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2-0-a-D-glucosyl glycerol production

by whole-cell biocatalyst of lactobacilli
encapsulating sucrose phosphorylase

with improved glycerol affinity and conversion
rate

Yue Cui', Zhenxiang Xu', Yanying Yue', Wentao Kong', Jian Kong'" and Tingting Guo'"

Abstract

Background 2-0O-a-D-glucosyl glycerol (2-aGG) is a valuable ingredient in cosmetics, health-care and food fields.
Sucrose phosphorylase (SPase) is a favorable choice for biosynthesis of 2-aGG, while its glucosyl-acceptor affinity and
thermodynamic feature remain largely unknown, limiting 2-aGG manufacturing.

Results Here, three SPases were obtained from lactobacilli and bifidobacteria, and the one encoded by Lb. reuteri
SDMCC050455 (LrSP) had the best transglucosylation ability, with 2-aGG accounting for 86.01% in the total product.
However, the LrSP exhibited an initial forward reaction rate of 11.83/s and reached equilibrium of 56.90% at 110 h,
indicating low glycerol affinity and conversion rate. To improve catalytic efficiency, the LrSP was overexpressed

in Lb. paracasei BL-SP, of which the intracellular SPase activity increased by 6.67-fold compared with Lb. reuteri
SDMCC050455. After chemically permeabilized with Triton X-100, the whole-cell biocatalysis of Lb. paracasei BL-SP was
prepared and showed the highest activity, with the initial forward reaction rate improved to 50.17/s and conversion
rate risen to 80.79% within 17 h. Using the whole-cell biocatalyst, the final yield of 2-aGG was 203.21 g/L from 1 M
sucrose and 1 M glycerol.

Conclusion The food grade strain Lb. paracasei was used for the first time as cell factory to recombinantly express
the LrSP and construct a whole-cell biocatalyst for the production of 2-aGG. After condition optimization and

cell permeabilization, the whole-cell biocatalyst exhibited 23.89% higher equilibrium conversion and 9.10-fold of
productivity compared with the pure enzyme catalytic system. This work would provide a reference for large-scale
bioprocess of 2-aGG.
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Background

Glucosyl glycerol is a glycoside compound [1]. According
to the stereo configuration and location of the glycosidic
bond, there are 1-O-a-D-glucosyl glycerol (1-aGG) and
2-0O-a-D-glucosyl glycerol (2-aGG). Research found that
2-aGG has a better water holding capacity than 1-aGG,
making it a well-known cosmetics ingredient with mois-
turizing and antiaging functions [1, 2]. 2-aGG can also
stabilize protein structure, promote the growth of pro-
biotics, act as a kind of low digestible sweetener, thus
showing attractive application potential in health-care
and food fields [3]. Therefore, it is valuable to explore effi-
cient approach for 2-aGG production.

Several methods have been used for synthesis of
2-aGG, including chemical synthesis, microbial fer-
mentation and enzymatic conversion. The product of
chemical synthesis is a mixture of different isomers and
the 2-aGG content is not satisfactory [4], and fermen-
tation with cyanobacteria and other microorganisms
produced low vyield of 2-aGG [5-7]. By comparison,
enzymatic synthesis is more suitable for industrializa-
tion and gaining more attentions. Many glycoside hydro-
lases (GHs) including sucrose phosphorylase (EC 2.4.1.7),
a-glucosidase (EC. 3.2.1.20), amylosucrase (EC 2.4.1.4),

cyclodextrin glucanotransferase (EC 2.4.1.19), GG phos-
phorylase (EC 2.4.1.332) can catalyze the transfer of
glucose moiety from different sugar donors to the C-2
or C-1 position of glycerol via intermolecular trans-
glucosylation, thus generating 2-aGG or a mixture of
2-aGG and 1-aGG [8-12]. Among them, sucrose phos-
phorylase (SPase) is a favorable enzyme for 2-aGG pro-
duction because of strong regioselectivity [13]. SPases
belong to GH13 family, which are commonly encoded
by Leuconostoc mesenteroides, bifidobacterium and lac-
tobacilli. Besides transglycosylation, SPase catalyzes
the reversible conversion of sucrose and phosphate into
glucose-1-phosphate and fructose, which is termed
phosphorolysis. As the equilibrium constant of phos-
phorolysis is favorable to the forward reaction, SPase is
supposed to serve a catabolic function in vivo [14]. Along
with phosphorolysis or transglucosylation, SPase could
catalyze the hydrolysis of sucrose to glucose and fructose,
but occurs very slowly [15]. Studies of catalytic efficiency
of SPase revealed that sucrose is a high-energy gluco-
syl donor [14-16], while the glucosyl acceptor affinity
and thermodynamics in transglucosylation reaction are
largely yet unknown.
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Suitable approaches could improve 2-aGG yield and
substrate conversion rate. Routinely, the reaction con-
ditions (temperature, pH, ratio of sucrose to glycerol)
have important effects on biosynthesis of 2-aGG by
SPase. Another effective approach, protein engineering,
has been applied to improve the catalytic efficiency of
SPases [17, 18]. Besides, whole-cell biocatalysis of SPase
has been developed to provide stable reaction conditions
and higher 2-aGG yield [19, 20]. Recently, Escherichia
coli, Bacillus subtilis and Corynebacterium glutamicum
have been employed to construct whole-cell biocatalyst
of SPase [19-21]. Lactobacillus paracasei is an important
industrial microorganism for dairy products [22, 23]. As
its generally regarded as safe (GRAS) status and efficient
protein expression under the NICE (nisin controlled
expression) system, Lb. paracasei has been adopted as
cell factories for the production of bioactive molecules
and enzymes of food and health valuable [24]. How-
ever, there has been no attempt to develop Lb. paracasei
whole-cell biocatalysis for 2-aGG production.

Here, Lb. reuteri, Lb. acidophilus and Bifidobacterium
longum producing SPases were screened using culture
method. After cloned and overexpressed in E. coli, the
SPase from Lb. reuteri SDMCC050455 (LrSP) with the
best activity was biochemically characterized. To improve
catalytic efficiency of the LrSP, a whole-cell biocatalyst
was developed based on the Lb. paracasei encapsulat-
ing LrSP with improved glycerol affinity and equilibrium
conversion during 2-aGG production. This work would
provide a promising approach to achieve industrial pro-
duction of 2-aGG.

