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Abstract
Two sustainable and cost-effective cascade enzymatic systems were developed to regenerate uridine diphosphate (UDP)-α-D-glucose
and UDP-β-L-rhamnose from sucrose. The systems were coupled with the UDP generating glycosylation reactions of UDP sugar–
dependent glycosyltransferase (UGT) enzymesmediated reactions. As a result, the UDP generated as a by-product of the GT-mediated
reactions was recycled. In the first system, YjiC, a UGT from Bacillus licheniformis DSM 13, was used for transferring glucose from
UDP-α-D-glucose to naringenin, in which AtSUS1 from Arabidopsis thalianawas used to synthesize UDP-α-D-glucose and fructose
as a by-product from sucrose. In the second system, flavonol 7-O-rhamnosyltransferase (AtUGT89C1) from A. thaliana was used to
transfer rhamnose from UDP-β-L-rhamnose to quercetin, in which AtSUS1 along with UDP-β-L-rhamnose synthase (AtRHM1), also
from A. thaliana, were used to produce UDP-β-L-rhamnose from the same starter sucrose. The established UDP recycling system for
the production of naringenin glucosides was engineered and optimized for several reaction parameters that included temperature, metal
ions, NDPs, pH, substrate ratio, and enzymes ratio, to develop a highly feasible system for large-scale production of different
derivatives of naringenin and other natural products glucosides, using inexpensive starting materials. The developed system showed
the conversion of about 37 mM of naringenin into three different glucosides, namely naringenin, 7-O-β-D-glucoside, naringenin, 4′-
O-β-D-glucoside, and naringenin, 4′,7-O-β-D-diglucoside. The UDP recycling (RCmax) was 20.10 for naringenin glucosides. Similarly,
the conversion of quercetin to quercetin 7-O-α-L-rhamnoside reached a RCmax value of 10.0.
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Introduction

Naringenin, one of the major citrus flavonoids predominantly
found in grapes and oranges (Rouseff et al. 1987), is a naturally
occurring optically active compound that is considered to have
bioactive effects on human health as an antioxidant, free radical
scavenger, anti-inflammatory, carbohydrate metabolism promot-
er, and as an immunity system modulator (Du et al. 2009; Yıldız
et al. 2009; Cavia-Saiz et al. 2010; Leonardi et al. 2010; Qin et al.
2011). Unfortunately, this bioflavonoid is difficult to absorb after
oral ingestion. In the best scale scenario, only 15% of ingested
naringenin will be absorbed into the human gastrointestinal tract
(Felgines et al. 2000; Manach and Donovan 2004).

Glycosylation is one of the very effective and popular
methods of modifying natural products, including plant poly-
phenols such as flavonoids, to increase their pharmacological
and pharmacodynamics characters by enhancing their solubil-
ity, bioavailability, stability, and bioactivity (Cavia-Saiz et al.
2010; Lewandowska et al. 2013; Khan et al. 2015). Because of
the huge biological impact of flavonoids on humans, crude
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plant extracts alone might not satisfy the necessary require-
ments, as they are contained in plants in low amount, and
require a long and difficult process of extraction and purifica-
tion, through an environmentally unfriendly process (Kumar
and Pandey 2013; Mei et al. 2015; Panche et al. 2016). There
are different methods of glycosylation, such as chemical syn-
thesis, microbial biosynthesis, and enzymatic modifications.
Though the chemical synthesis is used for the production of
glycosylated flavonoids (Danishefsky and Bilodeau 1996;
Nicolaou and Mitchell 2001), it is a complicated process, and
suffers frommany problems, such as strict reaction conditions,
use of protection and deprotection groups, lack of suitable
sugar donating groups, less stereospecificity and regioselec-
tivity, and difficulty in purification, resulting in high cost and
longer time for production (Xie et al. 2018). To overcome these
obstacles, microbial biosynthesis systems are engineered with
sugar biosynthetic pathway genes and glycosyltransferases
(GTs) from heterologous sources for the production of glyco-
sylated flavonoids (Simkhada et al. 2010; Trantas et al. 2015;
Kim et al. 2015; Pandey et al. 2016; Chouhan et al. 2017).
However, the process to synthesize diverse sugars conjugated
products is limited, due to the lesser conversion of substrate to
products, and difficulty of channeling target NDP-sugar pool
in the cell cytosol, despite an easy and safe process (Muthana
et al. 2012; Pandey et al. 2015). Moreover, some of the metab-
olites at higher concentration are toxic to the engineered cell
(Kim et al. 2014; Shomar et al. 2018). Thus, in vitro enzymatic
glycosylation is an alternative approach that is often applied for
the production of glycosylated derivatives. But it uses very
expensive cofactors and sugar donors for the production of
targeted compounds, limiting the scale-up process of the enzy-
matic synthesis of glycosides at the industrial level (Pandey
et al. 2014; Zhang et al. 2014).

Several NDP sugars regenerating cascade reaction systems
have been developed by our group and also from other labs
Rosencrantz et al. 2014; Gutmann et al. 2014; Le et al. 2014;
Gurung et al. 2016; Darsandhari et al. 2018). Though these
approaches recycle UDP/TDP efficiently, the system suffers
from the production of by-product such as acetate, which
while progressing the reaction, decreases the pH of the reac-
tion buffer. Amylosucrase enzymes are also used for the direct
transglycosylation of polyphenols, such as resveratrol and oth-
er flavonoids (Park et al. 2012; Lee et al. 2018; Tian et al.
2018; Jang et al. 2018). However, the glycodiversification of
natural products using amylosucrase is a challenging task,
though a few studies have attempted to engineer these en-
zymes to enhance their tolerance towards diverse sucrose an-
alogs (Daudé et al. 2014; Xu et al. 2016). An alternative ap-
proach of utilizing sucrose as the starting material to generate
UDP-glucose using sucrose synthase enzyme was also previ-
ously utilized for the production of diverse flavonoid glyco-
sides (Masada et al. 2007; De Bruyn et al. 2015; Pei et al.
2017; Gutmann et al. 2017).

In this study, we employ a similar sucrose synthase enzyme
to develop diverse NDP-glucoses and NDP-rhamnoses pro-
ducing systems, using sucrose as the source of glucose and
rhamnose moieties (Fig. 1). This study facilitates the possible
synthesis of NDP-glucoses and NDP-rhamnoses in one-step
and two-step enzymatic reactions, respectively. Both of these
systems are coupled with different GT-mediated reactions,
thus recycling NDP for a continuous supply of NDP-glucose
and NDP-rhamnose for the production of flavonoid glyco-
sides (Fig. 1). The systems are optimized for various parame-
ters for the efficient production of glycosides.

Materials and methods

Chemicals and reagents

Adenosine diphosphate (ADP), thymidine diphosphate
(TDP), guanosine diphosphate (GDP), cytosine diphosphate
(CDP), uridine diphosphate (UDP), UDP-α-D-glucose (UDP-
Glc), thymidine diphosphate-L-rhamnose (TDP-rhamnose),
isopropyl-β-D-thiogalactopyranoside (IPTG), and sucrose
were purchased from GeneChem Inc. (Daejeon, Korea).
Quercetin, NAD+, and NADH were purchased from Sigma-
Aldrich (St. Louis, MO, USA), whereas naringenin (purity
98%) was bought from Xi’an Sino-Future Bio-Tech Co.,
Ltd. (Xi’an, China). Luria-Bertani medium was purchased
from KisanBio (Seoul, Korea). All other chemicals and re-
agents were of the highest chemical grade, and were obtained
from different sources. High-performance liquid chromatog-
raphy (HPLC) grade acetonitrile and water were purchased
from Mallinckrodt Baker (Phillipsburg, NJ, USA).

