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ABSTRACT Herein, we present a biocatalytic method to produce raffinose and
stachyose using sucrose as the substrate. An in vitro multienzyme system was devel-
oped using five enzymes, namely, sucrose synthase (SUS), UDP-glucose 4-epimerase
(GalE), galactinol synthase (GS), raffinose synthase (RS), and stachyose synthase (STS),
and two intermedia, namely, UDP and inositol, which can be recycled. This reaction sys-
tem produced 11.1 mM raffinose using purified enzymes under optimal reaction condi-
tions and substrate concentrations. Thereafter, a stepwise cascade reaction strategy was
employed to circumvent the instability of RS and STS in this system, and a 4.2-fold in-
crease in raffinose production was observed. The enzymatic cascade reactions were
then conducted using cell extracts to avoid the need for enzyme purification and
supplementation with UDP. Such modification further increased raffinose production
to 86.6 MM and enabled the synthesis of 61.1 mM stachyose. The UDP turnover
number reached 337. Finally, inositol in the reaction system was recycled five times,
and 255.8 mM raffinose (128.9 g/liter) was obtained.

IMPORTANCE Soybean oligosaccharides (SBOS) have elicited considerable attention
because of their potential applications in the pharmaceutical, cosmetics, and food
industries. This study demonstrates an alternative method to produce raffinose and
stachyose, which are the major bioactive components of SBOS, from sucrose via an
in vitro enzyme system. High concentrations of galactinol, raffinose, and stachyose
were synthesized with the aid of a stepwise cascade reaction process, which can
successfully address the issue of mismatched enzyme characteristics of an in vitro
metabolic engineering platform. The biocatalytic approach presented in this work
may enable the synthesis of other valuable galactosyl oligosaccharides, such as ver-
bascose and higher homologs, which are difficult to obtain through plant extraction.

KEYWORDS in vitro metabolic engineering, multienzyme system, soybean
oligosaccharides, stepwise cascade reaction, sucrose

n vitro metabolic engineering comprising numerous enzymes and/or coenzymes has

emerged as a promising biomanufacturing platform for producing the desired prod-
ucts. This technology features several compelling advantages over living microorgan-
isms, such as high product yields, fast reaction rates, easy process control and optimi-
zation, easy product separation, and the construction of nonnatural synthetic pathways
(1-3). The manufacturing potential of this process has recently come under investiga-
tion, and its applications have been evaluated in, for example, the synthesis of rare
sugars from formaldehyde (4), hydrogen from numerous sugars (5, 6), higher alcohols
from methanol (7), fructose 1,6-diphosphate and myo-inositol from starch (8, 9),
a-ketoglutarate from glucuronate (10), and amorpha-4,11-diene from mevalonic acid
(11). This excellent cell-free synthetic biology platform demonstrates a remarkable
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FIG 1 (a) In vitro enzymatic pathways for the synthesis of raffinose and stachyose from sucrose. (b) Standard Gibbs free energy
change of each and the overall reaction. Suc, sucrose; UDP-Glc, UDP-glucose; UDP-Gal, UDP-galactose; Gl, galactinol; Raf,
raffinose; Sta, stachyose; Glc, glucose; Fru, fructose; Gal, galactose; Ino, inositol. The AG® represents the change of Gibbs free

energy and was freely available on the website http://equilibrator.weizmann.ac.il.

potential in the synthesis of artificial and valuable oligosaccharides. For example,
one-pot enzymatic synthesis of galacto-N-biose from sucrose and N-acetylgalacto-
samine has been achieved by the concomitant action of four enzymes (12). Yu and
Chen developed 12 effective one-pot multienzyme (OPME) systems for the direct
production of eight sugar nucleotides, including UDP-Glc, UDP-GIcNAc, UDP-GalNAc,
UDP-Gal, UDP-GIcA, GDP-Man, GDP-Fuc, and CMP-Sia, from their corresponding simple
monosaccharides (13). Sequential assemblies of those OPME systems have synthesized
the lacto-N-neotetraose and its sialyl and fucosyl derivatives in the preparative scale
(14, 15).

Soybean oligosaccharides (SBOS) represent a mixture of carbohydrates extracted
from soybeans. These short-chain carbohydrates exhibit numerous biological functions,
such as prebiotics, hypotensive action, immunity activity, and liver protection (16, 17).
Raffinose and stachyose are the major bioactive components of SBOS (18). These
oligosaccharides are traditionally extracted from plants, but such extraction processes
usually suffer from low yields and high production costs (19). Whole-cell transformation
of a recombinant cell expressing a levansucrase has recently been developed to
produce raffinose from melibiose and sucrose with high productivity. Nevertheless,
melibiose is rare and expensive (20, 21). In addition, few reports have thoroughly
described a biosynthetic approach for producing stachyose or higher homologs.

