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Abstract The sucrose isomerase (Slase) gene from an efficient strain of Erwinia rhapontici
NX-5 for isomaltulose hyperproduction was cloned and overexpressed in Escherichia coli.
Protein sequence alignment revealed that Slase was a member of the glycoside hydrolase
13 family. The molecular mass of the purified recombinant protein was estimated at 66 kDa
by SDS-PAGE. The Slase had an optimal pH and temperature of 5.0 and 30 °C,
respectively, with a K, of 257 mmol/l and V,,,, of 48.09 umol/l/s for sucrose. To the best
of our knowledge, the recombinant Slase has the most acidic optimum pH for isomaltulose
synthesis. When the recombinant E. coli (pET22b- pall) cells were used for isomaltulose
synthesis, almost complete conversion of sucrose (550 g/l solution) to isomaltulose was
achieved in 1.5 h with high isomaltulose yields (87%). The immobilized E. coli cells
remained stable for more than 30 days in a “batch”-type enzyme reactor. This indicated that
the recombinant Slase could continuously and efficiently produce isomaltulose.
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Introduction

Isomaltulose (commonly referred to as palatinose), a structural isomer of sucrose, has been
suggested as a non-cariogenic alternative to sucrose and is widely used in health products
and in the food industry [1-3]. It is produced from sucrose by bacteria that contain an
enzyme designated sucrose isomerase (Slase) or isomaltulose synthase. Slase activity has
been reported in a wide range of bacterial species, and in addition to catalyzing the
isomerization of sucrose to isomaltulose, it also produces another sucrose isomer,
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trehalulose, as well as small amounts of glucose and fructose as byproducts [4-9]. The
ratios of these enzymatic products vary from mainly isomaltulose (75-85%) to
predominantly trehalulose (—90%), depending on the bacterial strain [10-12] and the
reaction conditions. A small quantity of other products, such as isomaltose and
isomelezitose, may be formed under certain conditions [13].

Slase has been purified and characterized from microorganisms, including Erwinia
rhapontici NCPPB 1578, Serratia plymuthica ATCC 15928, Pantoea dispersa UQ68J,
Klebsiella sp., Enterobacter sp. FMB-1, Pseudomonas mesoacidophila MX-45 and also
from a species of whitefly [4, 610, 12, 13]. Although a number of the corresponding
genes derived from different microorganisms have been cloned and expressed, the
exception has been the Slase gene from E. rhapontici WAC2928, which was cloned in
Escherichia coli but showed unstable expression [12]. The Slases from Klebsiella sp.
LX3, P. mesoacidophila MX-45 and Protaminobacter rubrum are currently the only three
with available crystal structural information and these show a (3/a)g catalytic domain at
N-terminal with highly conserved catalytic residues. The catalytic mechanism of Slase
from P. mesoacidophila MX-45 and P. rubrum have also been studied in recent years
[8, 14-16].

The conversion of sucrose into isomaltulose has been accomplished with both free
and immobilized cells. However, for the industrial production of isomaltulose, major
factors to consider are the ratio of final products and the stability of the immobilized
cells. In addition, there are still issues with the use of immobilized cells, such as slow
conversion, low productivity, which limits the industrial efficiency of isomaltulose
production [17-20]. We have recently isolated an isomaltulose-producing strain E.
rhapontici NX-5 that shows a high initial Slase activity. In the present paper, the gene
encoding the Slase of E. rhapontici NX-5 was cloned and expressed in E. coli. The
recombinant enzyme was purified and characterized and demonstrated a continuous and
efficient production of isomaltulose.

Materials and Methods
Materials

Reagents for the polymerase chain reaction (PCR), Ex-TagDNA polymerase, T4 DNA
ligase and restriction enzymes were purchased from TAKARA. Plasmids of pUC18 and
pET22b were obtained from Novagen Co., USA. Genomic DNA extraction kit, plasmid
isolation kits, and nickel-nitrilo triacetic acid (Ni-NTA) superflow columns for purification
were from Qiagen (Hilden, Germany). Oligonucleotide primers were obtained from Jinsiter
Co. (China). Electrophoresis reagents were from Bio-Rad.

