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Abstract: D-Tagatose, a functional sweetener, is converted from D-galactose by L-arabinose isomerase,
which catalyzes the conversion of L-arabinose to L-ribulose. In this study, the araA gene encoding
L-arabinose isomerase from Klebsiella pneumoniae was cloned and expressed in Escherichia coli, and
the expressed enzyme was purified and characterized. The purified L-arabinose isomerase, a soluble
protein with 11.6-fold purification and a 22% final yield, displayed a specific activity of 1.8 U/mg for
D-galactose and existed as a homohexamer of 336 kDa. The enzyme exhibited maximum activity at
pH 8.0 and 40 °C in the presence of Mn?* and relative activity for pentoses and hexoses in the order
L-arabinose > D-galactose > L-ribulose > D-xylulose > D-xylose > D-tagatose > D-glucose. The thermal
stability of recombinant E. coli cells expressing L-arabinose isomerase from K. pneumoniae was higher
than that of the enzyme. Thus, the reaction conditions of the recombinant cells were optimized to
pH 8.0, 50 °C, and 4 g/L cell concentration using 100 g/L D-galactose with 1 mM Mn?*. Under these
conditions, 33.5 g/L D-tagatose was produced from D-galactose with 33.5% molar yield and 67 g/L/h
productivity. Our findings will help produce D-tagatose using whole-cell reactions, extending its
industrial application.

Keywords: Klebsiella pneumoniae; L-arabinose isomerase; D-tagatose; D-galactose; recombinant
Escherichia coli

1. Introduction

D-Tagatose, a ketohexose monosaccharide contained in dairy products in small amounts,
is an isomer of D-galactose [1,2]. D-Tagatose tastes similar to sucrose (92% sweetness); both
sugars lack laxative and cooling effects and are involved in browning reactions [3]. How-
ever, D-tagatose possesses numerous health benefits, such as preventing weight gain,
improving fetal development, and alleviating symptoms of type 2 diabetes, anemia, and
hemophilia [4,5]. Moreover, it is known as a low-calorie and tooth-friendly sweetener,
unlike sucrose [6]. Therefore, D-tagatose has attracted significant attention in the fields of
foods, beverages, health foods, and dietary supplements [2,7].

D-Tagatose can be chemically synthesized from D-galactose using a calcium catalyst;
however, it is undesirable due to disadvantages such as complicated purification steps
and the formation of chemical waste and byproducts [8]. Thus, the biological production
of D-tagatose from D-galactose using L-arabinose isomerase has been intensively studied.
L-Arabinose isomerase, an enzyme catalyzing the conversion of L-arabinose to L-ribulose,
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can catalyze the conversion of D-galactose to D-tagatose because of its broad substrate speci-
ficity toward similarly configured substrates [9]. To date, D-galactose has been converted to
D-tagatose using L-arabinose isomerases from various microorganisms, including Acidother-
mus cellulolyticus [10], Alicyclobacillus acidocaldarius [11], Arthrobacter sp. [12], Anoxybacillus
flavithermus [13], Bacillus coagulans [14], Bacillus halodurans [15], Bacillus licheniformis [16],
Bacillus stearothermophilus [17], Bacillus subtilis [18], Bacillus thermoglucosidasius [19], Bifidobac-
terium longum [20], Escherichia coli [21], Geobacillus kaustophilus [22], Geobacillus stearother-
mophilus [23], Geobacillus thermodenitrificans [24], Lactobacillus fermentum [25], Lactobacil-
lus plantarum [26], Lactobacillus sakei [27], Pediococcus pentosaceus [28], Shewanella sp. [29],
Thermoanaerobacter mathranii [30], Thermoanaerobacterium saccharolyticum [31], Thermotoga
maritima [32], Thermotoga neapolitana [33], and Thermus sp. [34].

