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Abstract: Uridine diphosphate glycosyltransferases (UGTs) as fine catalysts of glycosylation are
increasingly used in the synthesis of natural products. Sucrose synthase (SuSy) is recognized as a
powerful tool for in situ regenerating sugar donors for the UGT-catalyzed reaction. It is crucial to select
the appropriate SuSy for cooperation with UGT in a suitable way. In the present study, eukaryotic
SuSy from Arabidopsis thaliana (AtSUS1) helped stevia glycosyltransferase UGT76G1 achieve the
complete conversion of stevioside (30 g/L) into rebaudioside A (RebA). Position of the individual
transcription units containing the genes encoding AtSUS1 and UGT76G1 in the expression plasmid
has an effect, but less than that of the fusion order of these genes on RebA yield. Fusion of the C-
terminal of AtSUS1 and the N-terminal of UGT76G1 with rigid linkers are conducive to maintaining
enzyme activities. When the same fusion strategy was applied to a L637M-T640V double mutant of
prokaryotic SuSy from Acidithiobacillus caldus (AcSuSym), 18.8 ± 0.6 g/L RebA (a yield of 78.2%) was
accumulated in the reaction mixture catalyzed by the fusion protein Acm-R3-76G1 (the C-terminal of
AcSuSym and the N-terminal of UGT76G1 were linked with (EAAAK)3). This work would hopefully
reveal the potential of UGT-SuSy fusion in improving the cascade enzymatic glycosylation.

Keywords: glycosyltransferase UGT76G1; rebaudioside A; stevioside; Stevia rebaudiana; sucrose
synthase

1. Introduction

Glycosylation of small molecular compounds refers to the addition of glycosyl residues
to the C-, O-, N-, and S-positions of some small molecules, such as antibiotics, vitamins,
and spices, to improve their physical chemistry and biology characteristics [1,2]. The
formation of glycoside bonds during glycosylation is popularly obtained by chemical
or enzymatic methods. Compared with complicated chemical manipulation, enzyme-
mediated glycosylation is capable of recognizing certain chemical groups to synthesize
specific products with simple steps and not introducing extra-toxic chemical reagents due
to the splendid region- and stereoselectivity of enzymes, especially in the glycosylation
of compounds with complex conformations. In nature, glycosylation of small molecular
compounds is usually catalyzed by glycosyltransferases (GTs), among which uridine
diphosphate glycosyltransferases (UGTs) are pivotal members [3,4]. Uridine diphosphate
(UDP)-activated sugar molecules are widely used as donors in glycosylation of natural
products, such as steviosides [5], triterpenoids [6], flavonoids [7], and ginsenosides [8].
UGTs also contribute to the metabolic engineering applications for producing these natural
products [9]. However, such glycosylation reactions are restricted by catalytic abilities of
GTs and the availability of nucleoside diphosphate (NDP)-sugar donor [10,11].

Sucrose synthase (SuSy, EC 2.4.1.13) belonging to the GT family, which reversibly
catalyzes NDP and sucrose to produce NDP-glucose and fructose, is one of the most
promising candidates addressing the supply of NDP-glucose [12]. Most eukaryotic SuSys-
mainly participate in the physiological metabolism of plants, especially for the synthesis or
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decomposition of sucrose [13,14]. A few SuSys have also been found in prokaryotes-like
bacteria in recent years, which have higher thermal stability and prefer adenosine diphos-
phate (ADP), while plant-derived SuSys prefer UDP [13]. SuSys could work with UGTs
in vitro to constitute the coupling system for regenerating UDP-glucose (UDPG) that is
provided to the glycosylation reaction catalyzed by UGTs [14]. The one-pot two-enzyme
reactions by coupling the activities of UGT and SuSy (UGT-SuSy) were applied to numerous
chemical compounds such as C-glycosylation of phloretin [11], O-glycosylation of stevio-
side, and quercetin [15,16]. Generally, the catalytic efficiency of free enzymes in the reaction
that would be affected by several factors can be enhanced to some extent by organizing
them into a multi-enzyme complex using co-immobilization technology [17], scaffolding
technology [18], or fusion technology [19]. Among them, gene fusion technology, widely
used in protein soluble expression, purification, imaging, and biopharmaceuticals, is also
an effective and relatively simple strategy for setting up a multi-enzyme catalytic system
in vitro [20].

