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Abstract

Objective  To produce high concentrations of hyper-
oside from quercetin using recombinant Escherichia
coli with in situ regeneration of UDP-galactose.
Results Sucrose synthase from Glycine max
(GmSUS) was co-expressed with UDP-glucose
epimerase from E. coli (GalE) in E. coli for regen-
erating UDP-galactose from UDP and sucrose. Gly-
cosyltransferase from Petunia hybrida (PhUGT) was
introduced to synthesize hyperoside from quercetin
through the regeneration system of UDP-galactose.
Co-expressing with molecular chaperones GroEL/ES
successfully enhanced the catalytic efficiency of the
recombinant strain, which assisted the soluble expres-
sion of PhUGT. By using a fed-batch approach, the
production of hyperoside reached 863.7 mg L™! with
a corresponding molar conversion of 93.6% and a
specific productivity of 72.5 mg L™' h7!.

Conclusion The method described herein for
hyperoside production can be widely applied for the
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Introduction

Hyperoside (quercetin 3-O-galactoside) is a kind
of flavonoid-O-glycoside, which has have attracted
extensive research interests due to its powerful anti-
oxidant, cytoprotective effects (Choi et al. 2011; Piao
et al. 2008) and antiviral activity against hepatitis B
(Wu et al. 2007), SARS (Chen et al. 2006) viruses.
Hyperoside is purified from Zanthoxylum bungeanum
or Hypericum perforatum L. via solvent extraction,
column chromatography, crystallization and so on
(Cao et al. 2011; Fengyuan et al. 2016). However, it
is a complicated process and therefore improper for
mass production.

Due to environmental concerns, there is a grow-
ing interest for the biotechnological production of
hyperoside (Lin et al. 2014; Putignani et al. 2013;
Wang et al. 2011). The flavonol glycosyltransferase
from Petunia hybrida (PhUGT) has been cloned and
expressed in Escherichia coli (Miller et al. 1999),
and recombinant strains harboring the PhUGT gene
have been constructed to produce hyperoside (Kim
et al. 2015; Li et al. 2022). However, flavonoids show
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inhibitory effects on cell growth, influencing further
improvement of the flavonoids production (De Bruyn
et al. 2015b; Pei et al. 2016). These problems can be
solved by enzymatic methods, but the process needs
to consume UDP-galactose.

Sucrose synthase (SUS), which coverts sucrose
and uridine 5'-diphosphate (UDP) into UDP-glucose
and fructose, has been utilized for constructing the
UDP-glucose regeneration system (Gutmann et al.
2014). UDP-galactose 4-epimerase (GalE) catalyzes
the interconversion between UDP-glucose and UDP-
galactose (Chen et al. 1999). Sucrose synthase can
be coupled with GalE to provide a simple and effi-
cient method that can use sucrose as an inexpensive
and sustainable carbon source for the synthesis of
UDP-galactose.

In the present study, we described the co-expres-
sion of a SUS gene from Glycine max (GmSUS) and
GalE from E. coli in E. coli cells for efficient in situ
regeneration of UDP-galactose. Then, PhUGT was
coupled with the UDP-galactose regeneration system
for hyperoside production (Fig. 1). The efficiency
of the recombinant strain was further improved by
increasing soluble expression of PhUGT, which is a
limiting step in the biocatalysis. Finally, hyperoside
production using a substrate fed-batch strategy was
investigated.

