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SUMMARY

Given potential health benefits including low glycemic index, tooth friendly, suitable to infants, elderly and

diabetic patients, isomaltulose was considered as a promising alternative sweetener to sucrose. Due to the
presence of liposaccharide endotoxin in Serratia plymuthica CBS 574.44, a Gram-negative bacterium, and
minute amount of formaldehyde carried over, purification of isomaltulose requires rigorous controls in industry.
To reduce the cost associated with product purification, here we propose the use of recombinant enzyme in
isomaltulose production. The mature gene coding for sucrose isomerase synthase (K.SI36.Pall) from
Klebsiella singarporensis 1SB 36, which isolated from woodborer in Vietnam, was expressed in
Pichia pastoris X33. The nucleotide sequence of K.SI36.Pall gene was similar to AY040843.1 of Klebsiella sp.
LX3 except one nucleotide C'* in AY040843.1 replaced by T' in K.SI36.Pall. This leads to single amino
acid difference in deduced protein sequence (from 342Ser to 342Phe). Furthermore, the addition of two amino
acids (Glu and Phe) was observed at N-terminus. The calculated molecular weight of sucrose isomerase from
K.S136.Pall was 67.46 kDa and the pl was 6.55. There was one potential glycosylation site at 466Asn. The
maximum sucrose isomerase activity in the culture broth reached 36,6 U.mL'in 1 L shake-flask. The purified
recombinant enzyme was most active at 40°C and pH 7.0. At the optimum condition, within 6 hours, the enzyme
converted 94% of sucrose in a 40% sucrose solution into isomaltulose. This was the first study on the expression
of sucrose isomerase synthase gene in P. pastoris, and the results showed the efficient conversion of sucrose
isomerase recombinant.
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INTRODUCTION

Although playing the most important role in the
food industry as a natural sweetener, sucrose, or table
sugar, may cause negative effects, such as obesity,
dental caries, heart diseases and is not suitable for
people with diabetes (Lina et al., 2002). Isomaltulose,
a structural isomer of sucrose has been found as a
promising alternative. Unlike other sucrose
substitutes, isomaltulose can be assimilated by the
human body and served as the source of energy
(Tiefenbacher, 2017). It is tooth-friendly, promoting
the growth of intestine bifidobacteria, causing low
glycemic response and suitable for diabetic patients,
elderly and infants(Linaet al., 2002). In the food
industry, isomaltulose is the precursor for the
production of isomalt through hydrogenation
(BeMiller, 2019).

In nature, isomaltulose occurs in small amounts
in sugar cane syrup and honey (O’Donnell, Kearsley,
2012). It can be produced from sucrose by enzymatic
rearrangement. The enzyme responsible for the
process is termed as sucrose isomerase (EC
5.4.99.110) which catalyzes the conversion of sucrose
(0-D-glucopyranosyl-(1-2)-f-D-fructofuranoside)
into isomaltulose (6-O-alpha-D-glucopyranosyl-D-
fructofuranose) and various amounts of D-glucose, D-
fructose, and trehalulose (1-O-alpha-D-
glucopyranosyl-beta-D-fructose) (Véronése, Perlot,
1998; Véronese, Perlot, 1999; Xu et al., 2013). Many
bacterial species sucrose isomerase producing has

been reported, including Serratia plymuthica,
Erwinia rhapontici, Enterobacter sp-,
Klebsiella  singaporensis, Raultella  planticola,

Enterobacter  sp.,  Pantoea  dispersa, and
Pseudomonas mesoacidophila (Goulter et al., 2012;
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Mu et al, 2014a). Several of sucrose isomerase
coding genes have been cloned, expressed and
characterized (Cha et al., 2009; Park et al., 2010; Mu
et al., 2014b). In general, sucrose isomerases are
functioning in near-neutral pH and are thermolabile.
For example, Pall from Klebsiella sp. LX3 expressed
in Escherichia coli DH5a demonstrated the highest
activity at pH 6.0 and 35°C. The half-life of the
enzyme was merely 1.8 min at 50°C (Zhang et al.,
2002). Surface display may alter the properties of
sucrose isomerase. Sucrose isomerase from
Enterobacter sp. FMB-1 expressed in E. coli was the
most active at pH 6.0, while the surface-displayed
enzyme in Saccharomyces cerevisiae showed the
highest activity at pH 7.0. The latter was also slightly
more stable to the effect of temperature than the one
expressed in E. coli (Lee et al., 2011a; Wei et al.,
2013).