Strains and plasmids

Escherichia coliBL21 (DE3) (Stratagene, La Jolla, CA, USA)
was used as a host organism to overexpress recombinant pro-
teins. The pQE30-AtSUS1 plasmid was provided by
Professor Hajime Mizukami (Nagoya City University,
Japan) (Masada et al. 2007). Previously constructed
pET28a-YjiC plasmids (Pandey et al. 2013), pET32b-
AtRHM1, and pET41b-AtUGT89C1 (Roepke and Bozzo
2013; Parajuli et al. 2015) were used for the overexpression
and production of enzymes. Prior to use, the plasmids were
confirmed by restriction enzyme digestion studies.

Culture conditions

E. coli strains were grown in LB broth or an agar plate sup-
plemented when necessary with an appropriate amount of
antibiotics (ampicillin, 100 μg/mL; kanamycin, 50 μg/mL).
Four recombinant strains E. coli BL21 (DE3) harboring
pET28a-YjiC, pET32b-AtRHM1, pET41b-AtUGT89C1,
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and pQE30-AtSUS1 were prepared by the heat shock trans-
formation method.

Protein expression and analysis

The seed culture of these four strains was prepared in LB broth
medium supplemented with corresponding antibiotics, and
incubated at 37 °C overnight in a shaking incubator at 200

rpm. Then 500 μL of seed culture was transferred to fresh 100
mL LB medium with the respective antibiotics in 500-mL
conical flasks. Once the optical density (OD) at 600 nm
reached 0.6, the cultures were induced with 0.4 mM IPTG,
and incubated for around 20 h at 20 °C in shaking incubator at
200 rpm. The cell pellets were then harvested by centrifuga-
tion at 842×g (3000 rpm) for 10 min, and washed (vortexed,
followed by centrifugation) with buffer (50 mM Tris-HCl and

Fig. 1 Cascade reaction schemes.
a The reaction catalyzed by
sucrose synthase to synthesize
sucrose from UDP-glucose and
fructose. b Cascade reaction for
the biosynthesis of UDP-glucose
from sucrose using AtSUS1 and
consecutive glucosyltransferase
reaction by YjiC to produce
naringenin glucosides. c Cascade
reaction for the biosynthesis of
UDP-rhamnose from sucrose
using AtSUS1 and AtRHM1. The
rhamnose moiety was succes-
sively transferred to quercetin by
UGT89C1
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10% glycerol of pH 7.5) two times, and re-suspended with 1
mL of the same buffer. The cell pellets were lysed using a
Fisher Scientific Sonic Dismembrator Model 500 (5–9 s pulse
on and off, total 360 s, at 20% amplitude) in an ice bath, and
the clear lysate was collected by high-speed centrifugation at
12,000 rpm (13,475×g) for 30 min at 4 °C. The crude protein
obtained was further analyzed by 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
The protein was stored in a buffer containing 50 mM Tris-
HCl, pH 7.5, and 10% glycerol at − 20 °C. The crude protein
concentrations were determined by using the Bradford meth-
od, with bovine serum albumin as the standard (Bradford
1976).

Regular glucosylation reaction using YjiC

At first, the activity of the YjiC enzyme was checked by
conducting the in vitro reaction in 100 mM Tris-HCl (pH
7.5) buffer containing 10 mM MgCl2·6H2O, 3 mM UDP-α-
D-glucose, 1 mM naringenin, and YjiC (1.0μg/mL) in 500 μL
volume in a 1.5-mLmicro-centrifuge tube. The 10% dimethyl
sulfoxide (DMSO) was used as a co-solvent to efficiently
dissolve naringenin in the reactionmixture. The reaction assay
was incubated at 37 °C for 5 h and the reaction was quenched
by adding chilled methanol with vortexing for 10 min. The
sample was analyzed by the reverse-phase high-performance
liquid chromatography (RP-HPLC)-photo diode array (PDA).

Glucosylation of naringenin (NRN) using sucrose

Two enzymes AtSUS1 (1.0 μg/mL) and YjiC (1.0 μg/mL)
were used together to start the reaction from sucrose. The
reaction was carried out in 500 μL total volume using
100 mM Tris-HCl (pH 7.5) containing 10 mM MgCl2·
6H2O, 1 mM UDP-α-D-glucose, 300 mM sucrose, and
5 mM naringenin. DMSO at 10% of final reaction volume
was used as co-solvent in the reaction mixture. The reaction
mixtures were incubated at 37 °C for 20 h. During the reac-
tion, 50μL samples was collected at 3, 6, 10, and 20 h, and the
reaction was quenched by adding 750 μL chilled methanol,
and mixed by vortexing for 10 min. Then, the aliquots were
centrifuged at 12,000 rpm (13,475×g) to remove denatured
proteins. After that, the samples were analyzed by the RP-
HPLC. Assay mixtures lacking enzymes and substrate
naringenin served as negative and positive controls,
respectively.

Cascade reaction optimization

Enzyme concentration variation

Different enzymatic reaction conditions were set up by using
YjiC and AtSUS1 enzymes. The one-pot reaction with two

enzymes (1:1 ratio of YjiC and AtSUS1 by concentration) was
set up by using identical reactions ingredients as the above.
Likewise, other reactions were carried out using (1:2, 1:5,
1:10, and 10:1) ratios of YjiC and AtSUS1 enzymes. All the
reaction sets were incubated at 37 °C for 20 h. The samples
were analyzed by RP-HPLC, after quenching the reaction
with chilled methanol.

Variation of UDP-α-D-glucose and naringenin concentration

The experiment conditions were changed by varying UDP-α-
D-glucose concentration as follows: 0., 0.2, 0.4, 0.6, 0.8, and
1.0 mM while keeping other components constant, as men-
tioned above. The concentrations of YjiC and AtSUS1 were
maintained in the ratio of 1:10. The naringenin was used at
5 mM concentration. The reactions were analyzed after 20 h
incubation. Likewise, other sets of reactions were made by
changing the concentrations of naringenin as 5, 8, 10, and
12 mM, while keeping the rest of reaction components un-
changed in the reaction assays, to find the effect of changing
concentrations of donor and acceptor substrates. UDP-α-D-
glucose was used at 1 mM concentration, and the reaction
was analyzed by reverse-phase HPLC after 20 h.

Temperature optimization

Similarly, identical sets of the reactions were carried out in
500 μL total volume using 100 mM Tris-HCl (pH 7.5),
10 mM MgCl2·6H2O, 1 mM UDP-α-D-glucose, 300 mM su-
crose, 5 mM naringenin, and 10% DMSO to the final concen-
tration of the reaction mixture. During the reactions, the con-
centrations of YjiC and AtSUS1 were maintained in the ratio
of 1:10. Then the reactions assays were incubated at 4, 20, 30,
40, 50, and 60 °C, separately for 20 h. After 20 h, the samples
were analyzed.

Buffer optimization

To determine the optimal pH, identical sets of reaction condi-
tions were made as in the temperature optimization reactions,
but varying the pH of acetate buffer range of pH (2.93 to 4.19),
phosphate buffer of range (6 and 8.1), working Tris-HCl buff-
er of pH 7.5, and glycine buffer with pH range (9 and 10.2),
and the reactions were carried out for 20 h in 37 °C.