L-arabinose isomerases from thermophilic microorganisms, such as A. cellulolyticus,
A. acidocaldarius, B. thermoglucosidasius, G. kaustophilus, G. stearothermophilus, G. thermodeni-
trificans, T. mathranii, T. saccharolyticum, T. maritima, T. neapolitana, and Thermus sp., have
exhibited higher activity or thermostability than those from mesophilic microorganisms.
Therefore, the production of D-tagatose from D-galactose using thermostable L-arabinose
isomerase from thermophilic microorganisms has been mainly studied so far. Despite
having advantages, thermostable L-arabinose isomerase has limited ability in showing the
highest activity in industrial processes, such as fermentation and whole-cell reaction using
an intrinsic system of cells, because cells are inactivated at their optimum temperature,
which is too high [35-38]. Therefore, additional studies are needed to discover and charac-
terize L-arabinose isomerase from a mesophilic microorganism that has been neglected in
recent years. In addition, the production of D-tagatose from D-galactose using whole cells
expressing L-arabinose isomerase needs to be evaluated.

In this study, we cloned and expressed L-arabinose isomerase derived from Klebsiella
pneumoniae, a lactose-fermenting mesophilic bacterium, in E. coli. The L-arabinose isomerase
was purified and characterized, and E. coli cells expressing the enzyme were used for
producing D-tagatose from D-galactose.

2. Materials and Methods
2.1. Microorganism, Plasmid, and Gene Cloning

The DNA template and expression vector for L-arabinose isomerase gene (GenBank
accession no. CP000964) cloning and host cells of enzyme expression were K. pneumoniae
DSM 681 (DSMZ, Braunschweig, Germany), pET-28a (+) vector (Novagen, Darmstadt,
Germany), and E. coli ER2566 strain (New England Biolabs, Ipswich, MA, USA), respectively.
The L-arabinose isomerase gene was amplified from K. pneumoniae genomic DNA by
polymerase chain reaction (PCR) using the following primers from Bioneer (Daejeon,
Korea): Forward (5'-CCCGCTAGCATGACGATTTTTGATAACTATGAAGTATG-3') and
reverse (5-GGGAAGCTTTTAGCGTTTTGAACTGTAATACACTTCATT-3'), introduced
into Nhel and Hindlll restriction sites (underlined), respectively. The amplified DNA
fragments obtained using PCR were purified and inserted into the pET-28a (+) vector
digested with the same restriction enzymes. The E. coli ER2566 strain was transformed with
the ligation mixture using an electroporator (MicroPulser; Bio-Rad Laboratories, Hercules,
CA, USA), and the transformed cells were plated on Luria-Bertani (LB) agar containing
20 ng/mL kanamycin. A kanamycin-resistant colony was selected, and plasmid DNA from
the transformant was isolated using a plasmid purification kit (Promega, Madison, WI,
USA). DNA sequencing was performed at a Macrogen facility (Seoul, Korea).

2.2. Culture Conditions and Enzyme Purification

Transformed E. coli cells were grown in a 2000 mL flask containing 500 mL of LB
medium supplemented with 20 ug/mL of kanamycin at 37 °C with shaking at 200 rpm.
When the optical density of the bacterial culture suspension reached 0.5 at 600 nm, 0.1 mM
isopropyl--D-thiogalactopyranoside was added to the culture medium and incubated at
16 °C for an additional 16 h with shaking at 150 rpm. After cell growth, the induced cells
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were harvested and resuspended in 50 mM of phosphate buffer (pH 7.0) containing 300 mM
NaCl, 10 mM imidazole, and 1 mg/mL lysozyme. The resuspended cells were disrupted by
sonication on ice for 25 min. The unbroken cells and cell debris were removed by centrifu-
gation at 13,000 x g at 4 °C for 20 min. The cell-free supernatant was loaded on a His-Trap
HP affinity chromatography column equipped with a fast protein liquid chromatography
system (Bio-Rad Laboratories). The bound protein was eluted at 1 mL/min using 50 mM
phosphate buffer (pH 7.0) containing 250 mM imidazole at 4 °C. The eluted active fractions
were dialyzed against 50 mM phosphate buffer (pH 7.0) without other components at 4 °C
for 16 h. The obtained protein was used as purified L-arabinose isomerase.

