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Abstract

Isomaltulose, as a safe sucrose substitute, is widely used as a functional sweetener due to its promising properties, such as
slower digestion, prolonged energy release, and less cariogenicity. The transformation of sucrose to isomaltulose by free
sucrose isomerase (Slase) or microbial cells harboring the Slase gene has received considerable attention in the industry.
Heterologous expression of Slase in food-safe grade strains has become a hot topic due to its broad applicability in the food
industry. Thanks to rapid developments in genetic engineering technology, Slases from different sources have been hetero-
geneously expressed in Escherichia coli, which significantly increased the enzyme’s titer. This review presents a systematic
and detailed summary of the contemporary biotechnological approaches employed for isomaltulose production, including
the source, structural determination, catalysis mechanism, heterologous expression, catalytic reaction condition optimiza-
tion of Slase, and immobilization of cells. In addition, protein engineering, heterologous expression in food-grade safety
strains, fermentation optimization strategies, and immobilization techniques of Slase are introduced in detail. Towards the
end, the review is wrapped up with the concluding remarks, and future strategies are outlined for improving the biological
production of isomaltulose.

Graphical Abstract
Summary of biological isomaltulose production from sucrose catalyzed by sucrose isomerase.
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1 Introduction

Isomaltulose (or Palatinose), as an isomer of sucrose, has
similar physical properties and taste to sucrose [47]. In the
1957s, Weiden Hagen. R and Lorenz. S first discovered
isomaltulose [66]. Compared with sucrose, isomaltulose
has a broad market application prospect in food due to
its good acid stability, very low hygroscopicity, and high
safety [2, 52, 65]. As a new sweetener, isomaltulose has
the advantages of low sweetness (approximately 50% of
the relative sweetness of sucrose), non-caries, and low cal-
orie, which is especially suitable for diabetes and obesity
[11, 51]. Moreover, isomaltulose is also a kind of reducing
sugar, which can be used to produce new functional edible
sugar alcohols as a precursor [31]. Given the excellent
properties [57], isomaltulose has been approved as a safe
sucrose substitute and attracted the whole world’s atten-
tion, leading to a market growth rate of more than 10%.
Isomaltulose has been used as a sucrose substitute and
approved as food for specified health uses due to its dental
properties in Japan since 1985. In the USA, isomaltulose is
approved as “generally regarded as safe” (GRAS) by Food
and Drug Administration (GRN No.184), and used in a
range of dietary supplements and foods. It was authorized
by the Commission of the European Communities as a
novel food or novel food ingredient (notified under docu-
ment number C (2005) 2776). With the rapid growth of
market demand, the production of isomaltulose has gained
considerable research attention around the globe.

At present, the biochemical conversion of sucrose to
isomaltulose is the common means for isomaltulose pro-
duction [63], reaching a scale of more than 10,000 tons
annually worldwide. Bioconversion methods mainly
include single enzyme conversion [4], free cell conver-
sion [1, 79], and immobilized cell conversion [24]. The
critical factor in bioconversion is sucrose isomerase
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(Slase) (EC 5.4.99.11), also known as isomaltulose syn-
thase, a-glucosyltransferase, or trehalulose synthase. In
nature, isomaltulose, a reserve material during periods
of low carbon availability, is present in low quantities in
many bacteria [48]. Numerous microorganisms have been
recognized for their ability to produce Slase with differ-
ent levels of isomaltulose production. Currently, Slase is
mainly obtained by microbial fermentation. Escherichia
coli (E. coli) is one of the ideal industrial strains for pro-
ducing target products by microbial fermentation [17, 46].
With the rapid development of genetic engineering tech-
nology, Slases from different sources were heterogene-
ously expressed in E. coli, which significantly increased
the enzyme’s production level [28]. Owing to its wide
involvement in the food industry [35], the heterologous
expression of Slase in food-safe grade strains has gained
increasing interest.

Based on the literature reported during the last decade
and the recent advance, this review systematically describes
the source, catalysis mechanism, and heterogeneous expres-
sion of Slase. Among them, the protein engineering of Slase,
the heterologous expression in food-grade safety strains, and
the fermentation optimization strategies to improve exocrine
levels were mainly presented (Fig. 1).