Material and methods

Plasmids, strains and chemicals

All plasmids and strains applied in this study were
listed in Table 1. All the chemicals were purchased

Fig. 1 Construction of
recombinant Escherichia
coli for hyperoside produc-
tion with in situ regen-
eration of UDP-galactose.
UDP uridine diphosphate;
GalE UDP-glucose
4-epimerase from E. coli;
PhUGT UDP-dependent
glycosyltransferases from P.
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Fig. 2 Construction and performance of recombinant E. coli.
a Production of Hyperoside with 151.1 mg L™" quercetin using
different biocatalysts. BL-I, recombinant BL21(DE3) with
pET28a-PhUGT; BL-I4+GalE, BL-I with exogenous addition
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of 10 mU mL~! GalE; BL-II, recombinant BL21(DE3) with
pETDuet-PhUGT-GalE. b SDS-PAGE analysis of protein
expression of various recombinant strains. M, Marker; Lane 1,
BL21(DE3); Lane 2, BL-I; Lane 3, BL-GalE; Lane 4, BL-II
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from Macklin (Shanghai, China) or Sangon Biotech
(Shanghai, China). All chemicals were analytical or
HPLC grade.

Construction of plasmids and strains

GmSUS from G. max  (Accession No.
NM_001250596.2) and PhUGT from P. hybrida
(Accession No. AF165148.1) were cloned into
pET28a between Hind III and Noc I (Sangon Biotech,
Shanghai) for getting pET28a-GmSUS as well as
pET28a-PhUGT (Table 1). The primers GalE-R and
GalE-F (Table S1) were used to amplify GalE from
genome of E. coli MG1655. The resulting PCR prod-
ucts were inserted into the expression vector pET28a

between Hind III and Noc I on the basis of the stand-
ard One Step Cloning Kit (Vazyme Biotech, Nanjing)
for constructing recombinant plasmid pET28a-GalE
(Table 1). The primers PhUGT-mcs1-R and PhUGT-
mcs1-F, GalE-mcs2-R and GalE-mcs2-F (Table S1)
were applied to amplify PhUGT and GalE with
pET28a-PhUGT and pET28a-GalE as templets, and
the fragments were inserted into MCS1 and MCS?2 of
pETDuet-1between Hind III and Nco 1, Xho I and Nde
I to obtain pACYCDuet-PhUGT-GalE. GmSUS and
GroEL/ES were amplified using pET28a-GmSUS,
pGro7 as templets, GmSUS-mcs1-R and GmSUS-
mcs1-F, GroEL/ES-mcs2-R and GroEL/ES-mcs2-
F (Table S1) as the primers, and these fragments
were inserted into MCS1 and MCS2 of pETDuet-1

Table 1 Plasmids and strains used in the present study

Plasmids or strains Relevant properties or genetic marker Source
Plasmids

pET28a P T1 ori, Kan® Novagen
pETDuet-1 Poj1aer T1 ori, Amp” Novagen
pACYCDuet-1 P1aes P15A ori, Cm" Novagen
pET28a-PhUGT pET28a+PhUGT from P. hybrida This study
pET28a-PhUGT pET28a+PhUGT from P. hybrida This study
pET28a-GalE pET28a+GalE from E. coli MG1655 This study
pET28a-GmSUS pET28a+GmSUS from G. max This study
pACYCDuet-PhUGT-GalE pETDuet-1+PhUGT from P. hybrida+GalE from E. coli MG1655 This study
pETDuet-GmSUS-GroEL/ES ~ pETDuet-14+GmSUS from G. max+GroEL/ES from pGro7 This study
pG-KIJES P,..5> Ppy.1::8r0EL/ES+dnaK/J+grpE, Ori (pACYC184), Cm' Takara
pGro7 P,..5::8roEL/ES, Ori (pACYC184), Cm" Takara
pKIE7 P,..z::dnakK/J, Ori (pACYC184), Cm" Takara
pG-Tf2 Pp,..1::8roEL/ES+tig, Ori (pACYC184), Cm" Takara
pTf16 P,.5::tig, Ori (pACYC184), Cmr Takara
Strains

