduct, and the ratio of fructose to
glucose was approximate 2:1 (Fig. 6). Compared with the
traditional GI-mediated fructose production method that
usually gives a mixture of fructose and glucose at a ratio of
approximately 1:1, the production cost of pure fructose by
our in vitro synthetic biosystem would be lower.

In order to obtain the high fructose yield from malto-
dextrin, two main aspects should be taken into account.
One is the util ization of remaining maltose and
maltotriose because αGP cannot utilize these two com-
pounds. The other is obtaining a highly specific F6P
phosphatase, which shows little activity on G6P and
G1P. To improve the utilization of maltodextrin, 4-
glucanotransferase (4GT, EC 2.4.1.25), which transfers
the anhydroglucose unit of maltose/maltotriose to another
maltodextrin to obtain a longer maltodextrin chain for
αGP utilization, can be added into the reaction mixture
(You et al. 2017). For obtaining a highly specific F6P
phosphatase, the mining of new specific phosphatase or
the engineering of the current Trd_1070 by directed
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Fig. 6 Biosynthesis of fructose from 50 g/L maltodextrin by the in vitro
synthetic enzymatic biosystem containing αGP, PGM, PGI, and Trd_
1070. The reaction was performed at 70 °C under the condition of 50 g/
L IA-treated maltodextrin (275 mM glucose equivalent), 100 mM
HEPES buffer (pH 7.0), 10 mM MgCl2, 50 mM phosphate, 0.30 U/mL
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evolution using high-throughput screening method (Senn
and Wolosiuk 2005) can be performed in the future. In
addition, fructose and glucose can lead to Maillard reac-
tion, which may deactivate the enzymes and lead to in-
complete utilization of substrates. For efficient utilization
of maltodextrin, Maillard reactions can be alleviated by
decreasing pH, adding antioxidants, or acetylating amino
groups (Meng et al. 2018). In a word, deep investigation
of this in vitro enzymatic biosystem for fructose produc-
tion is required in the future to reduce the product cost in
industrial scale, such as optimization of the process, reac-
tion scale-up, and product separation.

For the in vitro enzymatic biosystems, a design princi-
ple is that the last step should be irreversible to maximize
the product yield (You and Zhang 2017). As an enzyme
that catalyzes irreversible exergonic reactions, phospha-
tase meets this design principle exactly, and can push
the overall reaction toward completeness, resulting in a
theoretical 100% conversion. For example, inositol was
produced from starch or cellulose with a yield of more
than 90% by in vitro synthetic enzymatic biosystems with
the assist of inositol monophosphate (Meng et al. 2018;
You et al. 2017). Therefore, after finding new phospha-
tases with high specificity on certain sugar phosphates,
this in vitro synthetic biosystem can be used as a univer-
sal and efficient biomanufacturing platform for the pro-
duction of many valuable monosaccharides such as
tagatose, allulose, and mannose.

In this work, we performed the enzymatic characterization
of a thermostable sugar phosphatase Trd_1070 from
T. roseum. This enzyme exhibited much higher activity of
dephosphorylation toward F6P than G6P and G1P; thus, a
four-enzyme in vitro synthetic enzymatic biosystem including
Trd_1070 was constructed to produce fructose from malto-
dextrin, providing a cost-efficient route for the production of
fructose. After finding new phosphatases with highly specific-
ity on specific sugar phosphates, the phosphatase-included
in vitro synthetic enzymatic biosystem will become a univer-
sal and efficient biomanufacturing platform for the production
of value-added monosaccharides, such as low-calorie rare
sugars, from low-cost biomass.
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