In this study, we present a biocatalytic method to produce raffinose and stachyose
by constructing two in vitro enzymatic systems (Fig. 1a). The cascade reactions were
conducted using the cell lysate supernatant without the addition of the expensive UDP.
A stepwise reaction strategy was employed to address mismatches in enzyme charac-
teristics. Multiple batch reaction processes were performed to yield high concentrations
of raffinose.
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TABLE 1 Properties of enzymes and reactions
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Activity (U/mg)®

Enzyme Source UniProt accession no. MWwe (kDa) Cell extract Purified enzyme
NS A. thaliana NP_197583.1 113.0 0.18 = 0.05 047 £0.12

GalE E. coli WP_074488048.1 373 6.61 = 0.30 24.21 *+ 0.41

GS A. thaliana NP_172406.1 38.7 9.25 +1.29(X 1073) 22.25 =429 (X 1073)
RS A. thaliana NP_198855.1 106.2 5.58 £ 0.95(X 1073) 16.75 = 1.56 (X 1073)
STS A. thaliana NP_192106.3 108.1 0.02 £0.03 0.21 £ 0.04

aMW, molecular weight.

b0One unit of enzymatic activity was defined as the amount of enzyme synthesizing 1 umol of product per minute.

RESULTS

In vitro pathway design to synthesize raffinose and stachyose. The synthesis of
SBOS in plants requires galactinol as a glycosyl donor, which can be obtained from
UDP-galactose and inositol catalyzed by galactinol synthase (GS; EC 2.4.1.123). The
sequential transfer of galactosyl from galactinol to sucrose catalyzed by raffinose
synthase (RS; EC 2.4.1.82) and stachyose synthase (STS; EC 2.4.1.67) yields raffinose and
stachyose, respectively (Fig. 1a). Previous studies have reported the production of
UDP-galactose with UTP and galactose-1-phosphate as the substrates (22, 23). How-
ever, UTP and galactose-1-phosphate are expensive. Sucrose synthase (SUS; EC 2.4.1.13)
catalyzed the reversible conversion of sucrose and UDP into fructose and UDP-glucose
through a one-step activation process (24). UDP-glucose can be easily isomerized to the
desired UDP-galactose using UDP-galactose 4-epimerase (GalE; EC 2.4.1.13). This mech-
anism indicates that the use of SUS and GalE could provide a cost-effective approach
for preparing UDP-galactose using sucrose and UDP as the substrates. The consumed
UDP can be regenerated during galactinol formation. Therefore, in this work, we
designed two in vitro enzymatic pathways using five enzymes, namely, SUS, GalE, GS,
RS, and STS, to synthesize raffinose and stachyose from sucrose (Fig. 1a). The overall
reactions can be written as the following stoichiometric reactions: (i) 2 sucrose —
fructose + raffinose; (ii) 3 sucrose — 2 fructose + stachyose.

In this multienzyme system, UDP and inositol can be recycled in one vessel. The
standard Gibbs energy changes (AG®) of reactions | to V were calculated (25). Although
reactions | and Il were thermodynamically unfavorable under standard conditions, the
AG® calculated for the overall routes of raffinose and stachyose synthesis were —10.9
and —14.4 kJ/mol (Fig. 1b), respectively, pushing the overall reaction forward.

Proof-of-concept biosynthesis of raffinose. To conduct the multienzyme cascade
reaction for raffinose and stachyose synthesis, the corresponding enzymes should be
prepared. Raffinose family oligosaccharides play important roles in the tolerance of
Arabidopsis thaliana plants to drought, high salinity, and cold stress (26). The corre-
sponding GS, RS, and STS from A. thaliana have been identified, and the SUS and STS
from A. thaliana and GalE from Escherichia coli have been successfully expressed and
characterized in E. coli (DE3) (27-29). Therefore, these enzymes were selected to
construct a multienzyme system in this work. In a search of the NCBI database, the gene
sequences of SUST, GolS3, SIP1, and STS from A. thaliana encoding SUS, GS, RS, and STS,
respectively, were obtained, codon-optimized according to their usage bias in E. coli
(gene sequences are presented in the supplemental material), and inserted into the
expression plasmid pET28 or pET32. The GalE gene was directly amplified from the
genome of E. coli. All enzymes were expressed functionally in E. coli BL21(DE3) (see Fig.
S1). The soluble portions of RS and STS obtained were extremely low, and SDS-PAGE of
the final purified enzymes showed that the molecular masses of SUS (113.0 kDa), GalE
(37.3 kDa), GS (38.7 kDa), RS (106.2 kDa), and STS (108.1 kDa) were in agreement with
the sizes predicted by their amino acid sequences. The specific activities of purified
enzymes for SUS, GalE, GS, RS, and STS at 30°C were 0.47, 24.21, 0.022, 0.016, and
0.21 U/mg, respectively (Table 1), and the V,,,, values of RS and GS for sucrose were

max

0.025 and 0.019 wmol/(min - mg), respectively (Table 2).
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TABLE 2 Kinetic parameters of relative enzymes