UGT76G1, a UGT was initially discovered in Stevia rebaudiana for the conversion of
stevioside into rebaudioside A (RebA), a sweetener with low calories and intense sweet-
ness [21]. As has been known so far in the biosynthesis of steviol glycosides (SGs), UGT76G1
uses UDPG as the glycosyl donor to form the β-1,3-glycosidic bond at the steviol C13- and
C19-bound glucose involving eight different reactions [5]. It is the only enzyme directly
responsible for the production of rebaudioside M, which is generally recognized as the
best SG sweetener [22]. In our previous research, we have set up a UGT-SuSy reaction
involving UGT76G1 and a SuSy from Arabidopsis thaliana (AtSUS1) [23]. UDPG and UDP in
crude extracts from the recombinant cells were used without additional supply [15,24]. In
the present study, we try to compare the performance of four different originated SuSys
in cooperation with UGT76G1, as well as the coupling details, such as the gene construct
strategy of two enzymes. As a result, a fusion of SuSy and UGT was investigated for
increased effective production of RebA from stevioside. This is the application of fusion
technology to improve catalytic efficiency in SGs synthesis.

2. Materials and Methods
2.1. Plasmids and Strains

Nucleotide sequences respectively encoding UGT76G1 (Q6VAB4), AtSUS1 (P49040),
StSUS1 (P10691), AtSUS3 (Q9M111), and AcSuSy (A0A059ZV61) were codon-optimized for
expression in Escherichia coli and synthesized by Genscript Biotechnology Co., Ltd. (Nanjing,
China). pRSFDuet-1 (Novagen) was used as the backbone for constructing recombinant
plasmids. The double mutant of AcSuSy (L637M-T640V) was made using a Mut Express®

II Fast Mutagenesis Kit V2 (Vazyme Biotech Co., Ltd., Nanjing, China), and the resultant
clone was named as AcSuSym. More details regarding the plasmid and strain constructs
used in this study are shown in Table 1. The linkers adopted for fusion constructs are
shown in Table 2.

Table 1. Strains and plasmids used in this study.

Strains Plasmids Plasmid Description

At1-76G1 pRSF-AtSUS1-76G1 Genes encoding AtSUS1 and UGT76G1 inserted in NcoI/EcoRI and NdeI/XhoI of pRSFDuet-1, respectively

St1-76G1 pRSF-StSUS1-76G1 The coding region of AtSUS1 was replaced by that of StSUS1 in pRSF-AtSUS1-76G1

Ac-76G1 pRSF-AcSuSy-76G1 The coding region of AtSUS1 was replaced by that of AcSuSy in pRSF-AtSUS1-76G1

At3-76G1 pRSF-AtSUS3-76G1 The coding region of AtSUS1 was replaced by that of AtSUS3 in pRSF-AtSUS1-76G1

76G1-At1 pRSF-76G1-AtSUS1 Genes encoding UGT76G1 and AtSUS1 inserted in NcoI/EcoRI and NdeI/XhoI of pRSFDuet-1, respectively

At1-P3-76G1 pRSF-AtSUS1-P3-76G1 The coding regions of AtSUS1 and UGT76G1 are fused with a linker of PPP in pRSF-AtSUS1-76G1

76G1-P3-At1 pRSF-76G1-P3-AtSUS1 The coding regions of UGT76G1 and AtSUS1 are fused with a linker of PPP in pRSF-76G1-AtSUS1

R1 pRSF-AtSUS1-R1-76G1 The coding regions of AtSUS1 and UGT76G1 are fused with an R1 linker in pRSF-AtSUS1-76G1

R2 pRSF-AtSUS1-R2-76G1 The coding regions of AtSUS1 and UGT76G1 are fused with an R2 linker in pRSF-AtSUS1-76G1

R3 pRSF-AtSUS1-R3-76G1 The coding regions of AtSUS1 and UGT76G1 are fused with an R3 linker in pRSF-AtSUS1-76G1
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Table 1. Cont.

