
Chinese Herbal Medicines 12 (2020) 384–389
Contents lists available at ScienceDirect

Chinese Herbal Medicines

journal homepage: www.elsevier .com/locate /chmed
Original Article
Enzymatic synthesis of myricetin 3-O-galactoside through a whole-cell
biocatalyst
https://doi.org/10.1016/j.chmed.2020.03.009
1674-6384/� 2020 Tianjin Press of Chinese Herbal Medicines. Published by ELSEVIER B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding authors.
E-mail addresses: max_liucs@263.net (C.-s. Liu), jianqiangk@imm.ac.cn (J.-q.

Kong).
Zhen Xu a,b, Wei-qing He c, Chun-sheng Liu b,⇑, Jian-qiang Kong a,⇑
a State Key Laboratory of Bioactive Substance and Function of Natural Medicines & NHC Key Laboratory of Biosynthesis of Natural Products, Institute of Materia Medica,
Chinese Academy of Medical Sciences & Peking Union Medical College, Beijing 100050, China
b School of Chinese Materia Medica, Beijing University of Chinese Medicine, Beijing 102488, China
cNHC Key Laboratory of Biotechnology of Antibiotics, Institute of Medicinal Biotechnology, Chinese Academy of Medical Sciences & Peking Union Medical College, Beijing
100050, China

a r t i c l e i n f o
Article history:
Received 18 December 2019
Revised 12 March 2020
Accepted 27 March 2020
Available online 16 October 2020

Keywords:
engineered Escherichia coli
flavonol 3-O-galactosyltransferase
galactosyltransferase
myricetin 3-O-galactoside
a b s t r a c t

Objective: Myricetin 3-O-galactoside is an active compound with pharmaceutical potential. The insuffi-
cient supply of this compound becomes a bottleneck in the druggability study of myricetin 3-O-
galactoside. Thus, it is necessary to develop a biosynthetic process for myricetin 3-O-galactoside through
metabolic engineering.
Methods: Two genes OcSUS1 and OcUGE1 encoding sucrose synthase and UDP-glucose 4-epimerase were
introduced into BL21(DE3) to reconstruct a UDP-D-galactose (UDP-Gal) biosynthetic pathway in
Escherichia coli. The resultant chassis strain was able to produce UDP-Gal. Subsequently, a flavonol 3-
O-galactosyltransferase DkFGT gene was transformed into the chassis strain producing UDP-Gal. An arti-
ficial pathway for myricetin 3-O-galactoside biosynthesis was thus constructed in E. coli.
Results: The obtained engineered strain was demonstrated to be capable of producing myricetin 3-O-
galactoside, reaching 29.7 mg/L.
Conclusion: Biosynthesis of myricetin 3-O-galactoside through engineered E. coli could be achieved. This
result lays the foundation for the large-scale preparation of myricetin 3-O-galactoside.

� 2020 Tianjin Press of Chinese Herbal Medicines. Published by ELSEVIER B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Myricetin 3-O-galactoside is an important flavonol glycoside in
which a galactosyl group was linked to 3-OH group of myricetin
through a galactosidic bond (Devi et al., 2015). Myricetin 3-O-
galactoside is widely distributed in plants, like Oenothera lavandu-
laefolia T. and G. (Kagan, 1967), Myrtus communis Linn. (Hayder
et al., 2008), Davilla elliptica St. Hil. (de Oliveira et al., 2015;
Campos et al., 2013), Catha edulis Forssk (Al-Meshal et al., 1986),
Solanum melongena L. (Singh, Luthria, et al., 2009; Singh, Wilson,
et al., 2009), Camellia sinensis (L.) O. Ktze (Hilal & Engelhardt,
2009), Betula pendula Roth (Lavola et al., 1997; Laitinen et al.,
2002) and Betulae folium Roth (Pietta et al., 1989). Besides having
better water solubility and oral bioavailability, myricetin 3-O-
galactoside shows a variety of activities, such as antioxidant activ-
ity (Hayder et al., 2008; Singh, Luthria, et al., 2009; Singh, Wilson,
et al., 2009), anti-inflammatory effect (de Oliveira et al., 2015),
antinociceptive action (de Oliveira et al., 2015; Campos et al.,
2013) and antigenotoxic potential (Hayder et al., 2008). Myricetin
3-O-galactoside is thus regarded as an active molecule with phar-
maceutical potential.