Enzyme Substrate K, (mM) Viax (mmol - min="-mg—") Koo (s77) Reference or source
SUS ubpP 0.39 + 0.03 0.59 = 0.05 1.10 27

GalE UDP-glucose 1.2 = 0.05 28.95 + 242 18.01 28

GS Inositol 5.70 = 1.65 25.36 = 1.29 (X 1073) 15.36 X 103 This paper

RS Sucrose 3.22+093 18.59 =£2.29 (X 1073) 3642 X 1073 This paper

STS Raffinose 0.26 = 0.02 0.28 = 0.01 0.510 29

The proof-of-concept biosynthesis of raffinose was conducted by mixing purified
SUS (0.24 U, 0.5 mg), GalE (0.24 U, 0.1 mg), GS (0.2 U, 10 mg), and RS (0.32 U, 20 mg) with
50 mM sucrose, 3 mM inositol, and 5mM UDP. This platform successfully produced
1.33 mM raffinose. The effects of temperature, pH, and metal ions on raffinose produc-
tion were then investigated to determine the optimal reaction conditions. The optimal
temperature and pH for the cascade reactions were 30°C and 7, respectively (Fig. 2a and
b). The metal ions used inhibited raffinose production at different levels (Fig. 2c),
thereby indicating that the production was independent of metal ions. The impacts of
the concentrations of UDP and sucrose on raffinose production were measured.
Raffinose was produced at 5 mM UDP, but production was inhibited when the con-
centration of UDP was increased to 10 mM or higher (Fig. 2d). An increase in the initial
sucrose concentration in the medium resulted in improved raffinose production
(Fig. 2e). When the sucrose concentration was 600 mM, for example, 11.1 mM
raffinose was produced (Fig. 2f).

Improvement of raffinose production using a one-pot two-stage reaction pro-
cess. Although raffinose was synthesized via a one-pot one-stage reaction process, the
production efficiency observed was far from satisfactory. We found that the enzyme
activity of RS and STS significantly decreased when these enzymes were reacted at 30°C
for 36 h (see Fig. S3). This result indicates that the instability of RS and STS may lead to
the low production efficiency of raffinose. To circumvent this problem, a stepwise
reaction process containing two reaction stages was employed. In stage 1, the first
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FIG 2 Optimization of reaction conditions for raffinose production by the one-pot one-stage reaction. (a) Effects of temperature on raffinose production. (b)
Effects of pH on raffinose production. (c) Effects of metal ions on enzymatic activity. (d) Effects of UDP concentration on raffinose production. (e) Effects of
sucrose concentration on raffinose production. (f) Biosynthesis of raffinose with 600 mM sucrose under optimal conditions.
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FIG 3 (a) Effects of sucrose/inositol ratio on galactinol production. (b) Effects of sucrose/galactinol ratio
on raffinose production. (c) Time courses of raffinose production with purified enzymes using a one-pot
two-stage reaction process. In stage 1, purified SUS, GalE, GS, sucrose, and inositol were added to the
reaction medium. In stage 2, purified RS powder was supplemented.

three enzymes (SUS, GalE, and GS) were arranged to convert sucrose to galactinol
efficiently. In stage 2, the obtained galactinol was supplemented with RS and/or STS to
produce raffinose or stachyose (Fig. 1a).

According to the stepwise cascade reaction approach, high galactinol production in
stage 1 was necessary for raffinose synthesis. This objective could be achieved by
increasing the conversion rate of galactinol and using high concentrations of inositol.
Then, the concentration ratio of sucrose to inositol in the reaction medium was
optimized. When the concentration ratio (mM/mM) was improved from 25:25 to 75:25,
the conversion rate of galactinol production increased to 74% (Fig. 3a). Further adjust-
ment of the sucrose/inositol ratio to 100:25 only slightly increased the conversion rate.
On the basis of the optimized concentration ratio, we implemented a reaction system
using SUS, GalE, GS, sucrose (600 mM), and inositol (200 mM) in stage 1 and obtained
76 mM galactinol with a conversion rate of 38% after reacting for 48 h (Fig. 3¢; see also
Fig. S2).

The raffinose synthesis reaction catalyzed by RS was reversible, and the reaction
equilibrium inevitably restricted the conversion rate. To circumvent this problem, the
substrate concentration ratio of sucrose to galactinol was optimized. When this ratio
was improved from 25:25 to 100:25, the conversion rate increased from 31% to 55%.
Further improvement of the ratio from 100:25 to 200:25 only resulted in a slight
increase in the conversion rate (Fig. 3b). We obtained nearly 76 mM galactinol in stage
1 and detected 420 mM residual sucrose, which means the concentration ratio of
sucrose to galactinol was 5.5:1. Therefore, the protein powder of purified RS (0.32 U,
10 mg) was directly supplemented into the reaction system in stage 2 to produce
46.8 mM raffinose with a conversion rate of 60.5% (Fig. 3c and Fig. S2). Raffinose
production in this optimized system was 4.2-fold higher than that using the one-pot
one-stage reaction process (Table 3).