Strains Plasmids Plasmid Description

F1 pRSF-AtSUS1-F1-76G1 The coding regions of AtSUS1 and UGT76G1 are fused with an F1 linker in pRSF-AtSUS1-76G1

F2 pRSF-AtSUS1-F2-76G1 The coding regions of AtSUS1 and UGT76G1 are fused with an F2 linker in pRSF-AtSUS1-76G1

F3 pRSF-AtSUS1-F3-76G1 The coding regions of AtSUS1 and UGT76G1 are fused with an F3 linker in pRSF-AtSUS1-76G1

Acm-76G1 pRSF-AcSuSym-76G1 Mutations of L637M and T640V in the encoding region of AcSuSy (AcSuSym) were made in pRSF-AcSuSy-76G1

Acm-R3-76G1 pRSF-AcSuSym-R3-76G1 The coding regions of AcSuSym and UGT76G1 are fused with an R3 linker in pRSF-AcSuSym-76G1

Note: All the above plasmids were transformed into E. coli BL21 (DE3)-competent cells, resulting in the corre-
sponding strains. Details about linkers are shown in Table 2.

Table 2. Details of the linkers in fusion proteins.

Linker Amino Acids Encoding Sequence (5′-3′)

P3 PPP CACCACCACCACCACCAC
R1 EAAAK GAGGCGGCGGCGAAG
R2 (EAAAK)2 GAGGCTGCTGCGAAGGAAGCGGCGGCGAAA
R3 (EAAAK)3 GAGGCTGCTGCGAAGGAAGCGGCGGCGAAAGAGGCGGCGGCGAAG
F1 GGGGS GGTGGCGGTGGCAGC
F2 (GGGGS)2 GGTGGCGGTGGCAGCGGTGGCGGTGGCAGC
F3 (GGGGS)3 GGTGGCGGTGGCAGCGGTGGCGGTGGCAGCGGTGGCGGTGGCAGC

2.2. Expression of Recombinant UGT and SuSy in E. coli

A total of 100 mL of auto-induction medium (15 g/L tryptone, 25 g/L yeast extract,
10 g/L NaCl, 2 g/L glucose, and 0.5 g/L lactose) containing 50 mg/L kanamycin was
inoculated with 1mL overnight culture of the recombinant strains grown in LB (Luria–
Bertani) medium (tryptone 10 g/L, yeast extract 5 g/L, and NaCl 10 g/L) with 50 mg/L
kanamycin, and incubated at 37 ◦C with shaking at 200 rpm for 2 h, then transferred to
25 ◦C for another 20–30 h.

The cell pellets were harvested after washing twice and then disrupted with a Sonifier
(Ningbo Scientz Biotechnology Co. Ltd., Ningbo, China) in the potassium phosphate buffer
(100 mM, pH 7.2). The supernatant was obtained by centrifugation at 4 ◦C and used as the
crude enzyme extract.

2.3. Determination of Glycosyltransferase and SuSy Activities

Enzyme activities of glycosyltransferase and SuSy were assayed as previously de-
scribed [15,23]. One unit (U) of glucosyltransferase activity was defined as the amount of
enzyme that produced 1 µmol of RebA from stevioside per min, and one unit (U) of SuSy
activity was defined as the amount of enzyme releasing 1 µmol of reducing sugar per min
under the given assay conditions.

2.4. Enzymatic Synthesis of RebA

To convert stevioside into RebA, the reaction mixtures (20 mL) containing 20 g/L (or
30 g/L) stevioside, 60 g/L (or 90 g/L) sucrose, an appropriate amount of total protein from
the crude enzyme extract, and potassium phosphate buffer (100 mM, pH 7.2) were generally
incubated at 30 ◦C for 24 h with shaking at 200 rpm. For convenience of description,
the reactions were named after the recombinant strains, from which the crude extracts
were prepared.