2.3. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) Analysis and
Gel Filtration

The subunit molecular mass of L-arabinose isomerase was determined by SDS-PAGE
using a prestained ladder (MBI Fermentas, Glen Burnie, MD, USA) as a reference. Coomassie
brilliant blue was used to stain protein bands for visualization. The molecular mass of
the native L-arabinose isomerase from K. pneumoniae was determined by gel filtration
chromatography using a Sephacryl S-300 HR 16/60 column (GE Healthcare, Piscataway, NJ,
USA). Purified L-arabinose isomerase was applied to the column and eluted at 1 mL/min
with 50 mM phosphate buffer (pH 7.0) containing 150 mM NaCl. The column was cali-
brated using conalbumin (75 kDa), aldolase (158 kDa), ferritin (400 kDa), and thyroglobulin
(669 kDa) as reference proteins (GE Healthcare), and the molecular mass of the native
enzyme was calculated by comparing its retention time with that of the reference proteins.

2.4. Enzyme Assay

The activity of L-arabinose isomerase was determined by measuring D-tagatose con-
verted from D-galactose as a substrate. The reaction was performed with 50 mM D-galactose
at 40 °C in 50 mM phosphate buffer (pH 8.0) for 10 min. Then, the enzyme solution was
centrifuged, filtered, and used for analyzing the substrate and product. One unit of the
activity was defined as the amount of enzyme producing 1 pmol of D-tagatose per minute
at 40 °C and pH 8.0. To measure the specific activity, the enzyme reactions were performed
in 50 mM phosphate buffer (pH 8.0) containing 50 mM sugar and 0.8 U/mL (0.4 mg/mL)
of enzyme at 40 °C for 10 min.

2.5. Effects of pH, Temperature, and Metal Ions

To examine the effects of pH and temperature on L-arabinose isomerase activity, the
pH values were varied from 4.0 to 10.0 using 50 mM citrate buffer (pH 4.0-6.0), phosphate
buffer (pH 6.0-8.0), and Tris-HCI buffer (pH 8.0-9.0) at a constant temperature of 35 °C,
and temperatures were varied from 30 to 60 °C in 50 mM phosphate buffer at a constant pH
of 8.0. The reactions were performed using 50 mM D-galactose and 0.8 U/mL enzymes for
10 min. The effect of temperature on the stability of the enzyme and E. coli cells expressing
the enzyme was monitored as a function of incubation time by incubating the reaction
solutions of the enzyme and cells at 40 °C and 50 °C, respectively, in 50 mM phosphate
buffer (pH 8.0) containing 50 mM and 20 g/L D-galactose.

The purified enzyme was treated with 10 mM ethylenediaminetetraacetic acid (EDTA)
and dialyzed against 50 mM phosphate buffer (pH 8.0) to prepare an EDTA-treated enzyme.
To investigate the effect of metal ions on L-arabinose isomerase activity, the reactions were
performed at 40 °C in 50 mM phosphate buffer (pH 8.0) containing 50 mM D-galactose,
0.8 U/mL EDTA-treated enzymes, and 1 mM of various metal ions such as Ba?*, Ca?*,
Co?t, Cu?*, Fe?, Mg2+, and Mn?Z*.

2.6. Optimization of Reaction Conditions Using E. coli Cells Expressing L-Arabinose Isomerase

Unless otherwise stated, the reaction using transformed E. coli cells expressing
L-arabinose isomerase was performed with 20 g/L of D-galactose and 1 g/L of cell at
50 °C in 50 mM phosphate buffer (pH 8.0) for 10 min. The effects of pH and temperature
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were investigated to optimize the production of D-tagatose from D-galactose using E. coli
cells expressing L-arabinose isomerase as in the above enzymatic methods. To determine
the optimal concentration of E. coli cells expressing L-arabinose isomerase, the reactions
were performed by varying E. coli cell concentration from 0.5 to 5 g/L supplemented with
100 g/L D-galactose. The reactions were performed in 50 mM phosphate buffer (pH 8.0) at
50 °C for 30 min. The production of D-tagatose was performed in 50 mM phosphate buffer
(pH 8.0) containing 4 g/L cells and 100 g/L D-galactose at 50 °C for 45 min.

2.7. Analytical Methods

The concentrations of protein and cells were determined using the Bradford method
with bovine serum albumin as the protein standard and a calibration curve derived from
the correlation between dry cell weight and optical density at 600 nm. The concentrations
of monosaccharides were determined using a Bio-LC system (Dionex ICS-3000, Sunnyvale,
CA, USA) equipped with an electrochemical detector and a CarboPac PA1 column, which
was eluted at 30 °C with 200 mM sodium hydroxide at a flow rate of 1 mL/min.