2 The Information of Slase
2.1 Source and Structure

In the 1950s, Protaminobacter rubrum (P. rubrum) pro-
ducing Slase was firstly screened and isolated from waste-
water discharged from the beet plant. In recent decades,
researchers have found that most of Slase are derived from
bacteria [39]. The representative Slase production strains,
include P. rubrum [39], Erwinia rhapontici (E. rhapontici)
[27], Serratia plymuthica (S. plymuthica) [22], Klebsiella
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planticola (K. planticola) [19], Enterobacter sp.[24],
Klebsiella sp.[76, 78], Pantoea dispersa (P. dispersa)
[68], and Klebsiella pneumonia (K. pneumonia) [58]. The
formation of isomaltulose (6-0-a-D-glucopyranosyl-D-
fructose) and trehalulose (1-o-a-D-glucopyranosyl-D-
fructose) was obtained from sucrose by isomerization of
Slase [18] (Fig. 2). During the isomerization of sucrose to
isomaltulose and trehalulose, small amounts of D-glucose
and D-fructose can also be produced as by-products by
hydrolysis. According to the main product catalyzed by
the enzyme, the Slase production strains were categorized
into two types: isomaltulose production strains and treha-
lulose production strains [41]. The isomaltulose produc-
tion strains include E. rhapontici NX-5 [27], Enterobac-
ter sp. FMB-1 [24], P. dispersa UQG68]J [68], P. rubrum
CBS574.77 [68], E. rhapontici WAC2928 [68], S. plym-
uthica ATCC15928 [22], Klebsiella sp. LX3 [22], K. plan-
ticola CCRC19112 [19], and K. planticola MX-10 (Zhng
et al. 2004), from which isomaltulose catalyzed by Slase
accounted for 60-90% of all products.

Trehalulose O

CpHp0p —— CpHy0y,

Sucrose isomerase

In Protein Data Bank (PDB), the crystal structure of Slase
from many sources has been resolved by X-ray diffraction
(Table 1). The native Slases from Klebsiella sp. LX3, P.
mesoacidophila MX-45, P. rubrum CBS574.77, and E. rha-
pontici NX-5 are representative (Table 1). Slase is a single
subunit molecule (Fig. 3), which belongs to the glycosidase
13 (GH13) family. Similar to enzymes from the GH13 fam-
ily, the tertiary structure of Slase from different sources has
high homology and is composed of three domains (N-ter-
minal domain, C-terminal domain, and sub-domain). The
N-terminal domain is an (/a)8-barrel super-secondary
structure, which is the most important part of Slase (the
enzyme’s catalytic center). Multiple amino acid sequence
comparisons of various Slase revealed that the N-terminal
domain contained five highly conserved amino acids, Asp?*!,
Glu®®, Asp369, His'®, and His*®, which are located in the
catalytic pocket of Slase and involved in the catalysis of
the substrate. The sub-domain is a short loop rich structure,
which is involved in substrate (sucrose) binding [48]. The
C-terminal domain consists of two antiparallel j-sheets,

Fructose

CoHp0,, tH,0——=>CH,,04+ CgH,,04

Sucrose Isomaltulose or Trehalulose Sucrose Glucose  Fructose
Fig.2 Hydrolysis and isomerization of sucrose catalyzed by Slase from P. rubrum CBS574.77
Table 1 The information on the representative crystal structure of Slase
Microbial source Slase PDB ID Interacted chemical Resolution (A) References
Klebsiella sp. LX3 Pall 1M53 - 22 [76, 78]
P. mesoacidophila MX-45 MutB 1ZJA Ca** and tris 1.6 [49]
P. rubrum CBS574.77 SmuA 3GBD Ethylene glycol and citrate anion 1.95 [48]
E. rhapontici NX-5 4HOW Trisodium citrate, ammonium acetate, 1.70 [72]

and polyethylene glycol
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Fig.3 The tertiary struc-
ture of Slase from P.rubrum
CBS574.77

C-terminal domain

which are related to the structural stability of Slase [15].
Unlike the GH13 family of enzymes, an RLDRD sequence
consisting of five amino acids (Arg, Leu, Asp, Arg, Asp) in
the proximity of the active site is unique to Slase, which is
mainly responsible for sucrose isomerization [39] (Fig. 3).
The RLDRD sequence (e.g., in Slase from Klebsiella sp.)
is highly conserved in enzymes. In the process of sucrose
isomerization, this sequence plays a significant role, which
can ultimately affect the specificity and proportion of prod-
ucts [76, 78].

2.2 Reaction Mechanism

The Slase from S. plymuthica ATCC 15,928 was purified,
and the reaction mechanism was studied by Véronese and
Perlot [59]. The reaction mechanism was based on the intra-
molecular rearrangement of sucrose that simultaneously
produces two different isomerization products (isomaltulose
and trehalulose) [54]. After the cleavage of glucoside bond
(oe;—P) of sucrose, glucose moiety remains tightly bound
to the active site of the enzyme, while, the fructosyl group
is loosely attached. In this case, the fructose moiety is
allowed to rotate and change its position freely, and then
two different sucrose isomers are formed by intramolecular
rearrangement.

By studying the catalytic mechanism of Slase, Ravaud
et al. [48] speculated that the Slase proceed using a two-step
double-displacement mechanism, which is similar to other
GH13 enzymes. In the process of Slasecatalyzing sucrose to
form isomaltulose, the formation and breakdown of a cova-
lent glucosyl-enzyme intermediate were completed through
the transition state of carboxyl ions from Glu at the enzyme
active site. To complete the hydrolysis of sucrose, Glu acts
as an acid catalyst, protonizing the oxygen on the substrate

@ Springer
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glycoside bond by providing a proton. Then, the Asp of the
active site attacks the C1 hydrogen atoms on sucrose by the
nucleophilic attack, deprotonizing the C1 hydrogen atoms
and resulting in the formation of the pB-glucosyl-enzyme
intermediate. The free fructosyl group’s tautomerism
leads to the formation of sucrose isomer (isomaltulose or
trehalulose).