Plant extraction is still the main method to obtain myricetin 3-
O-galactoside. However, the content of myricetin 3-O-galactoside
in plants is low (Al-Meshal et al., 1986; Singh, Luthria, et al.,
2009; Singh, Wilson, et al., 2009). In addition, the large-scale pro-
duction of myricetin 3-O-galactoside requires a lot of plants, which
brings significant ecological and environmental pressure. These
adverse conditions limit the supply of myricetin 3-O-galactoside,
thus affecting the druggability study of myricetin 3-O-
galactoside. In this way, it is necessary to establish a green alterna-
tive for the scale-up preparation of myricetin 3-O-galactoside.
Because enzyme-assisted biosynthesis of natural products has
made great strides recently, it has attracted our attention to
preparing myricetin 3-O-galactoside by enzymatic synthesis
(Schmidt-Dannert & Lopez-Gallego, 2016).

The galactosylation of myricetin to form myricetin 3-O-
galactoside is catalyzed by a flavonol 3-O-galactosyltransferase
(F3GalTase), which usually uses uridine diphosphate (UDP)-
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galactose (UDP-Gal) as the sugar donor. Many F3GalTases had been
isolated from varied plant species and then functionally character-
ized (Ikegami et al., 2009; Miller et al., 1999). These F3GalTases
were thus introduced into host cells like Escherichia coli to con-
struct whole-cell biocatalysts for 3-O-galactosylation of flavonols
such as myricetin, quercetin and kaempferol. Up to date, the
biosynthesis of quercetin 3-O-galactoside and kaempferol 3-O-
galactoside through the whole-cell biocatalysis system had been
achieved (Kim et al., 2015). The enzymatic synthesis of myricetin
3-O-galactoside through engineered cells, however, have been doc-
umented in scarcity.

Herein, an E. coli chassis producing UDP-Gal was reconstructed
firstly. Subsequently, a flavonol 3-O-galactosyltransferase was
introduced into this microbial chassis, thereby generating an engi-
neered strain. The resulting engineered E. coli was used as the
whole-cell biocatalysts for myricetin 3-O-galactoside production
using myricetin as the substrate. Results demonstrated that the
engineered strain was able to convert myricetin to myricetin 3-
O-galactoside.
2. Materials and methods

2.1. Plasmids and strains

A synthetic flavonol 3-O-galactosyltransferase gene DkFGT from
Diospyros kaki Thunb. (Gene ID AB435084 (Ikegami et al., 2009)),
was cloned into XhoI/NdeI digested pACYCDuet-1 to form a recom-
binant plasmid pA-DkFGT. Using pA-DkFGT as the template for PCR
amplification, a 1380 bp linear DkFGT gene was inserted SacI/Hin-
dIII site of pCold-TF (Takara, Kyoto, Japan) to obtain a recombinant
expression plasmid pTF-DkFGT using Seamless Assembly Cloning
Kit (CloneSmarter Tech. USA). Plasmids pCDFDuet-OcSUS1 con-
taining sucrose synthase gene (Li & Kong, 2016) and pET28a-
OcUGE1 harboring UDP-glucose 4-epimerase gene (Yin & Kong,
2016) were constructed previously in our laboratory. Strains
Trans1-T1 (TransGen Biotech Co., Ltd., Beijing, China) and BL21
(DE3) were used as the cloning and expression host, respectively.
The detailed description of plasmids and strains was summarized
in the supplementary Table S1.