E. coli MG1655 F~ A7 ilvG- rfb-50 rph-1 Novagen
BL21 (DE3) F~ ompT hsdSB(rg~ mg™) gal dcm lon (DE3) Novagen
BL-GalE BL21 (DE3) harboring pET28a-GalE This study
BL-GmSUS BL21 (DE3) harboring pET28a-GmSUS This study
BL-I BL21 (DE3) harboring pET28a-PhUGT This study
BL-I-pG-KJE8 BL-I harboring pG-KJES8 This study
BL-I-pGro7 BL-I harboring pGro7 This study
BL-I-pKJE7 BL-I harboring pKJE7 This study
BL-I-pTf16 BL-I harboring pTf16 This study
BL-I-pG-Tf2 BL-I harboring pG-Tf2 This study
BL-II BL21 (DE3) harboring pACYCDuet-PhUGT-GalE This study
BL-III BL21 (DE3) harboring pACYCDuet-PhUGT-GalE and pETDuet-GmSUS This study
BL-IV BL21 (DE3) harboring pACYCDuet-PhUGT-GalE and pETDuet-GmSUS-groEL/ES ~ This study
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between Hind III and Nco 1, Xho 1 and Nde 1, result-
ing pETDuet-GmSUS-GroEL/ES.

The recombinant strains BL-GalE and BL-GmSUS
were respectively obtained when plasmids pET28a-
GalE and pET28a-GmSUS were transformed into
E. coli BL21(DE3). Plasmids pACYCDuet-PhUGT-
GalE and pET28a-PhUGT were converted into E.
coli BL21(DE3) to obtain recombinant strain BL-I
and BL-II (Table 1). Plasmids pET28a-GmSUS and
PETDuet-GmSUS-GroEL/ES were transformed into
BL-II, respectively, to obtained BL-III and BL-IV
(Table 1). Chaperone plasmids pGro7, pG-KIJES,
pTf16, pG-Tf2, along with pKJE7 were transformed
into BL-I, respectively to obtain BL-I-pG-KJES, BL-
I-pGro7, BL-I-pKJE7, BL-I-pTf16, and BL-I-pG-Tf2
(Table 1).

Protein production using recombinant strains

Several recombinant strains such as BL-GalE, BL-
GmSUS, BL-III, BL-I, BL-IV, and BL-II were cul-
tured on 50 ml of LB medium containing certain
antibiotics under the temperature of 37 °C. 0.1 mM
isopropyl-d-1-thiogalactopyranoside ~ (IPTG) was
added to induce the expression of protein at 20 °C for
24 h when the absorbance at 600 nm achieved 0.8.
Recombinant strains BL-I-pG-KJE8, BL-I-pGro7,
BL-I-pKJE7, BL-I-pTf16, and BL-I-pG-Tf2 were ini-
tially inoculated under the temperature of 37 °C in LB
medium of 50 mL containing 34 mg mL™" chloram-
phenicol and 50 mg mL™" kanamycin. When ODgq,
achieved 0.5, 5 ng mL™" tetracycline or 0.5 mg mL™!
L-arabinose was increased. When ODg, achieved
1.0, 0.1 mM IPTG was then added to induce PhUGT
expression at 20 °C for 24 h. The cells were subse-
quently gathered through centrifugation at 8000 rpm
under a temperature of 4 °C for fifteen minutes. The
supernatants were achieved by ultra-sonication (50%
amplitude, 3 s pulse and 7 s pause for 15 min) and
centrifugation (10,000 rpm, 4 °C for 20 min). Cell
dry weight (CDW) was calculated from the ODyg,
value using a ratio of 0.33 g (CDW) L™! per ODq.