Slase contains a unique sequence, RLDRD, which is
closely related to isomerization (Fig. 3). The conservation
of this sequence affects the specificity and proportion of
the final product [37]. Site-directed mutants of Arg325 and
Arg*?® were used for enzyme transformation, and found that
the amount of isomaltulose in the end product was reduced,
while the yield of trehalulose was slightly increased [25].

2.3 Protein Engineering

Although natural Slase can be used for isomaltulose bio-
synthesis, some problems still resisted in industrial produc-
tion, such as poor thermolability or low conversion rate.
Given that protein engineering based on structure infor-
mation can improve the application performance of wild
enzyme [14, [74], various protein engineering approaches
have been developed (Table 2). The main purpose of protein
modification of Slase is mainly reflected in three aspects:
improving enzyme thermostability, increasing product ratio
of isomaltulose, and reducing by-products. For example,
eplacement of Glu**® and Arg*'? with proline of Slase (Pall)
from Klebsiella sp. strain LX3 by site-directed mutagen-
esis resulted in an 11-fold increase in the half-life of Pall at
50 °C, which significantly increased the thermostability of
Pall and slightly improved the product ratio of isomaltulose
[77]. Given that S. plymuthica AS9 Slase was unstable,
B-factor-based site selection combined with site-directed
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Table 2 Slase variants with improved isomaltulose production

Slase source Slase Variant Conversion rate of Improvement® Ratio isomaltulose/ References

isomaltulose (%) (%) trehalulose

Klebsiella sp Pall E498P/R310P 84.1 27 - [77]
Klebsiella sp Pall E498P 84.8 35 - [77]

S. plymuthica AS9 Pall E175N 77.8 2.0 - [15]

S. plymuthica AS9 Pall K576D 76.8 0.7 - [15]

S. plymuthica AS9 Pall E175N/K576D 78.4 2.8 - [15]

S. plymuthica SmuA V465E 93.7 17.3 26.8 [45]

S. plymuthica SmuA Y219L/V465E 94.7 18.4° 522 [45]

S. plymuthica SmuA D398G/V465E 94.7 18.4° 35.1 [45]

S. plymuthica SmuA Y219L/D398G/V465E 94.7 18.4° 62.4 [45]

P. dispersa UQ68 J Siml1 Q299E 94.16 4.3 - [33]
Rhizobium sp. MutB F164L 21.1 55.1 0.7 [32]

“Improvement (%) represents percentages of the increase in isomaltulose product ratio of the mutant enzyme comparing with that of the wild-

type enzyme

mutagenesis was employed to improve its thermostability by
constructing three mutants (E175N, K576D, E175N/K576D)
[15]. The mutants exhibited increased optimal temperature
(from 30 °C to 35 °C) and displayed improved isomaltulose
yield as compared to the wild-type enzyme. In order to
reduce by-product formation during the isomaltulose bio-
synthesis catalyzed by Slase from S. plymuthica, a semi-
ration protein-engineering strategy resembling a “Battleship
strategy” was employed, resulting in a high active SIase with
enhanced product specificity [45]. Given the low product
specificity of isomaltulose by Slase from P. dispersa UQ68
J (Sim1), residues of Tyr**® and GIn**° of Sim1, which were
located close to the substrate-binding site, were changed.
The results showed that the mutant of Q299E significantly
improved the conversion rate of isomaltulose from 90.28 to
94.16% [33]. Moreover, to explain the underlying molecular
mechanisms of Slase from Rhizobium sp, the variant F164L

Table 3 Slase with different general characteristics

was obtained using a random-mutagenesis approach, which
improved the product ratio of isomaltulose by 55.1% [32].

3 Heterogenic Expression of Slase

3.1 InE. coli

Given that E.coli is one of the ideal industrial strains for
the production of target products, Slase genes from differ-
ent microorganisms (such as K. planticola, P. dispersa, K.
pneumoniae, Enterobacter sp, E. rhapontici, and S. plymuth-
ica) have been successfully cloned and expressed in E.coli
(Table 3). The biochemical properties of Slase were shown
in Table 3. Most of the optimum pH values ranged from
5.0-6.0. It was reported that pH is related to Slase enzyme
activity and product specificity. For example, the activity of

Slase source Molecular Optimal tem- Optimal pH Conversion rate Specific Koy K,mM) K../K, References
weight perature of isomaltulose activity ) (mM~1s7h
(Umg™)