Bacterial Strains, Plasmids, Growth Media, and Culture Condition

E. rhapontici NX-5, an isomaltulose-producing strain, was isolated from soil in China and
used for cloning the sucrose isomerase gene (pall). It was deposited in the China General
Microbiological Culture Collection Center with accession number CGMCC No.2222 [21].
E. rhapontici NX-5 was inoculated into 50 ml culture medium containing sucrose 50 g/l,
yeast extract 10 g/l, and Na,HPO,4-12 H,O 5 g/l in a 500 ml flask and aerobically incubated
at 30 °C for 12 h with shaking at 200 r/min. E. coli DH5« and E. coli BL21(DE3) were
used as the host strains for cloning and expression of pall, respectively. Both strains were
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routinely grown overnight in Luria—Bertani (LB) medium. Ampicillin was added at 100 pg/ml
when required.

DNA Isolation and Cloning of the Slase Gene

The pall gene was amplified by PCR from E. rhapontici NX-5 using two oligonucleotide
primers, 5-TTAAGCTT CCATGGATTCTCAAGGATT -3’ (HindIII and Nco I restriction
sites are underlined) and 5'-TTGGATCC CTCGAGCGGATTAAGTTTATAAATG-3'
(BamHI and Xhol restriction sites are underlined). HindIIl and BamHI sites were
incorporated in the forward and reverse primers for cloning into vector pUC18. The
amplified fragment was inserted into pUCI18 digested by HindIIl and BamHI, generating
pUCI18-pall for analysis of the nucleotide sequence. The pUC18-pall and pET22b were
then digested with restriction enzymes Xhol and Ncol. The pall gene released from pUC18-
pall vector was ligated with pET22b to give pET22b-pall, which was under the control of
the T7 promoter. Slase was expressed as a protein fused to the N terminus of a 6 His-tag.
The recombinant plasmid was then transformed into E. coli BL21 (DE3).

Expression of Slase in E. Coli

E. coli BL21 (DE3) harboring pET22b-pall was grown at 37 °C in LB medium containing
ampicillin at 100 pg/ml. The expression of recombinant enzyme was performed using
0.5 mmol/l lactose. The cells were incubated for an additional 11 h at 24 °C and harvested
by centrifugation (10,000xg, 15 min, 4 °C). The level of Slase expression was determined
by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).

Purification of the Recombinant Slase

Recombinant E. coli BL21(DE3) cells were collected and washed twice with 50 ml of
0.85% NaCl solution. Harvested cells were suspended in 10 ml sodium phosphate buffer
(PBS, 25 mmol/l, pH 6.0), and then disrupted by sonication at 4 °C for 15 min. The cell
debris was removed by centrifugation (10,000xg, 15 min, 4 °C). The resulting crude extract
was retained for purification. The cell-free extract was applied onto a Ni-NTA superflow
column (5 ¢cm, Qiagen) which was previously equilibrated with a binding buffer (50 mmol/
1 PBS, pH 6.0). Unbound proteins were washed out from the column with a washing buffer
(50 mmol/l PBS, 20 mmol/l imidazole, pH 6.0). The Slase proteins were then eluted from
the column with a linear gradient from 0 to 500 mmol/l imidazole in an elution buffer
which contained 50 mmol/l PBS (pH 6.0). The purified protein was concentrated by
ultrafiltration after dialysis against 50 mmol/l PBS (pH 6.0) and analyzed by 12% SDS-
PAGE after visualizing by staining with Coomassie blue R250.