For the reactions with Acm-R3-76G1, the effects of various factors including tempera-
ture, pH, ratios of stevioside to sucrose, and crude enzyme concentrations were investigated
in 100 mM potassium phosphate buffer. The reactions were performed at 20 ◦C, 30 ◦C,
40 ◦C, 50 ◦C, and 60 ◦C, or at a pH of 6, 7.2, 8, and 9; or with different mass ratios of
stevioside to sucrose (1:3, 1:5, 1:20, 1:30, 1:40, and 1:50; 20 g/L stevioside), or with the
crude enzyme of 5, 8, 10, 12, and 15 mg/mL. Only the mentioned factor was changed each
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time, while others remained constant. To test the effect of UDP supply on the reactions of
Acm-76G1 and Acm-R3-76G1, UDP was added as described.

The collected reaction mixtures were appropriately diluted and inactivated at 95 ◦C
for 5 min. Then, the supernatants were obtained after centrifugation and filtered before
analysis by high-performance liquid chromatography (HPLC).

2.5. HPLC Analysis

The samples were analyzed by HPLC (UltiMate 3000, Dionex China Limited, Beijing,
China) equipped with a Cosmosil packed colum-C18 (COSMOSIL, 250 mm × 4.6 mm) as
previously described [15]. The RebA yield was calculated as follows: RebA yield (%) = C
(RebA)/C (St). C (St) represents the initial molar concentration of stevioside, and C (RebA)
represents the increased RebA molar concentration after reaction. In the case of the relative
RebA yield, the highest yield of the sample in the tested group was regarded as 100%.

2.6. Prediction of Protein Solubility

The solubilities of UGT, SuSy, and their fusion proteins were calculated using the
Wilkinson–Harrison solubility model [25], which involved the calculation of a canonical
variable (CV) for proteins. The probability of solubility or insolubility was calculated by the
following formula: 0.4934 + 0.276|CV − CV′| − 0.0392(CV − CV′)2, where CV′ = 1.71; and
CV = λ1

(
N+G+P+S

n

)
+ λ2

∣∣∣ (R+K)−(D+E)
n − 0.03

∣∣∣, n, total number of amino acids in protein;
λ1, 15.43; λ2, −29.56; N, G, P, S, R, K, D, E, number of Asn, Gly, Pro, Ser, Arg, Lys, Asp, or
Glu residues. If CV–CV’ is greater than 0, it predicts that the protein is insoluble. If CV–CV′

is less than 0, it predicts that the protein is soluble.

3. Results and Discussion
3.1. Selection of SuSys for Constructing One-Pot Two-Enzyme Systems

UGT-SuSy system has been widely applied in glycosylation reactions, especially for
natural products [16,26,27]. Most research focuses on the enzyme engineering of UGTs and
SuSys [24,28]. Few has been done with the collaborative relationship between these two
enzymes. As is known, various SuSys had different abilities to synthesize UDPG, which
could have a significant impact on the glycosylation reaction [12]. Firstly, four SuSys, that is,
AtSUS1 and AtSUS3 from A. thaliana [29–31], StSUS1 from Solanum tuberosum [32,33], and
AcSuSy from Acidithiobacillus caldus [13,34], were co-expressed with UGT76G1, respectively,
and the crude extracts prepared from the corresponding strains were used to set up four
individual one-pot two-enzyme reactions, which are called At1-76G1, St1-76G1, Ac-76G1,
and At3-76G1. All enzymes were successfully expressed, although inclusion still dominated
(Figure S1). As is shown in Table 3, At1-76G1 and At3-76G1, including SuSys from the same
source (A. thaliana), had a high yield of RebA. After 8 h, stevioside was almost converted
to RebA by At1-76G1. The RebA yield for the reaction catalyzed by St1-76G1 ranked
third (66.8%). Unexpectedly, in the reaction mixture of Ac-76G1 containing prokaryotic
AcSuSy that has the highest specific activity (59.2 mU/mg, above 5-fold of StSUS1) among
the four SuSys, the yield of RebA was even less than 1%. The UGT activity in Ac-76G1
(114.7 mU/mg) was evidently higher than that in St1-76G1 (88.8 mU/mg), suggesting that
it was AcSuSy that led to the worse performance of Ac-76G1.

Table 3. Effect of the coupled SuSy and UGT76G1 on RebA synthesis.