2.2. Chemicals

The chemicals used for galactosylation assay were listed in the
supplementary Table S2.

2.3. Protein expression and purification

The plasmid pTF-DkFGT was transformed into BL21(DE3) to
yield a recombinant strain BL21(DE3) [pTF-DkFGT]. The recombi-
nant strain was inoculated overnight into LB medium with
50 lg/mL ampicillin at 37 �C. Subsequently, 2 mL overnight culture
was refreshed with 200 mL LB medium and continued to grow
until OD600 reached 0.5 at 37 �C. These cells were then kept at
15 �C for 30 min. IPTG at a final concentration of 0.4 mmol/L was
added into the strains to induce the protein expression with shak-
ing at 160 rpm at 15 �C for 24 h. The induced cells were harvested
by centrifugation at 8000 g for 5 min. The resulting cell pellets
were re-suspended in PBS buffer (0.02 mol/L, pH 8.0) and then dis-
rupted by sonication on ice. The cell homogenate was clarified by
centrifugation at 10,000 rpm for 15 min. The resultant super-
natants were analyzed by SDS-PAGE or subject to protein purifica-
tion using Ni-NTA SuperFlowTM resin (Qiagen, Hamburg, Germany).
The concentration quantification of the purified proteins was car-
ried out using Super-Bradford Protein Assay Kit (CWBio. Co., Ltd.,
Beijing, China).
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2.4. Galactosylation assay

In vitro galactosylation assays were performed in 100 lL PBS
buffer (20 mmol/L, pH 6.0 for myricetin and pH 7.0 for other chem-
icals) containing sugar acceptor (1 mmol/L), UDP-Gal (0.5 mmol/L)
and 20 lg purified galactosyltransferase. Galactosylation assays
have been lasted for 2 h at 50 �C. The reactions were terminated
by the addition of methanol of equal volume (100 lL). The mix-
tures were then clarified by centrifugation at 12,000 rpm for
5 min. The samples were passed through a filter (0.22 lm) and
the resulting filtrates were analyzed by thin-layer chromatography
(TLC). The specific TLC conditions for each sugar acceptor were
summarized in supplementary Table S3. Further confirmation of
galactosylated flavonols (myricetin, quercetin and kaempferol)
was performed with a prominence HPLC system (Shimadzu, Kyoto,
Japan) equipped a CAPCELL PAK C18 MGⅡ S5 column (150 � 4.6
mm id, 5 lm particle size) using a mobile phase mixture of ace-
tonitrile (eluent B) and ddH2O (eluent A). The flow rate was main-
tained at 1.0 mL/min and a sample volume of 30 lL was injected.
High resolution-electrospray ionization-mass spectrometry (HR-
ESI-MS) data were obtained on a Thermo Scientific Exactive Orbi-
trap LC-Mass Spectrometer (Thermo Scientific, Waltham, MA,
USA).
2.5. Whole-cell biosynthesis of myricetin 3-O-galactoside

Three plasmids, pCDFDuet-OcSUS1, pET28a-OcUGE1 and pA-
DkFGT, were co-transformed into BL21 (DE3) to yield an engi-
neered strain. The engineered strain was grown overnight at
37 �C in 20 mL LB medium with appropriate antibiotics. One milli-
liter overnight culture was subsequently inoculated into 100 mL
fresh TB medium (12 g/L tryptone, 24 g/L yeast extract, 4 mL glyc-
erol and 100 mL phosphate buffer (KH2PO4: 0.17 mol/L; K2HPO4:
0.72 mol/L)) and continued to grow at 37 �C until OD600 reached
0.6. At this time, IPTG of 100 mmol/L (400 lL) was added into
the cell culture to start induction. The whole induction process
lasted for 20 h at 22 �C. Next, the induced culture was harvested
by centrifugation (8000 rpm, 8 min) and the resultant pellet was
resuspended with 6 mL TB medium. One milliliter suspension
was separated by centrifugation (12,000 rpm, 2 min) and the
resulting pellet was resuspended by 500 lL TB medium, into which
myricetin (5 lL, 100 mmol/L) and sucrose (20%) were added. The
resultant mixture was incubated for 48 h at 30 �C with a continu-
ing shaking of 240 rpm. The reactants were extracted by adding
equal volume of ethyl acetate and the resultant extract was ana-
lyzed by HPLC as mentioned above.
3. Results and discussion