Enzyme activity
Enzyme activity of PhUGT, GmSUS and GalE were

measured as described previously (Diricks et al.
2015; Miller et al. 1999; Pei et al. 2017).
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Hyperoside production by recombinant E. coli

Batch reactions using BL-I and BL-II were performed
in a 50 mL shake flask with 10 mL working-volume,
which contained quercetin of 0.5 mM, 0.81 g (CDW)
L~! cells, phosphate buffer of 50 mM (pH 7.5), as
well as 10 g L™! glucose. Reactions were conducted
at 200 rpm under the temperature of 30 °C for 12 h.
Batch reactions using BL-III and BL-IV were per-
formed in a 50 mL shake flask with 10 mL working-
volume, which contained quercetin of 0.5 mM, 0.81 g
(CDW) L~!, phosphate buffer of 50 mM (pH 7.5),
0.25 mM UDP as well as 500 mM sucrose. Stock
solutions of quercetin (50 mM) was made up in 100%
DMSO. Reactions were conducted at 200 rpm under
the temperature of 30 °C for 3 h. Substrate fed-batch
was conducted under the same conditions. After
depletion of quercetin added initially, 0.5 mM querce-
tin was fed. Samples were harvested at intervals and
ten volumes of methanol were added directly to stop
the rection. The supernatant was harvested by centrif-
ugation at 12,000xg for 10 min and analyzed using
high-performance liquid chromatography (HPLC).

HPLC analysis

The specimen needed to analyze by the high-per-
formance liquid chromatography (HPLC) (HP1100,
Agilent 1100 series) with a C18 column (5 pm,
4.6x250 mm, Agilent). The experiment was analyzed
under the column temperature of 30 °C at 368 nm
with a flow rate of 0.6 mL min~! in 55% methanol.
All the assays were conducted in triplicate.

Product purification and structural identification

The fed-batch reaction solution was harvested by
centrifugation at 20,000xg for 10 min. The super-
natant was applied to an AB-8 column macropo-
rous resin (2.5%30 cm, Jianghua, China) equili-
brated with distilled water, and was eluted with 20
and 50% ethanol, respectively. The elution with
50% ethanol was collected and evaporated to dry-
ness, and the product was analyzed using 'H-NMR
and '*C-NMR (Bruker AVANCE IIII 400) using
DMSO-dj as the solvent.
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Results
Co-expression of PhUGT and GalE in E. coli

PhUGT from P. hybrida was reported to be effi-
cient for glycosylating quercetin at the 3C-O posi-
tion (Kim et al. 2015; Pei et al. 2017). In this study,
PhUGT was cloned into pET-28a(+) and expressed
in E. coli BL21 (DE3). However, hyperoside pro-
duced using the resulted recombinant strain BL-I
could not be detected (Fig. 2a). Genome analysis
suggested GalE is absent in BL21 (DE3). There-
fore, GalE from E. coli MG1655 was expressed in
BL21 (DE3) (Fig. 2b) and the cell extracts were
added to the reaction system. The results showed
that 62.3 mg L™ hyperoside was produced, indi-
cating the successful conversion of UDP-glucose
to UDP-galactose in BL21 (DE3). To simplify the
expression process, GalE was co-expressed with
PhUGT using pACYCDuet-1 (Fig. 2b). After 12 h
of reaction, the production of hyperoside using the
resulted strain BL-II reached 76.5 mg L™! with a
molar conversion rate of 26.8%. Thus, the recombi-
nant strain BL-II is potential to be used in the pro-
duction of hyperoside.

Construction of UDP-galactose regeneration system
UDP-sugar is a key factor in glycosylation (De Bruyn

et al. 2015a, 2015b; Miller et al. 1999). Increasing the
supply of UDP-galactose in the recombinant strains

(a)
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Fig. 3 Construction and performance of UDP-galactose regen-
eration system. a SDS-PAGE analysis of protein expression in
BL-III harboring both pACYCDuet-PhUGT-GalE and pET-
Duet-GmSUS. M, Marker; Lane 2, supernatant of BL-III; Lane

Hyperoside (mg L™)

is essential to improve hyperoside production. UDP-
galactose is produced from UDP-glucose via GalE
in BL21-II and thus the supply of UDP-glucose must
be increased. Two methods have been reported to
enhance the synthesis of UDP-glucose in E. coli. One
is the overexpression of two key enzymes (phospho-
glucomutase, Pgm, and UDP-glucose pyrophosphory-
lase, GalU) in E. coli (Yao et al. 2006) and the other
is the reconstruction of a novel UDP-glucose synthe-
sis pathway via simultaneous expression of Basp (a
sucrose phosphorylase from Bifidobacterium adoles-
centis) and UgpA (a uridylyltransferase from Bifido-
bacterium bifidum) (De Bruyn et al. 2015b). How-
ever, both methods require fine regulations of gene
expression and long-time transformation.