Strains Used for the Crude Extract Preparation
Specific Activity RebA

UGT76G1 (mU/mg) SuSy (mU/mg) Concentration (g/L) Yield (%)

At1-76G1 125.1 ± 10.5 47.6 ± 0.2 35.2 ± 1.6 99.3
At3-76G1 104.4 ± 4.8 13.7 ± 0.3 31.6 ± 2.7 90.5
St1-76G1 88.8 ± 9.3 11.6 ± 0.6 24.6 ± 0.4 66.8
Ac-76G1 114.7 ± 5.7 59.2 ± 0.4 0.63 ± 0.04 0.8

Note: The reaction mixture (20 mL), consisting of approximately 5 mg/mL of the crude extract, 30 g/L stevioside,
and 90 g/L sucrose, was incubated at pH 7.2 and 30 ◦C for 8 h.
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3.2. Comparison of the Construct Strategy for Expressing AtSUS1 and UGT76G1

In comparison to different construct strategies to generate the recombinant strain for
enzyme preparation, At1-76G1 was selected, since AtSUS1 has the higher specific activity
(47.6 mU/mg) than that of the other two eukaryotic SuSys. To construct At1-76G1, genes
encoding AtSUS1 and UGT76G1 were inserted in NcoI/EcoRI and NdeI/XhoI of pRSFDuet-1,
respectively. Another strain, named 76G1-At1, was obtained by transformed the plasmid
pRSF-76G1-AtSUS1 in which the genes encoding AtSUS1 and UGT76G1 were inserted in
NdeI/XhoI and NcoI/EcoRI of pRSFDuet-1, respectively. That means that these two genes
belonging to an individual transcription unit exchanged their cloning positions. Although
the protein soluble expression patterns look similar (Figure S2), the specific activities of
two enzymes obtained from At1-76G1 and 76G1-At1 were not the same, especially for
UGT76G1 (Figure 1a). The yield of RebA was 86.5% for 76G1-At1, which was 1.3 times of
At1-76G1 (65.4%), but At1-76G1 has higher UGT activity than 76G1-At1 (Figure 1). These
results indicated that the arrangement of the gene sequence of AtSUS1 and UGT76G1 in
the expression plasmid may exert an influence on RebA production, probably because the
activity ratio of UGT and SuSy is a critical factor under the condition that both enzyme
activities were not low.
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Figure 1. RebA production catalyzed by the free enzymes of UGT76G1 and AtSUS1, and their fusion
proteins. (a) The special activities of UGT and SuSy. (b) RebA yield of four reactions catalyzed by
At1-76G1, 76G1-At1, At1-P3-76G1, and 76G1-P3-At1. The reaction mixture (20 mL), consisting of
approximately 5 mg/mL of the crude extract, 20 g/L stevioside, and 60 g/L sucrose, was incubated
at pH 7.2 and 30 ◦C for 5 h.

Recent studies show gene fusion strategies promote the folding, stability, bioactivity,
and soluble expression of the fused proteins [35–37]. In theory, the fusion of two enzymes
will shorten the space distance of enzymes, which is more conducive to the conversion of
substrates. It was reported that a linker encoding for amino acids Pro-Pro-Pro (PPP) had
been successfully applied in a fusion construction of the flavonoid O-glucosyltransferase
OsUGT3 and AtSUS1 [38]. Therefore, we introduced the PPP linker between AtSUS1 and
UGT76G1 in At1-76G1 and 76G1-At1, which were named At1-P3-76G1 and 76G1-P3-At1,
respectively. It was shown that the fusion order of these two enzymes had a great influence
on the soluble expression of fusion proteins, and thus, on the activities of UGT and SuSy,
and the synthesis of RebA catalyzed by the fusion enzymes (Figure S3a and Figure 1).
When the C-terminal of AtSUS1 was fused with the N-terminal of UGT76G1(At1-P3-76G1),
the yield of RebA was 76.2%, which was 1.2 times that of At1-76G1 at 5 h under the same
conditions. It was still not better than that of 76G1-At1 (86.5%). However, when the N-
terminal of AtSUS1 was fused with the C-terminal of UGT76G to form the fusion protein
76G1-P3-At1, the RebA yield of 76G1-P3-At1 was only 6.9%.

