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Abstract

D-Mannose isomerase can reversibly catalyze D-fructose to D-mannose which has various
beneficial effects. A novel D-mannose isomerase gene (PsMIaseA) from Pseudo-
monas syringae was cloned and expressed in Escherichia coli. The recombinant

D-mannose isomerase (PsMIaseA) showed the highest amino acid sequence ho-
mogeneity of 50% with ManI from Thermobifda fusca. PsMIaseA was purified
through Ni-NTA chromatography, and its specific activity was 818.6 U mg–1. The
optimal pH and temperature of PsMIaseA were pH 7.5 and 45 °C, respectively.
The enzyme was stable within a wide pH range from 5.0 to 10.0. It could
efficiently convert D-fructose to D-mannose without any metal ions. When
PsMIaseA was incubated with 600 g/L D-fructose for 6 h, the space-time yield
of D-mannose reached 27.2 g L–1 h–1 with a maximum conversion ratio of 27%.
Therefore, the D-mannose isomerase may be suitable for green production of D-
mannose.
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Introduction

High-sugar diets have led to an increasing incidence of obesity and diabetes worldwide. Thus,
low-sugar diets have attracted widespread attention from both researchers and consumers [1].
To reduce the amount of sugar in food, some monosaccharides with low calorie and multiple
functions have been used as sugar substitutes. Among monosaccharides, D-mannose is
the aldose isomer of D-fructose as well as the C-2 epimer of D-glucose. Its sweetness
is 60% of sucrose, and its caloric value is 3.75 kcal g–1 [2]. Mannose has attracted
great attention owing to its numerous health benefits, such as regulating immunity and
metabolism [3], preventing urinary tract infections [4], promoting the proliferation of
intestinal probiotics [5], and retarding tumor growth [6]. Moreover, it has been used
as an additive in feed to prevent Salmonella contamination [7] as well as a precursor
in medicine to produce anti-tumor agents, polyol, and vitamins [8–10]. Efficient and
green production of mannose has become a new development direction for food and
bioproduct industries.

In nature, mannose is a common component of mannan and a sugar chain of glycoprotein
[11]. Small amount of mannose in free form has been found in some plants and animals. It is
difficult to extract mannose directly from plants, such as fruits [12] and herbs [13]. Chemical
conversion of glucose is now the main method for mannose production [14]. Normally, this
process is carried out under high temperature condition with a large amount of acid
and molybdate. It can cause high energy consumption, byproduct formation, complex
downstream purification, and environmental pollution. By contrast, enzyme method
can produce mannose at a mild condition with eco-friendliness and high efficiency,
and has attracted increasing attention [15]. There are four main types of enzymes
which produce mannose: D-mannose isomerase (EC 5.3.1.7), D-lyxose isomerase (EC
5.3.1.15), D-mannose 2-epimerase (EC 5.1.3.-), and cellobiose 2-epimerase (EC
5.1.3.11) [16]. The former two enzymes can catalyze the isomerization between
mannose and fructose, whereas the latter two mainly catalyze the C-2 epimerization
between mannose and glucose. However, neither lyxose isomerase nor cellobiose 2-
epimerase is suitable for the production of mannose due to their metal ion dependence
and low substrate specificity [17, 18]. Mannose isomerase can specifically isomerize
fructose to mannose without metal ion dependence [19].

Mannose isomerase was first found in Pseudomonas saccharophila in 1956 [20].
Thereafter, some mannose isomerases have been identified and characterized [21, 22].
Only a few of them have been heterologously expressed in E. coli, such as those from
Salmonella enterica [23] and Thermobifida fusca [24]. To improve the expression
level, a mannose isomerase (MIase) from E. coli BL21 has been expressed in Bacillus
subtilis WB800 with extracellular activity of 51.2 U mL–1 [25]. Normally, mannose
isomerases show the highest catalytic activity in the neutral-to-alkaline range and
reversibly convert fructose to mannose with an equilibrium ratio ranging from 20 to
35% [26, 27]. It is gradually realized that mannose isomerase is a suitable enzyme for
green production of mannose.