K. planticola - 35°C 6.0 66% 351 - 76.0 0.62 [69]
UuQ14 S

P. dispersa 66 kDa 30-35°C 5.0 91% 562 - 40 1.79 [69]
UQ68J

K. pneumoniae  About 67 kDa 30 °C 6.0 76.8% 2362 - 427 - [3]
NK33

Enterobac- About 70kDa 50 °C 5.0-6.0 78% - - - - [4]
ter sp. FMB-1

E. rhapontici 66 kDa 30°C 5.0 87% - - 257 - [27]
NX-5

S. plymuthica 65 kDa 30°C 6.0 76% 957.5 992.8 30.1 33.0 [15]
AS9
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Slase form Enterobacter sp. FMB-1 is significantly reduced
outside the pH (5.0-6.0) [4]. Slase form K. planticola UQ14
S shows no isomerization activity and a little hydrolysis
activity at pH 3.0. However, when the value of pH increased,
the hydrolysis activity is decreased, and the isomaltulose
becomes the main product [69]. Most Slases exhibit lower
thermal stability, except the Slase from Enterobacter sp.
FMB-1 showing an optimal temperature at 50 °C (Table 3).
Temperature also affects the ratio of product composition.
As for P. dispersa UQ68 J Slase, isomaltulose production is
significantly inhibited above 40 °C [69]. In addition, Slases
from different sources exhibit different enzymatic properties
(Table 3). The Michaelis constant (Km) has a wide range of
values from 30.1 mM [15] to 257 mM [27], depending on
different sources of Slases.

3.2 Infood-Grade Safety Strains

Given that the application of isomaltulose in the food
industry and E. coli is unsuitable for commercial iso-
maltulose biosynthesis due to the presence of cell wall
pyrogens and endotoxin synthesis [56], the heterogeneous
expression of Slase in safe food-safety grade hosts, such
as Lactococcus lactis (L. lactis), Yarrowia lipolytica (Y.
lipolytica), Bacillus subtilis (B. subtilis), and Saccharo-
myces cerevisiae (S. cerevisiae), attracts more and more
attention (Table 4). Like the recombinant Slases in E.
coli, most recombinant Slases in food-grade safety strains
own weakly acidic optimal pH and low thermal stability
(Table 4). Depending on the microbial sources, the con-
version rate of isomaltulose varies significantly (Table 4).
The bacterial system of L. lactis, a non-pathogenic, non-
invasive Gram-positive bacterium, has been examined as
an efficient expression system for recombinant protein pro-
duction and secretion [38]. Park et al. [44] first reported
the heterologous expression of Slase from Enterobacter
sp. FMB-1 in L. lactis MG1363. The recombinant Slase
from L. lactis was successfully secreted extracellularly by

Table 4 Heterogeneous expression of Slase in safe food-grade microbial

using an auto-inducible promoter (P170) and an optimized
signal peptide (SP310mut2). The recombinant L. lactis
MG1363 was employed for isomaltulose, with a conver-
sion yield of 72%.

Like L. lactis, B. subtilis is also considered a suitable
candidate for expressing industrially relevant proteins
[16]. Using shuttle plasmid pHAO1, Slase from E. rhapon-
tici NX-5 was overexpressed in an engineered B. subtilis
WBS800, which effectively solves the food safety problem
of isomaltulose production [71]. Moreover, Slase from P.
dispersa UQ68J was heterologously expressed in the yeast
Y. lipolytica, a “generally recognized as safe” (GRAS)
microbe, by employing the expression vector pINA1312
[81].

Except for intracellular expression, Slase could also be
displayed on the surface of cells or spores in food-grade
safety strains for isomaltulose production. Protein display
technology has made great progress in recent years. Com-
pared to intracellular expression of enzyme, the living
whole-cell biocatalyst is easily produced by microbial cul-
tivation techniques when enzyme molecules are simultane-
ously synthesized and self-immobilized on the cell surface
[7]. In addition to prokaryotic expression systems, yeast
expression systems, such as S. cerevisiae and Y. lipolytica,
are also used to produce heterogeneous expression pro-
teins [64]. Slase from Enterobacter sp. FMB-1 has been
successfully displayed on the cell surface of S. cerevisiae
EBY 100, using a glycosylphosphatidylinositol (GPI)
anchor attachment signal sequence for anchoring protein
[24]. Using the cell wall protein Pirl as an anchor protein
[26] or a constructed GPI (a cell wall protein anchor signal
sequence) [82], P. dispersa UQ68 J Slase was displayed on
the Y. lipolytica cell surface. Unlike cell surface display,
Slase from E. rhapontici NX-5 was displayed on B. sub-
tilis 168 spores using CotX as the anchoring protein. The
anchored Slase showed relatively high bioactivity for the
economical production of isomaltulose from agricultural
residues [75].