Industrially, isomaltulose is produced from food-
grade sucrose by using the formaldehyde-inactivated
cells of Protaminobacter rubrum
(=Serratia plymuthica) CBS 574.44 as biocatalyst and
followed by purification and crystallization
(Krastanov, Yoshida, 2003; Kawaguti, Sato, 2010;
Goulter et al., 2012; Mu et al., 2014b). Although
S. plymuthica is a nonpathogenic species, due to the
presence of liposaccharide endotoxin in the cell wall
and formaldehyde used for bacterial inactivation, the
purification step should be carried out with rigorous
monitoring (Orsi, Sato, 2016). In this study, we
propose a new approach, whereas isomaltulose be
produced from sucrose using recombinant enzyme
expressed extracellularly by Pichia pastoris. The
conversion mixture is expected to be free from
endotoxin and formaldehyde, and thus reduces the
cost for recovery.

MATERIALS AND METHODS

Microorganism

Strain  Klebsiella  singaporensis ~ 1SB-36
demonstrating sucrose isomerase activity was
previously isolated from the excrement of
woodborer Colosternapollinosa sulphurea Heller
on Anisoptera costata Korth collected in Bau Bang
forest station at Bén Cat, Binh Duong, Vietnam
(Nguyén Thanh Thiy ef al., 2013). The strain was
identified as K. singaporensis as it shared 100%
nucleotide homology with the rpoB sequence
JX425353 of LMG 23571, the type strain of K.
singaporensis (JX425353.1).
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Cloning and expression

A gene coding for mature sucrose isomerase
without sequence for signal peptide (K.S136.Pall) was
isolated by PCR amplification reaction from K.
singaporensis ISB-36 using primer pair SI12-EcoRI
(AGC TGA ATT CGC ACC ATC CTT GAA TCA
G) and SI13-Xbal-R (TTG TTC TAG ATT ACC
GCA GCT TAT ACA C) designed based on the
GenBank sequence AAKS82938 encoding sucrose
isomerase of K. singaporensis LX3 (K.LX3.Pall). The
location of cleavage sites for signal peptide sequence
was predicted using SignalP 4.1
(http://www.cbs.dtu.dk/services/SignalP/). For PCR,
HF-Phusion DNA polymerase (Thermofisher, United
States) was used. The amplified product was digested
with EcoRI and Xbal (Fermentas, United States),
purified using GeneJET Gel Extraction kit
(Fermentas, United States), and ligated to pPICZaA
(Invitrogen, United States) previously digested with
the same enzymes using T4 ligase (Fermentas, United
States). The ligation product was transformed into E.
coli DH5a, (Invitrogen, United States) by heat shock
and spread on LB low-salt agar (0.5% yeast extract,
1% tryptone, 0.5% NaCl, 1.5% agar, pH 7.0)
supplemented with 50 mg/L zeocin (Invitrogen) and
incubated at 37°C. After 24 h, colonies were picked,
grown in liquid LB-zeocin and the plasmids were
extracted, digested with EcoRI and Xbal to examine
the presence of the heterologous inserts.

The pPICZaA containing K.SI36.Pall gene
from K. singaporensis ISB-36 was opened with Mssl
(Fermentas, United States) and transformed into P.
pastoris X33 (Invitrogen, United States) using a
Micropulser Electroporator (BioRad, United States)
according to the manufacturer’s instructions. The
transformants were selected using YPD-zeocin agar
(1% yeast extract, 2% bacto peptone, 2% glucose,
1.5% agar, 100 mg.L'l zeocin). Purified transformants
were grown in expression medium BMM with
methanol as the sole carbon source (100 mM
potassium phosphate, pH 6.0, 1.34% yeast nitrogen
base (YNB, Difco), 0.4 ppm biotin, 0.5% methanol).