Pseudomonas syringae can produce a variety of enzymes related to sugar metabolism [28].
Herein, a mannose isomerase gene from P. syringae was cloned and expressed in E. coli.
Biochemical properties of the recombinant enzyme were measured, and the subsequent
evaluation of its application in mannose production was conducted. It is the first report on
mannose isomerase from P. syringae.
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Materials and Methods

Chemicals and Reagents

E. coli BL21 (DE3), serving as the heterologous expression host, was acquired from Invitrogen
(Carlsbad, CA). Plasmid pET28a (+) as an expression vector was purchased from Novagen
(Madison, WI). Mannose and fructose were provided by BioDee (Beijing, China). The
fructose assay kit was obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China).

Cloning and Expression of the Mannose Isomerase Gene

Based on the genomic DNA of P. syringae in the GenBank database, the mannose isomerase
gene (GenBank accession number WP_007249212.1), designated as PsMIaseA, was amplified
by PCR with primers PsMIaseAF (GAGAGATCCATATGGACAACAACAACCACACCTT
CA) and PsMIaseAR (GATCACTCGCTCGAGTGAAGGTGTGGTTGTTGTTGTCCAT).
The PCR products were digested with NdeI and XhoI, and inserted into pET28a (+) vector
(Novagen, USA). For heterologous expression, the consequent recombinant plasmids
(pET28a-PsMIaseA) were introduced into E. coli BL21 competent cells.

The recombinant cells carrying the pET28a-PsMIaseA plasmid were cultured into the LB
medium containing 50 μg mL–1 kanamycin and the culture was incubated at 37 °C with
shaking at 200 rpm. When the optical density of the broth at 600 nm reached 0.6–0.8,
PsMIaseA was induced by isopropyl β- D-thiogalactopyranoside (IPTG) of 6 mmol L–1, and
the culture continued to grow at 16 °C for 12 h.

Purification of the Mannose Isomerase

The culture (200 mL) was centrifugated at 10,000 ×g for 5 min. The pellets were mixed with 20
mL of buffer A (20 mmol L–1 Tris-HCl, 20 mmol L–1 imidazole, 500 mmol L–1 NaCl, pH 8.0),
and decomposed by ultrasonication for 20 min. After centrifugation (10,000 ×g) for 10 min, the
supernatant was collected and loaded onto a Ni-NTA column (10 × 50mm, GEHealthcare) at a
flow rate of 0.5 mL min–1. Purification of the mannose isomerase (designated as PsMIaseA)
was performed through fast protein liquid chromatography (FPLC, ÄKTA purifier, GE
Healthcare), and the system flow rate was set to 1.0 mL min–1. The column was washed
successively with six column volumes of buffer A and buffer B (20 mmol L–1 Tris-HCl,
50 mmol L–1 imidazole, 500 mmol L–1 NaCl, pH 8.0) to elute the weak-bonded proteins. Buffer
C (20mmol L–1 Tris-HCl, 200mmol L–1 imidazole, 500mmol L–1 NaCl, pH 8.0) was then used
to elute the bound proteins. The purity of eluted fractions with mannose isomerase activity was
monitored by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Sub-
sequently, the fractions with high enzyme activity were combined and then dialyzed against
20 mmol L–1 Tris-HCl buffer (pH 8.0) at 4 °C overnight. The enzyme was then concentrated
using an ultrafiltration tube (nominal molecular mass limit 10,000 Da, BioDee).

Enzyme Assay and Protein Concentration

The mannose isomerase assay was estimated using mannose as the substrate with a fructose
assay kit. A mixture containing 0.1 mL diluted enzyme and 0.9 mL mannose liquor (1.0%,
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w/v, 50 mmol L−1 phosphate, pH 7.5) was reacted at 40 °C for 10 min, and the reaction was
terminated by boiling the mixture for 5 min. A total of 50 μL of the above mixture was added
to 1.5 mL color-developing agent and boiled for 8 min for coloration. After cooling by rinsing
with water, the absorption of the solution at 285 nm was immediately determined. One unit of
enzyme activity was defined as the amount of mannose isomerase that liberates 1 μmol of
fructose per minute under the conditions described. According to Lowry’s method [29], the
protein content was measured using bovine serum albumin as standard.