Merely exchanging the two encoding genes on the expression plasmids caused a
similar RebA yield between At1-76G1 and 76G1-At1 (Figure 1b). However, the fusion
proteins with the PPP linker showed distinct differences compared to the free enzyme
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systems. The specific activity of UGT76G1 significantly decreased for At1-P3-76G1 (less
than half of At1-76G1 and 76G1-At1), but the production of RebA was comparable with
At1-76G1 and 76G1-At1. The specific activities of both UGT and SuSy declined sharply
for 76G1-P3-At1, leading to almost no accumulation of RebA in the glycosyltransferase-
catalyzed reaction. Therefore, the fusion order of UGT and SuSy has an important effect
on their enzyme activity and productivity. The fusion of the C-terminal of UGT76G1 and
the N-terminal of AtSUS1 (76G1-P3-At1) would probably pull the active sites of these
two enzymes too close and affect their spatial conformations, resulting in low enzyme
activities. However, the fusion of the C-terminal of AtSUS1 and the N-terminal of UGT76G1
(At1-P3-76G1) has less effect on their active conformations.

3.3. Fusion of AtSUS1 and UGT76G1 by Rigid and Flexible Linkers

Efforts have been made to clarify the properties of linkers in various fusion pro-
teins [39,40]. Empirical linkers of a fusion construct are mainly divided into flexible, rigid,
and in vivo cleavable linkers [41]. Rigid linkers and flexible linkers are the most popular
applied linkers for fusion constructs [42–44]. To investigate the potential of fusion protein
linkers in the UGT-SuSy reactions, three rigid linkers (EAAAK)n (n = 1, 2, 3) and three
flexible linkers (GGGGS)n (n = 1, 2, 3) were fused between the C-terminal of AtSUS1 and
N-terminal of UGT76G1 based on the above results. The new fusion constructs were named
R1, R2, R3, F1, F2, and F3, respectively.

As is shown in Figure S3b and Figure 2, each fusion protein was expressed and had
the ability to catalyze stevioside into RebA. Generally, the rigid linkers worked better than
the flexible linkers, and the longer rigid linker worked better than the shorter one. RebA
yield of R3 was about 2.4 times of R1 after reaction for 2 h (data not shown). At 16 h, the
RebA yield of R3 reached 68.9%. We also compared the R3 with At1-P3-76G1 (Table 4)
and found they almost had the same RebA productivity in 3 h. The linker PPP belongs to
the rigid linkers as well [45]. As a result, the rigid protein linkers tending to maintain the
respective conformations of two fusion partners are more applicable in the fusion construct
linking the C-terminal of AtSUS1 and the N-terminal of UGT76G1 for RebA synthesis.
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Figure 2. The influence of different types of linkers on the yield of RebA. The reaction mixture
(20 mL), consisting of approximately 3 mg/mL of the crude extract, 20 g/L stevioside, and 60 g/L
sucrose, was incubated at pH 7.2 and 30 ◦C for 16 h.

Table 4. The influence of P3 and R3 linkers on RebA production.

Reaction
RebA (g/L)

1 h 3 h

At1-P3-76G1 3.5 ± 0.2 9.2 ± 0.5
At1-R3-76G1 3.3 ± 0.1 8.8 ± 0.5

Note: The reaction mixture (20 mL), consisting of approximately 5 mg/mL of the crude extract, 20 g/L stevioside,
and 60 g/L sucrose, was incubated at pH 7.2 and 30 ◦C for 3 h.
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3.4. Fusion of the Prokaryotic SuSy with UGT76G1

As shown in Table 3, only a small amount of RebA was detected in the reaction
catalyzed by Ac-76G1, but AcSuSy showed the best specific activity among four SuSys
under the investigated conditions. In the assays of SuSy activity, 500 mM sucrose and
10 mM UDP were added [15], which would not available in the one-pot two-enzyme
reactions that used 175.3 or 262.9 mM (60 or 90 g/L) sucrose, and the UDP and UDPG
from the cell lysate. Afterward, a double mutant of AcSuSy (L637M-T640V), which has
the reduced Km value to UDP [28] and named AcSuSym in this study, was coupled with
UGT76G1 instead of AcSuSy. It was shown in HPLC analysis, that only a small amount of
RebA was synthesized in the reaction catalyzed by Ac-76G1 (Figure S4a), while stevioside
had been mostly converted into RebA in the reaction catalyzed by Acm-76G1 in 12 h
(Figure S4b). The RebA concentration of Acm-76G1 was about seven times that of Ac-
76G1, indicating that the mutant (AcSuSym) can effectively improve RebA productivity in
UGT-SuSy reactions.