Production of raffinose using cell extracts. In our multienzyme system, UDP
serves as an intermedium to transfer galactosyl and can be recycled. We detected small
amounts of UDP and UDP-glucose (total near 20 umol/g cell dry weight) in the cell
lysate supernatant of E. coli and measured the crude enzyme activities of SUS, GalE, GS,
RS, and STS to be 0.18, 6.61, 0.009, 0.006, and 0.02 U/mg, respectively (Table 1). We thus
believe that raffinose synthesis using cell extracts is a feasible and cost-effective
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TABLE 3 Raffinose and stachyose production under different reaction conditions
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No. Substrate(s) Product Reaction process and medium Production (mM) Yield (mol/mol) Conversion (%)
1 Sucrose/inositol Galactinol One stage, purified enzyme 138.3 £3.8 0.96¢ 69¢

2 Sucrose Raffinose One stage, purified enzyme 11.1+03 0.424 1.64

3 Sucrose Raffinose Two stages, purified enzyme 46.8 = 1.9 0.36¢ 7.89

3 Sucrose Raffinose Two stages, crude enzyme? 724+ 2.8 0.394 12.14

3 Sucrose Raffinose Two stages, crude enzyme® 86.6 = 2.8 0.394 14.44

4 Sucrose/raffinose Stachyose Two stages, crude enzyme 61.1+29 0.71¢ 30.6¢

5 Sucrose Stachyose Three stages, crude enzyme 225*1.2 0.114 3.84

6 Sucrose Raffinose Inositol recycling, crude enzyme 255.8 = 10.8 0.404

9In stage 2, enzyme RS was supplemented in the reaction medium.

bIn stage 2, enzyme RS and fresh sucrose (150 mM) were supplemented in the reaction medium. The yield was calculated with the ratio of product formation to

substrate consumption. The conversion was calculated with the ratio of product amount to substrate used.
<The conversion and yield were calculated with the ratio of galactinol concentration to inositol.

9The conversion and yield were calculated with the ratio of product concentration to sucrose.

€The conversion and yield were calculated with the ratio of stachyose concentration to raffinose.

approach, because such a process would avoid the need for enzyme purification and
additional supplementation with UDP. The multienzyme cascade reaction was per-
formed using cell extract-based lyophilized powders of SUS (0.36 U, 2 mg), GalE (0.33 U,
0.5 mg), and GS (0.36 U, 40 mg), 600 mM sucrose, and 200 mM inositol. In stage 1, 138.0
mM galactinol was produced with a conversion rate of 69% (Table 3), which is 1.8-fold
higher than the value using purified enzymes. This increase in raffinose production is
likely due to the higher enzyme amount used in the present reaction system compared
with that applied in the previous system. Then, cell extract-based lyophilized powders
of RS (0.36 U, 60 mg) were added to the reaction system for raffinose production in
stage 2. After another 48 h of reaction, 72.4 mM raffinose was produced with a yield of
0.39 mol/mol sucrose, representing 78% of the theoretical value (Fig. 4a). We increased
the scale of the reaction system to 50 ml to prepare galactinol and raffinose. The
amount of each component was increased accordingly, and at the end of the reaction,
we obtained 146 mM galactinol and 76.4 mM raffinose. We then purified these two
compounds and determined their structures using nuclear magnetic resonance (NMR)
analysis (see Fig. S4 to S5). The isolated yields for galactinol and raffinose were 61.4%
and 30.3%, respectively.
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FIG 4 Time courses of raffinose production with cell extracts by two different stepwise reaction
strategies. (a) Without supplement of sucrose in stage 2. In stage 1, cell extract-based lyophilized
powders of SUS, GalE, GS, sucrose, and inositol were added to the reaction medium. In stage 2, cell
extract-based lyophilized powders of RS were supplemented. (b) Supplement of sucrose in stage 2. The
materials in stage 1 were similar to that for panel a. In stage 2, cell extract-based lyophilized powder of
RS and fresh sucrose powder were supplemented.
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FIG 5 Raffinose production via recycling of inositol. (a and b) Inositol was recycled five times, and 73.2,
72.5, 57.2, 42.0, and 10.9 mM raffinose was synthesized from reactions in batches 1, 2, 3, 4, and 5,
respectively. New production indicates that the raffinose production in every batch reaction; previous
accumulated indicates total raffinose production from previous batch reactions relative to the current
batch reaction.

To shift the reaction equilibrium to raffinose production, we carried out experiments
by supplementing RS and fresh sucrose (150 mM, 51.3 mg) powders into the reaction
medium in stage 2. This modification enhanced raffinose production to 86.6 mM
(43.6 g/liter) with a conversion rate of 14.4%, which is 7.8-fold higher than that
observed using the one-pot one-stage reaction process (Fig. 4b). The turnover number
of UDP also increased to 337.