Measurement of Molecular Mass

Two methods, viz. SDS-PAGE and gel filtration, were used to measure the molecular masses
of PsMIaseA. SDS-PAGE was done in accordance with Laemmli’s method using 12.5%
separating gel [30]. Coomassie Brilliant Blue R-250 as staining solution was used to make
protein bands visible. Gel-filtration was carried out to measure the native molecular mass of
PsMIaseA using a Sephacryl-100 column (10 × 400 mm) equilibrated with 20 mmol L–1 of
phosphate (pH 7.0) containing 150 mmol L–1 NaCl. The proteins were eluted by an ÄKTA
purifier at a flow rate of 0.5 mL min–1. Phosphorylase b (97.2 kDa), bovine serum albumin
(66.5 kDa), ovalbumin (44.3 kDa), α-chymotrypsinogen a (from bovine pancreas, 25.6 kDa),
and cytochrome c (12.4 kDa) were used as standards.

Biochemical Characterization of Mannose Isomerase

Optimal pH of PsMIaseA was estimated by standard assay in 50 mmol L–1 of different buffers
(pH 3.0–11.0) at 40 °C. The buffers used were citrate (pH 3.0–6.0), acetate (pH 4.0–6.0),
phosphate (pH 6.0–8.0), tris (hydroxymethyl) aminomethane-HCl (Tris-HCl) (pH 7.0–9.0),
2-(cyclohexylamino) ethanesulfonic acid (CHES) (pH 8.0–10.0), and (cyclohexylamino)-1-
propanesulfonic acid (CAPS) (pH 10.0–11.0). After the enzyme was incubated in the above
buffers at 30 °C for 30 min, the pH stability was assessed by the residual activity of PsMIaseA.

Optimal temperature of PsMIaseA was evaluated at a temperature range of 10–70 °C in
50 mmol L−1 phosphate (pH 7.5). To investigate the thermostability, the residual activity of
PsMIaseA was determined after incubation at different temperatures in 50 mmol L−1 phos-
phate (pH 7.5) for 30 min. For the thermal denaturation, PsMIaseA was incubated in 50 mmol
L−1 phosphate (pH 7.5) at 40, 45, and 50 °C for 8 h, and aliquots were taken at different time
intervals to measure their residual activities.

The effects of metal ions and chemical reagents on PsMIaseA were also measured. The
enzyme was incubated in 50 mmol L−1 phosphate (pH 7.5) with 1 mmol L−1 metal ions or
chemical reagents at 30 °C for 30 min. Metal ions included Na+, Ag+, K+, Mg2+, Ba2+, Zn2+,
Ca2+, Ni2+, Cu2+, Fe2+, Mn2+, Cr2+, Co2+, and Fe3+. Chemical regents included cetyltrimethyl
ammonium bromide (CTAB), sodium dodecyl sulfonate (SDS), ethylene diamine tetraacetic
acid (EDTA), and β-mercaptoethanol. The residual activities were then determined according
to the standard assay. No metal ions or chemical reagents were present in the reaction as the
control group. All experiments were carried out in triplicate.

Substrate Specificity and Kinetic Parameters of the Mannose Isomerase

The substrate specificity of PsMIaseA was measured in 50 mmol L–1 phosphate (pH 7.5) at 40
°C for 10 min using 1.0% (w/v) of different monosaccharides (mannose, fructose, lyxose,
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glucose, D-allulose, D-galactose, D-talose, D-tagatose, D-xylulose, and D-altrose) and disaccha-
rides (mannobiose, lactulose, epilactose, 4-O-β-mannopyranosyl- D-fructofuranose). The
sugars produced by isomerization were analyzed by high-performance liquid chromatography
(HPLC, Agilent 1260 Infinity II system) with Aminex HPX-87C column (7.8 × 300 mm, Bio-
Rad) and refractive index detector (RID, G7162A, Agilent 1260 RID). The column temper-
ature was maintained at 85 °C and the flow rate was 0.6 mL min–1. Monosaccharides and
disaccharides mentioned above were used as standards.

Kinetic parameters of PsMIaseA towards mannose and fructose were determined at 40 °C
for 5 min. The concentrations of mannose and fructose were selected in the range of 10–100
and 50–400 mmol L–1, respectively. The isomerization products were detected by the HPLC-
RID described above. The software GraFit (Erithacus Software, UK) was applied to calculate
kinetic parameters (Km and Vmax).