Sucrose synthase has been utilized to construct the
regeneration of UDP-glucose (Gutmann et al. 2014).
When GmSUS was coupled in the reaction, we could
even use sucrose and UDP instead of UDP-glucose
as starting materials to produce glucosides. In this
research, to improve the supply of UDP-galactose,
GmSUS was overexpressed in BL-II by pET28a.
According to SDS-PAGE analysis, PhUGT, GalE,
and GmSUS were successfully expressed in the
resulted strain BL-III containing pET28a-GmSUS
and pACYCDuet-PhUGT-GalE (Fig. 3a). Hyperoside
production using the BL-III reached 172.3 mg L7},
which was 2.3 times higher than that produced in
BL-II (Fig. 3b). These results indicated that by intro-
ducing an UDP-galactose regeneration system, BL-III

(b)

200

160 -

120 +

80+

40+

BL-II BL-III

3, precipitates of BL-III; Lane 1, E. coli BL21(DE3); b Hyper-
oside production with 151.1 mg L™ quercetin using BL-II and
BL-III as whole cell biocatalysts
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is able to offer more UDP-galactose for hyperoside
synthesis.

Screening appropriate molecular chaperones to
improve PhUGT expression

Although recombinant strain BL-III was constructed
via the introduction of UDP-galactose regeneration
system, hyperoside production was still low. Exog-
enous addition of crude extracts of 50 mU mL™!
PhUGT, GalE and GmSUS to the reaction system
showed that the inadequate activity of PhUGT was
the bottleneck (Fig. 4a). Analysis of SDS-PAGE indi-
cated that about half of the PhUGT was expressed
in the form of inclusion bodies (Fig. 3a). Thus, it
is necessary to reduce PhUGT inclusion bodies.
Reportedly, co-expression of molecular chaperones
can enhance soluble expression of different recom-
binant proteins in E. coli (Ashraf et al. 2017; Zhang
et al. 2017). In this research, five chaperone plasmids
pG-Tf2, pTfl6, pKIE7, pGro7 and pG-KJE8 were
transformed into BL-I. SDS-PAGE analysis of the
supernatant of cell extracts showed both PhAUGT and
molecular chaperones were successfully expressed
(Fig. S1). Compared with the recombinant E. coli

Fig. 4 Enhancing hypero- (a)

BL21 strain without a chaperone plasmid, the soluble
PhUGT co-expressed with pGro7 was significantly
increased (Fig. S1), indicating that molecular chap-
erones GroEL/ES improved the soluble expression
of PhUGT. GroEL/ES was then co-expressed with
PhUGT using pETDuet-1. The resulted plasmid pET-
Duet-GmSUS-GroEL/ES was transformed into BL-II
to obtained recombinant strain BL-IV (Fig. 4b). As
expected, PhUGT activity was significantly increased
from 11.1 to 23.6 mU mL~! (Fig. 4c), indicating the
successful introduction of GroEL/ES. Finally, hyper-
oside production using BL-IV as biocatalyst reached
222.9 mg L~! with a corresponding molar conversion
of 96.0% (Fig. 4c¢).