Effect of metal ions

The divalent metals Mn2+, Pb2+, Zn2+, Fe2+, Ni2+, Ca2+, Cu2+,
Co2+, Mg2+, and Hg2+ were used instead of Mg2+ solution,
separately, and their effect was studied in the formation of
glucosylated products with naringenin. The reaction assays
were prepared to contain 300 mM sucrose, 1 mM UDP-α-D-
glucose, 100 mM Tris-HCl, 5 mM naringenin, and YjiC and
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AtSUS1 enzymes in the ratio 1:10 in concentration. The incu-
bation temperature was maintained at 37 °C for 20 h duration.

Reaction assay with NDP

Five different nucleotide diphosphates ADP, CDP, GDP, TDP,
and UDP were used separately instead of UDP-α-D-glucose
under the same reaction conditions of naringenin
glucosylation, using the two enzymes YjiC and AtSUS1 in
the ratio 1:10 in concentration. Separate reactions were carried
out for each NDP. During the reaction, 300 mM sucrose,
10 mM MgCl2·6H2O, 100 mM Tris-HCl, and 1 mM each
NDP were used in 500 μL total reaction volume.

Preparative scale production of naringenin glucosides

The large-scale production reaction was carried out by using
2 mM UDP-α-D-glucose, 10 mM MgCl2·6H2O, 300 mM
Tris-HCl, 500 mM sucrose, and 5 mM naringenin and making
the concentration of YjiC and AtSUS1 in the ratio 1:10. The
10% DMSO was used as an organic co-solvent to solubilize
naringenin in the reaction mixture. The reaction assay was
incubated in a shaking incubator at 37 °C. Most importantly,
the fed-batch scale-up reaction of naringenin glucosides for-
mation was carried out in a 50-mL tube with a starting volume
of reaction mixture 20 mL for 76 h. The samples were ana-
lyzed at different time intervals. During the reaction, the con-
centration ratio of YjiC and AtSUS1 enzymes was maintained
at 1:10. The reaction samples were taken at different time
points from 10 to 76 h for the analysis of glucoside products
in terms of the conversion of naringenin. Though the reaction
was started with 5 mM naringenin, an additional 5 mM
naringenin was added after 10, 22, 30, 36, 42, 54, and 66 h,
making the total concentration of 40 mM in the reaction assay.
Similarly, fresh enzymes were added at 16, 30, and 42 h, to
maintain the enzyme reaction during the fed-batch reaction.
One milliliter of 2.0 M sucrose was also added at 22 and 36 h,
to ensure the supply of UDP-α-D-glucose. As a result, the final
volume of the reaction assay was 40 mL. The reaction was
stopped by denaturing the enzymes by keeping the reaction
mixture in boiling water for 5 min. After that, the mixture was
centrifuged at 12,000 rpm (13,475×g) for 15 min.

Biosynthesis of quercetin rhamnoside

Regular reaction using TDP-rhamnose

The reaction assay was set up using 3 mM TDP-rhamnose,
1 mM quercetin, 10 mM MgCl2·6H2O, 200 mM Tris-HCl,
and 1.0 μg/mL AtUGT89C1 enzyme, making a 200 μL total
volume. The reaction mixture was incubated at 37 °C for 20 h.

Cascade reaction for quercetin rhamnoside biosynthesis
starting from sucrose

First of all, rhamnoside formation reaction with quercetin was
carried out by using 3 mM TDP, 1 mM quercetin, 3 mM
NAD+, 3 mM NADPH, 10 mM MgCl2·6H2O, 200 mM
Tris-HCl, and 300 mM sucrose; and enzymes AtSUS1 (2.0
μg/mL), AtUGT89C1 (1.0 μg/mL), and AtRHM1 (1.0 μg/
mL) were used in the ratio 2:1:1 by concentration. The reac-
tion mixture was kept at 37 °C for 20 h. To explore the best
conversion of quercetin to its rhamnoside, ADP, CDP, GDP,
and UDP were used, under a similar set of condition as de-
scribed above.

Analytical methods

In vitro reaction mixtures were directly analyzed by using an
RP-HPLC-PDA connected to a C18 column (Mightysil RP-
18 GP (4.6 × 250 mm, 5 μm) (Kanto Corporation, Oregon)).
The UV used to quantify the naringenin glucosides products
was 280 nm. For quercetin reaction, 340 nm was used. HPLC
was performed using a binary condition of H2O (0.1%
trifluoroacetic acid buffer) and 100% acetonitrile (ACN) at a
flow rate of 1 mL/min for 30 min. The ACN concentrations
were as follows: 10, 20, 40, 70, 90, 50, and 10%, for 0–5, 5–
10, 10–15, 15–22, 22–25, 25–30, and 30–35 min, respective-
ly. The products were quantified by a calibration curve of
authentic standard substrate naringenin created using 0.625,
1.25, 2.5, 5, 10, and 20 μM concentrations. The exact mass of
products was analyzed using high-resolution quadruple time-
of-light electrospray ionization mass spectrometry (HR-
QTOF-ESI/MS) [ACQUITY (UPLC, Waters, Milford, MA)-
SYNAPT G2-S (Waters)] in the positive ion mode.

The compounds were purified using a preparative-HPLC
equipped with a C18 column [YMC-Pack ODS-AQ (250 ×
20 mm I. D., 10 μm)] connected to a UV detector (280 nm)
under a binary condition of H2O (0.05% trifluoroacetic acid
buffer) and 100% ACN at a flow rate of 10 mL/min for 35
min. The ACN concentrations were 20, 50, 70, 90, 50, and
20%, for 0–5, 5–10, 10–15, 15–25, 25–30, and 30–35 min,
respectively. The purified product was concentrated using a
rotary evaporator, followed by lyophilization. The concentrat-
ed and completely dried sample was dissolved in D2O, and
dried in a freeze drier, then again dissolved in DMSO-d6 for
nuclear magnetic resonance (NMR) analyses. The compounds
were further characterized with a 700 MHz Avance II 900
Bruker BioSpin NMR spectrometer (Germany) using a
Cryogenic TCi probe (5 mm). One-dimensional NMR (1H-
NMR, 13C-NMR) and two-dimensional NMR (correlation
spectroscopy (COSY), nuclear Overhauser effect spectrosco-
py (NOESY), rotating-frame NOE spectroscopy (ROESY),
heteronuclear single quantum correlation (HSQC), and
heteronuclear multiple-bond correlation (HMBC)) were
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performed to elucidate the structure of the compounds. All the
raw data were processed by using TopSpin 3.1 software
(Bruker), and further analyzed by usingMestReNova 8.0 soft-
ware (Mestrelab Research S. L., Spain).

Water solubility determination

In order to determine the solubility of naringenin and its glu-
coside derivatives in the reactionmixture, two sets of reactions
were carried out in 500 μL of the reaction mixture. In the first
set of reactions, the denatured protein was used, while another
set of reactions was used as a regular cascade reaction, as
mentioned above. After incubation at 37 °C for 20 h, the
reaction mixtures were mixed with the same volume of ethyl
acetate, vortexed for 10 min, and then centrifuged, to divide it
into two layers. The fractions of substrate and products present
in each water and solvent (ethyl acetate) layers were directly
analyzed using HPLC, as described previously.