Structure Prediction and Molecular Docking Analysis

The 3D structure of PsMIaseA was homology-modeled by the SWISS-MODEL Server
(https://swissmodel.expasy.org/) with the crystal structure of SeYihS (PDB code 2AFA, 44.
6% identity) from Salmonella enterica as the template. The mannose and Glcβ1-4Man
molecules were docked to PsMIaseA through superimposing with SeYihS-mannose (PDB
code 2ZBL) and RmCE-Glcβ1-4Man (PDB code 3WKG), respectively. Molecular visualiza-
tion and graph drawing were conducted using the PyMOL software (version 2.3.1).

Conversion of Fructose for Mannose Production

The total reaction volume of 10 mL consisted of PsMIaseA and fructose dissolved in 50 mmol
L–1 phosphate (pH 7.5). To optimize the conversion conditions, the effects of different factors
such as enzyme dosages (5–70 U mL–1), fructose concentration (400–800 g L–1), and reaction
time (0.25–12 h) on mannose production were evaluated step-by-step. The reaction was
conducted at 40 °C with a stirring rate of 100 rpm. Samples taken out at different time
intervals were boiled for 5 min to deactivate the enzyme. The concentration of mannose was
detected by the HPLC-RID, and the space-time yield of mannose was calculated as below:

Y spt ¼ cm=T

where Yspt is the space-time yield of mannose (g L–1 h–1), cm is the concentration of mannose in
the reaction system (g L–1), and T is the reaction time (h).

Results and Discussion

Cloning and Sequence Analysis of PsMIaseA

A putative gene from P. syringae annotated as an N-acylglucosamine 2-epimerase (AGE)
family epimerase/isomerase in the GenBank database was cloned into the pET28a (+) vector.
The gene with 1245 bp encoded a polypeptide of 414 amino acid residues. BLAST program
(http://www.ncbi.nlm.gov/blast) was performed to conduct multiple amino acid sequences
alignment between PsMIaseA and other characterized mannose isomerases. PsMIaseA
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showed the highest homology of 50.4% with ManI from T. fusca (GenBank accession number
WP_061783687.1), followed by mannose isomerase from E. coli (GenBank accession number
AJH12524.1, 44.8%), sulfoquinovose isomerase from S. enterica (GenBank accession number
Q8ZKT7.1, 44.5%), and Marme_2490 fromMarinomonas mediterranea (GenBank accession
number WP_013661626.1, 30.9%) (Fig. 1). Comparison of the primary sequence of

Fig. 1 Multiple alignment of amino acid sequences of PsMIaseA and other mannose isomerases. The residue
numbers of the first amino acid in each row are marked on the left. Black shading represents identical residues,
while gray shading shows similar residues. Abbreviations and accession numbers of the mannose isomerases are
as follows: PsMIaseA from Pseudomonas syringae (P.s. WP_007249212.1), ManI from Thermobifda fusca (T.f.
WP_061783687.1), mannose isomerase from Escherichia coli (E.c. AJH12524.1), sulfoquinovose isomerase
from Salmonella enterica (S.e. Q8ZKT7.1), and Marme_2490 from Marinomonas mediterranea (M.m.
WP_013661626.1). The conserved catalytic residue (His255) is indicated by a circle, and the residues associated
with substrate binding are denoted by diamonds
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PsMIaseA with these mannose isomerases indicates that His255 acts as a general base and acid
catalyst. Moreover, Arg63, Asn179, His183, Glu258, Trp323, and His390 are related to the
substrate binding [21].

Heterologous Expression and Purification of PsMIaseA

The mannose isomerase gene (PsMIaseA) was successfully expressed in E. coli BL21 with a
His6-tag at the N-terminus. The recombinant enzyme (PsMIaseA) was purified through one
step affinity chromatography with 75% recovery yield and 1.3-fold purification. A single
homogenous band was shown on SDS-PAGE with a molecular mass around 44.0 kDa (Fig. 2),
which is accordance with the predicted molecular mass of 46.1 kDa. This is similar to
many other mannose isomerases with molecular masses ranging from 42.0 to 51.4
kDa, such as Marme_2490 from M. mediterranea NBRC 103028 [21] and SeYihS
from S. enterica [23]. The apparent molecular mass of PsMIaseA was further mea-
sured by Sephacryl-100 gel filtration chromatography to be 40.5 kDa, indicating that
PsMIaseA is a monomer. This is different from the mannose isomerases from
Agrobacterium radiobacter M-1 and E. coli BL21, which exist as dimer and hexamer,
respectively [25, 27].