Fed-batch reaction for hyperoside production

To improve the final concentration of hyperoside
and prevent the inhibition of a high concentration of
quercetin on activity of GmSUS (Pei et al. 2017), we
added 0.5 mM fresh quercetin to the reaction mix-
ture every time once the substrate was consumed.
As shown in Fig. 5, a kinetic analysis of hyperoside
production along with quercetin consumption over
time was investigated. The specific productivity

(b)
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PhUGT. a Production of 200
hyperoside by BL-III with
exogenous addition of crude
extracts of PhUGT, GalE
and GmSUS. b Construc-
tion of recombinant strain
BL-IV harboring pACY-
CDuet-PhUGT-GalE and
pETDuet-GmSUS-GroEL/
ES. ¢ PhUGT activity after
introduction and hyperoside
production using BL-IIT
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was 102.3 mg L™! h™! during the first batch period.
The specific productivity gradually decreased as
the reaction proceeded with 98.7 mg L™' h™! dur-
ing the second batch, 80.4 mg L™! h™! during the
third batch, and 56.7 mg L™' h™! during the fourth
batch. Product inhibition may be the major reason
of the decrease in the specific productivity. Finally,
869.4 mg L~! hyperoside was produced with the
corresponding molar conversion of 93.6% and a
specific productivity of 72.5 mg L™' h™".

Structural identification of hyperoside

'H NMR (400 MHz, DMSO-d,): 12.58 (s, 1H),
10.82 (s, 1H), 9.69 (s, 1H), 9.11 (s, 1H), 7.62 (dd,
J=1.8, 8.4 Hz, 1H, H-6), 747 (d, J=1.8 Hz,
1H, H-2'), 6.76 (d, J=8.4 Hz, 1H, H-5"), 6.35 (d,
J=1.6 Hz, 1H, H-8), 6.15 (d, J=1.6 Hz, 1H, H-6),
5.33 (d, J=7.6 Hz, 1H, H-1"), 3.20-5.10 (11H)
(Fig. S2). 3C NMR (100 MHz, DMSO-d): 178.0
(C-4), 164.6 (C-7), 161.7 (C-5), 156.8 (C-2), 156.7
(C-9), 148.9 (C-4"), 145.3 (C-3'), 134.0 (C-3), 122.5
(C-6", 121.6 (C-1"), 116.4 (C-5"), 115.6 (C-2"),
104.4 (C-10), 102.3 (C-1"), 99.1 (C-6), 94.0 (C-8),
76.3 (C-5"), 73.7 (C-3"), 71.7 (C-2"), 68.4 (C-4"),
60.6 (C-6") (Fig. S3).

1000
,T" e
— 800F |—=— Quercetin .
g —e— Hyperoside o .
g 600 L .//,,,,,!
2
S 400 N
< %
£
‘g 200
[} L
>
O 0 a
0 2 4 6 8 10 12

Time (h)

Fig. 5 Hyperoside production using recombinant strain BL-IV
involving feeding of quercetin

Conclusion

In this study, a recombinant E. coli co-expressing
PhUGT and GalE was first constructed for hypero-
side production (62.3 mg L~!). When additional
enzyme GmSUS was introduced, the regenera-
tive UDP-galactose catalyzed by GmSUS coupled
with GalE increased hyperoside production to
172.3 mg L', By introducing molecular chaper-
one GroES/EL, the soluble expression of PhUGT
was successfully improved and hyperoside produc-
tion reached 222.9 mg L~!. By using a substrate
fed-batch strategy, hyperoside production reached
869.4 mg L' with a conversion rate of 93.6% and
a specific productivity of 72.5 mg L™' h™!. In gen-
eral, enzymatic glycosylation is one of the most
promising methods for producing glycosides. Nev-
ertheless, the method is restricted by the high-cost
UDP-sugar. Multienzyme cascade reactions have
been established for the regeneration of UDP-galac-
tose as well as the synthesis of glycosides (Pei et al.
2017; Tsai et al. 2013). To date, the highest hypero-
side production reached 2134 mg L~! through the
in vitro regeneration of UDP-galactose. However,
the process requires the addition of various crude
enzyme extracts, which is complex and time-con-
suming. The whole cell biocatalyst constructed
herein for hyperoside production stands out because
of its simplicity.
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