Results

Protein expression and SDS-PAGE analysis

To produce soluble recombinant proteins for in vitro reaction,
four plasmids pET28a-YjiC, pET32b-AtRHM1, pET41b-
AtUGT89C1, and pQE30-AtSUS1 (Fig. S1 of the
Supplementary information) were transformed into E. coli
BL21 (DE3) host. The SDS-PAGE analysis of a soluble fraction
of each proteinYjiC,AtSUS1,AtRHM1, andUGT89C1 showed
clear bands at around 46, 88, 73.7, and 47.96 kDa, respectively
(Fig. S2). The band size corresponds to the calculated molecular
weight of each protein with the hexahistidine-tagged fusion pro-
tein. The soluble lysate of these proteins was then subjected to
Ni++-NTA beads purification system. The purified proteins were
concentrated, quantified, and used for in vitro reactions.

Glucosylation of naringenin by YjiC

The reaction mixture of naringenin with UDP-α-D-glucose and
YjiC was first analyzed by RP-HPLC-PDA. The chromatograms
showed major three different peaks at the retention time (tR) of
7.86, 10.03, and 10.20 min for P1, P2, and P3, respectively (Fig.
2a(i)). The UV-VIS analysis of novel peaks resembled the
naringenin with a subtle difference in pattern (Fig. 2b). The same
samplewas subjected to high-resolutionQTOF-ESI/MS analysis,
and observed the exact mass [M + H]+ m/z+ of P3 as 435.1278,
which resembles the single glucose conjugated naringenin. The
calculated mass of single sugar conjugated naringenin with the
formula C21H23O10

+ in the protonated form [M + H]+ m/z+ was
435.1291 (Fig. 2c(ii)). Likewise, P2 showed the exactly similar
mass spectrum [M + H]+ m/z+ as P3 of 435.1311, indicating the
attachment of single glucose with naringenin (Fig. 2c (iii)). Also,

for the product P1, the mass [M +H]+m/z+ was 597.1821, which
resembled themass of two glucoses conjugated in naringenin, for
which the chemical formula C27H33O15

+ with exact mass was
597.1819 (Fig. 2c(iv)). The overall conversion of naringenin to
glucosides was about 94%.

Cascade reaction using sucrose synthase
and glucosyltransferase

To generate an efficient, cost-effective, and sustainable biocat-
alytic synthesis of naringenin glucosides, we coupled
naringenin glucosylation reaction catalyzed by YjiC with
UDP-α-D-glucose synthesizing sucrose synthase AtSUS1 en-
zyme. In the presence of UDP, AtSUS1 hydrolyzed sucrose to
produce UDP-α-D-glucose and fructose as a by-product. Thus
the produced UDP-α-D-glucose is eventually utilized by YjiC
to transfer glucose moiety to naringenin (Fig. 1a, b).

The cascade reaction was carried out as described in the
“Materials and methods” section. The samples collected from
the reaction vessel at different time points of 3, 6, 10, and 20 h
were analyzed by RP-HPLC. The chromatograms were com-
pared with the results from regular glucosylation reaction (Fig.
2a(ii)), the standard naringenin, and the control reaction (Fig.
2a). All the three peaks were produced in the reaction, which
showed the efficient formation of UDP-α-D-glucose and
recycling of UDP after glucosylation reaction. The concentra-
tion of P1 and P3 increased from 3 to 20 h, while that of P2
decreased gradually (Fig. S3). Importantly, almost 95% of the
initially added 5 mM naringenin was converted into products.

Optimization of cascade reaction

To optimize the cascade reaction of naringenin glucosylation
using AtSUS1 and YjiC, we performed a series of reactions
under different conditions, by varying the enzymes ratio, do-
nor and acceptor substrates concentration, temperature, buffer,
and divalent metal ions.

Enzymes concentration variation

To identify the bottleneck for the combined enzymatic reactions,
the concentration of two enzymes used in the reaction was var-
ied, and the outcome of the reaction was closely monitored for
the optimal conversion of naringenin. As expected, a different
pattern of product profile was obtainedwhile varying the enzyme
ratio in the cascade reaction. With the 1:5 and 1:10 ratios of
enzymes YjiC:AtSUS1, the exactly similar pattern of the peaks
P1, P2, and P3 were found, P1 being in the largest abundance,
followed by P2, and then P3. But while decreasing the ratio of
YjiC and AtSUS1 gradually to 1:1 and 1:2, the products peaks
were fluctuating. The peak P2 was more prominent in the ratios
1:1 and 1:2 (Fig. 3a). In the ratio 10:1 betweenYjiC andAtSUS1
enzymes, P1 was found to bemore dominant, while P2 was least
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among all other. Depending upon the types of product require-
ment, the ratio of the enzymes could be varied. Moreover, the
conversion percentage of naringenin to glucosides was not sig-
nificantly altered by changing the ratio of enzymes.

Optimization of UDP-α-D-glucose concentration

Six sets of experiments were carried out with changing the
concentrations of UDP-α-D-glucose from 0.1 to 1.0 mM,
keeping all other reaction components constant. The result
showed P1 and P3 as a prominent product in all the UDP-α-
D-glucose concentrations. But when 1.0 mM of UDP-α-D-
glucose was used, P2 was also abundantly present (Fig. 3b).
The conversion of naringenin was about 89.70% when
0.1 mM of UDP-α-D-glucose was used, which was 5–6%
below that in other reactions. This result showed an efficient
supply of UDP-α-D-glucose for the glucosylation reaction,
despite the variation in concentration of initial concentration.
For further reactions, 1.0 mM of UDP-α-D-glucose was used.

Naringenin substrate tolerance

Four sets of identical reactions were carried out at various
naringenin concentrations (5, 8, 10, and 12 mM) to one-pot

two-enzyme reaction system containing AtSUS1 and YjiC in
the ratio of 1:10 (YjiC:AtSUS1), keeping the other components
fixed. The product formation and substrate conversion were
monitored after 20 h. The HPLC showed a predominant product
peak P2 at the concentration of 8, 10, and 12 mM. At 5 mM
concentration of naringenin, other product peaks also appeared
with decreasing concentration from P1 to P3 (Fig. 3c).

When 5 mM of naringenin was used as an acceptor sub-
strate, the conversion of naringenin was approximately 96%.
When the concentration was increased, the conversion per-
centage was decreased. At 12 mM naringenin concentration,
the conversion was only about 44.21%which was much lower
(32.88%) when 8 mM of naringenin was used. Thus, 5 mM of
naringenin was selected for further experiments.

Effects of temperature variation

The results obtained in the different ranges of temperature
from 4 to 60 °C showed multiple impacts in the product
formation (Fig. 3d). At 4 and 60 °C, only two products P1
and P2 formed out of the three products, whereas at 20
and 50 °C, three products P1, P2, and P3 formed. The
products P1 and P2 were formed in all the ranges of tem-
perature aforementioned, while product P3 was formed

Fig. 2 a HPLC analysis of naringenin (NRN) reaction mixture. (i)
Regular glucosylation reaction carried out using YjiC, (ii) cascade reac-
tion using AtSUS1 and YjiC enzymes at 10 h, (iii) standard naringenin;
and (iv) control reaction for cascade reaction. b UV-VIS analysis of each

peak from HPLC. (i) Standard naringenin, (ii) P1, (iii) P2, and (iv) P3. c
HR-QTOF-ESI/MS analysis. (i) naringenin standard, (ii) P1, (iii) P2, and
(iv) P3
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only at 20 to 50 °C. The reaction temperature has multiple
impacts: high specific activities at high temperatures, en-
zyme deactivation, and metabolite degradation (Myung
et al. 2009). The amounts of formation of all products at
37 °C were found to be more prominent than at 30 °C.
Therefore, the optimal reaction temperature was 37 °C.