Sucrose isomerase activity assay

Sucrose isomerase activity was routinely
determined based on the formation of reducing sugar
(isomaltulose) from the non-reducing precursor
(sucrose) using DNS assay (Ghose, 1987). Since D-
glucose, D-fructose, trehalulose can be the by-product
of the enzymatic rearrangement, the conversion
products were assessed by HPLC. Enzymatic
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reactions were carried out in 20% of sucrose solution
in 20 mM sodium phosphate buffer, pH 7.0. The
reaction was performed in 1.5 mL microtubes at
desired temperatures. After 30 min, sucrose isomerase
was inactivated by heating at 100°C for 10 min and
then the amount of reducing sugar was determined by
DNS method. One unit of sucrose isomerase is
determined as the amount of enzyme required for
conversion of sucrose into 1 umol of reducing sugar
per min at a given testing condition. The assay was
carried out in triplicate and the mean value was given.

For HPLC analyses, reverse-phase column
Cosmosil ODS 5C18MSII (Nacalai Tesque, United
States) was used. Fractions were eluted with water at
the rate of 0.6 mL/min at 25°C and detected by a RID
6A Refractive Index Detector (Shimadzu, Japan).
Sugar standards, including D-glucose, D-fructose,
sucrose (Sigma, United States), and isomaltulose
(Wako pure Chemical Industries, Japan) were used.

Enzyme production and purification

The yeast P. pastoris X33 harboring K.SI36.Pall
gene was grown in 50 mL of BMG (100 mM
potassium phosphate, pH 6.0, 1.34% YNB, 0.4 ppm
biotin, 1% glycerol) at 28°C with shaking at 150 rpm
for 24 h. The cells were harvested by centrifugation
and reinoculated in 200 mL expression medium BMM
and incubated at the same condition. For remaining
inducing state for the recombinant enzyme synthesis,
0.5% methanol was added every 24 h. After 96 h, the
fermentation broth was centrifuged at 6000 x g for 30
min at 4°C and cells were discarded. The obtained
supernatant was concentrated using Viva flow 200, 30
kDa MWCO (Sartorius, Germany). The enzyme was
further purified using Superdex 200 (GE Healthcare,
United States) gel filtration. Sample of 5 mL was
loaded into XK 26/40 column (GE Healthcare, United
States) and eluted with 20 mM sodium phosphate
buffer, pH 7.0 at the rate of 1 mL.min"" with column
temperature maintained at about 10°C. Fractions of 5
mL were collected and tested for sucrose isomerase
activity.

Effect of pH and temperature

Purified sucrose isomerase was used to assess the
effect of pH and temperature on the activity and the
stability of the enzyme. Testing the enzyme activity at
different temperatures (20-80°C) was carried out in 20
mM sodium phosphate buffer, pH 7.0. For testing the
effect of pH, following buffer systems (50 mM) were
used: pH 4, 5, 6 - citrate-phosphate; pH 7, 8 - sodium

phosphate; pH 9, 10 - glycine sodium hydroxide. To
determine thermostability, enzyme was incubated at
40, 50, 60°C, pH 7.0 and the remaining activity was
measured at different time intervals. Similarly, for
assessing the pH stability, the enzyme was incubated
at different pHs, but the temperature was kept at 40°C.

Enzyme kinetic

Conversion kinetics were studied using sucrose
substrate concentrations of 20 and 40%. An initial
sucrose isomerase activity of 10 U.mL'was used and
the reaction was carried out at pH 7.0, 40°C in a
volume of 5 mL. Samples collected at different time
intervals were heat-treated (100°C, 10 min) then
analyzed by DNS and HPLC.

RESULTS
Cloning and sequence analysis of K.S136.Pall gene

The PCR amplification of K.SI36.Pall gene from
genomic DNA of K. singaporensis 1SB36 using
primers SI12-EcoRI and SI13-Xbal-R yielded in a
fragment of about 1700 bp (Figure 1(a)). After
ligating with pPICZaA and transforming into E.
coli DH5a, the insert was sequenced using the primers
a-factor and 3°-AOXI1. The closest GenBank
sequence was AAKS82938 of K. singaporensis LX3
with 99,94% similarity (differ 1 nucleotide over 1713
nucleotides in mature gene). There was a nucleotide
substitution leading to the alteration from Ser at the
amino acid position 342 of K. singaporensis LX3 to
Phe. In our construct, the native 28 amino acid signal
peptide sequence was replaced by the o-factor
sequence of the plasmid. The mature sequence of the
K.S136.Pall gene was expected to differ from K.
singaporensis LX3 also by two amino acid (Glu and
Phe) introduced with the primer (EcoRI recognition
site) at the N- terminus. The predicted protein would
have 572 amino acids and with estimated molecular
weight of 67.46 kDa, pl of 6.55. The enzyme was
expected to have a low level of glycosylation as there
was only one potential glycosylation site at 466Asn
identified.