Inositol recycling to further increase raffinose production. During the raffinose
production process, inositol serves as a partner to transfer galactosyl and is regenerated
in the last reaction step. We then designed a cyclic reaction process to investigate the
feasibility of inositol recycling. In the first batch reaction, the cell extract-based lyoph-
ilized powders of SUS, GalE, and GS, as well as sucrose (600 mM, 205 mg) and inositol
(200 mM, 36 mg) powders, were mixed in stage 1, and RS was supplemented in stage
2. After reacting for 36 h, 73.2 mM raffinose was produced. The reaction system was
centrifuged, and the supernatant was transferred to a new tube reactor. Then, the same
amounts of sucrose and enzyme powder were supplemented for the next batch
reaction. Inositol was recycled five times. This system produced 72.5, 57.2, 42.0, and
10.9 mM raffinose in batches 2, 3, 4, and 5, respectively (Fig. 5a and b). The significant
decrease in raffinose production during the last round of the reaction may be due to
product inhibition and the reaction equilibrium. If raffinose is promptly separated from
the reaction system, the yield would further increase. The present system synthesized
255.8 mM (128.9 g/liter) raffinose with a yield of 0.4 mol/mol sucrose (Table 3), and
555 mM sucrose, 154 mM inositol, and 33.6 mM galactinol remained in the medium.
The total concentrations of inositol and galactinol were 6.2% lower than the initial
concentration of 200 mM. This loss may have resulted from decreases in the sample
volume over consecutive batches with a sampling frequency of 11 (11 X 5).

Improvement of stachyose production using stepwise cascade reaction pro-
cess. Stachyose was synthesized by transferring the galactosyl moiety from galactinol
to raffinose. We initially mixed lyophilized cell extract powders of SUS, GalE, GS, RS, and
STS with sucrose and inositol to synthesize stachyose via the one-pot one-stage
reaction process. However, no desired product was detected. Then, the stepwise
cascade reaction process comprising three stages was used (Fig. 1a). The reaction
media in stages 1 and 2 were similar to those used for raffinose synthesis. After reacting
for 24 h, the system produced 55.1 mM raffinose and retained 81.6 mM galactinol (Fig.
6a). The crude enzyme powder of STS (0.4 U, 20 mg) was supplemented in stage 3 to
convert raffinose and galactinol to stachyose. This system produced 22.5 mM (15.0 g/
liter) stachyose with a yield of 0.11 mol/mol sucrose, representing 33% of the theoret-
ical value (Table 3). We conducted larger-scale experiments (50 ml) to test the extent of
stachyose production. The reaction system resulted in 25.6 mM stachyose. The purified
product was obtained with an isolated yield of 9.8%, and its structure was determined
using NMR analysis (see Fig. S6).
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FIG 6 Time courses of stachyose production by two different stepwise reaction strategies. (a) Synthesis
of stachyose by the one-pot three-stage reaction. In stage 1, cell extract-based lyophilized powders of
SUS, GalE, GS, sucrose, and inositol were added to the reaction medium. In stage 2, cell extract-based
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supplemented. (b) Synthesis of stachyose by the one-pot two-stage reaction. The materials in stage 1
were similar to that for panel a. In stage 2, cell extract-based lyophilized powders of STS and fresh
raffinose powders were supplemented.

We also developed a two-stage reaction process for stachyose production. In stage
1, the reaction media were identical to those used for raffinose synthesis. In stage 2, the
crude enzyme powders of STS and fresh raffinose (200 mM, 100.8 mg) were supple-
mented into the reaction system. Stachyose production reached 61.1 mM (40.7 g/liter)
with a yield of 0.71 mol/mol sucrose (Fig. 6b).

DISCUSSION

Transglycosylation-based reaction routes play a major role in the synthesis of
valuable oligosaccharides and their derivatives (24, 30). Several one-pot multienzyme
systems have been developed to synthesize artificial oligosaccharides by transferring
the glycosyl from activated nucleotide sugars to mono- or oligosaccharides (14, 15).
However, these systems usually suffer from low product concentrations and high
production costs resulting from the use of expensive nucleotides, such as UDP, ATP,
and GTP. Herein, we presented an in vitro metabolic engineering platform for the
low-cost production of raffinose and stachyose from sucrose. In the proposed system,
UDP and inositol were reused and regenerated to push sucrose to form the desired
product. To decrease production costs, cell extracts containing expressed enzymes and
a small amount of UDP were used in the reaction medium to avoid enzyme purification
and additional supplementation with UDP (31). Stachyose was produced by in vitro
enzymatic catalysis, a process that has not been reported in previous studies.