3. Results and Discussion
3.1. Gene Cloning, Purification, and Molecular Mass Determination of L-Arabinose Isomerase
from K. pneumoniae

The 1503 bp of araA gene from K. pneumoniae DSM 681 with the same sequence in
GenBank (Accession No., ABR75521) was cloned and expressed in E. coli ER2566.
The amino acid sequence of the expressed enzyme showed 91.4%, 59.5%, 59.4%,
59.2%, 52.0%, and 49.0% identities with those of L-arabinose isomerase from E. coli
(AAA23463) [39], A. acidocaldarius (AAY68209) [11], G. kaustophilus (BAD76189) [22],
G. stearothermophilus (AADA45718) [40], B. subtilis (CAA61585) [18], and Arthrobacter sp.
(ABKO01625) [12], respectively.

L-Arabinose isomerase from K. pneumoniae was purified using His-Trap affinity chro-
matography into a soluble protein with an 11.6-fold purification, a final yield of 22%,
and a specific activity of 1.8 U/mg for D-galactose. The molecular mass of the purified
enzyme was approximately 56 kDa on SDS-PAGE (Figure 1a), which was consistent with
the calculated value of 57,131 Da based on 493 amino acids combined with six histidine
residues. The native enzyme was determined to be a homohexamer with a molecular
mass of 336 kDa by gel filtration chromatography (Figure 1b). L-Arabinose isomerases
from E. coli [39], G. kaustophilus [22], L. plantarum [26], and L. fermentum [41] with 91.4%,
59.4%, 43.6%, and 42.0% sequence identities to L-arabinose isomerase from K. pneumoniae,
respectively, were hexamers. In contrast, L-arabinose isomerases from B. licheniformis [16]
and B. subtilis [18] with 48.0% and 52.0% sequence identities, respectively, were dimers,
and L-arabinose isomerases from A. acidocaldarius [11] and E. faecium [42] with 59.5% and
47.4% sequence identities, respectively, were tetramers. These results indicate that the level
of sequence identity within L-arabinose isomerases does not correlate with determining the
association form.
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Figure 1. SDS-PAGE and gel filtration analyses of L-arabinose isomerase from K. pneumoniae. (a) SDS-
PAGE of L-arabinose isomerase from K. pneumoniae. M, molecular weight size marker proteins; lane
1, pellet; lane 2, crude enzyme extract; and lane 3, purified L-arabinose isomerase from K. pneumoniae.
(b) Gel filtration chromatography of L-arabinose isomerase from K. pneumoniae. The solution of
purified L-arabinose isomerase from K. pneumoniae (filled square) was applied to a Sephacryl column.
The column was calibrated using the reference proteins (empty circle) conalbumin, aldolase, ferritin,
and thyroglobulin, corresponding to 75, 158, 400, and 669 kDa, respectively.

3.2. Effects of Environmental Factors on the Activity of L-Arabinose Isomerase from K. pneumoniae

The effects of pH and temperature on L-arabinose isomerase activity were investigated
using varying pH (4.0-9.0) at a constant temperature of 35 °C and varying temperatures
(30-60 °C) at a constant pH value of 8.0, respectively. The maximum activity was observed
at pH 8.0 and 40 °C (Figure 2). The thermal stability of L-arabinose isomerase from K.
pneumoniae was evaluated by measuring the residual activity after incubating for 1, 2, 3, 4,
and 5 h at 40 °C (Figure 3). The enzyme activity decreased as the time increased. The activity
decreased to less than 50% of the initial activity between 3 and 4 h and dropped to less than
20% at 5 h. L-Arabinose isomerase from K. pneumoniae showed lower thermostability than
other mesophilic L-arabinose isomerases from B. thermoglucosidasius [19] and L. sakei [27],
which displayed residual activities of 80% and 95% for 2 h at 40 °C, respectively, and than
from B. longum [20], which had a half-life of 52 h at 45 °C. However, the activity of the
recombinant E. coli cells expressing L-arabinose isomerase from K. pneumoniae was more
than 60% after incubation for 5 h at 50 °C (Figure 3), which indicated that the recombinant
cells were more stable in producing D-tagatose from D-galactose than the enzyme.