Characterization of Slase

Effects of Temperature and pH on Slase Activity

The effect of temperature on the activity of Slase was investigated in the range of 10-60 °C
for 60 min. The optimum pH of Slase was determined as 30 °C using the standard assay
conditions with three buffer systems (50 mmol/l), which were disodium hydrogen

phosphate-citric acid buffer at pH 4.0-6.0, sodium phosphate buffer at pH 6.0-8.0, and
glycine—-NaOH at pH 8.0-9.0.
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Effects of Metal lons and EDTA on Slase Activity

Before studying the effects of metal ions on Slase activity, the purified enzyme was dialyzed
against 50 mmol/l PBS (pH 6.0) containing 10 mmol/l ethylenediaminetetraacetic acid (EDTA)
for 24 h at 4 °C. Subsequently, the enzyme was dialyzed against 50 mmol/l EDTA-free PBS
(pH 6.0). The enzyme activity was then assessed under standard conditions in the presence of
several metal ions (MgCl,, MnCl,, CoCl,, ZnCl,, CaCl,, CuCl,) and EDTA with a final
concentration of 1 and 5 mmol/l. The measured activities of the enzyme were compared with
those obtained in the absence of added ions under the same conditions.

Determination of Kinetic Parameters

Samples with different concentrations of sucrose (10—-60 g/l) were prepared in 50 mmol/l PBS
(pH 6.0), and incubated with the purified Slase at 30 °C for 10 min. The K, and V.«
values were determined by Michaelis—Menten plots.

Conversion of Sucrose into Isomaltulose by E. Coli (pET22b-pall) Cell Suspension

The E. coli cells (1 g wet wt.) expressing the Slase gene were washed two times with
50 mmol/l PBS (pH 6.0). The cell pellets were resuspended in the same solution at the desired
concentrations. Reactions were conducted in 50 ml flasks containing 10 ml 550 g/l sucrose
solution at 30 °C and shaken at 150 r/min for about 5 h. Aliquots of the reaction mixture were
sampled and analyzed for the amounts of isomaltulose formed. The reactions were terminated
by heating the flasks for 10 min in a boiling water bath.

Cell Immobilization and Production of Isomaltulose Using a Repeated-Batch Process

To immobilize the E. coli cells expressing Slase gene (or E. rhapontici NX-5 cells), cell
pellets were washed twice with 50 mmol/l PBS (pH 6.0), treated with 0.05% (v/v)
glutaraldehyde solution for 20 min and finally washed with sterile distilled water [22]. Then
Five grams of treated cells were suspended in 10 ml PBS (50 mmol/l, pH 6.0) and mixed
with 15 ml of 2% (w/v) sodium alginate solution. Immobilized beads were prepared by
dropwise extrusion of the cell-alginate suspension into 3% (w/v) calcium chloride solution
using silicone tubing.

Repeated-batch processes were carried out for isomaltulose production. The “batch”-type
enzyme reactor containing 30 ml 550 g/l sucrose solution and 4 g immobilized cells of E. coli
were kept at 30 °C for the desired time interval. At the end of the incubation of each batch,
samples were collected and analyzed. The immobilized cells were then used for the next batch
with addition of fresh substrate. The batch conversion processes were conducted for 30 days.

Assay of Enzyme Activity and Analysis of the Isomerized Product

The reaction mixture (1 ml) consisted of 0.5 ml appropriately diluted enzyme, and
0.5 ml 500 g/l (w/v) sucrose in 50 mmol/l PBS (pH 6.0) to obtain a final concentration of
250 g/1 sucrose. The reactions were carried out at 30 °C for 60 min, and stopped by
boiling for 10 min. One unit (U) of enzyme activity was defined as the amount of enzyme
that formed 1 pmol of isomaltulose per min under the specified assay conditions. Enzyme
activity of the immobilized cells was measured by incubating 1 g of immobilized cells
with 10 ml of 500 g/l sucrose solution in 50 mmol/l PBS (pH 6.0) at 37 °C with gentle
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Fig. 1 Cloning of the Slase gene from Erwinia rhapontici NX-5 by PCR. Lane 1, DL2000 marker. Lane 2,
Slase gene. Lane 3, pUC18 digested with HindlIII (2,686 bp). Lane 4, pUC18-palldigested with HindIII and
BamH I to release the vector DNA (upper band) along with the insert DNA (1,803 bp, lower band). Lane 5,
pET22b digested with Xho I (5,493 bp). Lane 6, pET22b- palldigested with Xho I and Nco I to release the
vector DNA (upper band) along with the insert DNA (1803 bp, lower band). Lane 7, DL15000 marker

agitation. Thus, One unit of immobilized cells activity was determined as the amount of
enzyme that can release 1 pumol isomaltulose per min at the initial stage under the
standard assay conditions. All enzyme assays were performed in triplicate.