Effects of buffer variation

To find out the optimal pH for the reaction assay, the glucoside
production was investigated at 37 °C, keeping all other reac-
tion ingredients intact, and varying the buffer and pH. The pH
of the different sets of the reaction was adjusted from 2.93 to

Fig. 3 Cascade reaction optimization for naringenin glucoside
biosynthesis starting from sucrose. a Enzyme concentration variation, b
variation of starting concentration of UDP-glucose, c variation of starting

concentration of naringenin (NRN), d reaction at different temperatures, e
reaction in different buffer with different pH, f effects of metal ions
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10.2 in 100 mM of acetate, phosphate, Tris-HCl, and glycine
buffer with their respective pH as mentioned in the “Materials
and methods” section. The reaction was monitored after incu-
bating at 37 °C for 20 h. The result showed that at low pH
2.93, none of the product peaks formed (Fig. 3e). At pH 10.2,
the substrate was found to have reacted very little, and only a
few products peaks were formed. The enzyme showed good
activity in the pH 4.8 to 9 with different buffers. The conver-
sion of the substrate was highest at pH 6 and 7.5, but the
product’s distribution was different at all pH. Therefore, the
optimal pH for the reaction was 7.5, as all the product forma-
tion at pH 7.5 was found to be measurable enough, and dom-
inant under the reaction conditions.

Effect of metal ions

In the presence of different divalent metal ions, the maximum
conversion of naringenin occurred with calcium ions, and
least with zinc ions. Similarly, a significant amount of prod-
ucts were formed with deionized water, as well as chelating
agent EDTA, which could further suggest that the enzymes
used might not be affected by the metal ions or independent
with divalent metal ions. However, the presence of some di-
valent metal ions, such as Cu2+, Zn2+, and Hg2+, showed a
detrimental effect on the enzyme reaction (Fig. 3f).

Preparative scale production of NRN glucosides

While analyzing the product profile at different time points,
three distinct peaks were initially observed. Among them, the
peak at tR 10.03 min (P2) was initially the most dominant, but
with increasing incubation time, peaks at tR 7.86 min (P1) and
10.20 min (P3) significantly increased, while that of P2 grad-
ually decreased. After incubation more than 16 h, new peaks
at tR 8.35, 8.82, and 10.83 min for P4, P5, P6, and P7, respec-
tively, began to appear, and became prominent after 42 h (Fig.
4, and Fig. S4). The peak (P1) at tR 7.86 min became the
largest after 60 h. On the basis of the nature of the formation
of the product, the amount of desired products can be con-
trolled by changing the incubation periods of the reaction. As
time increases, the nature of mono-glucosylated products
changes into di-glucosylated product. The mono-
glucosylated products were found at tR 10.03 min and
10.20 min and the di-glucosylated product was found at tR
7.86 min (Fig. 2, and Fig. S4). During the reaction, it was
found that the conversion of the substrate, naringenin, into
its products was 94.66 to 89.05%, while analyzing the spec-
trum obtained from the incubated reaction samples from 10 to
76 h in the different intervals by RP-HPLC. Since the scale-up
reaction is a fed-batch process, with the addition of fresh en-
zymes, donor, and acceptor, the rate of conversion was ob-
served fluctuating. The RCmax value during the reaction is
20.10. The calculated regular products at 76 h are P1, P2,

and P3 at 30.88, 23.475, and 18.35%, and additional unknown
products were found as P4, P5, P6, and P7 at 4.48, 3.27, 5.34,
and 2.75% respectively (Fig. 4; Figs. S4 and S5).

Structure elucidation

All the peaks seen in preparative scale reactions were purified
using prep-HPLC. The purity of each compound by HPLC
analysis was above 98% (Fig. 5). The purified compounds
were dried using a rotary vacuum evaporator, followed by
lyophilization for NMR samples prepared as described in the
“Materials and methods” section. The HR-QTOF-ESI/MS
analysis of peaks P1, P2, and P3 clearly indicates for product
P1 the presence of two glucose molecules in naringenin, while
P2 and P3 have single sugar conjugated mass. But the masses
of peaks P4, P5, P6, and P7 were found to be 880.24259,
503.17915, 517.1948, and 356.14925 Da, respectively.

1H-NMR analysis of P1 shows the absence of two proton
peaks at chemical shift value δ 10.81 ppm (7-OH) and δ
9.61 ppm (4′-OH), meaning two glucoses are conjugated at
7- and 4′-OH positions of naringenin. The presence of two
anomeric proton peaks at δ 4.88 ppm (d, J = 7.7 Hz) and δ
4.94 ppm (d, J = 7.8 Hz) further confirmed two glucose units
in the beta configuration. Other peaks for glucose and
naringenin were present at δ 3.15–3.80 ppm and δ 5.5–7.5
ppm, respectively (Fig. S6). Similarly, in 13C-NMR analysis,
two anomeric carbon peaks appeared at δ 99.97 ppm and
100.56 ppm. Other carbon peaks were present in between δ
60 and 80 ppm (Fig. S7). The detail 1H- and 13C-NMR data
are presented in Table S1 and S2. These data were further
supported by 1H-1H COSY, HSQC-DEPT + HMBC,
ROSEY, HSQC-DEPT, and HMBC NMR analyses (Figs.
S8-12). The correlations between different protons, as well
as between protons and carbons, are presented in the respec-
tive figures in supporting data. All these analyses clearly elu-
cidated the structure of the product P1 as naringenin, 4′, 7-
O-β-D-diglucoside. In the elucidated structure of the
naringenin, 4′, 7-O-β-D-diglucoside, chiral carbon present at
the 2-C position of naringenin backbone, and as a result, there
is the formation of a mixture of R and S conformation com-
pounds, which is supported by the clear presence of additional
carbons and protons peaks in the spectrum.

Likewise, in analyzing the 1H-NMR of P2, there is absence
of the 7-OH position’s peak having a chemical shift δ 10.81
ppm, and the presence of peaks in the sugar region of δ 3.15–
3.80 ppm along with naringenin at δ 5.5–7.5 ppm, which
means the conjugation of glucose in the 7-OH position of
naringenin (Fig. S13). Furthermore, this conjugation is sup-
ported by the presence of one anomeric proton peak at δ
4.99 ppm (d, J = 7.77 Hz). Likewise, with 13C-NMR analysis
of P2, there is the presence of one anomeric carbon peak at δ
100.06 ppm, and the rest of other carbons of naringenin in the
region δ 80–180 ppm and carbons of sugar in δ 60–80 ppm
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(Fig. S14). Tables S1 and S2 present the detailed 1H- and 13C-
NMR data. The exact structure of the P2was further supported
by the correlation between different protons, and protons-
carbons obtained by the analysis of the 1H-1H COSY,
HSQC-DEPT + HMBC, ROSEY, HSQC-DEPT, and HMBC
(Figs. S15-19). With all this evidence, the product P2 is iden-
tified as naringenin, 7-O-β-D-glucoside.