The effects of metal ions on L-arabinose isomerase activity were evaluated at a con-
centration of 1 mM (Table 1). Mg?* and Mn?* enhanced the activity by 15% and 28%,
respectively, and Ca?* and Co?* showed similar activity to the negative control (not treated
with EDTA), whereas Ba?*, Cu®*, and Fe?* inhibited D-galactose isomerization. Enzyme ac-
tivity was the highest when Mn?2* was used, similar to most enzymes, including L-arabinose
isomerases from T. neapolitana [33], T. maritima [43], T. saccharolyticum [31], T. mathranii [44],
L. fermentum [25], L. sakei [27], and G. thermodenitrificans [24].
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Figure 2. Effects of pH and temperature on the activity of L-arabinose isomerase from K. pneumoniae.
(a) Effect of pH. The reactions were performed in 50 mM citrate (pH 4.0-6.0), phosphate (pH 6.0-8.0),
and Tris-HCI (pH 8.0-9.0) buffers containing 50 mM D-galactose and 0.8 U/mL enzyme at 35 °C
for 10 min. (b) Effect of temperature. The reactions were performed in 50 mM phosphate buffer
(pH 8.0) containing 50 mM D-galactose and 0.8 U/mL enzyme at different temperatures, ranging
from 30 °C to 60 °C for 10 min. Data represent the mean of values from three experiments, and error
bars represent standard deviation.

120

Relative activity (%)

Time (h)

Figure 3. Thermal inactivation of L-arabinose isomerase from K. prneumoniae (closed square) and E.
coli cells expressing the enzyme (closed circle). L-Arabinose isomerase or E. coli cells were incubated
at 40 °C or 50 °C, respectively, withdrawn at each time point, and assayed in 50 mM phosphate buffer
(pH 8.0) containing 0.8 U/mL enzyme or 1 g/L cells and 50 mM or 20 g/L D-galactose at 40 °C or
50 °C, respectively, for 10 min. Data represent the mean of values from three experiments, and error
bars represent standard deviation.
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Table 1. Effects of metal ions on the activity of L-arabinose isomerase from K. pneumoniae.

Metal Ion Relative Activity (%)

BaZ* 82

Ca?* 101

Co?* 105

Cu?* 56

Fe?* 94

Mg?* 115

Mn?* 128
EDTA 6

Negative control 100

3.3. Substrate Specificity of L-Arabinose Isomerase from K. pneumoniae

The substrate specificity of L-arabinose isomerase from K. pneumoniae was investigated
using various pentoses such as L-arabinose, D-xylose, L-ribulose, and D-xylulose and
hexoses such as D-galactose, D-glucose, D-tagatose, and D-fructose (Table 2). The enzyme
activity was the highest for L-arabinose, followed by D-galactose, L-ribulose, D-xylulose,
D-xylose, D-tagatose, and D-glucose. The activity was generally higher for pentose than
hexose except for D-galactose; the activity for L-arabinose was 3.15 times higher than that
for D-galactose. However, the activity against D-tagatose, a product of D-galactose, was
only 4.3% of that of D-galactose.

Table 2. Substrate specificity of L-arabinose isomerase from K. pneumoniae.

Substrate Product Relative Activity (%)
Pentose L-Arabinose L-Ribulose 315.6
D-Xylose D-Xylulose 10.2
L-Ribulose L-Arabinose 30.2
D-Xylulose D-Xylose 27.6
Hexose D-Galactose D-Tagatose 100.0
D-Glucose D-Fructose 24
D-Tagatose D-Galactose 43
D-Fructose D-Glucose ND

ND, not detected.

3.4. Optimization of Reaction Conditions Using E. coli Cells Expressing L-Arabinose Isomerase
from K. pneumoniae

To produce D-tagatose from D-galactose, reaction conditions such as pH, temperature,
and cell concentration were optimized using recombinant E. coli cells expressing L-arabinose
isomerase from K. pneumoniage. The maximum activity of the recombinant E. coli cells was
observed at pH 8.0, the same as the enzyme, and 50 °C (Figure 4), 10 °C higher than that of
the enzyme (Figure 2).