Reaction products were filtered through 0.22 pm membrane filters before HPLC
analysis (Agilent 1200, USA system equipped with a refractive index detector). The
samples were diluted 10-fold and 20 pl of diluted sample was injected onto a Rezex RCM-
Monosaccharide Ca*'* column (Phenomenex, USA) for measurement of the sugar
composition. The mobile phase was water with a flow rate of 0.5 ml/min at 80 °C.
Glucose, fructose, sucrose, isomaltulose and trehalulose were used as standard sugars.

Results and Discussion
Cloning and Sequence Analysis of the E. Rhapontici NX-5 Slase Gene

The Slase gene was amplified from E. rhapontici NX-5 and five colonies containing about
2 kb foreign DNA fragments were screened out from approximately 100 colonies. After

Fig. 2 Amino acid sequence alignments of GH13 enzymes using ESPript tool [29]. Sequences are Erwinia P>
rhapontici NX-5 (Pall, GenBank Accession No.HM461324) in this study, E. rhapontici WAC2298 (Pall,
GenBank Accession No.AY223550), Serratia plymuthica (Slase, GenBank Accession No.CQ765973),
Protaminobacter rubrum (SmuA, GenBank Accession No.CQ765969), Klebsiella sp. (Pall, GenBank
Accession No.CQ765979), Pseudomonas mesoacidophila (MutB, GenBank Accession No.DQ304536),
Bacillus cereus (OGL, GenBank Accession No.NZ ACLUO01000088). Secondary structure elements of
SmuA (PDB Accession No. 3GBD) are indicated on top of the sequence with arrows for (-stands and
cylinders for «-helices. The six conserved active sites are denoted by a green box

U
3¢ Humana Press



Appl Biochem Biotechnol (2011) 163:52-63 57

ErhaNXx-5%§

1 10 20 EX] 40
ErhaNX-5 MDEQUGLEKTAVAIFLATTPFEATEYQACSAGPDTAPELTVQOQENALPT]
ErhaWAC29208 MEEQELKAAVAIFLATTPFEATEYQACSAGPDTAPELTVQOENALPT)
sply MPROGLETALAIFLTTALEVACQQALGTQQPLLNEKEIEQAKTI PK|
Prub MPROGLETALAIFLTTELCISCQQAFOTQOPLLNEKEIEQBKTI PK|
KLX3 MEFVTLRTOVAVALSELIIELACPAVEAAPELNQDIHVQEESEY PA|
Pmes te s s s KPOBAP. . . o0 h i s e,
oGL fe s r e s a e s s s s s s s s e re s MEKQ

ErhanNx-5

ErhaNX-5
ErhaWAC2928
Sply

ErhaNx-5

ErhaNx-5
ErhaWAC2928

DEE

DR F
ap R F
= vy
D E
D DR |
oEs

ErhaNXx-5

ErhaNX-5
lrlx\aﬂlca 928
Prub

KLX3

Fmea

oaL

ErhaNX-5
ErhaNX-5
ErhaWAC2928

W (=0 X ¥ 3 ;o]

ErhaNXx-5

ExrhaNX-5
ErhaWAC2920
1

LG
L

£

ErhaNx-5

ErhaNX-5
ErhaWAC2928@

ErhaNX-5

ErhaNX-5
ExrhaWAC2928
apl

Pri

KLX3

Pma
o6L

ErhaNX-5

[ NE K TIVNKND[E .
HNEHTIVNENDVE
T NE KNV VKKHRDE .
NS KNVVKERDE .
TQQAA . APHET .
B PRAAPAAGA

ITHEYDVENGPIEN

ErhaNX-5
ErhawAC2928@
apl:

Pruz

ELX3

Poes

oOGL

Erhanx-5

ErhaNx-5 .
ErhaWAC2928 HAFK

Prub

KLX3

Pmes e

oL
aca

12,

M2,
2,& Humana Press



58 Appl Biochem Biotechnol (2011) 163:52-63

proceeding restriction enzyme treatment and DNA sequence analysis, an open reading
frame (ORF) composed of 1803 nucleotides was determined to harbor a complete Slase
gene fragment (Fig. 1). The ORF encoded a protein of 601 amino acid residues with a
calculated isoelectric point of pH 6.0 and a molecular mass of 70 kDa.