Methods

Bacterial strains and growth conditions

Strains and plasmids used in this study are shown in
Table 1. E. coli DH5« for recombinant DNA manipulation

Table 1 Bacterial strains and plasmids used in this study
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and E. coli BL21(DE3) for protein production were grown
aerobically in Luria Bertani broth at 37 °C. Lb. reuteri
SDMCC050455, Lb. acidophilus SDMCCO050288, Lb.
buchneri SDMCCO050305, Lb. fermentum SDMCC050428
and Lb. paracasei BL23 [25] were cultivated statically
in de Man, Rogosa and Sharpe (MRS) broth at 37 °C. B.
longum SDMCC050402 was cultivated anaerobically in
MRS broth containing 0.05% cysteine at 37 °C. When
appropriate, kanamycin (Sangon) was used at 30 pg/mL
for E. coli, chloramphenicol (Sangon) 2.5 pg/mL for Lb.
paracasei.

Screening of strains with SPase activity

Lb.  reuteri ~ SDMCCO050455, Lb.  acidophilus
SDMCCO050288, Lb. buchneri SDMCC050305, Lb. fer-
mentum SDMCC050428 and B. longum SDMCC050402
were cultivated in MRS broth or MRS broth with 2%
sucrose as carbon source for 14 h. Bacterial cells from
5 mL of the cultures were collected by centrifugation at
6000 g for 3 min, washed twice, and resuspended in PBS
buffer (137 mM NacCl, 2.7 mM KCl, 10 mM Na,HPO,,
2 mM KH,PO,, pH 7.4) to ODy, close to 1.0. Aliquot
of cell suspension was supplemented with glass beads
(Sigma-Aldrich, St. Louis, MO), and shaken in a bul-
let blender (Precellys 24, Bertin, France) to crush the
cells. By centrifugation of the cell lysate at 12,000 g for
3 min, the intracellular proteins were recovered as crude
enzyme for the assay of SPase activity.

Plasmid and recombinant strain construction

Plasmid extraction and bacterial genomic DNA extrac-
tion were carried out using Plasmid Mini Kit (Omega)
and TIANamp Bacteria DNA kit (TIANGEN, China),
respectively. High-fidelity DNA polymerase, restriction
enzymes and T4 DNA ligase were used as stated by stan-
dard procedures from New England Biolabs (NEB).

Strains or plasmids Relevant characteristics Reference
or source

Strains

E. coli DH5a Subcloning host Our lab

E. coli BL21(DE3) Recombinant protein production Our lab

Lb. reuteri SDMCC050455° An isolate from probiotic product Our lab

Lb. acidophilus SDMCC050288 An isolate from probiotic product Our lab

Lb. buchneri SDMCC050305 An isolate from silage Our lab

Lb. fermentum SDMCC050428 An isolate from human feces Our lab

Bifidobacterium longum SDMCC050402 An isolate from human feces Our lab

Lb. paracasei BL23 A food grade host strain to express the LrSP [25]

Plasmids

pET-28a Kan'; carries T7 promoter and lac operator Novagen

pNZ8148 Cm'"; lactic acid bacteria and E. coli shuttle cloning vector which contains [26]

PnisA promoter used for nisin controlled gene expression
pNSP Cm"; Derivative of pNZ8148 with the LrSP under the promoter PnisA This work

2 “SDMCC" is the abbreviation of “Shandong University Microbiological Culture Collection Center”
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Primers used in this work are listed in Table 2. DNA
fragments of the SPase from Lb. reuteri SDMCCO050455,
Lb. acidophilus SDMCC050288 and B. longum
SDMCC050402 were PCR amplified using the individual
genomic DNA as templates with primers LBF/LBR, LAF/
LAR and BLF/BLR. The PCR products were subcloned
into the corresponding sites of the pET28a. The resultant
plasmids pLrSP, pLaSP and pBISP were transformed into
chemically competent E. coli BL21 cells, generating the
recombinant strains E. coli/pLrSP, E. coli/pLaSP and E.
coli/pBISP, respectively.

To express the LrSP in Lb. paracasei BL23, DNA frag-
ment of the LrSP was PCR amplified from the genomic
DNA of Lb. reuteri SDMCC050455 with primers LBF2/
LBR2, and inserted into the compatible sites of the plas-
mid pNZ8148 [26], generating the recombinant plasmid
pNSP. The pNSP was electroporated into the Lb. paraca-
sei BL23 according to the previous method [27], generat-
ing recombinant strain Lb. paracasei BL-SP.

Sequence analysis

Amino acid sequences of the LrSP, LaSP and BISP were
aligned with those from B. adolescentis (accession num-
ber AF543301) and L. mesenteroides (accession number
WP_010279952). Multiple-sequence alignments were
performed using Clustal W and ESPript 3.0.

Purification of the SPase protein

The recombinant strains E. coli/pLrSP, E. coli/pLaSP or E.
coli/pBISP were grown in LB broth until OD, reached
0.4. Isopropyl-p-D-thiogalactopyranoside (IPTG) was
added to a final concentration of 0.1 mM, and the tem-
perature was lowered to 16 °C for the induction of SPase
overexpression. After 16 h of induction, the cells were
harvested and the SPase protein was purified by the His-
Trap FF column (GE Healthcare) according to the manu-
facturer’s instructions. The buffer solutions for protein
purification were binding buffer (20 mM sodium phos-
phate, 500 mM NaCl, 25 mM imidazole, pH 7.4), wash
buffer (20 mM sodium phosphate, 500 mM NaCl, 50 mM
imidazole, pH 7.4) and elution buffer (20 mM sodium
phosphate, 500 mM NaCl, 500 mM imidazole, pH 7.4).