One of the major concerns related to the in vitro metabolic engineering platform is
mismatched or undesirable enzyme characteristics, such as poor enzyme activity,
stability, nonideal reaction conditions, substrate specificity, and substrate or product
inhibition (32). A “two stages in one pot” strategy was thus proposed to address these
problems (33, 34). We previously employed a similar strategy, namely, the stepwise
cascade reaction approach, to decrease by-product formation resulting from the low
substrate specificity of the enzyme component (4). In the raffinose and stachyose
synthesis platform presented in this work, RS and GS exhibited low enzyme activity and
instability, which restricted raffinose production during the one-pot one-stage reaction
process. Therefore, the stepwise cascade reaction strategy was used to boost produc-
tion. Galactinol synthesis is the key node in raffinose and stachyose production. Then,
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the reaction process could be divided into two parts, namely, galactinol synthesis and
raffinose and stachyose production. In the first stage, an optimal production of galacti-
nol is necessary. In the second stage, galactinol serves as the galactosyl donor to
synthesize the desired product. Interestingly, the stepwise reaction approach facilitated
a 7.8-fold increase in raffinose production and yielded 61.1 mM stachyose from zero.

Raffinose and stachyose are traditionally extracted from plants such as soybean,
cottonseed, and sugar beet; however, the yields of these metabolites are usually low
(19). In addition, such extraction obtains the mixture of several types of SBOS, and the
preparation of a single component involves complex purification steps. The biocatalytic
method presented in the present work provides an alternative means to prepare SBOS.
Levansucrase and galactosidase have been developed for the biosynthesis of raffinose;
however, processes employing these metabolites suffer from high substrate costs and
low conversion rates (20, 35). In the present study, we developed an efficient and cyclic
reaction process to obtain high concentrations of galactinol (138.0 mM), raffinose
(225.8 mM), and stachyose (61.1 mM). The galactinol may serve as a galactosyl carrier
and facilitate the synthesis of other SBOS, such as verbascose and higher homologs.
The obtained raffinose can be used as feedstock to produce melibiose with the aid of
recombinant Saccharomyces cerevisiae cells (36). Our reaction system also meets the
problem of low enzyme activity and stability of RS, GS, and STS; reaction systems
employing these materials often require larger amounts of enzymes and longer reac-
tion times to circumvent these disadvantages. Therefore, improvements in the enzy-
matic activity, expression level, and stability of RS, GS, and STS through database
mining or a protein engineering strategy may be attempted in future researches.

In conclusion, we demonstrated an efficient and cost-effective approach to biosyn-
thesize galactinol, raffinose, and stachyose via an in vitro multienzyme system and a
stepwise cascade reaction process. The biocatalytic approach opens new avenues for
the synthesis of other valuable galactosyl oligosaccharides that are not easily obtained
through plant extraction.

MATERIALS AND METHODS

Materials. Standard raffinose and stachyose were purchased from Sigma (St. Louis, MO, USA).
Sucrose, inositol, and galactinol were obtained from Fisher Scientific (Pittsburgh, PA). Ampicillin, kana-
mycin, and isopropyl-B-p-1-thiogalactopyranoside (IPTG) were purchased from Solarbio (Beijing, China).
A nickel-nitrilotriacetic acid (Ni-NTA) affinity chromatography column was obtained from Qiagen (Hilden,
Germany).

Strains and plasmids. E. coli DH5« was used as the host for DNA manipulation, and E. coli BL21(DE3)
was employed for protein expression. The vectors pET28 and pET32 were used for gene expression. The
gene sequences of SUST, GolS3, SIP1, and STS from Arabidopsis thaliana were codon optimized according
to usage bias in E. coli (see the gene sequences presented in the supplemental material) and synthesized
by GenScript (Nanjing, China). The galE gene was amplified from E. coli MG1655. The SUST, SIP1, and STS
genes were linked to pET32 to produce recombinant plasmids pETHisSUS, pETHisRS, and pETHisSTS,
respectively. In addition, galE and GolS3 were ligated to pET28 to obtain pETHisGalE and pETHisGS,
respectively.

Protein expression and purification. E. coli BL21(DE3) strains harboring the expression plasmids
were cultured at 37°C in 1 liter of LB medium (10 g/liter tryptone, 5 g/liter yeast extract, and 10 g/liter
sodium chloride) to an optical density and 600 nm (ODg,,) of 0.6. IPTG (1 mM) was added to the culture
to induce protein expression, and the temperature was adjusted to 16°C to avoid the formation of
inclusion bodies. After incubating for an additional 20 h, the cells were harvested, washed twice, and
suspended in 50 mM phosphate-buffered saline (PBS; pH 7.0). Then, the cells were disrupted by
sonication and centrifuged at 14,000 X g at 4°C for 10 min to obtain the crude enzymes. The clear
supernatant was collected and loaded onto a Ni>*-NTA-agarose column preequilibrated with binding
buffer (50 mM PBS, 300 mM NaCl, 20 mM imidazole, pH 7.0). The retained proteins were recovered with
elution buffer (50 mM PBS, 300 mM NaCl, 300 mM imidazole, pH 7.0). The purified proteins and crude
enzymes were freeze-dried using a vacuum pump and stored at —20°C. Protein concentrations were
determined by the method of Bradford using bovine serum albumin as a standard.