The E. rhapontici NX-5 enzyme shared 92% homology at the nucleotide sequence level
and 92.8% homology at the peptide sequence level with the Slase encoded by the Slase
gene from E. rhapontici WAC2928 [12]. The Slase of E. rhapontici NX-5 differed in seven
residues (Asp2, Gly5 , Thr®, Ser®*®, GIn**, Asp527, Leu540) from that of strain WAC2928
(Serz, Glus, Alag, X236, X449, Ala527, PheS4O). In addition, there were substantial differences
in the C-terminal regions of the two enzymes. The Slase of E. rhapontici WAC2928
contained an additional 32 amino acids that were absent from the Slase of E. rhapontici
NX-5. Recombinant Slase from E. rhapontici WAC2928 has been reported to be unstable
[12]. Further research should examine whether the C-terminal is concerned with the
stability of the enzyme.

Pall of E. rhapontici NX-5 exhibited 82% identity to the Slase from P. rubum and S.
plymuthica, and 71% identity with the Slase from Klebsiella sp. LX3 and Klebsiella
pneumoniae NK33-98-8. A further homology search revealed that the deduced Slase gene
product Slase from E. rhapontici NX-5 showed 75%, 72%, and 66% amino acid identity
with Slase from Erwinia tasmaniensis, P. dispersa UQ68J, P. mesoacidophila MX-45,
respectively (Fig. 2).

Domain architecture analysis using the SMART program (http://smart.embl-heidelberg.de)
revealed that Slase contained an «-amylase domain spanning residues 55-460, with an E
value of 3.32E-146. The main structural feature of the «-amylase domain was the central
catalytic (3/x)g-barrel. Alignment with the amino acid sequences of other o-amylase family
enzymes (glycosyl hydrolase family, GH 13), amylosucrase from Neisseria polysacchareais,
and oligo-1,6-glucosidase from Bacillus cereus [23, 24], revealed six highly conserved
residues Asp®*', Glu*”®, Asp®®, Tyr’”, His'**, His*® in the catalytic pocket that bound the
substrate and hydrolyzed the glycosidic bond. The similarity of the active site architecture
suggested that Slase of E. rhapontici NX-5 was a member of GH13 (Fig. 2).

Expression and Purification of the Recombinant Slase

The Slase gene of E. rhapontici NX-5 was subcloned into the expression vector pET22b to
generate the pET22b-pall fusion gene under the control of a lactose-inducible promoter. To
maximize the yield of the fusion gene, different induction conditions were tested. When the
cells were induced with lactose at a lower temperature, rather than at 37 °C to produce
Slase, pall NX-5 activity was detected. Higher activity (15 U/ml) was achieved after
induction with 0.5 mmol/l lactose at 24 °C for 11 h. The activity of recombinant Slase was
over ten times higher than that in the wild strain. (1.3 U/ml). The enzyme was expressed
with a fused 6 His-tag and purified by Ni-NTA chromatography. The protein was eluted at
about 250 mmol/l imidazole and was purified up to 20-fold by Ni-NTA affinity
chromatography in a single step. SDS-PAGE analysis of the purified recombinant Slase
revealed a single band with a molecular mass of about 66 kDa (Fig. 3). Purified His-tagged
Slase was collected for further enzymatic characterization.