The product P3 is characterized as naringenin, 4′-O-β-D glu-
coside with the 1D as well as 2D-NMR analysis of 1H-,13C-,
1H-1H COSY, HSQC-DEPT + HMBC, ROSEY, HSQC-
DEPT, and HMBC. There is the absence of the proton peak of
the 4′-OH position of naringenin at δ 9.61 ppm. The anomeric
proton peak appeared at δ 4.90 ppm (d, J = 7.58 Hz), and the
presence of sugar proton peaks in the region δ 3–5 ppm (Fig.
S20).With 13C-NMR analysis, the anomeric carbon peak obtain-
ed at δ 100.72 ppm and other carbon peaks at δ 70–80 ppm
justify the presence of one sugar at the 4′-OH position of the

naringenin (Fig. S21). The detail 1H- and 13C-NMR data are
presented in Table S1 and S2. The correlation observed in ana-
lyzing 1H-1H COSY, HSQC-DEPT + HMBC, ROSEY, HSQC-
DEPT, and HMBC, in between different protons and protons-
carbons, also further supports the conjugated position of sugar
with naringenin (Figs. S22-26).

The additional peaks (P4, P5, P6, and P7) produced during
the late stage of long incubation of the scale-up reaction were
collected as impurities. HR-QTOF-ESI/MS analysis of those
peaks has shown the masses of 881.24259, 503.17915,
517.19480, and 356.14925 Da, respectively. Since the mass
number is unique and does not match with the naringenin, we
further isolated each compound in pure fraction, and per-
formed various NMR analyses.

The HR-QTOF-ESI/MS analysis of P4 showed the unique
mass fragments as [M + H]+ m/z+ 881.249 as the parent ion
peak, and (719.1974, 557.1422, 447.1248, 285.0739) as

Fig. 5 HPLC chromatogram of
purified compounds from the
preparative reaction mixture. a
Chromatogram of the crude
reaction mixture. b
Chromatograms of prep-HPLC
purified compounds

Fig. 4 Fed-batch preparative
scale cascade reaction. a
Biosynthesis of naringenin
glucosides at different time
intervals. b Conversion
percentage of naringenin (NRN)
at different time points (* denotes
addition of naringenin and # de-
notes addition of fresh enzymes
and sucrose to the fed-batch
system)
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fragment ion peaks (Fig. S27). The mass difference between
the first three mass peaks [881–719, 719–557] was the differ-
ence of 162 amu, which confirmed conjugation of two glucose
units in an aglycon of mass 557.1422 Da. The successive loss
of glucose unit from a parent molecule resulted in the gener-
ation of a mass fragment of single glucose conjugated
719.1974Da and aglycon ofmass 557.1422Da. The observed
mass pattern of 881.2494 Da suggests the possible structure of
P4 might be double glucose moieties attached to the dimer of
naringenin and the mass 557.5242 Da as aglycon, a dimer of
naringenin itself, since these masses were matched with their
exact masses of 881.2504 and 557.1448 Da, respectively.

Further, the 1H-NMR and 13C-NMR analyses provided
supporting evidence to predict the possible structure as a
diglucoside of a dimer form of naringenin connected with a
methylene linkage at C-6 position, as proton peaks and carbon
peaks were obtained with the double number, and the 6-H
proton is missing (Tables S1 and S2, Figs. S28 and S29).
This provides the solid information that there is linkage at
C-6 of naringenin. While analyzing 1D as well as 2D-NMR
spectra, the correlation obtained in different protons along
with carbons and protons through the analysis of 1H-1H
COSY, HSQC-DEPT + HMBC, ROSEY, HSQC-DEPT, and
HMBC clearly identified the position of sugars and the P4
product as a di-4′-O-β-D-glucoside naringeninyl methylene
with a methylene linker at C-6 position as shown in Figs.
S30-34 of the Supporting Information.

In the same way, various NMR analyses were conducted
for the peak P5, which also has unique mass value [M + H]+

m/z+ value as 504.1866 (Fig. S35). The 1H-NMR analysis
showed an anomeric peak at chemical shift value δ
4.89 ppm (dd, J = 7.81 Hz), along with other peaks for a
glucose moiety in between δ 3.0 and 3.7 ppm. The proton
peaks also showed spectra resembling naringenin backbone.
However, the absence of 6-H proton and the presence of ad-
ditional proton peaks between δ 8.1–9.3 ppm and δ 1.5–
3.3 ppm provided a hint that an additional group is attached
at the C-6 position. The 2D-NMR analyses along with 1H- and
13C-NMR analyses and ESI/MS analysis led to the identifica-
tion of P5 as 6-(2-pyrrolidinyl) naringenin, 4′-O-β-D-gluco-
side (Tables S1 and S2, Figs. S36-42).

Similarly, P6 showed a unique mass of [M + H]+ m/z+

518.2029, which is just 14 amu greater than P5 in the HR-
QTOF-ESI/MS mass analysis (Fig. S43). A prominent mass
fragment peak of 356.1489 Da appeared, which is just exactly
162 amu lower than the parent peak. This gives the clue that the
peak is a glucosylated derivative of an aglycon with the mass of
356.1489 Da.

Similar to P5, the almost analogous pattern of peaks ap-
peared in 1H-NMR, with almost similar chemical shifts.
However, additional peaks appeared in the range of δ 1.5–
3.5 ppm (Fig. S44). The detailed analysis of all available
1D-NMR and 2D-NMR led to the identification of P6 as a

6-(2-piperidinyl) naringenin, 4′-O-β-D-glucoside. The de-
tailed correlation studies between different protons and
protons-carbons are presented in supporting data in their re-
spective places, whereas Tables S1 and S2 present the detailed
1H- and 13C-NMR data, and Figs. S45-51 represent all 2D-
NMR analyses information.

Another new peak appeared during the long incubation of
the large-scale reaction mixture, namely P7, showed the exact
mass as [M + H]+ m/z+ 356.1490. This mass exactly matched
to the aglycon part of P6, suggesting the possible piperidine
conjugated with naringenin at the 6-C position. However, the
NMR data surprised us, during analyzing P4. Thus, we further
analyzed P7 by various 1D as well as 2D NMRs. The 1H-
NMR spectra exactly resembled the aglycone part of P6, as
shown in Fig. S52. The proton peaks of naringenin backbone
along with the proton peaks of piperidine in the region of δ
1.5–3.5 ppm supported the mass of the predicted C-6 piperi-
dine conjugated naringenin (Table S1). There were no peaks
of sugar protons (Fig. S53). Further, analysis of 13C-NMR
obtained the carbons peaks that also matched the aglycon part
of P6 (Table 2, Fig. S54). However, we performed further 2D-
NMR analyses to verify the structure, by studying the corre-
lations between protons and carbons. Finally, with the corre-
lation obtained in between different protons, along with the
carbons and protons through the analysis of 1H-1H COSY,
HSQC-DEPT + HMBC, ROSEY, HSQC-DEPT, and
HMBC, we clearly identified the structure of the P7 as 6-(2-
piperidinyl) naringenin (Fig. S55-60).

Further, the Sci-finder chemical library was used to check the
novelty of the additional peaks. The product P7 is deposited in
the Library [CAS registry 2125981-78-2]. The IUPAC name of
this compound is [4H-1-Benzopyrane-4-one-2, 3-dihydro-5, 7-
dihydroxy-2-(4-hydroxyphenyl)-6-(2-piperidinyl)]. But the
others (P4, P5, and P6) are not listed in the library. However,
P1, P2, and P3 are listed in the library under a different CAS
registry number. Figure S61 presents the structures of all the
impurities present in the standard naringenin sample and the
glucoside derivatives of the impurities.