Table 2 Primers used in this study

Primers Sequence (5'-3') Restriction site
LBF CATGCCATGGCCCCAATCAAAAACGAAGC  Ncol
LBR CCGCTCGAGTTTTTGTTCCATCACTTTTTICG  Xhol
LAF CATGCCATGGCCAAATTACAAAATAAGGC Ncol
LAR CCGCTCGAGAAAATTAAAGACCTGATCAT Xhol
BLF CATGCCATGGCCAAAAACAAAGTGCAACT  Ncol
BLR CCGCTCGAGGTCGATATCGGCAATCGGCG Xhol

LBF2 TGCACTGCAGATGCCAATCAAAAATGAAGC  Pstl
LBR2 CATGTCTAGACTATTTTTGTTCCATCACTT Xbal
@ The restriction sites in the primer sequences are underlined
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The SPase protein in elution buffer was dialyzed in 50
mM NacCl and freshly prepared before use. Protein con-
centration was measured using a BCA protein assay kit
(Sangon Biotech, China) with bovine serum albumin as
the standard protein.

Enzyme activity assay

Phosphorolysis activity of the LrSP was determined in
a 500 pL mixture containing 150 mM sucrose, 50 mM
phosphate buffer (pH 6.5) and 25 pg of crude enzyme or
5 pg of the LrSP. After reaction at 50 °C for 10 min, the
mixture was supplemented with 500 uL DNS (3,5-dini-
trosalicylic acid) and boiled for 10 min, followed by
determination of the absorbance at 540 nm. One unit
(U) of phosphorolysis activity was defined as the amount
of enzyme that released 1 pumol of fructose per minute
under reaction conditions. Effects of temperature (from
25 °C to 70 °C) and pH (from 4.0 to 9.0) on the LrSP
activity were measured. The stabilities of enzyme were
determined at different temperatures and pH values for
1h.

Transglucosylation activity of the LrSP was deter-
mined in a 500 pL mixture containing sucrose, glycerol,
buffer and 25 pg of crude enzyme or 5 pg of the LrSP.
After reaction at 50 °C for 10 min, 2-aGG in the mixture
was detected. One unit (U) of transglucosylation activ-
ity was defined as the amount of enzyme that produced
1 umol of 2-aGG per minute under reaction conditions.
To determine optimal ratio of donor to acceptor, sucrose
and glycerol were used at molar ratios of 3: 1, 2: 1, 1: 1,
1: 2, 1: 3, 1: 4 and 1: 5 in the reaction mixture (pH 6.5,
30 °C). To determine the optimal pH, the reaction mix-
tures containing 1.0 M sucrose and 1.0 M glycerol were
incubated at different pH buffers, including 50 mM of
citric acid - sodium citrate buffer (pH 4.0 and pH 5.0),
phosphate buffer (pH 5.0-8.0), Tris-HCI buffer (pH 8.0
and 9.0) in 30 °C. To determine the optimal temperature,
the reaction mixtures (Tris-HCI buffer pH 8.0) contain-
ing 1.0 M sucrose and 1.0 M glycerol were incubated at
different temperatures (25 °C to 65 °C).

Preparation of whole-cell biocatalyst

The recombinant Lb. paracasei BL-SP was cultured in
MRS broth containing chloramphenicol to ODyg, reach-
ing 0.4, followed by addition of 2 to 12 ng/mL nisin to
induce the expression of LrSP. After incubation for 4 h,
8 h, 10 h and 12 h, the cell pellets were collected by cen-
trifugation at 6000 g for 5 min and washed twice with
PBS buffer. The cell pellets were supplemented to the
reaction mixture to ODy, reaching 30 as the whole-cell
biocatalyst. The effects of ratio of donor to recipient, tem-
perature and pH on transglucosylation activity of whole-
cell biocatalyst were evaluated as described above. To
permeabilize the cells, Trition X-100, SDS and Tween-80
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at concentrations of 0.5-3.5% were used to incubate the
cells at room temperature for 1 h.

Affinities of enzyme and whole-cell biocatalyst to different
substrates

The affinities of the LrSP and the whole-cell biocata-
lyst to different substrates were characterized as the
initial reaction rate [28]. For phosphorolysis, the reac-
tion was conducted in a 500 pL mixture containing 200
mM sucrose, 5 pug pure-enzyme (or whole-cell biocata-
lyst to ODgy;,=30) and 200 mM sodium phosphate buf-
fer (pH 6.0) at 50 C. For transglucosylation, the reaction
was conducted in a 500 pL mixture containing 200 mM
sucrose, 200 mM glycerol, 5 ug pure-enzyme (or whole-
cell biocatalyst to ODg,,=30) and 50 mM Tris-HCI buf-
fer (pH 8.0) at 45 C (or 50 ‘C). The reaction was stopped
when the sucrose conversion rate did not exceed 10%.
Then, fructose in the mixture was measured, and ratio of
the amount of fructose to the reaction time represented
the initial reaction rate.

Equilibrium conversion

Equilibrium conversions were detected in three 500 pL
sucrose-glycerol systems containing 5 pg pure-enzyme
(or whole-cell biocatalyst to ODgy,=30) and 50 mM
Tris-HCI buffer (pH8.0) at 45°C (or 50 C). System 1: 1 M
sucrose and 1 M glycerol. System 2: 500 mM sucrose,
500 mM glycerol, 500 mM fructose and 500 mM 2-aGG.
System 3: 1 M fructose and 1 M 2-aGG. The reaction
was sampled at different time points, and 2-aGG was
detected in the systems until its content was constant.

HPLC analysis

The concentration of 2-aGG was determined on a Shi-
madzu HPLC system with a RID detector using a Waters
Xbridge Amide column (250x4.6 mm, 5 pm) and a
mobile phase of 80% acetonitrile at a flow rate of 1.0 mL/
min, column temperature at 40 °C.

Statistical analysis

Experiment was carried out in triplicate, and experimen-
tal data were described as the mean=*standard deviation.
Statistical significance between treatment and control
conditions was assessed by unpaired 2-tailed Student’s
t-tests. P<0.05 were considered statistically significant.