After incubation for 5 h at 50 °C, the activity of the recombinant E. coli cells was more
than 60%, which was approximately three-fold higher than that of the enzyme after 5 h
at 40 °C (Figure 3). Therefore, the optimal temperature for producing D-tagatose from
D-galactose using recombinant E. coli cells was determined to be 50 °C.

The production of D-tagatose from D-galactose was further optimized by varying
the concentration of the recombinant cells (Figure 5a). The production increased with
an increase in the concentration of cells up to 4 g/L and reached a plateau above that
concentration, indicating that the optimum concentration for the recombinant E. coli cells
was 4 g/L.
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Figure 4. Investigation of pH and temperature to optimize the production of D-tagatose from
D-galactose by E. coli cells expressing L-arabinose isomerase from K. pneumoniae. (a) Investigation
of pH. The reactions were performed in 50 mM citrate (pH 4.0-6.0), phosphate (pH 6.0-8.0), and
Tris-HCl (pH 8.0-9.0) buffers containing 20 g/L D-galactose and 1 g/L cells at 40 °C for 10 min.
(b) Investigation of temperature. The reactions were performed in 50 mM phosphate buffer (pH 8.0)
containing 20 g/L D-galactose and 1 g/L cells at different temperatures, ranging from 30 °C to 60 °C
for 10 min. Data represent the mean of values from three experiments, and error bars represent
standard deviation.
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Figure 5. Production of D-tagatose from D-galactose by E. coli cells expressing L-arabinose isomerase
from K. pneumoniae. (a) Effect of the concentration of E. coli cells expressing L-arabinose isomerase
from K. pneumoniae on D-tagatose production. The reactions were performed in 50 mM phosphate
buffer (pH 8.0) containing 100 g/L D-galactose at 50 °C with varying concentrations of cells from
0.5 to 5 g/L. (b) Time-course reactions for the production of D-tagatose (black circle) from D-galactose
(white circle) by E. coli cells expressing L-arabinose isomerase from K. pneumoniae. The reactions
were performed in 50 mM phosphate buffer (pH 8.0) containing 100 g/L D-galactose and 5 g/L
cells at 50 °C. Data represent the mean of values from three experiments, and error bars represent
standard deviation.
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3.5. Production of D-Tagatose from D-Galactose Using E. coli Cells Expressing L-Arabinose
Isomerase from K. pneumoniae

The optimal reaction conditions for producing D-tagatose from D-galactose were
pH 8.0, 50 °C, and 60 g/L recombinant E. coli cells using 100 g/L D-galactose with 1 mM
Mn?*. Under these conditions, the time-course reaction for producing D-tagatose from
D-galactose was performed by E. coli cells expressing L-arabinose isomerase from K. pneu-
moniae (Figure 5b). The recombinant E. coli cells produced 33.5 g/L D-tagatose for 30 min
with a molar yield of 33.5% and a productivity of 67 g/L/h.

L-Arabinose isomerases from G. stearothermophilus and T. neapolitana have been ap-
plied to recombinant E. coli cells and immobilized for better D-tagatose production [45,46].
In addition, D-tagatose has been produced from milk whey powder using recombinant
E. coli cells expressing L-arabinose isomerase from Lactobacillus plantarum [47] and from
maltodextrin by multienzyme coexpression system of E. coli cells containing L-arabinose
isomerase [48]. Therefore, further studies on applying immobilization and multienzyme
system to E. coli cells expressing L-arabinose isomerase from K. pneumoniae will enhance its
industrial applicability.

4. Conclusions

In this study, we cloned and characterized L-arabinose isomerase from K. pneumoniae
as a purified enzyme, which existed as a homohexamer of 336 kDa and exhibited a specific
activity of 1.8 U/mg for D-galactose and maximal activity at pH 8.0 and 40 °C with 1.0 mM
Mn?*. Recombinant E. coli cells expressing L-arabinose isomerase from K. pneumoniae, dis-
playing higher stability than the enzyme, were used to produce D-tagatose from D-galactose;
they produced 33.5 g/L D-tagatose with a molar yield of 33.5% and a productivity of
67 g/L/h under the optimal conditions. These findings will be helpful for the industrial
production of D-tagatose using a whole-cell reaction.
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