Since we were surprised with the unexpected molecules
(P4-P7) isolated from the reaction mixture, we suspected the
standard naringenin as the source of these compounds. Thus,
standard naringenin was further analyzed by HR-QTOF-ESI/
MS. The mass analysis showed the presence of all three agly-
cone compounds ((Di-6-naringeninyl) methylene, 6-(2-
pyrrolidinyl) naringenin, and 6-(2-piperidinyl) naringenin)
in the standard sample (Figs. S62-64) in trace amounts.
The YjiC enzyme accepted these impurities as acceptor
substrate, and eventually lead to the production of
glucosylated derivatives, since the fed-batch addition of
naringenin in the large-scale reaction mixture led to the
accumulation of these impurities in significant amount,
which was ultimately isolated as pure compound, and
identified by various NMRs.
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Reaction assay with NDPs

To study the influence of product profile using five different
natural nucleotide diphosphates (ADP, CDP, GDP, TDP, and
UDP), the reactions were carried out as mentioned in the
“Materials and methods” section. These NDPs were used in
the reaction, instead of UDP-α-D-glucose. Thus, AtSUS1 first
synthesizes NDP-glucose from sucrose, which is utilized by
YjiC, eventually to form glucosides of naringenin. The three
types of glucosylated products were observed in the HPLC
analysis of all reaction samples. However, the lowest conver-
sion of naringenin to glucosylated products was observedwith
GDP among all. Among five NDPs, the highest conversion of
naringenin was found with UDP. The highest conversion per-
centage was found to be 77.81% with UDP, followed by
74.99% with CDP (Fig. 6).

Biosynthesis of quercetin rhamnoside using sucrose
as a source of rhamnose

Regular rhamnosylation reaction

After successful optimization and synthesis of practical quan-
tities of naringenin glucosides from sucrose as the primary
source of glucose, we extended the system for the biosynthesis
of rhamnoside derivative. For this, a rhamnosyltransferase
UGT89C1 and a UDP-β-L-rhamnose synthase (AtRHM1)
were used along with AtSUS1. All three enzymes from
A. thaliana were overexpressed and produced in E. coli
BL21 (DE3), purified, and used for the production of querce-
tin 7-O-rhamnoside.

In the beginning, the reaction was carried out with querce-
tin and TDP-rhamnose, to check if overexpressed enzyme
UGT89C1 reacts with both donor and acceptor substrates.
The HPLC analysis revealed the production of a distinct peak
at tR 10.5 min (Fig. 7a). The peak was further confirmed to be
quercetin rhamnoside by UV absorbance (Fig. 7b), and the
protonated mass of 449.1079 Da by HR-QTOF-ESI/MS

analysis (Fig. 7c). Since the UGT89C1 enzyme is well known
to conjugate rhamnose at the 7-OH position by previous stud-
ies (Yin et al. 2014; Kim et al. 2013), we did not further
characterize the product by NMR analysis.

Reactions with NDPs for quercetin 7-O-rhamnoside
biosynthesis

One-pot three enzymes (AtSUS1, AtRHM1, and
AtUGT89C1) were used with quercetin and TDP for
rhamnosylation of quercetin, starting from the biosynthesis
of TDP-L-rhamnose using sucrose. The HPLC chromatogram
obtained after the reaction showed that there is a formation of
quercetin 7-O-rhamnoside product at exactly the same time in
the HPLC profile (Fig. S65).

We also studied the effect of different NDPs on the forma-
tion of quercetin 7-O-rhamnoside product under similar con-
dition, and compared the substrate conversion with the prod-
uct (Fig. S65). In the presence of GDP, almost 50% of quer-
cetin was converted into a product that was below 30% with
UDP and about 20%with other NDPs (Fig. 7d). During NDP-
L-rhamnose biosynthesis from sucrose, NDP-glucose is pro-
duced as an intermediate stable metabolite in the reaction,
which could be utilized by UGT89C1 to transfer at 3-OH of
quercetin. Thus, to confirm the specificity of UGT89C1 to-
wards different NDP-sugar donors, we also carried out the
reaction with UDP-α-D-glucose and quercetin. However, we
did not observe any product in HPLC-PDA analysis (Fig.
S66). The enzyme also did not accept flavanone such as
naringenin as acceptor substrate while using UDP-α-D-glu-
cose as a donor substrate.

Water solubility determination

The glycoside derivatives of naringenin were found more in
the aqueous layer than in an organic phase. The glucosylated
derivatives were mostly located in the aqueous phase, and
were little extracted from the ethyl acetate layer, while the

Fig. 6 Conversion of naringenin to glucosides in the cascade reaction system using different NDPs. aConversion percentage of naringenin, b production
of different glucosides
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substrate compound, naringenin, preferred to remain in ethyl
acetate fraction, more than in water fraction because of the less
effective hydrogen bonds formation as there is less hydroxyl
(–OH) groups present in naringenin compared with its gluco-
sides. The water solubility of naringenin glucoside was higher
by approximately 5.4-fold than naringenin. Therefore, the gly-
cosylated compounds have significantly improved water sol-
ubility in comparison with naringenin (Fig. S67).

Discussion

Researchers have focused on the effective production, maxi-
mum utility, and bioactivities of various types of natural fla-
vonoids. But due to the limitation of their water solubility and
amount availability from natural sources, there are challenges
associated with the production and supply of target flavo-
noids. To overcome such difficulty, modification of natural
flavonoids is done by conjugating bulky hydrophilic groups,
such as glucose, galactose, glucuronic acids, and rhamnose
moieties, so that modified compounds would make more ef-
fective hydrogen bonding with water molecules, thus enhanc-
ing their water solubility. Furthermore, modifying compounds
with other different moieties, such asmethyl, acetyl, hydroxyl,

halides, nitro-, and different types of sugars, not only helps to
diversify natural flavonoids but also makes them more effi-
cient as medicinal or cosmetic compounds (Koirala et al.
2014; Antonopoulou et al. 2016; Deng et al. 2017; Teles and
Souza 2018). Despite existing different methods of making
glycosylated flavonoids, here we make glycosylated flavo-
noids using a cheap and sustainable recycling system, with
sucrose as the main source of sugar moieties. During the pro-
cess, we used sucrose synthase AtSUS1, rhamnose synthase
AtRHM1, and rhamnosyltransferase UGT89C1 from
Arabidopsis thaliana, and a glycosyltransferase YjiC from
Bacillus licheniformis DSM 13. We employed these four en-
zymes produced in E. coli to develop two independent sys-
tems that produce glucosylated naringenin derivatives and
rhamnosylated quercetin. Both sugar moieties are derived
from the same source sucrose.