Biochemical Characterization of PsMIaseA

PsMIaseA showed the maximum activity at pH 7.5 (Fig. 3a). The enzyme was stable in the pH
range of 5.0–10.0, where it maintained more than 80% of the maximum activity (Fig. 3b). The
purified PsMIaseA displayed the highest activity at 40 °C and showed 40% activity at 10 °C
(Fig. 3c). PsMIaseA was thermostable up to 45 °C, exhibiting more than 80% of the maximum
activity (Fig. 3d). The half-lives of PsMIaseA at 40, 45, and 50 °C were 543.2, 345.0, and 29.2
min, respectively (Fig. 3e). The impact of some metal ions and reagents on PsMIaseA was
further determined (Table 1). PsMIaseA was strongly inhibited by Ag+ (36.6%), Cu2+ (34.1%),
and CTAB (40.8%). However, other metal ions and reagents showed no remarkable effects on
the mannose isomerase.

The pH optimum of PsMIaseA is quite different from the mannose isomerase from
P. cepacian having weakly acid optimal pH (6.2) [31]. It is similar to the optimal pH values
of most other mannose isomerases, which are in weakly alkaline mediums around pH 7.5–8.0,
such as those from A. radiobacter M-1 (pH 8.0) [27], P. saccharophila (pH 7.5) [20], and
X. rubrilineans S-48 (pH 7.8) [22]. The optimal temperature of PsMIaseA is higher than that
of Marme_2490 from M. mediterranea NBRC 103028 (30 °C) [21] and is much lower than
those of the enzymes from A. radiobacter M-1 (60 °C) [27] and T. fusca MBL10003 (60 °C)
[24]. Although high reaction temperature can reduce microbial contamination and increase
reaction rate [32], it also significantly enhances the rate of Maillard reaction and chemical
conversion [33]. Thus, the low optimal temperature of PsMIaseA is beneficial for avoiding the
by-products (melanin and glucose). Moreover, most metal ions and EDTA did not affect the
activity of PsMIaseA, suggesting that the isomerization of this enzyme does not depend on
metal ions. The lyxose isomerase, another enzyme that can be used to produce mannose, is a
metal-dependent enzyme [18], which means that metal ions must be removed from the reaction
system after isomerization. Therefore, PsMIaseA could catalyze the isomerization at mild
condition without metal ion dependent, which are the advantages of this enzyme for the green
production of mannose.
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Substrate Specificity and Kinetic Parameters

PsMIaseA showed high specific activity towards mannose and fructose, which were 818.6 and
273.8 U mg–1, respectively. The enzyme had no detectable activity towards other monosac-
charides and disaccharides (Table S1). Then, the kinetic parameters of PsMIaseA were
investigated using mannose and fructose as substrates (Table 2). Kinetic parameters of
PsMIaseA for mannose were 36.6 mmol L–1 of Km and 1044.6 μmol min–1 mg–1 of Vmax,
while those for fructose were 175.5 mmol L–1 of Km and 792.6 μmol min–1 mg–1 of Vmax.

The specific activity of PsMIaseA towards mannose is much higher than that of the
mannose isomerases from A. radiobacter M-1 (231 U mg–1) [27], P. cepacia (126 U mg–1)
[31], and T. fusca MBL10003 (69.2 U mg–1) [24]. PsMIaseA showed strict substrate speci-
ficity, which only catalyzed the isomerization between mannose and fructose. In contrast, the
mannose isomerase from T. fusca MBL10003 can isomerize mannose and lyxose [24],
whereas Marme_2490 from M. mediterranea NBRC 103028 displays wide substrate speci-
ficity for different monosaccharides and disaccharides [21]. The 3D structure of PsMIaseA
was further homology-modeled with SeYihS (PDB code 2AFA) as template. The overall
structure of PsMIaseA contained a typical (α/α)6-barrel domain and a deep slot-like pocket
which can bind one mannose molecule (Fig. S1a). Six substrate binding residues (Arg63,
Asn179, His183, Glu258, Trp323, and His390) and the catalytic residue (His255) surrounded
the mannose (Fig. S1b). In SeYihS, the α7-α8 and α11-α12 loops show good flexibility and
are distal from the substrate-binding site in the mannose-free form [23]. After binding