After transformation to P. pastoris X33, 24 yeast
clones were selected and tested for sucrose isomerase
activity. All selected clones expressed sucrose
isomerase activity after 72 h of cultivation. The mean
activity was 13.4 U.mL" and the maximum activity
obtained was 32 U.mL™" (Figure 2).
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Figure 1. Cloning of K.SI36.Pall gene from K. singaporensis ISB36. (a): PCR product amplified with primers SI12-EcoRI and
SI13-Xbal-R. (b): pPICZaA containing K.SI36.Pall gene (1) before and (2) after digestion with EcoRI and Xbal; (c): P.

pastoris clones growing on YPD-zeocin agar.
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Figure 2. Screening of P. pastoris X33 clones containing K.S/36.Pall gene for sucrose isomerase activity.

Fermentation and purification of the enzyme

Based on initial screening, clone X33.S136#7
was selected from top high sucrose isomerase
activity (#19, #6, #7 and #24) for enzyme
expression and characterization. The yeast was
cultivated in a 2 L fermentor with pH maintained at
5.0 and dissolved oxygen above 10%. After 96 h,
wet biomass reached 90 g.L”' and extracellular
protein concentration was 10 pg.mL™. Sucrose
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isomerase activity of the culture supernatant was
36.6 U.mL™". After 10-fold concentration, the
activity of 300.8 U.mL'was achieved. After gel-
filtration purification, the sucrose isomerase
activity was 46.5 U.mL"'. SDS-PAGE indicated the
presence of one protein band just below the 66.2
kDa marker protein, slightly smaller than the
predicted size (67.46 kDa). The absence of the
smear zone above the band indicated a low level of
glycosylation (Figure 3).
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Figure 3. SDS-PAGE analysis of sucrose isomerase. (a): Culture supernatant after 88, 110, and 134 h of fermentation; (b):
CF - supernatant after concentration; F2, F3, W - fractions 2, 3 and waste of gel-filtration chromatography; kDa — standard

protein markers and sizes in kDa.

Effect of temperature

Sucrose isomerase of K. singaporensis ISB36
expressed in P. pastoris X33 showed maximum
activity at 40°C. At higher temperatures, the enzyme
rapidly lost the function. At 50°C and 60°C the
activity was only 20% and 7% of that at 40°C,
respectively. The enzyme was thermolabile with the
half-life less than 10 min at 50°C, and less than 1 h at
40°C. The data obtained by this study agree well with
the previous reports. Enzyme sucrose isomerase
synthase from K. singaporensis LX3 (K.LX3.Pall)
was most active at 35-40°C and at 50°C and 60°C, the
activity was only 47% and 6% of the optimum (Zhang
et al, 2002). Similarly, sucrose isomerase
from Enterobacter sp. FMB-1 has an optimum
temperature of 45°C and lost activity at 60°C (Lee et
al.,2011b).

Effect of pH

The enzyme had no activity outside the pH 5.0 to
pH 10.0 range (Figure 5) and it functioned best at pH

7.0. At pH 6.0 or pH 8.0, the activity of the enzyme
reduced by 35%. At low temperature, the enzyme was
rather stable at different pHs after 72 h of incubation
at 4°C in the buffers with pH 5.0 and pH 7.0, the
residual activity of the enzyme detected was 75% and
80%, respectively. At the temperature optimum
(40°C), the enzyme lost activity rapidly when
incubated in the buffer with pH 5.0 and with a lesser
extent at pH 6.0 and pH 7.0.