In previous studies, glucosides of quercetin, resveratrol,
and apigenin were reported by using the same enzyme, su-
crose synthase AtSUS1 and UGT73A15 in the presence of
sucrose (Terasaka et al. 2012; Schmölzer et al. 2016). We
report the very efficient system to produce multiple glucoside
derivatives of naringenin under optimized conditions of time,
temperature, pH, buffer, enzyme ratio, UDP-α-D-glucose, and
naringenin concentration, and divalent metal ions. When the

Fig. 7 Reaction analysis (a) HPLC chromatogram of (i) UGT89C1 reac-
tion with quercetin and TDP-rhamnose and (ii) UGT89C1 reaction with
UDP-glucose and quercetin. b UV/VIS analysis of (i) quercetin standard
and (ii) reaction product, quercetin 7-O-rhamnoside. c HR-QTOF-ESI/

MS analysis of (i) quercetin and (ii) reaction product. d Biosynthesis of
quercetin rhamnoside using cascade reaction system (AtSUS1, AtRHM1,
UGT89C1) starting from the sucrose in the presence of five different
NDPs
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fed-batch reaction was performed in a large concentration of
naringenin (40 mM) under optimized conditions as described
in the “Materials and methods” section, we observed the effi-
cient conversion of naringenin into glucosides with RCmax of
21.10 (Fig. S4).

During the analysis of the products of scale-up reaction for
a long time incubation up to 76 h, unusually four more prod-
ucts P4, P5, P6, and P7 were obtained (Fig. S4(x)). Previously,
it was thought that all seven peaks were the glucosylated
naringenin derivatives, but with the 2D-NMR and HR-
QTOF-ESI/MS analysis of each purified peak, these peaks
were identified as glucosides of impurities present in the stan-
dard naringenin (Figs. S62-64).

On the basis of a chemical library Sci-finder search, the
identified compounds P4, P5, and P6 are new compounds that
could have high biological and pharmacological activities,
and that are yet to be studied. The product P7 is found to be
an aglycone of product P6. Figure S61 lists the chemical struc-
ture of the impurity compounds.

In our one-pot AtSUS1-GT cascade reaction, just by sup-
plying easily available cheap sucrose as a source of sugar
moiety and substrate, naringenin, glucosylated products were
obtained in large scale, which could pave the path for the
application of this system in industry as a cost-effective,
green-approach for the biosynthesis of diverse glucoside prod-
ucts. Though there are several methods of makingNDP sugars
and flavonoid glycosides, our system is one of the best, based
on the recycling of highly expensive NDPs and NDP sugars
enzymatically, which not only minimizes cost, process, and
time but is also a green and sustainable approach (Gantt et al.
2011; Zhang and Chen 2006). However, there are many
glucosylated products that could create difficulties in their
purification. Thus the target glucosylated product could be
obtained using a specific GT, instead of YjiC.

Even though the production of glucosylated flavonoids is very
effective by enzymatically using NDPs sugar (Schmölzer et al.
2017; Yuan et al. 2018; Darsandhari et al. 2018), the use of such
sugar is not cost-effective or economically feasible. Therefore,
the recycling of NDPs and efficient synthesis of NDP sugars are
the most vital to make the system sustainable and highly produc-
tive. The formation of glucosylated products using YjiC is lim-
ited in the long run due to the high deposition ofNDPs, as there is
competitive inhibition between similarly structured NDP sugars
and NDPs (Fig. 1). Hence, the use of sucrose synthase, AtSUS1,
not only helped to make the system economically cheap but also
made the process chemically stable and sustainable. The system
also reduced the accumulation of NDPs; as a result, the chance of
competitive inhibition was minimized one side, but on the other
side, the decreased concentration of NDPs supports the move-
ment of the equilibrium system towards the product side, accord-
ing to Le-Chatelier’s Principle. Overall, the system is able to
convert more substrates into glucosylated products. In addition,
in the optimized system, five different types of NDPs, of ADP,

CDP, GDP, TDP, and UDP were used, and the results were
analyzed. With UDP, about 77.81% naringenin was converted
into its glucosylated products. Hence, as many research reports
have revealed that sucrose synthase from bacteria prefers TDP,
and sucrose synthase from plants has a preference for UDP
(Figueroa et al. 2013; Diricks et al. 2017), here also, AtSUS1
form plant shows more preference for UDP, compared with the
others (Fig. 7d).

We further expanded the NDP-α-D-glucose biosynthesis
system to an NDP-β-L-rhamnose biosynthesis system by in-
troducing an additional enzyme AtRHM1 from A. thaliana. In
the one-pot rhamnosylation assay, sucrose synthase, AtSUS1
hydrolyzes sucrose into NDP-α-D-glucose, and fructose with
NDP, which later changes into NDP-β-L-rhamnose by
AtRHM1 in the presence of cofactors NAD+ and NADPH
(Fig. 1). Finally, glycosyltransferase, AtUGT89C1 accepts
NDP-β-L-rhamnose as donor substrates, and transfers rham-
nose moiety to quercetin during the reaction assay. Thus, the
system produces quercetin 7-O-rhamnoside as a product and
NDP as a by-product, which is eventually utilized by AtSUS1
to hydrolyze sucrose in the presence of water, and synthesizes
NDP-glucose. Thus, AtSUS1 helps to supply NDP-glucose
continuously from the cheap source sucrose. AtUGT89C1 is
a well-characterized enzyme to transfer rhamnose at the 7-
position of flavonoids, like kaempferol, quercetin, fisetin,
myricetin, and morin (Kim et al. 2013;Yin et al. 2014;
Parajuli et al. 2015) from UDP-β-L-rhamnose.

There are different approaches for the biosynthesis of
quercetin rhamnoside, like microbial biotransformation using
different microorganisms (Lee et al. 2008; Xiao et al. 2014).
E. coli is also becoming popular in synthetic biology for the
efficient cell factories designed by genetic manipulation, or
recombining heterologous genetic materials (Shiloach and
Fass 2005). Additionally, the use of synthetic vector and
heterologous expression of stereo- and regio-specific genes
into a single vector has been practicable approaches for the
efficient production and modification of secondary metabo-
lites (He et al. 2015). However, there are some limitations,
as well as the production of side products, less production of
required products, or use of strict conditions and the use of
expensive precursor materials in the aforementioned
methods. So in order to mitigate the problems that appeared,
we developed an in vitro system that utilizes sucrose as a
primary source of the sugar moiety. Since the use of NDP-β-
L-rhamnose sugar and other NDP sugars is very expensive,
the continuous supply of such sugars is the most important
during glycosylation reactions, which are performed with the
use of sucrose synthase, AtSUS1 and AtRHM1, from very
simple and cheap source, sucrose, by using the recycling
system of NDPs. The best part of this approach is to just
supply substrate and sucrose with the addition of fresh en-
zymes if necessary, for the scale-up production of
rhamnoside products.
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In conclusion, one-pot two-enzyme or three-enzyme cas-
cade systems can be very productive for the production of
bioactive naringenin glucosides and quercetin rhamnoside
products, using an easy and cheap system of regenerating
NDPs sugars from sucrose. The modified products could have
high pharmaceutical and cosmetic values. Therefore, here we
developed cost-effective, eco-friendly, and sustainable sys-
tems to make glycosylated products by continuously synthe-
sizing sugar donors in the glycosylation reaction systems. The
use of abundantly available cheap sucrose as the primary
source of sugar donor in GT-mediated reaction systems devel-
oped industrially applicable reactions. Sucrose synthase,
which catalyzes the reversible conversion of sucrose and
NDP into fructose and NDP-α-D-glucose, has been used to
create a regenerative system of NDP-α-D-glucose, which
was further modified to generate NDP-β-L-rhamnose. Both
the systems were coupled with GTs, such as YjiC and
UGT89C1, to synthesize target products. These results
showed the feasibility of the use of sucrose as the source of
various glyco-diversified natural products, using a cost-
effective and sustainable approach.
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