Results

Screening of strains with SPase activity

SPase catalyzes phosphorolysis of sucrose into fructose
and glucose-1-phosphate which subsequently enters the
glycolysis pathway to act as carbon and energy sources
[14]. Here, four lactobacilli and one bifidobacterium were
cultivated in MRS medium supplemented with sucrose
as the sole carbon source to detect whether these strains
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produce SPase. As a result, the five strains could grow
in the medium after 14 h cultivation (Fig. 1A), and the
biomasses of Lb. reuteri SDMCC050455, Lb. acidophi-
lus SDMCC050288, Lb. fermentum SDMCC050428
were similar as those obtained with glucose as car-
bon source, while Lb. buchneri SDMCC050305 and B.
longum SDMCC050402 reached about 50%, indicating
that all tested strains could catabolize sucrose. The SPase
activities could be detected in the crude enzymes of the
SDMCC050455, SDMCC050288 and SDMCC050402
cultured in the sucrose medium (14.02, 9.54 and 7.22 U/
mg protein), but no SPase activities were detected in the
cells cultured in the glucose medium (Fig. 1B), implying
sucrose acted as inducer for SPase expression. Unlike
these three strains, Lb. fermentum SDMCC050428
exhibited SPase activity in both the sucrose and glucose
medium.

Using specific primers designed according to the
reported sequences, the putative gene encoding SPase
was cloned from genomes of the SDMCC050455, as well
as SDMCC050288 and SDMCC050402 (LrSP, LaSP and
BISP), but not Lb. fermentum SDMCCO050428 (data not
shown). The LrSP, LaSP and BISP were 1458, 1443 and
1527 bp in length encoding 485, 480 and 508 amino acid
residues, respectively. Sequence alignment showed that
amino acid sequences of the LrSP and LaSP had 79.38%
and 61.66% identities with that from L. mesenteroides,
and BISP had 92.26% identity with that from B. adoles-
centis. The conserved basic residues Asp, Glu and Asp
constituting of the catalytic triad of SPase [29] existed
in the LrSP, LaSP and BISP (Fig. 1C), suggesting similar
enzymatic functions.

Biochemical characterization of the LrSP

To detect activities of the three putative SPases, the LrSP,
BISP and LaSP were purified after heterologous over-
expression in E. coli BL21(DE3). Protein bands about
56 kDa, 57 kDa and 56 kDa were observed in the SDS-
PAGE (Fig. S1), corresponding to the theoretical molec-
ular mass of each protein plus the C-terminal His,-tag.
The LrSP showed higher phosphorylation and transglu-
cosylation activities than the BISP and LaSP (Fig. 2A),
and the portion of 2-aGG in the total glycosyl glycerols
product accounted for 86%, indicating good regioselec-
tivity of the LrSP (Fig. 2B).

Accordingly, the LrSP was further biochemically char-
acterized. As shown in Fig. 3A and B, the optimal phos-
phorylation activity occurred at 50C and pH 6.0, with
a specific activity of 223.51 U/mg. The residual enzyme
activity of LrSP remained 100% after incubation at 25°C
to 50 ‘C and 80% at 55°C for 1 h, and above 70% after
incubation at pH 6.0-8.0 for 1 h (Fig. 3C and D). The
optimal transglucosylation activity was obtained at 45°C
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Fig. 1 Screening of strains with SPase activity. (A) Biomasses of the five strains cultured in the glucose medium and sucrose medium. (B) Intracellular
SPase activities of the five strains cultured in the glucose medium and sucrose medium. (C) Multiple sequence alignment of the putative SPases from Lb.
reuteri SDMCC050455 (LrSP), Lb. acidophilus SDMCC050288 (LaSP) and B. longum SDMCC050402 (BISP) with those from Bifidobacterium adolescence (BiSP,
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and pH 8.0 at the molar ratio of sucrose and glycerol of
1:1 (Fig. 3E and G).

To compare catalytic efficiency of the LrSP in the
phosphorylation and transglucosylation, the initial for-
ward reaction rates (ki) were determined under the
optimal conditions. Table 3 showed that the k;. of
transglucosylation was 11.83/s, significantly lower than
phosphorylation, indicating that glycerol was a low affin-
ity glucosyl-acceptor compared with the phosphage
group. Further determination of reaction equilibrium
found that the LrSP reached an equilibrium conversion of
56.90% in 110 h, with144.36 g/L of 2-aGG yield from 1 M
sucrose and 1 M glycerol (Fig. 3H).

Recombinant expression of the LrSP in Lb. paracasei BL-SP

To improve catalytic efficiency in transglucosylation,
the LrSP was recombinantly expressed in a GRAS host
Lb. paracasei BL23 under the control of NICE system
(Fig. 4A). The recombinant strain Lb. paracasei BL-SP
was cultivated in MRS medium and induced by nisin of
different concentrations. SDS-PAGE analysis and enzy-
matic detection showed that the LrSP was successfully
expressed and the similar expression levels were obtained
under the induction of 2 to 12 ng/mL nisin (Fig. S2).
Induction duration showed obvious effect on the expres-
sion level of LrSP, as the best expression level and enzyme
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Table 3 Initial forward reaction rate (k;,; ) of the LrSP and the
whole cell biocatalyst

Catalytic system Phosphorylation Transglucosylation
Recombinant LrSP 5417+297/s 11.83+£0.94/s
Whole cell biocatalyst 84.51+2.13/s 5017+1.77/s

activity were obtained by nisin induction for 10 h (Fig. 4B
and C), with SPase activity of 93.50 U/mg protein.

Whole-cell biocatalysis of 2-aGG

The optimal conditions for preparing 2-aGG by whole-
cells of Lb. paracasei BL-SP were investigated by varying
substrate molar ratio, biotransformation pH, temperature
and cell permeabilization. As shown in Fig. 5A and C,
the optimal molar ratio of sucrose and glycerol was 1:1,
and the optimal pH and temperature were 8.0 and 50 C.

Then, various permeabilization surfactants were further
tested their effects on the enzyme activities of the whole-
cells of Lb. paracasei BL-SP. The result found that Triton
X-100 and SDS had better performances to permeabi-
lize the whole-cells compared with Tween-80 (Fig. 5D).
The enzyme activity of the whole-cells was enhanced
by 93.96% after permeabilization with 3% Triton X-100
compared with control in PBS buffer.