Enzymatic Characterization of the Recombinant Sucrose Isomerase

The optimum pH for purified recombinant E. rhapontici NX-5 Slase was 5.0, with 89%,
86%, 80%, 34%, and 30% of maximum activity at pH 4.0, 6.0, 7.0, 8.0, and 9.0,
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Fig. 3 SDS-PAGE analysis of kDa 1
recombinant Slase protein. Lane
1, protein molecular weight
marker. Lane 2, supernatant 116.0
(soluble proteins) after sonication
of E. coli BL21 (DE3) with
pET22b-pall. Lane 3, purified 66.2 -
Slase obtained by Ni-NTA - ~a— Slase
affinity chromatography
45.0 —
350
250
186.4 .
14.4 N

respectively (Fig. 4). For Slase activity, this pH range was broad and more than 80%
activity was obtained when pH varied from 4.0 to 7.0. The optimum temperature for Slase
activity was 30 °C, Slase was stable for longer than 48 h at this temperature (Fig. 5).
However, the stability of the enzyme decreased drastically at 50 °C and 60 °C with a half-
life duration of 90 min and 5 min, respectively (data not shown).

This recombinant Slase has the most acidic optimum pH for isomaltulose synthesis
compared with other Slases; moreover, it retained 85.2% of its maximum activity at
pH 4.0. In contrast, three other well-characterized Slases from Klebsiella sp. LX3, P,
Mesoacidophila MX-45, and Enterobacter sp. FMB-1, showed significant decreases in
enzyme activity at pH below 5.0 [4, 6, 9]. Thus, the stability of the present Slase would
be less likely to be affected when cells experienced lower pH and pO, conditions [10],

Fig. 4 Effect of temperature on
the Slase activity
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Fig. 5 Effect of pH on the Slase
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and enzymes that could tolerate acidic environment would help to reduce the chemical
reaction between sugars and proteins [25]. Furthermore, the optimal pH of recombinant
Slase was much closer to the pH value of the substrate solution, which might prove
beneficial for biocatalysis.

Effects of Metal Tons on the Recombinant Sucrose Isomerase Activity and Kinetic Analysis

Slase activity was measured in the presence of metal ions (1 and 5 mmol/l). The Slase
activities were inhibited by the metal ions to various degrees. Most of the tested metal ions
inhibited enzyme activity to a level of 20-30%, except for Ca®". Slase activity was greatly
affected by the Ca®*, Cu®*, Zn®", and Co®', while the concentration of Mg*" and Zn**
showed no significant influence on Slase activity. The chelating agent EDTA inhibited 18%
of the Slase activity (data not shown). Consequently, metal ions might not be required for
the activity of Slase NX-5, which was consistent with previous studies [10]. The non-linear
regression fitting of the Michaelis-Menten equation for the conversion of sucrose under
standard assay conditions yielded K, and V. values for sucrose of 257 mmol/l and
48.09 umol/l/s, respectively.

Conversion of Sucrose into Isomaltulose by Recombinant E. Coli (pET22b-pall)

The typical profile for the conversion of sucrose into isomaltulose is shown in Fig. 6.
Sucrose conversion by E. rhapontici NX-5 was very rapid during the first 3 h and had gone
nearly to completion in 7 h. In contrast, the recombinant E. coli (pET22b-pall) cells took
only 1.5 h to convert the same amount of sucrose. The enzymatic reactants contained 87%
isomaltulose and 10.5% trehalulose as well as slight amounts of glucose and fructose
(Fig. 7). The productivity of E. coli (pET22b-pall) cells was 315.8 g/l/h, while that of F.
rhapontici NX-5 was 62.23 g/l/h. Based on these results, recombinant E. coli (pET22b-
pall) significantly shortened the conversion time and improved the isomaltulose
productivity compared to the original E. rhapontici NX-5 cells, which would be beneficial
for isomaltulose production.

Obtaining isomaltulose with immobilized cells containing recombinant Slase has not
been previously reported, but the method looks promising. This is not only because of the
high Slase activity that was retained by the immobilized cells, but also because of the
simple medium and the short adaptation time needed for the immobilized E. coli. This
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Fig. 6 Time course of isomaltulose production from sucrose by E. rhapontici NX-5 (solid lines) and E.coli
pET22b-pall (dashed lines), respectively. Filled and empty circles, the concentration of sucrose (g/1); filled
and empty squares, the concentration of isomaltulose (g/1)

method could increase access to the source of the enzyme. The recombinant Slase was
located in the periplasmic space, unlike Slases of Enterobacter sp. FMB-1, P. rubrum, and
S. plymuthica [9, 13, 26]. The facility of substrate transfer and product export could result
in less product inhibition.