3.1. Soluble expression and purification of DkFGT

Initially, the heterologous expression of DkFGT was tested in
BL21(DE3) [pA-DkFGT]. However, DkFGT was induced to form a
small amount of soluble protein and most of the expressed pro-
teins were in the form of inclusion body. The inclusion body
form is not conductive to protein purification of DkFGT. To
improve the soluble expression, DkFGT gene was cloned into
the plasmid pCold-TF. The pCold-TF is a cold shock expression
plasmid containing a soluble fusion tag encoding trigger factor
(TF, 48 kDa) (Saini et al., 2014). Moreover, the expressed TF
tag can be used as a chaperone to facilitate correct folding of
interest proteins fused to TF. The resulting plasmid pTF-DkFGT
was introduced into BL21(DE3) and induced to express. The
induced proteins were verified by SDS-PAGE (Fig. 1). Results
indicated that DkFGT gene was successfully expressed in BL21



Fig. 1. SDS-PAGE analysis of expressed DkFGT. 1: Crude extract of strain containing
empty pCold-TF; 2: Crude extract of strain harboring pTF-DkFGT; 3: Purified
DkFGT; M: Protein molecular marker displayed with kDa. Arrows show interest
proteins.
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(DE3) in soluble protein forms of about 100 kDa (TF tag plus
DkFGT). The soluble protein was then purified to near homo-
geneity with protein concentration of 3.62 mg/mL.
3.2. Galactosylation of myricetin

With the help of chaperone TF, almost all recombinant proteins
of DkFGT existed in the form of a soluble fusion protein with TF. It
was uncertain whether the fusion protein was active. Hence, the
flavonol 3-O-galactosyltransferase activity of DkFGT-TF fusion
was tested in vitro using three flavonols (myricetin, quercetin
and kaempferol) as the substrates. As shown in Fig. 2, when myr-
icetin was incubated with DkFGT, a new peak with the retention
time of 10 min was present in HPLC profile (Fig. 2A). The new peak
displayed the characteristic UV spectrum of myricetin 3-O-
galactoside, indicating this new compound is a derivative of myri-
cetin (Fig. 2B). Further co-injection of this compound with the
Fig. 2. DkFGT-catalyzed galactosylation of myricetin. A: HPLC analysis for galactosyl
Galactosylation of myricetin with DkFGT; c: Co-injection of authentic myricetin 3-O-ga
galactoside); B: UV spectrum of newly formed product (upper panel) and standard myri
product; D: HR-ESI-MS spectrum of the authentic myricetin 3-O-galactoside.

386
authentical myricetin 3-O-galactoside revealed their identical
retention time (Fig. 2A). Moreover, this new molecule displayed
the pseudomolecular [M�H] - ion at m/z 479.06918 in the HR-
ESI-MS, consistent with that of the reference myricetin 3-O-
galactoside standard (Fig. 2C and D). These data, together with
the catalytic behavior of flavonol 3-O-galactosyltransferases,
revealed that the new compound was myricetin 3-O-galactoside.
In addition, two other flavonols (kaempferol and quercetin) were
demonstrated to be galactosylated by DkFGT-TF fusion protein to
form kaempferol 3-O-galactoside (trifolin) and quercetin 3-O-
galactoside (hyperoside) (Figs. 3 and 4), respectively. These data
collectively revealed that DkFGT-TF fusion protein was active as
a flavonol 3-O-galactosyltransferase.