Slase source Host bacterium Anchoring  Temperature pH range (optimal) Conversion rate of References
carrier range (optimal) isomaltulose
Enterobacter sp. FMB-1 L. lactis MG1363 - - - 2% [44]
E. rhapontici NX-5 B. subtilis WB800 - —(35)°C —-(5.5) 92% [71]
P. dispersa UQ68] Y. lipolytica - 20-40 (35) °C 4.5-7.5(5.5) 95% [81]
Enterobacter sp. FMB-1 S. cerevisiae EBY 100 GPI 35-55 (45) °C 5.0-7.0 (6.0) (7.0) 7.4% [24]
P. dispersa UQ68] Y. lipolytica Pirl 20-40 (-) °C 4.5-7.0 (-) 93% [26]
P. dispersa UQ68] Y. lipolytica GPI 20-45 (30) °C - 85% [82]
E. rhapontici NX-5 B. subtilis 168 CotX 25-45 (30)°C 5.0-7.0(6.0) 92% [75]
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Table 5 Optimization strategies for improving the expression level of Slase

Recombinant strain

Optimized culture
medium

signal peptide or
promoter

Original expression Maximum expres-
sion

Fermentative scale References

E.coli BL21 (DE3)

E.coli BL21 (DE3)

E.coli BL21(DE3)/
pET-24a-pall

E.coli P22

E.coli IM109

B. subtilis WB800
-pHAO1-pall

Brevibacillus
choshinensis
BCpNapr-SI

Y. lipolytica JD

Cane molasses
10.65 g/L, Corn
steep 22.22 g/L,
NaCl 7.57 g/L,
MgSO,-7H,0
0.52 g/L, KH,PO,
4.46 g/

Untreated cane
molasses
10.63 g/L, yeast
extract 25.93 g/L,
and corn steep
corn liquor
10.45 g/L

Glycerin 8 g/L,
peptonelg/L, yeast
extract 2 g/L,
citric acid 1.7 g/L,
(NH,),HPO,
4.0 g/L, KH,PO,
13.5 g/L,
MgSO,-7H,0
1.39 g/L, Trace
element solution
10 mL, and 0.4 g/
(L-h) lactose

Glycerin 8 g/L,
peptonelg/L, yeast
extract 2 g/L,
citric acid 1.7 g/L,
(NH,),HPO,
4.0 g/L, KH,PO,
13.5 g/L,
MgSO,-7H,0
1.39 g/L, Trace
element solution
10 mL, lactose
3 ¢g/L, and 0.5%
glycine

Yeast extract 15 g/L,
un-pretreated cane
molasses, 20 g/L,
NaCl 6 g/L,
MgSO,-7H,0

1 g/L, and KH,PO,

3¢/l
Glucose 10 g/L,
polypeptone
15 g/L, and beef
extract 15 g/L
Glucose 30 g/L,
corn steep powder
20 g/LL

Pel B signal peptide

A modified nucleo-

tide sequence

encoding Slase; T7

promoter

Papr-E signal
peptide

TEFin promoter

1.3 U/mL

29.1 U/mL

- 14.5 U mg™!

253.1 U/mL 654 U/m L

85 U/mL 2640 U/mL

- 5.2 U/mL

- 485.5 U/mL

- 49.3 U/mL

Shake flask [62]

Shake flask [29]

3L [8]

3L [34]

2L [50]

75L [71]

3L [83]

3L (80]
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4 Optimization Strategies for Improving
Slase Expression

The expression level of wild-type Slase from different
microbial sources is often low, so various optimization
strategies were carried out for enhancing the expression
of Slase (Table 5). Optimization of fermentation medium
composition is a common method to improve enzyme
activity or expression level, and the key points of optimi-
zation are the composition and content of carbon sources,
nitrogen sources and inorganic salts. For instance, the
fermentation medium component of recombinant E. coli
was optimized through response surface method (RSM).
The results showed that the optimal media contained: cane
molasses 10.65 g/L, corn steep 22.22 g/L, NaCl 7.57 g/L,
MgS0O,-7H,0 0.52 g/L, KH,PO, 4.46 g/L. Among the
components, cane molasses, corn steep, and NaCl are the
most useful carbon sources, nitrogen sources, and inor-
ganic salt. Under optimal fermentation conditions, the
final Slase activity was 29.1 U/ml, increasing 21.4 times
compared to that of the original strain (1.3 U/ml) [62]. To
develop an economical industrial medium, the concentra-
tion of untreated cane molasses, yeast extract, and corn
steep liquor was optimized for Slase production, leading
to a relatively high Slase activity of 14.5 U mg~! DCW~!

Table 6 Reaction condition optimization for isomaltulose production

in the recombinant E. coli [29]. The inducer lactose is also
often used as an optimization factor during the fermenta-
tion process. For example, the rate of lactose induction
was optimized, and the results showed that the enzyme
level was the highest under the rate of 0.4 g/(L-h) lactose.