Fig. 2 SDS-PAGE of the purified
PsMIaseA. Lanes represent low-
molecular mass protein standards
(lane M), crude lysate (lane 1), and
purified PsMIaseA (lane 2),
respectively
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mannose, the Phe239 in α7-α8 loop and the Trp375 in α11-α12 loop form hydrophobic
interaction with the 4-C, 5-C, and 6-C of mannose. The two loops are situated near the
mannose and close the substrate-binding site entrance of SeYihS (Fig. S1c). Similar to SeYihS,
Phe246 and Trp382 were located in the α7-α8 and α11-α12 loops of PsMIaseA, respectively,
corresponding to Phe239 and Trp375 of SeYihS. The two loops of PsMIaseA presumably
covered the catalytic pocket after binding the mannose molecule (Fig. S1d). Phe246 and

Fig. 3 Optimal pH (a), pH stability (b), optimal temperature (c), thermostability (d), and thermal denaturation (e)
of purified PsMIaseA. To measure the optimal pH of PsMIaseA, the reaction was performed in different buffers
(50 mmol L–1) at 40 °C for 10 min. The evaluation of pH stability was performed by incubating the enzyme in
different buffers at 30 °C for 30 min, and the residual activity was determined by standard assay. Citrate (●),
acetate (■), phosphate (◆), Tris-HCl (◇), CHES (□), and CAPS (○) were buffers used. To determine the optimal
temperature, the reaction was carried out at different temperatures in phosphate buffer (50 mmol L–1, pH 7.5) for
10 min. For thermostability, the residual activity was tested after incubation at different temperatures for 30 min.
For thermal denaturation, PsMIaseA was incubated at 40 (▼), 45 (△), and 50 (▲) °C for 8 h, and the residual
activity was estimated by standard assay
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Trp382 are predicted to cause severe steric hindrance to prevent disaccharide substrate from
entering the catalytic pocket in both SeYihS and PsMIaseA (Fig. S1e). Therefore, PsMIaseA
showed strict substrate specificity towards mannose and fructose. However, in Marme_2490
(PDB code 5X32), a mannose isomerase which can catalyze disaccharide, the α7-α8 loop is
ordered and the α11-α12 loop is in close proximity to α2, suggesting that Marme_2490 has an
open substrate-binding site to accommodate and catalyze disaccharide substrates (Fig. S1f)
[21]. Similar structure can be observed in a cellobiose 2-epimerase from Rhodothermus
marinus (RmCE) [34]. The high catalytic efficiency and strict substrate specificity make the
enzyme a good candidate for mannose production.

Mannose Production by PsMIaseA

Different dosage of PsMIaseA (5–70 U mL–1) was evaluated in 500 g L–1 fructose at 40 °C for
8 h. The yield of mannose was gradually improved with the increase of PsMIaseA dosage, and
was up to 137 g L–1 when 20 U mL–1 of PsMIaseA was used (Fig. 4a). Fructose concentrations
ranging from 400 to 800 g L–1 were then used for mannose production. The yield of mannose
was 163 g L–1 in 600 g L–1 fructose (Fig. 4b). Although mannose yield was 176 g L–1 in 800 g

Table 1 Effect of different metal ions and chemical reagents on the activity of purified PsMIaseA