Previously, DkFGT was demonstrated to be specific for flavonols
(Ikegami et al., 2009). To understand the substrate range of DkFGT
more comprehensively, more compounds, including flavonoids,
steroids, phenolic acids and so on, were used to react with the puri-
fied DkFGT-TF. However, none of other compounds listed in
Table S2 can react with DkFGT.

Besides the acceptor substrate specificity, the sugar donor
promiscuity of DkFGT was also evaluated. Due to the limited avail-
ability of sugar donors, only two donors, namely UDP-D-glucose
(UDP-Glc) and UDP-Gal, were selected for activity screening in this
investigation. Three flavonols (myricetin, kaempferol and querce-
tin) displayed no activity with UDP-Glc under the action of DkFGT.
These results confirmed again that DkFGT was a flavonol specific
galactosyltransferase.
3.3. Whole-cell biosynthesis of myricetin 3-O-galactoside

The recombinant strain BL21(DE3) [pTF-DkFGT] was used as a
whole-cell biocatalyst to react with myricetin. Results showed that
almost no products were produced. It is speculated that UDP-Gal
may be under supplied. It appeared that the insufficient supply
of UDP-Gal was the limiting factor in the biosynthesis of myricetin
3-O-galactoside. A chassis strain producing UDP-Gal was thus con-
structed. Specifically, two genes, namely OcSUS1 and OcUGE1, were
introduced into BL21(DE3) in the form of plasmids pCDFDuet-
ation products of myricetin (a: Galactosylation of myricetin without DkFGT; b:
lactoside with galactosylation products of myricetin; d: Authentic myricetin 3-O-
cetin 3-O-galactoside (bottom panel); C: HR-ESI-MS spectrum of the newly formed



Fig. 3. DkFGT-catalyzed galactosylation of kaempferol. A: HPLC analysis for galactosylation products of kaempferol (a: Galactosylation of kaempferol without DkFGT; b:
Galactosylation of kaempferol with DkFGT; c: Co-injection of authentic kaempferol 3-O-galactoside with galactosylation products of kaempferol; d: Authentic kaempferol 3-
O-galactoside); B: UV spectrum of newly formed product (upper panel) and standard kaempferol 3-O-galactoside (bottom panel); C: HR-ESI-MS spectrum of newly formed
product; D: HR-ESI-MS spectrum of authentic kaempferol 3-O-galactoside.

Fig. 4. DkFGT-catalyzed galactosylation of quercetin. A: HPLC analysis for galactosylation products of quercetin(a: Galactosylation of quercetin without DkFGT; b:
Galactosylation of quercetin with DkFGT; c: Co-injection of authentic quercetin 3-O-galactoside with galactosylation products of quercetin; d: Authentic quercetin 3-O-
galactoside); B: UV spectrum of newly formed product (upper panel) and standard quercetin 3-O-galactoside (bottom panel); C: HR-ESI-MS spectrum of newly formed
product; D: HR-ESI-MS spectrum of authentic quercetin 3-O-galactoside.
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OcSUS1 and pET28a-OcUGE1. OcSUS1 encodes a sucrose synthase
while OcUGE1 encodes a UDP-glucose epimerase. OcSUS1 can uti-
lize sucrose supplemented in medium to form UDP-Glc, which is
subsequently converted into UDP-Gal under the action of OcUGE1.
Thus, the chassis cell harboring OcSUS1 and OcUGE1 genes was able
to produce UDP-Gal. When DkFGT was introduced into this chassis
cell in the form of the plasmid pTF-DkFGT, the expression of DkFGT
would decrease the soluble expression of other two genes OcSUS1
and OcUGE1. Therefore, pA-DkFGT instead of pTF-DkFGT was intro-
duced into the chassis cell producing UDP-Gal. An artificial path-
way for myricetin 3-O-galactoside biosynthesis was thus
reconstituted in E. coli (Fig. 5A). The engineered E. coli was grown
in LB medium supplemented with myricetin, which then entered
the cell through cell membrane. After induced by IPTG, the
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expressed DkFGT was able to transfer the galactosyl group from
the resultant UDP-Gal to myricetin, thereby generating myricetin
3-O-galactoside (Fig. 5B). The yield of myricetin 3-O-galactoside
was quantified to 29.7 mg/L. This result lays the foundation for
the large-scale preparation of myricetin 3-O-galactoside through
engineered stains.