Under the optimal conditions, the whole-cell biocata-
lyst of ODgy,=30 in the reaction system had the equal
phosphorylation activity with 5 pg of the LrSP in the
reaction system (Fig. S3). Based on this equality rela-
tionship, the whole-cell biocatalyst of ODg,,=30 in the
reaction system was subjected to determine the initial
forward reaction rates. The result showed that K.
of the whole-cell biocatalyst in transglucosylation was
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50.17/s, which increased by 4.24-fold compared with the
LrSP (Table 3). Determination of reaction equilibrium
found that the whole-cells of Lb. paracasei BL-SP reached
an equilibrium conversion of 80.79% in 17 h (Fig. 5E).
Using the whole-cell biocatalysis, the yield of 2-aGG was
203.21 g/L and the productivity was 47.06 mM/h.

Discussion

2-aGG has broad application potential in cosmetics, food
and pharmaceutical fields. At present, the industrial bio-
process for 2-aGG is not mature enough, leading to low
production efficiency and high production cost. There are
few commercial products containing 2-¢GG on the mar-
ket, except the Glycoin® of German company BitopAG of
which the catalytic enzyme is originating from L. mes-
enteroides [20]. Therefore, efficient enzymes and inno-
vative technologies are both needed to increase 2-aGG
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production. In this work, three SPases were obtained
from two lactobacilli and one bifidobacterium. Among
them, the SPase encoded by Lb. reuteri SDMCCO050455
(LrSP) showed the highest transglucosylation activity and
good regioselectivity, but dissatisfactory glycerol affinity
and equilibrium conversion. To overcome this limita-
tion, the LrSP was encapsulated in Lb. paracasei, lead-
ing to improved glycerol affinity and conversion. Using
the whole-cell biocatalysis developed here, the yield of
2-aGG was 203.21 g/L and productivity was 47.06 mM/h.
To our knowledge, this was one of the best productive
capabilities of whole-cell biocatalysis of 2-aGG.

Previous reports pointed that SPase was mainly car-
ried by bacteria and probably participated in sucrose
catabolism [14]. Here, we found that all the tested
Lactobacillus sp. and B. longum could grow in the
medium supplemented with sucrose as carbon source,
while only Lb. reuteri SDMCC050455, Lb. acidophilus
SDMCC050288 and B. longum SDMCC050402 showed
inducible SPase activities under the sucrose medium and
carried the genes encoding SPases. Other enzymes such
as invertase would be responsible for sucrose utiliza-
tion in Lb. fermentum SDMCC050428 and Lb. buchneri
SDMCC050305, as abundant glucoside hydrolases were
presence in lactobacilli [30]. With the development of
bioinformatics, genes with interesting function, such
as eight SPase genes, could be artificially synthesized to
build an enzyme bank for 2-aGG production [31]. Here,
bacterial strains with SPase activities were obtained by
the culture method, which is useful not only for enzyme
collection, but also microbial resources with potential
to be engineered as cell factories for 2-aGG by available
genetic tools [32].

Comparison of enzymatic activities of the LrSP, BISP
and LaSP found that the LrSP had the best activity per-
formances as well as good regioselectivity, and the LrSP
was thermostable, as its activity could remain 80% after
treated at 55°C for 1 h, agreeing with the previous report
[31]. Regioselectivity and thermostability are important
feature for industrial application. For example, LmSucP,
the most studied and widely applied SPase from L. mes-
enteroides, was more regio-selective for glycerol glyco-
sylation (88%) than BaSucP, SPase from B. adolescentis
(66%) as well as the LrSP studied here [20], while the
BaSucP and LrSP showed higher thermostability than
the LmSucP [16, 33]. Further biochemical characteriza-
tion of the LrSP indicated the optimal conditions for
phosphorylation and transglucosylation were different,
and there were unfavorable kinetic properties toward
glycerol than phosphate group. This limited the effi-
ciency in transglucosylation and resulted in low glycerol
conversion rate and long period for equilibrium reaching
(Fig. 3H). The relatively unsatisfactory glycerol conver-
sion might be due to the fact that phosphate groups are
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the natural acceptors of SPase-glucosyl. Therefore, the
LrSP has higher affinity to phosphate groups than glyc-
erol, and also higher catalytic efficiency in phosphoryla-
tion than in transglucosylation. Similar phenomena have
been pointed out for cyclodextrin glycosyltransferase and
arabinose isomerase [28, 34]. Here, considering that the
hydrolysis of SPase occurs at a low activity (<50 times of
phosphorolysis) [29], the SPase activity of phosphoroly-
sis was determined by the amount of fructose as several
previous reports [35—37]. Therefore, the SPase enzyme
activity of in phosphorylsis reaction detected here should
be slightly higher than its actual activity.

Several strategies have been explored to increase the
substrate conversion rates, including novel enzyme
exploration, condition optimization, site-directed muta-
tion and whole-cell biocatalysis [18, 28, 34, 38]. Here, the
GRAS host Lb. paracasei was engineered to overexpress
the LrSP, and the resulting SPase activity increased by
6.67-fold compared with the Lb. reuteri SDMCCO050455.
Besides Lb. paracasei, another common cell factory
Lactococcus lactis was also employed to carry the LrSP,
whose activity was about 0.93-fold of that in Lb. paraca-
sei BL-SP (data not shown). Therefore, the Lb. paracasei
BL-SP was adopted to develop the whole-cell biocatalyst
for 2-aGG. Using whole-cell biocatalysis, the bioprocess
could be greatly simplified and the production cost is also
reduced [19]. What’s more, we found that the whole-cell
biocatalyst achieved higher glycerol affinity and equi-
librium conversion than the purified enzyme (Table 3;
Fig. 5E). The possible reason might be that the whole-cell
biocatalyst could disproportionately partition substrate
and product across their membrane to circumvent the
thermodynamic limitation [28, 39]. Cell permeabiliza-
tion with Triton X-100 or SDS was thought to remove
cell surface proteins [28, 40], probably contributing to the
exposure of substrate and product channels.

Conclusion

Based on the optimized reaction conditions of whole-
cell biocatalyst developed here, the yield of 2-aGG was
203.21 g/L with a productivity of 47.06 mM/h from 1 M
sucrose and 1 M glycerol. This was one of the best perfor-
mances reported for whole-cell catalysis of 2-aGG using
the relative low substrate concentrations. The 2-aGG
produced by food grade host Lb. paracasei would be suit-
able for cosmetics, food and medicine areas. To further
improve 2-aGG production, efficient bioprocess would
be developed and large-scale reaction still needs to carry
out in the future work.