As shown in Table 1, Tsuyuki et al. obtained isomaltulose (63.9%) from a 200 g/l sucrose
solution using immobilized K. planticola MX10 cells [27]. Krastanov and Yoshida also used
immobilized cells of S. plymuthica 15928 for isomaltulose production and obtained a
complete conversion of sucrose (400 g/ solution) into 80% isomaltulose and 7% trehalulose
with small amount of glucose (2.89%), fructose (5.67%), isomaltose (1.20%) as byproducts
[17]. Kawaguti et al. studied a continuous process using immobilized E. sp. D12 cells in a
packed-bed reactor, and produced 55-66% of isomaltulose from 200 to 300 g/l sucrose
solutions over 17 days, however, the rate of isomaltulose production could not be maintained
for prolonged period [22]. Li observed that immobilized Klebsiella sp. LX-3 cells converted
99.7% of supplied sucrose (100 g/l solution) into 87% of isomaltulose, but increasing the

300
PRIV 300-LIR|U
A B
200 4 1 2004
100 4 1004 3
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Fig. 7 HPLC analysis of the E. coli (pET22b-pall) culture supernatant. / sucrose, 2 isomaltulose, 3
trehalulose, 4 fructose, 5 glucose. a Enzymatic conversion supernatant after 0.5 h. b Enzymatic conversion
supernatant after 2 h
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Table 1 Sugar compositions of products and general catalytic characteristics of Slase from different
bacterial strains.

Organism Sucrose Sucrose Ratio of product (%) Reference
concentration conversion
(g/l) rate (%) Iso Tre Glu Fru Suc
Klebsiella planticola MX10 200 90 639 302 - - 59 [27]
Serratia plymuthica 15928 400 99 79.84 695 2.89 567 0.88 [17]
Erwinia sp. D12 200-300 70 55-66 15 - - 20 [22]
Klebsiella sp. LX-3 100 99.7 87 1.6 <1 - <1 [14],[28]
Enterobacter sp. FMB-1 60 78 90+4 8+4 — - - [91,[30]
Protaminobacter rubrum 396 90 85 9 2 3 0 [8]
CBS547.77
Pseudomonas mesoacidophila 200 90 9.2 884 — - 24  [4]
MX-45
Agrobacterium radiobacter 200 98.6 9.9 88.8 — - 14 [31]
MX-232
Erwinia rhapontici NX-5 550 99 80+2 1542 03 05 O This study
Escherichia coli (pET22b-pall) 550 99.5 86+1 10+1 03 <05 0 This study

Iso Tsomaltulose, Tre Trehalulose, Glu Glucose, Fru Fructose, Suc Sucrose, (—) not specified

sucrose concentration up to 300 g/l resulted in a decrease in the sucrose conversion rate to
71.8% [28]. In the present study, the immobilized E. coli (pET22b-pall) cells remained viable
after 30 days conversions of concentrated sucrose solution (up to 550 g/l), with high
isomaltulose yields (86+1%) and sucrose conversion rates (>99%). In addition, this medium
with concentrated sucrose might prevent the growth of other contaminating microorganisms,
and achieve a high degree of conversion of sucrose into product. This would allow a great
reduction in the size of equipment and the volume of sucrose required for isomaltulose
production.

Conclusions

In this work, the Slase from E. rhapontici NX-5 was cloned and expressed in E. coli.
The Slase NX-5 is distinguished from others by its most acidic optimum pH for
isomaltulose synthesis, high catalytic efficiency for sucrose, and better product
specificity. The immobilized E. coli (pET22b-pall) cells could continuously and
efficiently produce isomaltulose with relative high isomaltulose yields (87%) and sucrose
conversion rates (>99%). Furthermore, the successful cloning and overexpression of the
Slase gene from E. rhapontici NX-5 has now set the stage for more detailed
investigations of this enzyme, such as X-ray crystallography and protein engineering
studies, which will permit further optimization of the catalytic properties of the Slase to
improve its industrial use.
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