Metal ions and chemical reagents Specific activity (U mg–1) Relative activity (%)

control 818.6 ± 2.3 100
Na+ 764.6 ± 2.2 93.4
K+ 682.7 ± 0.9 83.4
Ag+ 299.6 ± 3.1 36.6
Mg2+ 719.5 ± 3.7 87.9
Ca2+ 830.9 ± 4.3 101.5
Ba2+ 753.9 ± 2.8 92.1
Zn2+ 749.0 ± 0.9 91.5
Ni2+ 748.2 ± 1.1 91.4
Mn2+ 777.7 ± 4.1 95.0
Cu2+ 279.1 ± 1.9 34.1
Fe2+ 821.1 ± 1.8 100.3
Cr2+ 745.7 ± 2.1 91.1
Co2+ 738.4 ± 3.4 90.2
Fe3+ 776.0 ± 1.5 94.8
CTAB 334.0 ± 3.1 40.8
EDTA 751.5 ± 2.3 91.8
SDS 684.3 ± 4.5 83.6
β-Mercaptoethanol 804.7 ± 1.9 98.3

The enzyme was incubated at 30 °C for 30 min with 1 mmol L−1 different metal ions and chemical reagents, and
the residual activities were determined. Values represent the mean ± SD (n = 3) with respect to the untreated
control samples

Table 2 Kinetic parameters of PsMIaseA for mannose and fructose (mean ± SD)

Substrate Vmax (μmol min–1 mg–1) Km (mmol L–1) kcat (s–1) kcat/Km (L s–1 mmol–1)

Mannose 1044.6 ± 20.2 36.6 ± 2.2 0.766 0.021
Fructose 792.6 ± 19.5 175.5 ± 10.1 0.581 0.003

Enzyme reactions were performed in phosphate buffer (50 mmol L–1 , pH 7.5) at 40 °C for 5 min with mannose
or fructose as a substrate
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L–1 fructose, high fructose concentration (650–800 g L–1) resulted in obvious conversion
reduction. Furthermore, the reaction time of mannose production was investigated. Basically,
mannose yield was enhanced and fructose concentration was reduced with the reaction time
(Fig. 4c). The reaction was almost in equilibrium at 6 h, with a fructose conversion rate of 27%

Fig. 4 Optimization of mannose production by PsMIaseA. a The effect of enzyme dosage on mannose
production. Different dosage (5–70 U mL–1) of PsMIaseA was mixed with 500 g L–1 fructose, and the reaction
was performed at 40 °C for 8 h. b The influence of substrate concentration on mannose production. PsMIaseA
(20 U mL–1) was mixed with different concentrations of fructose (400 to 800 g L–1), and the reaction was
conducted at 40 °C for 8 h. c Time course of mannose production by PsMIaseA. The enzyme (20 U mL–1) was
mixed with 600 g L–1 fructose, and the reaction was performed at 40 °C for 12 h
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and a mannose yield of 163 g L–1. The space-time yield of mannose was 27.2 g L–1 h–1 after
6 h reaction.

To achieve an economical mannose production process, it is necessary to minimize the
enzyme dosage. Although high substrate concentration can improve the production yield, high
concentration leads to high viscosity and low fluidity of reaction system, causing a low
efficiency of the production [35]. Thus, enzyme dosage and fructose concentration were
optimized. A dose of 20 U mL–1 of PsMIaseA and a fructose concentration of 600 g L–1 were
selected for mannose production. After 6 h reaction, the fructose conversion rate was 27%,
which is comparable with those of the mannose isomerases from M. mediterranea NBRC
103028 (30%) [21], T. fusca MBL10003 (25%) [24], and E. coli BL21 (25%) [25]. Further-
more, the space-time yield of mannose was 27.2 g mannose L–1 h–1. This yield is much higher
than that of other enzymes for mannose production, such as the lyxose isomerase from
Caldanaerobius polysaccharolyticus (6.4 g mannose L–1 h–1) [36], the lyxose isomerase from
Thermoflavimicrobium dichotomicum (18.4 g mannose L–1 h–1) [18], and the mannose 2-
epimerase from Runella slithyformis (2.5 g mannose L–1 h–1) [37]. Thus, PsMIaseA showing
high production efficiency may be beneficial for the green production of mannose.

Conclusion

A novel mannose isomerase (PsMIaseA) from P. syringae was successfully expressed in
E. coli. PsMIaseA showed high specific activity and catalytic efficiency at a moderate
temperature and pH condition. The enzyme could convert fructose for mannose production
with a high conversion rate of 27%. At the optimal condition, the space-time yield of mannose
was up to 27.2 g L–1 h–1 with a high productivity for mannose. Therefore, PsMIaseA may be a
potential candidate for mannose production.
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