Reaction Kinetic

The conversion of sucrose into isomaltulose by
recombinant sucrose isomerase was rapid and
efficient. After 2 h of incubation with 10 U.mL™"
sucrose isomerase, 60% of sucrose in the 40% sucrose
solution was converted into isomaltulose and after 6
h, the conversion was nearly complete (94%) (Figure
6). HPLC analysis indicated the presence of a minor
amount of D-glucose, D-fructose, and trehalulose (4-
5% in total, data not shown).
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Figure 4. The effect of temperature on sucrose isomerase activity. (a): activity at different temperatures; (b): thermostability of
the enzyme.
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CONCLUSION

With one amino acid substitution, sucrose
isomerase obtained from K. singaporensis ISB36 was
nearly identical to the previously studied of K.
singaporensis LX3 (Zhang et al., 2002; Zhang et al.,
2003). The  enzyme  expressed in P
pastoris demonstrated similar properties with the
enzyme expressed in E. coli in terms of pH,
temperature optima and stability. The recombinant
enzyme could efficiently convert sucrose into
isomaltulose with a minor amount (less than 5%) of
by-products. This is the first report on the expression
of sucrose isomerase using P. pastoris system. The
use of recombinant sucrose isomerase could reduce
the risk associated with endotoxin and formaldehyde
in isomaltulose production.
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TACH DONG GEN MA HOA SUCROSE ISOMERASE TU KLEBSIELLA SINGAPORENSIS
ISB-36 VA BIEU HIEN TREN PICHIA PASTORIS

Cao Xuén Bach, Ping Thi Kim Anh, Nguyén Thanh Thiiy, Trwong Td Anh, Nguyén Thi Di¢u Linh, Vi
Nguyén Thanh

Vién Cong nghiép Thuc phcfm, 301 NguyéNn Trai, Thanh Xudn, Ha Noi, Viét Nam
TOM TAT

V6i nhiing loi ich strc khoe nhur chi s6 duong huyét thip, khong gay sau ring, pht hop vai tré so sinh, ngudi
gia va bénh nhan tiéu duong, isomaltulose dugc coi la mot chét ngot thay thé déy htra hen cho sucrose. Do su
hién dién cua endotoxin liposaccharide trong Serratia plymuthica CBS 574.44, mét vi khudn Gram am, va
formaldehyde ton du, tinh ché 1somaltulose doi hoi duge kiém soat chit ch& trong cong nghlep Dé giam chi phi
tinh ché san pham, ching t6i d& xudt sir dung sucrose isomerase tai t& hop trong san xuét isomaltulose. Gen
trudng thanh ma hoéa enzyme sucrose isomerase (K.SI36.Pall) tu Klebsiella singarporensis ISB 36 phan lap tur
4u tring xén toc & Viét Nam dugc biéu hién trong Pichia pastoris X33. Gen K.SI36.Pall tuong ddng véi trinh
tu AY040843.1 cua Klebsiella sp. LX3 ngoai trir mdt nucleotide tai vi tri C'® trong AY040843.1, dugc thay
béng T'0% trong trinh tw ciia K.SI36.Pall. Diéu nay din dén sy khic biét mot amino acid thanh phan (342Ser
thanh 342Phe). Thém vao d6, hai amino acid Glu va Phe dugc quan sat thiy ¢ ddu N. Khéi lwong phan tir tinh
toan cua sucrose isomerase tir K.SI36.Pall 1a 67,46 kDa, pl 1a 6,55. M6t vi tri glycosyl hoa tiém nang tai 466Asn.
Hoat tinh sucrose isomerase trong canh truong dat 36,6 U.mL™ trong binh tam giac 1 L. Enzyme tinh ché hoat
d6ng manh nhit 6 pH 7,0 va 40°C. O diéu kién ti uu, enzyme chuyén hoa 94% sucrose trong dung dich sucrose
40% thanh isomaltulose trong vong 6 gio. Day la nghién ciru dau tién ve biéu hién ciia sucrose isomerase & P.
pastoris va két qua di cho thay sy chuyén hoa hiéu qua cta enzyme téi t6 hop.

Tir khoa: chdt ngot thire pham, isomaltulose, Klebsiella, Pichia pastorsis, enzyme tdi 16 hop, sucrose isomerase.
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