Then, another fusion construct named Acm-R3-76G1 was created by fusing the C-
terminal of AcSuSym and the N-terminal of UGT76G1 with the rigid linker (EAAAK)3. To
enhance the catalytic ability to produce RebA, the influence factors in terms of reaction
temperature, pH, substrate ratio, and enzyme concentrations on the reaction catalyzed by
Acm-R3-76G1 were investigated.

Temperature is critical for enzymatic reactions; the speed of the glycosylation reaction
is positively related to temperature in a certain range. Increasing reaction temperature will
accelerate the glycosylation of stevioside, but it will also shorten the half-life of the enzyme,
making the enzyme unstable and prone to inactivation. Considering the temperature
preferences of bacterial AcSuSym and plant origin UGT76G1, the temperature for Acm-R3-
76G1 was set in the range of 20 ◦C to 60 ◦C. As was shown in Figure 3a, the yield of RebA
continued to rise at 20–50 ◦C under the same conditions, and reached the peak at 50 ◦C,
which was 9 times that at 20 ◦C. However, the yield dropped rapidly at 60 ◦C, possibly
because the high temperature led to the inactivation of the fusion protein Acm-R3-76G1.
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Figure 3. Effects of temperature (a), pH (b), substrate ratios (c), and crude enzyme concentrations (d)
on RebA synthesis catalyzed by Acm-R3-76G1.



Appl. Sci. 2022, 12, 3911 8 of 11

SuSys involve in a reversible reaction, whose direction was affected by pH [12]. The
reactions catalyzed by Acm-R3-76G1 were conducted at a pH range of 6–9. As was shown
in Figure 3b, the highest yield of RebA was obtained at pH 7.2, which was 1.85-fold that at
pH 9. Under the experimental conditions in this study, pH preference of Acm-R3-76G1 was
pH 7.2 > pH 6 > pH 8 > pH 9 for RebA formation.

As for the substrate mass ratios of stevioside to sucrose, it looked like the higher
amount of sucrose used, the more RebA was generated below the ratio of 1:20 (stevioside:
sucrose) (Figure 3c). In the reactions catalyzed by Acm-R3-76G1, the yield was relatively
low when the initial substrate ratio was 1:3 or 1:5; it reached about 54.4% at the ratio set to
1:30. While the substrate ratio was 1:20, and sucrose was up to 400 g/L, the yield reached
the highest at the reaction of 16 h, which was 4.2 times that at the ratio of 1:3.

The product yield is positively relevant to the enzyme concentration in the glycosy-
lation reactions (Figure 3d). The increase in crude enzyme concentration accelerated the
accumulation of RebA. At 50 ◦C and 7.2, using the mass ratio (stevioside: sucrose) 1:20,
the RebA yield (17.0 g/L) in the reaction mixture with 15 mg/mL of the crude enzyme
was 1.8 times higher than that with 5 mg/mL crude extract, and stevioside was almost
completely converted after reaction of 8 h.