Abbreviations
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Cui et al. Microbial Cell Factories (2024) 23:307

GRAS
NICE

generally regarded as safe
nisin controlled expression system

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/512934-024-02586-9.

[ Supplementary Material 1 ]

Acknowledgements

We would like to thank Xiangmei Ren from the core facilities for life and
environmental sciences, SKLMT of Shandong University for the help and
guidance in HPLC analysis.

Author contributions

Yue Cui: Conceptualization, Formal analysis, Investigation, Validation, Writing
- original draft. Zhenxiang Xu: Formal analysis, Investigation. Yanying Yue:
Formal analysis, Investigation. Wentao Kong: Supervision, Funding acquisition.
Jian Kong: Writing - review & editing, Supervision, Conceptualization. Tingting
Guo: Writing — original draft, Writing — review & editing, Supervision, Funding
acquisition, Conceptualization.

Funding

This work was supported by National Key R&D Program of China (No.
2022YFA1304000 and 2019YFA0906700) and Funding of State Key Laboratory
of Microbial Technology (SKLMTFCP-2023-05).

Data availability
The data sets supporting the conclusions of this article are included within the
article and its additional files.

Declarations

Ethics approval and consent to participate
This article did not involve any experiment on human participants or animals.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
IState Key Laboratory of Microbial Technology, Shandong University, No.
72 Binhai Road, Qingdao 266237, P.R. China

Received: 6 August 2024 / Accepted: 9 November 2024
Published online: 14 November 2024

References

1. Luley-GoedlI C, Nidetzky B. Glycosides as compatible solutes: biosynthesis
and applications. Nat Prod Rep. 2011;28(5):875-96. https://doi.org/10.1039/c0
np00067a.

2. Luo Q Duan YK, Lu XF. Biological sources, metabolism, and production of
glucosylglycerols, a group of natural glucosides of biotechnological interest.
Biotechnol. Adv. 2022;59:107964. https://doi.org/10.1016/j.biotechadv.2022.1
07964.

3. ShenY], XiaYY, Chen XZ. Research progress and application of enzy-
matic synthesis of glycosyl compounds. Appl Microbiol Biotechnol.
2023;107(17):5317-28. https://doi.org/10.1007/500253-023-12652-8.

4. Takenaka F, Uchiyama H, Imamura T. Identification of alpha-D-glucosylglyc-
erol in sake. Biosci Biotechnol Biochem. 2000;64(2):378-85. https://doi.org/10.
1271/bbb.64.378.

5. Roder A, Hoffmann E, Hagemann M, Berg G. Synthesis of the compat-
ible solutes glucosylglycerol and trehalose by salt-stressed cells of

7.

20.

21.

22.

Page 11 of 12

Stenotrophomonas strains. FEMS Microbiol Lett. 2005;243(1):219-26. https://d
0i.0rg/10.1016/j.femsle.2004.12.005.

Tan XM, Du W, Lu XF. Photosynthetic and extracellular production of gluco-
sylglycerol by genetically engineered and gel-encapsulated cyanobacteria.
Appl Microbiol Biotechnol. 2015;99(5):2147-54. https://doi.org/10.1007/5002
53-014-6273-7.

Xu'Y, Guerra LT, Li ZK, Ludwig M, Dismukes GC, Bryant DA. Altered carbohy-
drate metabolism in glycogen synthase mutants of Synechococcus sp. strain
PCC 7002: cell factories for soluble sugars. Metab Eng. 2013;16:56-67. https://
doi.org/10.1016/jymben.2012.12.002.

Bolivar JM, Luley-Goed! C, Leitner E, Sawangwan T, Nidetzky B. Production of
glucosyl glycerol by immobilized sucrose phosphorylase: options for enzyme
fixation on a solid support and application in microscale flow format. J
Biotechnol. 2017,257:131-8. https://doi.org/10.1016/jjbiotec.2017.01.019.
Nakano H, Kiso T, Okamoto K, Tomita T, Manan MBA, Kitahata S. Synthesis

of glycosyl glycerol by cyclodextrin glucanotransferases. J Biosci Bioeng.
2003;95(6):583-8. https://doi.org/10.1016/51389-1723(03)80166-4.

Nihira T, Saito Y, Ohtsubo K, Nakai H, Kitaoka M. 2-O-a-D-glucosylglycerol
phosphorylase from Bacillus selenitireducens MLS10 possessing hydrolytic
activity on 3-D-glucose 1-phosphate. PLoS ONE. 2014;9(1):e86548. https://doi
.0rg/10.1371/journal.pone.0086548.

Takenaka F, Uchiyama H. Synthesis of alpha-D-glucosylglycerol by alpha-
glucosidase and some of its characteristics. Biosci Biotechnol Biochem.
2000,64(9):1821-6. https://doi.org/10.1271/bbb.64.1821.

Tian'Y, Xu W, Zhang WL, Zhang T, Guang C, Mu WM. Amylosucrase as a trans-
glucosylation tool: from molecular features to bioengineering applications.
Biotechnol. Adv. 2018;36(5):1540-52. https://doi.org/10.1016/j.biotechadv.20
18.06.010.

Goed! C, Sawangwan T, Mueller M, Schwarz A, Nidetzky B. A high-yielding
biocatalytic process for the production of 2-O-(alpha-D-glucopyranosyl)-sn-
glycerol, a natural osmolyte and useful moisturizing ingredient. Angew Chem
Int Ed Engl. 2008;47(52):10086-9. https://doi.org/10.1002/anie.200803562.
Goed! C, Sawangwan T, Wildberger P, Nidetzky B. Sucrose phosphorylase:

a powerful transglucosylation catalyst for synthesis of a-D-glucosides as
industrial fine chemicals. Biocatalysis. 2010;28(1):10-21. https://doi.org/10.31
09/10242420903411595.

Vyas A, Nidetzky B. Energetics of the glycosy! transfer reactions of sucrose
phosphorylase. Biochemistry. 2023;62(12):1953-63. https://doi.org/10.1021/a
¢s.biochem.3c00080.