Enzymatic activity assays. Activities of the five enzymes (SUS, Galg, GS, RS, and STS) were
determined in a reaction mixture (1 ml) containing 50 mM PBS (pH 7.0), 30 mM substrates, and 5 mg/ml
of the corresponding enzymes. The reactions were performed at 30°C for 30 min and stopped by boiling
for 10 min. The product was measured by high-performance liquid chromatography (HPLC). One unit of
enzymatic activity was defined as the amount of enzyme synthesizing 1 umol of product per minute.

The kinetic parameters K, and V,,,, of GS were determined at 30°C with 50 mM PBS (pH 7.0), 1 mM
UDP-galactose, various concentrations of inositol (2 to 15 mM), and 0.19 mg of purified GS for 1 h. The
K,, and V, .. values of RS were determined at 30°C with 50 mM PBS (pH 7.0), 1 mM galactinol, various
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concentrations of sucrose (2 to 25 mM), and 0.57 mg of purified RS for 1 h. Then, these reactions were
stopped by boiling for 10 min and analyzed by HPLC.

Optimization of reaction conditions in raffinose synthesis process. The reaction medium (1 ml)
containing 50 mM PBS (pH 7.0), 50 mM sucrose, 3 mM inositol, 5 mM UDP, purified SUS (0.24 U, 0.5 mg),
GalE (0.24 U, 0.1mg), GS (0.2 U, 10 mg), and RS (0.32 U, 20 mg) was performed at 30°C for 48 h. Then, the
reaction was stopped by boiling for 10 min and analyzed by HPLC. The effects of temperature (20°C, 30°C,
40°C, and 50°C), pH values (5, 6, 7, and 8), and 1 mM metal ions (CaCl,, CoCl,, NiCl,, ZnSO,, FeSO,, MnCl,,
BaCl,, and CuSO,) on raffinose production were investigated to obtain the optimal reaction conditions.
In addition, different concentrations of sucrose (20, 30, 40, and 50 mM) and UDP (0, 5, 10, and 15 mM)
in the reaction medium were used to measure the synthesis of raffinose.

To optimize the concentration ratio of sucrose to inositol, different concentration ratios of sucrose
(mM) to inositol (mM) (25:25 [1:1], 50:25 [2:1], 75:25 [3:1], and 100:25 [4:1]) and purified enzymes of SUS
(0.24 U, 0.5 mg), GalE (0.24 U, 0.1mg), and GS (0.2 U, 10 mg) were used at 30°C for 48 h. To optimize the
concentration ratio of sucrose to galactinol, the ratios of sucrose (mM)/galactinol (mM) were set to 25:25
(1:1), 50:25 (2:1), 100:25 (4:1), and 200:25 (8:1), and RS (0.32 U, 20 mg) was used. The reaction was
performed at 30°C for 48 h.

Synthesis of raffinose using purified enzymes. For the one-pot two-stage reaction process, the
reaction medium (1 ml) contained PBS (50 mM, pH 7.0), 600 mM sucrose, 200 mM inositol, 5 mM UDP,
purified SUS (0.24 U, 0.5mg), GalE (0.24 U, 0.1mg), and GS (0.2U, 10 mg), and the reactions were
conducted at 30°C for 48 h in stage 1. Then, purified RS (0.32 U, 20 mg) was directly supplemented into
the reaction medium, and the reaction was performed for another 48 h in stage 2. The samples were
collected every 12 h, stopped by boiling for 10 min, and analyzed by HPLC.

Synthesis of raffinose using cell extracts. In stage 1, the reaction medium (1 ml) contained PBS
(50 mM, pH 7.0), cell extract-based lyophilized powders of SUS (0.36 U, 2 mg), GalE (0.33 U, 0.5 mg), and
GS (0.36 U, 40 mg), 600 mM sucrose, and 200 mM inositol, and the reactions were conducted at 30°C for
48 h. Then, cell extract-based lyophilized powders of RS (0.36 U, 60 mg) were directly supplemented into
the reaction medium, and the reaction was performed for another 48 h in stage 2. The samples were
collected every 12 h, and the reactions were stopped by boiling for 10 min and then analyzed by HPLC.

To produce galactinol in a 50-ml-scale reaction system, the medium contained PBS (50 mM, pH 7.0),
cell extract-based lyophilized powders of SUS (18 U, 100 mg), GalE (16.5 U, 25 mg), and GS (18 U, 400 mg),
600 mM sucrose, and 200 mM inositol, and the reactions were conducted at 30°C at 100 rpm for 48 h. To
produce raffinose in a 50-ml-scale reaction system, the components PBS (50 mM, pH 7.0), cell extract-
based lyophilized powders of SUS (18 U, 100 mg), GalE (16.5 U, 25 mg), GS (18 U, 200 mg), and RS (18 U,
300 mg), 600 mM sucrose, and 200 mM inositol were used. The reaction process was similar to that
mentioned above.