Compared with UGT-SuSy systems composed of eukaryotic SuSys, the reactions using
prokaryotic SuSys, such as Acm-76G1 and Acm-R3-76G1, prefer higher temperature and
higher sucrose concentration. The Km value of AcSuSy for UDP is 7.8 mM. After mutation,
a significantly reduced Km value for UDP (up to 60 times) was achieved for AcSuSym.
However, it is still above 0.1 mM, higher than that of most plant SuSys [28]. In the UGT-
SuSy reactions set up in this study, the required UDP came from the cell lysate. At an
elevated temperature (50 ◦C), with the extension of reaction time, the degradation of UDP
cannot be ignored. As indicated in Figure 4, 2 mM of UDP was enough to support the
reactions catalyzed by Acm-76G1 and Acm-R3-76G1, while a lower efficiency was found in
the control reactions that only used UDP in the cell lysate. However, Acm-R3-76G1 that was
catalyzed with the fusion protein always outperformed Acm-76G1 with the free enzymes.
RebA accumulation in Acm-R3-76G1 without UDP supply was even more than Acm-76G1
with 2 mM UDP. After reaction for 2 h, 13.5 g/L RebA was detected in Acm-R3-76G1
containing 2 mM UDP, which indicated the initial reaction speed was relatively fast. After
that, RebA increased slowly, reaching 18.8 ± 0.6 g/L (a yield of 78.2%) at 12 h.
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Acm-R3-76G1. The reaction mixture (10 mL), consisting of approximately 15 mg/mL of the crude
extract, 20 g/L stevioside, 400 g/L sucrose, and a certain concentration of UDP, was incubated at
pH 7.2 and 50 ◦C.
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In contrast, the prokaryotic AcSuSym had better performance than plant SuSys in
the fusions. From the conversion results, the rigid linker (EAAAK)3 that pulls close the
C-terminal of AcSuSym and the N-terminal of UGT76G1 did not seem to affect enzyme
activities. In addition, the increased soluble expression of Acm-R3-76G1 could be observed
by SDS-PAGE (Figure S5). It is known that enzymes are the key factors that affect reaction
efficiency. Soluble expression is the premise of obtaining active enzymes. As predicted
in Table 5, UGT76G1 is probably insoluble when it is overexpressed in E. coli. However,
AtSUS1 and AcSuSym are predicted to have more probability of solubility, which increases
the solubility of the fusion constructs when they are fused with UGT76G1, respectively.
Among 76G1-P3-At1, At1-P3-76G1, R3 (At1-R3-76G1), and Acm-R3-76G1, Acm-R3-76G1
has the maximum probability of solubility (56%). Therefore, the technology of enzyme
fusion will also improve the soluble expression of fusion partners.

Table 5. Prediction of the solubility of proteins.

Protein MW (kDa) Size (aa) Probability of Solubility or Insolubility

UGT76G1 52.0 458 57% insoluble
AtSUS1 93.0 808 60% soluble

AcSuSym 91.3 794 63% soluble
76G1-P3-At1 147.4 1289 50% soluble
At1-P3-76G1 145.3 1269 52% soluble

R3 (At1-R3-76G1) 146.4 1281 54% soluble
Acm-R3-76G1 144.6 1266 56% soluble

Note: aa, amino acids, MW, molecular weight, Da, dalton.

4. Conclusions

The UGT-SuSy cascade system is expected to be successfully applied to the large-scale
industrial production of SGs. Among AtSUS1 and AtSUS3 from A. thaliana, StSUS1 from S.
tuberosum, and AcSuSy from A. caldus, AtSUS1 was the best candidate to set up the reaction
coupling with Stevia glycosyltransferase UGT76G1. Arrangement of the gene sequence of
AtSUS1 and UGT76G1 on the expression plasmid may affect the expression of enzymes,
thus affecting the yield of RebA from stevioside. Fusions of the C-terminal of SuSy and
N-terminal of UGT76G1 (At1-P3-76G1) with the rigid linker (EAAAK)3 seem to have a less
negative effect on the active conformation of enzymes. However, the fusion containing
AtSUS1 and UGT76G1 was not superior to the reactions with their free enzymes, probably
due to the low Km (UDP) value of plant SuSys. The space effect created by fusion worked in
the case that prokaryotic AcSuSym was applied, which maintained a high Km (UDP) value
(above 0.1 mM). When 2 mM UDP was added to the reaction catalyzed by Acm-R3-76G1,
the highest RebA yield of 78.2% (18.8 ± 0.6 g/L) was obtained from 20 g/L stevioside after
reaction for 12 h.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app12083911/s1, (Figures S1–S3 and S5) SDS-PAGE analysis
of enzyme expression in the different recombinant strains; (Figure S4) HPLC analysis of the 12-h
reaction mixtures catalyzed by Ac-76G1 and Acm-76G1 at 30 ◦C (PDF).
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