Goed! C, Schwarz A, Minani A, Nidetzky B. Recombinant sucrose phosphory-
lase from Leuconostoc mesenteroides: characterization, kinetic studies of
transglucosylation, and application of immobilised enzyme for production of
alpha-D-glucose 1-phosphate. J Biotechnol. 2007;129(1):77-86. https://doi.or
9/10.1016/j jbiotec.2006.11.019.

Lei JP Tang KX, Zhang T, LiY, Gao Z, Jia HH. Efficient production of 2-O-a-D-
glucosyl glycerol catalyzed by an engineered sucrose phosphorylase from
Bifidobacterium longum. Appl Biochem Biotechnol. 2022;194(11):5274-91.
https://doi.org/10.1007/512010-022-03939-z.

Xia YY, Li XY, Yang LL, Luo XZ, Shen' W, Cao Y, Peplowski L, Chen XZ. Develop-
ment of thermostable sucrose phosphorylase by semi-rational design for
efficient biosynthesis of alpha-D-glucosylglycerol. Appl Microbiol Biotechnol.
2021;105(19):7309-19. https://doi.org/10.1007/500253-021-11551-0.

Duan PF, Long MF, Zhang X, Liu ZY, You JJ, Pan XW, Fu WL, Xu MJ, Wang TW,
Shao ML, Rao ZM. Efficient 2-O-a-D-glucopyranosyl-sn-glycerol production
by single whole-cell biotransformation through combined engineering and
expression regulation with novel sucrose phosphorylase from Leuconostoc
mesenteroides ATCC 8293, Bioresource Technol. 2023;385:129399. https://doi.
0rg/10.1016/j.biortech.2023.129399.

Schwaiger KN, Cserjan-Puschmann M, Striedner G, Nidetzky B. Whole
cell-based catalyst for enzymatic production of the osmolyte 2-O-o-
glucosylglycerol. Microb Cell Fact. 2021;20(1):79. https://doi.org/10.1186/147
5-2859-6-12.

Ao J, Pan X, Wang Q, Zhang H, Ren K, Jiang A, Zhang X, Rao Z. Efficient whole-
cell biotransformation for a—arbutin production through the engineering of
sucrose phosphorylase combined with engineered cell modification. J Agric
Food Chem. 2023;71:2438-45. https://doi.org/10.1021/acs jafc.2c07972.
Kato-Kataoka A, Nishida K, Takada M, et al. Fermented milk containing
Lactobacillus casei strain Shirota preserves the diversity of the gut microbiota
and relieves abdominal dysfunction in healthy medical students exposed to
academic stress. Appl Environ Microbiol. 2016;82(12):3649-58. https://doi.org
/10.1128/AEM.04134-15.


https://doi.org/10.1186/s12934-024-02586-9
https://doi.org/10.1186/s12934-024-02586-9
https://doi.org/10.1039/c0np00067a
https://doi.org/10.1039/c0np00067a
https://doi.org/10.1016/j.biotechadv.2022.107964
https://doi.org/10.1016/j.biotechadv.2022.107964
https://doi.org/10.1007/s00253-023-12652-8
https://doi.org/10.1271/bbb.64.378
https://doi.org/10.1271/bbb.64.378
https://doi.org/10.1016/j.femsle.2004.12.005
https://doi.org/10.1016/j.femsle.2004.12.005
https://doi.org/10.1007/s00253-014-6273-7
https://doi.org/10.1007/s00253-014-6273-7
https://doi.org/10.1016/j.ymben.2012.12.002
https://doi.org/10.1016/j.ymben.2012.12.002
https://doi.org/10.1016/j.jbiotec.2017.01.019
https://doi.org/10.1016/S1389-1723(03)80166-4
https://doi.org/10.1371/journal.pone.0086548
https://doi.org/10.1371/journal.pone.0086548
https://doi.org/10.1271/bbb.64.1821
https://doi.org/10.1016/j.biotechadv.2018.06.010
https://doi.org/10.1016/j.biotechadv.2018.06.010
https://doi.org/10.1002/anie.200803562
https://doi.org/10.3109/10242420903411595
https://doi.org/10.3109/10242420903411595
https://doi.org/10.1021/acs.biochem.3c00080
https://doi.org/10.1021/acs.biochem.3c00080
https://doi.org/10.1016/j.jbiotec.2006.11.019
https://doi.org/10.1016/j.jbiotec.2006.11.019
https://doi.org/10.1007/s12010-022-03939-z
https://doi.org/10.1007/s00253-021-11551-0
https://doi.org/10.1016/j.biortech.2023.129399
https://doi.org/10.1016/j.biortech.2023.129399
https://doi.org/10.1186/1475-2859-6-12
https://doi.org/10.1186/1475-2859-6-12
https://doi.org/10.1021/acs.jafc.2c07972
https://doi.org/10.1128/AEM.04134-15
https://doi.org/10.1128/AEM.04134-15

Cui et al. Microbial Cell Factories

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

(2024) 23:307

Shiby VK, Mishra HN. Fermented milks and milk products as functional foods-
a review. Crit Rev Food Sci Nutr. 2013;53(5):482-96. https://doi.org/10.1080/1
0408398.2010.547398.

Lenoir M, del Carmen S, Cortes-Perez NG, et al. Lactobacillus casei BL23
regulates Treg and Th17 T-cell populations and reduces DMH-associated
colorectal cancer. J Gastroenterol. 2016;51(9):862-73. https://doi.org/10.1007
/500535-015-1158-9.

Hazebrouck S, Pothelune L, Azevedo V, Corthier G, Wal JM, Langella P. Efficient
production and secretion of bovine beta-lactoglobulin by Lactobacillus casei.
Microb Cell Fact. 2007;6:12. https://doi.org/10.1186/1475-2859-6-12.

Kuipers O, de Ruyter P, Kleerebezem M, de Vos W. Quorum sensing-controlled
gene expression in lactic acid bacteria. J Biotech. 1998,64(98):15-21. https://d
0i1.0rg/10.1016/50168-1656.