In addition to medium composition optimization, sig-
nal peptide, or promoter optimization is also a common
method to improve enzyme expression or secretion [34,
83]. For instance, to improve the expression level of Slase
from P. dispersa UQ68J, optimizing signal peptide and fer-
mentation conditions were employed. The results showed
that Pel B signal peptide, glycine concentration (3 g/L),
and lactose concentration (0.5%) were key factors. The
total enzyme activity and extracellular enzyme activity
were up to 2640 and 1981 U/mL, respectively, which were
the highest expression level of Slase [34]. To enhance the
expression of Slase from Brevibacillus choshinensis, Papr-
E signal peptide and optimal medium composition (glu-
cose 10 g/L, polypeptone 15 g/L, and beef extract 15 g/L)
were used, leading to Slase activity of 485.5 U/mL [83]. In
addition, a modified nucleotide sequence encoding Slase
from P. dispersa UQ68 J was heterologous expression
in E.coli JM109 using expression plasmid pET11. The
modification of the native gene increased expression level
(14-19%) of the total cellular protein [50].

Expression host  Source of Slase ~ Sucrose concen- Optimal tem-

Optimal pH Enzyme amount Time Conversion rate References

tration perature of isomaltulose

E. coli® S. plymuthica 10% 35 6.2 - 5h 72.6% [59]
ATCC 15,928

E. coli* K. pneumoniae  40% 30 °C 6.0 100 mU 1h 76.8% [3]
NK33

E. coli* S. plymuthica 40% 30°C 6.5 20U g™ 8h 87.9% [8]
AS9

E. coli* P. dispersa 40% 30°C 6.5 20U g™! 8h 92% [34]
UQo68J

L. lactis Enterobacter sp. 3% 30 °C 6 - - 2% [44]

MG1363? FMB-1

E. coli® Enterobacter sp. 6% 37 °C - - 16 h 78% [4]
FMB-1

S. cerevisiae Enterobacter sp. 250 mM 45 oC 6.0 - 10 min 7.4% [24]

EBY100° FMB-1

Y. lipolytica® P. dispersa 600 g L™! 30 °C 6.0 - 72h  95% [81]
UQ68J

Y. lipolytica® P. dispersa 500 g L~! 20-40 oC 4.5-7.9 - 6h 93% [26]
UQ68J

B. subtilis 168°  E. rhapontici 500 g L' 30 °C 6.0 - 6h 92% [75]
NX-5

aThe catalysis reaction is carried out by free SIase produced by the expression host

®The catalysis reaction is carried out by free cells harboring Slase gene
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5 Optimizing Reaction Conditions
for Isomaltulose Biosynthesis by Slase
or Cells Harboring Siase Gene

Free Slase or cells harboring the Slase gene can be used
for converting sucrose to isomaltulose. Application con-
dition optimization, including substrate concentration,
temperature, pH, enzyme amount, and reaction time, is a
common method for isomaltulose production (Table 6). In
an enzyme-catalyzed reaction system, substrate (sucrose)
concentration is the key point of optimization. For exam-
ple, K. pneumoniae NK33 Slase, the conversion rate
of isommalone was 76.8%, with a sucrose concentra-
tion of 40% using K. pneumoniae NK33 Slase [3]. The
recombinant cells harboring Slase from Enterobacter sp.
FMB-1 were implemented for catalysis reaction, result-
ing in the conversion rate of isomaltulose by 78% with
sucrose concentration of 6% [4]. To maintain the stability
of enzymatic properties during the reaction, the optimum
reaction temperature and pH of the enzyme reaction sys-
tem are often the same or adjusted slightly according to
the optimum conditions of Slase itself. At the optimum
temperature and pH of Slase, the conversion rate of iso-
maltulose by 7.4% was obtained [24]. In addition to the
above factors, the amount of enzyme added and reaction
time also affect the final product’s yield. As the amount of
enzyme increased, the conversion rate of isomaltose also
increased,when the amount of enzyme was 20 U/g, the
conversion rate of isomaltulose reached a maximum of
86.9%. After that, the conversion rate is slightly decreased
with the increase of enzyme amount (Cheng 2015. By
overexpressing Slase from P. dispersa UQ68J in yeast Y.
lipolytica, an engineered strain S47 was constructed, lead-
ing to a 95% conversion rate of isomaltulose with sucrose
concentration of 600 g L™! after 72 h [81]. Moreover, E.
rhapontici NX-5 Slase displayed on the surface of B. sub-
tilis 168 spores was applied for isomaltulose production,
and the productive spores converted 92% of sucrose after
6 h under the optimal conditions [75].