E. coli is rich in nucleotide sugars such as UDP-Glc, UDP-
glucuronic acid, UDP-N-acetylglucosamine and TDP-L-rhamnose
(Pabst et al., 2010). E. coli expressing OcSUS1 and OcUGE1 cannot
only produce UDP-Glc, but also catalyze the conversion of exoge-
nous sucrose and TDP to form TDP-Glc (Li & Kong, 2016). Hence,
E. coli expressing OcSUS1 and OcUGE1 can be used as a nucleotide
sugar library to screen the donor selectivity of DkFGT. As shown in
Fig. 5, the strain containing DkFGT, OcSUS1 and OcUGE1 can only



Fig. 5. Biosynthesis of myricetin 3-O-galactoside through engineered E. coli. A: Reconstructed pathway for myricetin 3-O-galactoside biosynthesis in E. coli; B: HPLC analysis
of crude extract of engineered E. coli (a: Galactosylation of myricetin without DkFGT; b: Galactosylation of myricetin with DkFGT; c: Co-injection of authentic myricetin 3-O-
galactoside with galactosylation products of myricetin; d: Authentic myricetin 3-O-galactoside).
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glycosylate myricetin to 3-O-galactoside, displaying strict donor
specificity towards UDP-Gal.

To further explore the underlying causes of specific recognition
towards UDP-Gal, DkFGT was aligned with other six glycosyltrans-
ferases (GTs) using BioEdit Sequence Alignment Editor with default
parameters. Among the seven GTs, DkFGT and F3GalTase (Miller
et al., 1999) specifically recognize UDP-Gal, while the other five
GTs, AtUGT78D1(Mo et al., 2016), AtUGT78D2 (Lim et al., 2004),
AtUGT89B1 (Lim et al., 2004), UGT78k1 (Parajuli et al., 2015) and
VvGT1 (Offen et al., 2006), prefer UDP-Glc. Multiple alignment of
Fig. 6. Multiple alignment of DkFGT with other GTs. Blue square ind
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the seven sequences revealed that the well-known plant secondary
product glycosyltransferase (PSPG) motif was highly conserved
(Fig. 6) (Jadhav et al., 2012). Moreover, one conserved amino acid
responsible for the direct interaction with hydroxyls of sugar
donors was observed: aspartic acid (Asp, D)-374 (the order in
VvGT1) (Offen et al., 2006). The amino acid next to PSPG motif var-
ied in GTs. In GTs with preference for UDP-Gal, including DkFGT
and F3GalTase, the amino acid is histidine (His, H). The amino acid,
however, is changed to asparagine (N) or glutamine (Q) in GTs
using UDP-Glc as the favoured donor (Fig. 6). These results
icates PSPG box. Red arrow points to His-378 (order in DkFGT).
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revealed that H-378 (the order in DkFGT) might play important
role in donor selection for GTs, consistent with the previous report
(Kubo et al., 2004). However, more data are required to demon-
strate the exact function of H-378 in determining donor preference
of GTs.

4. Conclusion

In this study, we use three genes including OcSUS1, OcUGE1 and
DkFGT to successfully reconstruct a myricetin 3-O-galactoside
biosynthetic pathway in Escherichia coli, and the yield could reach
29.7 mg/mL in current conditions. This result lays the foundation
for the large-scale preparation of myricetin 3-O-galactoside.
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