To purify the galactinol and raffinose, the 50-ml samples were boiled for 15 min and centrifuged at
14,000 X g at 4°C for 30 min. Then, the supernatants were concentrated to a volume of 2 ml using rotary
evaporators. The product was purified using a semipreparative HPLC system, which was equipped with
a pump (6000 LDS), a chromatographic column filled with Ca2* ion exchange resin, a refractive index
detector (RID; RI-2000), and a fraction collector (LF-300B). The supernatant was pumped into the system
and separated by the chromatographic column. The desired product was identified by the RID detector
and collected by the collector. Deionized water was used as the mobile phase. The solution was then
freeze-dried using a vacuum pump (SCIENTZ-10N) to obtain the desired product. We obtained 2.1g
galactinol and 1.5 g raffinose using this purification method. The purified product was then dissolved in
D,0 and analyzed by NMR.

Inositol recycling for raffinose synthesis. Five-round cascade reactions were designed for cycling
the use of inositol. Every batch reaction involved a two-stage cascade reaction. In stage 1, PBS (pH 7.0),
the cell extract-based lyophilized powders of SUS (0.36 U, 2 mg), GalE (0.33 U, 0.5 mg), and GS (0.36 U,
40 mg), and sucrose (600 mM, 205 mg) and inositol (200 mM, 36 mg) powders were reacted at 30°C for
24 h. In stage 2, RS (0.36 U, 60 mg) was added, and the reaction was conducted at 30°C for another 12 h.
The reaction system was then centrifuged at 14,000 X g at 4°C for 20 min and the supernatant was
transferred to another 1.5-ml Eppendorf tube. To continue the next round, the same amounts of sucrose
and enzyme powder were added again for the next batch reaction. Every 12 h, 5 ul of sample was
collected and diluted to 100 ul. Then, the diluted sample was boiled in water for 10 min and analyzed
by HPLC.

Stachyose synthesis via one-pot two/three-stage reaction process. For the stachyose synthesis in
the one-pot two-stage reaction process, the reaction medium in stage 1 contained PBS (pH 7.0), the cell
extract-based lyophilized powders of SUS (0.36 U, 2 mg), GalE (0.33 U, 0.5 mg), and GS (0.36 U, 40 mg),
and sucrose (600 mM, 205 mg) and inositol (200 mM, 36 mg) powders, and the reaction was performed
at 30°C for 36 h. Then, cell extract-based lyophilized powders of STS (0.4 U, 20 mg) and fresh raffinose
powder (200 mM, 100.8 mg) were supplemented into the reaction in stage 2, and the reaction was
performed for another 48 h. To produce stachyose in a 50-ml-scale reaction system, the components PBS
(50 mM, pH 7.0), cell extract-based lyophilized powders of SUS (18 U, 100 mg), GalE (16.5 U, 25 mg), GS
(18 U, 200 mg), RS (18 U, 300 mg), and STS (20 U, 100 mg), 600 mM sucrose, and 200 mM inositol were
used. The reaction process was similar to that mentioned above. The product purification process for
stachyose was identical to that for galactinol and raffinose. We obtained 656 mg stachyose after the
purification process. The purified stachyose was then dissolved in D,O and analyzed by NMR.

For the stachyose synthesis in the one-pot three-stage reaction process, the reaction in stage 1 was
the same as that mentioned above. In stage 2, crude enzyme powders of RS (0.36 U, 60 mg) were added,
and the reaction continued for another 24 h. In stage 3, crude enzyme powders of STS (0.4 U, 20 mg)
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were supplemented, and the reaction was performed for the last 24 h. The samples were collected every
12 h, and the reactions were stopped by boiling for 10 min and analyzed by HPLC.

Analytical methods. All substrates and products were analyzed by an HPLC system (Agilent 1200
series; Agilent Technologies, Inc., Santa Clara, CA, USA). The experiments were performed with a
Sugar-Pak chromatographic column (6.5 mm by 300 mm) and a refractive index detector, with deionized
water as the mobile phase at a flow rate of 0.4 ml/min and a column temperature of 80°C.

UDP concentration was measured by reversed-phase HPLC using a Kinetex C, column (5 um, 100 A,
50 mm by 4.6 mm; Phenomenex, Germany) in reversed-phase ion-pairing mode. HPLC analysis was
performed at 35°C with a mobile phase of 87.5% 20 mM potassium phosphate buffer (pH 5.9) containing
40 mM tetra-n-butylammonium bromide (TBAB) and 12.5% acetonitrile at an isocratic flow rate of
2 ml/min. UV detection at 262 nm was used.
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