6 Immobilization Technologies
for Isomaltulose Production

6.1 Cell Immobilization

Immobilized cells or enzymes have a wide range of appli-
cations, and a variety of immobilized cells or enzyme sys-
tems have been successfully used in industrial production
[53, 60, 73]. In the last few decades, most of the works
report the isomaltulose production by immobilization of

microbial cells, such as E. rhapontici, Erwinia sp, and
S. plymuthica, which have been immobilized using dif-
ferent strategies to improve isomaltulose productivity or
enhance the application performance of the immobilized
cells (Table 7). Compared to isomaltulose production by
free cells, cell immobilization shows several potential
advantaged, including minimum downstream process-
ing, reusability of biocatalyst, and improved operational
stability [6]. In the production of isomaltulose, there
are two main methods for cell immobilization: alginate
entrapment and chitosan cross-linking with glutaralde-
hyde (Table 7). By using columns of E. rhapontici NCPPB
1578 cells entrapped in alginate gel pellets, isomaltulose
production was achieved, obtaining a yield of 0.2 g iso-
maltulose per gram wet weight of cells per hour and an
improved operational stability of the immobilized cells
(8,625 h of half-life) [5]. Mundra et al. [40] increased
the isomaltulose yield by 40% and achieved a maximum
isomaltulose production of 140 g L™! h™! by RSM opti-
mization of the immobilized E. rhapontici NCPPB 1578
cells. The optimized immobilization process by RSM
and calcium alginate was implemented in Erwinia sp.
D12 cell immobilization for isomaltulose production,
leading to an isomaltulose conversion rate of 50-60%
by using transglutaminase cross-linking in cell immobi-
lization [20]. By comparing with different treatments of
Erwinia sp. D12 strain, a maximum conversion (53-59%)
was obtained using granules of sonicated immobilized
cells [21]. In addition to the abovementioned microor-
ganisms, some other microorganisms were also used for
isomaltulose production by cell immobilization utilizing
alginate entrapment, such as Klebsiella sp [30, 42], P.
rubrum [12] and recombinant E. coli [27, 29]. By using
immobilized Klebsiella sp. LX3 cells, more than 87% of
isomaltulose, was obtained [30]. Immobilized pellets of
P. rubrum CBS574.77 in calcium alginate led to a higher
isomaltulose conversion rate (more than 90%) [12]. In
addition, recombinant E. coli cells producing Slase from
E. rhapontici NX-5 were also immobilized, which showed
productivity of 0.45 g isomaltulose g pellet™! h™! under
30 batches [29].

S. plymuthica ATCC15928 has also been widely
employed to produce isomaltulose. Chitosan cross-link-
ing with glutaraldehyde, another simple and effective cell
immobilization method, was developed for forming immo-
bilized S. plymuthica ATCC15928 cells, which resulted in
the highest conversion rate of isomaltulose (94%) [23]. The
perfect operational stability of immobilized cells was also
achieved with a half-life of 155 days. Immobilized S. plym-
uthica ATCC15928 cells in hollow fiber bioreactors were
used to produce isomaltulose, leading to specific productiv-
ity of 16.8 g m~2 h~! and a half-life (42 days) of immobi-
lized enzymes [22]. Furthermore, immobilized cells of S.
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Table 7 Isomaltulose production by immobilized cells or enzymes

Source of Slase Method Conversion rate  isomaltulose productivity — Stability References
of isomaltulose
(%)
E. rhapontici NCPPB Alginate entrapment 75 0.2 g per gram wet 8,625 h of half-life [5]
1578 weight of cells per hour
E. rhapontici NCPPB Alginate entrapment - 140 gL' h! - [40]
1578
Erwinia sp. D12 # Alginate entrapment 50-60 - Stable in more than [20]
7 batches
Erwinia sp. D12* Alginate entrapment 53-59 - Presenting activity for [21]
480 h
Klebsiella sp. K18 * Alginate entrapment about 62.5 - - [42]
Klebsiella sp. LX3 * Alginate entrapment > 87 522.8 mg min™" - [30]
P. rubrum CBS574.77 * Alginate entrapment 82 1.6 g per pellet per hou - [12]
P. rubrum CBS574.77% Alginate entrapment >90 4.0 g per pellet per hour — — [12]
Recombinant E. coli * Alginate entrapment 86 - Viable after 30 days [27]
Recombinant E. coli* Alginate entrapment 83-86 0.45 g isomaltulose g Remained stable for [29]
pellet™' h™! 40 days with 83% iso-
maltulose yield
S. plymuthica Alginate entrapment 70-81 - seven days [43]
ATCC15928 *
S. plymuthica Chitosan cross-linking 94 1488 kg dm™> biocatalyst 155 days of half-life [23]
ATCC15928* with glutaraldehyde
S. plymuthica Hollow fiber membrane >90 168 gm2h™! 42 days of half-life [22]
ATCC15928*
Erwinia sp D12 ° Celite adsorption about 65% - - [9]
Erwinia sp. D12° Celite adsorption > 60 - - [10]
Erwinia sp. D12° Entrapment (low methoxyl 30 - - [10]
pectin microcapsules)
Y. lipolytica ® Polyvinyl alcohol-alginate 96 - Conversion rate of [80]
entrapment sucrose after 13 batches
remained above 90%
Klebsiella sp. LX3® Sodium alginate embed- ~ — - Presenting activity more  [61]
ding than 95% (4 oC for
20 days)
Klebsiella sp. LX3 ® Glutaraldehyde crosslink- — - Presenting activity about  [61]
ing 95% (4 oC for 20 days)
B. pumilus b Glutaraldehyde crosslink-  87.8 - Isomaltulose conversion [36]
ing rate remained 87.5%
after 16 batches
E. rhapontici NX-5° e-Poly-L-lysine modified — - 114 h of half-life [70]