Natori Y, Kano Y, Imamoto F. Genetic transformation of Lactobacillus casei by
electroporation. Biochimie. 1990;72(4):265-9. https://doi.org/10.1016/0300-9
084.

Bober JR, Nair NU. Galactose to tagatose isomerization at moderate tempera-
tures with high conversion and productivity. Nat Commun. 2019;10(1):4548.
https://doi.org/10.1038/541467-019-12497-8.

Luley-Goed| C, Sawangwan T, Mueller M, Schwarz A, Nidetzky B. Biocatalytic
process for production of a-glucosylglycerol using sucrose phosphorylase.
Food Technol Biotechnol. 2010;48:276-83.

Zahiga M, Monedero V, Yebra MJ. Utilization of host-derived glycans by intes-
tinal Lactobacillus and Bifidobacterium species. Front Microbiol. 2018;,9:1917.
https://doi.org/10.3389/fmicb.2018.01917.

Zhou JW, Jiang RN, ShiY, Ma WL, Liu KQ, Lu YL, Zhu LJ, Chen XL. Sucrose
phosphorylase from Lactobacillus reuteri: characterization and application of
enzyme for production of 2-O-a-d-glucopyranosyl glycerol. Int J Biol Macro-
mol. 2022;209(Pt A):376-84. https://doi.org/10.1016/j.ijbiomac.2022.04.022.
Oh JH, van Pijkeren JP. CRISPR-Cas9-assisted recombineering in Lactobacillus
reuteri. Nucleic Acids Res. 2014;42(17):e131. https://doi.org/10.1093/nar/gku6
23.

Franceus J, Desmet T. Sucrose phosphorylase and related enzymes in glyco-
side hydrolase family 13: discovery, application and engineering. Int J Mol Sci.
2020;21:2526. https://doi.org/10.3390/ijms21072526.

34.

35.

36.

37.

38.

39.

40.

Page 12 of 12

Tao X, Su L, Wu J. Current studies on the enzymatic preparation 2-O-a-d-
glucopyranosyl-l-ascorbic acid with cyclodextrin glycosyltransferase. Crit Rev
Biotechnol. 2019;39(2):249-57. https.//doi.org/10.1080/07388551.2018.15318
23.

He X, LiY,TaoY, Qi X, Ma R, Jia H, Yan M, Chen K, Hao N. Discovering and
efficiently promoting the extracellular secretory expression of Thermobacillus
sp. ZCTHO2-B1 sucrose phosphorylase in Escherichia coli. Int J Biol Macromol.
2021;173:532-40. https://doi.org/10.1016/j.ijbiomac.2021.01.115.

Lee H,KimY, Lee C, Lee S, Nam T, Park C, Seo D. Enzymatic characterization of
sucrose phosphorylase from Bifidobacterium dentium: the initial enzyme in
the cascade reaction. Food Biosci. 2024;59:104038. https://doi.org/10.1016/j.f
bi0.2024.104038.

ZhangT, Yang J, Tian C, Ren C, Chen P, Men Y, Sun Y. High-yield biosynthesis
of glucosylglycerol through coupling phosphorolysis and transglycosylation
reactions. J Agric Food Chem. 2020;68(51):15249-56. https://doi.org/10.1021/
acsjafc.0c04851.

Febres-Molina C, Sdnchez L, Prat-Resin X, Jaha GA. Glucosylation mechanism
of resveratrol through the mutant Q345F sucrose phosphorylase from the
organism Bifidobacterium adolescentis: a computational study. Org Biomol
Chem. 2022;20(26):5270-83. https://doi.org/10.1039/d20b00821a.

de Carvalho CC. Whole cell biocatalysts: essential workers from Nature to the
industry. Microb Biotechnol. 2017;10(2):250-63. https://doi.org/10.1111/175
1-7915.12363.

Mattei B, Lira RB, Perez KR, Riske KA. Membrane permeabilization induced by
Triton X-100: the role of membrane phase state and edge tension. Chem Phys
Lipids. 2017,202:28-37. https://doi.org/10.1016/j.chemphyslip.2016.11.009.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1080/10408398.2010.547398
https://doi.org/10.1080/10408398.2010.547398
https://doi.org/10.1007/s00535-015-1158-9
https://doi.org/10.1007/s00535-015-1158-9
https://doi.org/10.1186/1475-2859-6-12
https://doi.org/10.1016/S0168-1656
https://doi.org/10.1016/S0168-1656
https://doi.org/10.1016/0300-9084
https://doi.org/10.1016/0300-9084
https://doi.org/10.1038/s41467-019-12497-8
https://doi.org/10.3389/fmicb.2018.01917
https://doi.org/10.1016/j.ijbiomac.2022.04.022
https://doi.org/10.1093/nar/gku623
https://doi.org/10.1093/nar/gku623
https://doi.org/10.3390/ijms21072526
https://doi.org/10.1080/07388551.2018.1531823
https://doi.org/10.1080/07388551.2018.1531823
https://doi.org/10.1016/j.ijbiomac.2021.01.115
https://doi.org/10.1016/j.fbio.2024.104038
https://doi.org/10.1016/j.fbio.2024.104038
https://doi.org/10.1021/acs.jafc.0c04851
https://doi.org/10.1021/acs.jafc.0c04851
https://doi.org/10.1039/d2ob00821a
https://doi.org/10.1111/1751-7915.12363
https://doi.org/10.1111/1751-7915.12363
https://doi.org/10.1016/j.chemphyslip.2016.11.009

	﻿2-﻿O﻿-﻿α﻿-D-glucosyl glycerol production by whole-cell biocatalyst of lactobacilli encapsulating sucrose phosphorylase with improved glycerol affinity and conversion rate
	﻿Abstract
	﻿Graphic Abstract
	﻿Background
	﻿Methods
	﻿Bacterial strains and growth conditions
	﻿Screening of strains with SPase activity
	﻿Plasmid and recombinant strain construction
	﻿Sequence analysis
	﻿Purification of the SPase protein
	﻿Enzyme activity assay
	﻿Preparation of whole-cell biocatalyst
	﻿Affinities of enzyme and whole-cell biocatalyst to different substrates
	﻿Equilibrium conversion
	﻿HPLC analysis
	﻿Statistical analysis

	﻿Results