mesoporous crosslinking

Immobilized cell

®Immobilized enzyme

plymuthica ATCC15928 in calcium alginate were studied
for isomaltulose production in a packed bed bioreactor, and
the highest conversion rate of isomaltulose (81.26%) was
obtained during seven days in a continuous process [43].

6.2 Slase Immobilization

Although cell immobilization has many advantages, it
also has some disadvantages compared with enzyme

@ Springer

immobilization, such as cell autolysis and lower product
purity caused by cell metabolism. Immobilized Slases
from different microbial sources have also been carried
out to enhance the production efficiency of isomaltulose
in recent years (Table 7). The commonly used methods of
Slase immobilization, include crosslinking, embedding, and
adsorption (Table 7). Contesini et al. developed two different
techniques to immobilize the crude Slase from Erwinia sp.
D12 by entrapment (low methoxyl pectin microcapsules)
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and adsorption (Celite), achieving isomaltulose conversion
rate of 30% and 60%, respectively [10]. By immobilizing
Slase from Erwinia sp 12 onto Celite, Contesini et al. [9]
obtained an isomaltulose conversion rate of 65% by immo-
bilized Slase under the optimal reaction conditions. With
a strong constitutive promoter, a high level of secreted
Slase was obtained by overexpressing the Slase gene from
P. dispersa UQ68]J in Y. lipolytica. Then by immobilizing
the recombinant Slase onto polyvinyl alcohol-alginate, the
stability of the Slase was significantly improved, resulting
in isomaltulose production of 620.7 g L™! with a yield of
0.96 g g~!. The conversion rate of sucrose remained above
90% after 13 batches under optimal conditions [80]. In
addition to the immobilization methods of entrapment and
adsorption, an innovative approach was developed for immo-
bilizing Slase on e-poly-L-lysine modified mesoporous [70].
The immobilized Slase displayed good operational stability
with a half-life period up to 114 h under continuous reac-
tion, and the conversion rate of sucrose remained at around
95% after 16 batches. The stability and reusability of Slase
Pall from Klebsiella sp. LX3 were studied by sodium algi-
nate embedding and glutaraldehyde crosslinking. The results
showed that the residual activity of the immobilized enzyme
by sodium alginate embedding and glutaraldehyde crosslink-
ing was more than 95% and 60%, respectively, compared
with that of the free enzyme (below 30%) after stored at
4 oC for 20 days. In addition, the residual enzyme activity
by glutaraldehyde crosslinking was 80% after 12 batches for
reuse [63]. Slase from recombinant B. pumilus was immo-
bilized by adsorption crosslinking with chitosan as carrier
and glutaraldehyde as a cross-linking agent. The maximum
conversion rate of isomaltulose reached 87.8% under optimal
conversion conditions [36].

7 Conclusions and Future Prospects

Nowadays, the market demand for isomaltulose, as a safe
sucrose substitute, is increasing rapidly. Slase is responsible
for the commercial biological production of isomaltulose
from sucrose. The transformation from sucrose to iso-
maltulose by Slase or microbial cells harboring Slase gene
has received extensive attention in the industry. Significant
progress has been made in the biological production of iso-
maltose; however, some problems still exist in industrial
production, such as the low secretion level from food safety
grade strain, weak thermal stability, and poor application
performance of Slase. To solve the above problems, attempts
can be made from two aspects of strain and enzyme. In con-
sideration of the high protein expression capacity, approxi-
mately one-third of protein for therapeutics is produced in
E. coli. Given contamination with large amounts of endo-
toxins by E. coli [13] and the application characteristics of

isomaltulose in the food industry, E. coli-based cell-free
protein synthesis, a promising platform for protein expres-
sion, can be used [67]. In addition to E. coli, studies on the
heterogeneous expression and secretion of Slase have been
tried in food-grade safety microorganisms, but the secretion
levels of Slase are still low, requiring urgent improvement in
genetic engineering or fermentation condition optimization.
For example, the recombinant proteins in corynebacterium
glutamicum were enhanced by constructing a bicistronic
gene expression system [55].

Compared to the immobilized cell, the immobilization
technologies of Slase for isomaltulose production are rel-
atively immature, which need to be improved. Moreover,
some Slase possess poor thermal stability, and although
some Slases were modified with related protein engineer-
ing, the improvement was not noticeable. To improve the
application performance of Slase in industrial production,
key sites of Slase need to be further explored and modified.
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