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Chapter 1

General Introduction



1.1. INTRODUCTION

Glycosylation has been widely acknowledged as one of the most important mechanisms to
enhance the solubility of lipophilic compounds (Lim 2005). Furthermore, it increases stability
and alters pharmacokinetics and bioactivity of aglycone (Liu et al. 2018). A special enzyme,
glycosyltransferases (GTs), accelerates the glycosylating reaction by transferring sugar moiety
from an activated sugar donor to a sugar acceptor (Vogt and Jones 2000). The sugar acceptor
can be protein, lipids, polysaccharides, and various plants’ small molecules (Lairson et al.
2008). The resulting sugar moieties improve physiological activity, specificity, and
pharmacological properties of various natural compounds (Shrestha et al. 2018). Based on
some criteria including amino acid sequence similarities, GTs can be classified into 110

families (CAZy database, http://www.cazv.org/) (Zhang et al 2020). Also,

glycosyltransferases are different depending on their sugar donor preference (Yang et al. 2018).
For instance, the glycosyltransferases that accept nucleoside diphosphates such as uridine
diphosphate (UDP)-glucose, UDP-galactose, UDP-glucuronic acid, and UDP-rhamnose as a
sugar donors belong to UDP-sugar dependent glycosyltransferases (UGTs) family (GT family
1), and are found in diverse organisms including mammals, plants, yeast, fungi, and bacteria
(Bowles et al. 2005; Zhang et al. 2020).

Various kinds of metabolites such as flavonoids and phenylpropanoids usually exist in
their glycosylated forms in plants. Because of enhanced water solubility, these glycosylated
metabolites are easily transported into the vacuole (Pandey et al. 2014). The glycosylated
metabolites have higher molecular weight and melting point which allow for improving
stability as compared to the original metabolites (Kytidou et al. 2020). Depending on the
number and position of the attached sugar moieties, glycosides exhibit diverse properties. The
number of attached sugar moieties is usually one (monosaccharide) or two (disaccharide) such

as gentiobiose, sophorose, and rutinose (Cressey and Reeve 2019). According to the position
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where sugar moiety attaches to aglycone, glycosides are divided into O-, N-, S-, C- and
carboxy-glycosides (Yang et al. 2018). Plants generally accumulate all of these glycosides,
among them O-glycosides are mostly widespread (Vogt and Jones 2000). Common plant
pigments that are responsible for flower color, smell, and flavor exist as O- and carboxy-
glycosides (Sasaki et al. 2014). Flavonoids, well-known secondary metabolites, usually
accumulate as O-glycosides and C-glycosides. The position of attached sugar moiety could
play an important role in the bioactivity of flavonoids. For instance, flavonoid O-glycosides
show high anti-stress and anti-HIV activities, while flavonoid C-glycosides demonstrate high
antioxidant and anti-diabetic properties (Xiao 2017; Xiao et al. 2014).

From the beginning of the 21st century, new ideas and novel technologies have been
investigated for the synthesis of diverse compounds in the bioengineering and biotechnology
fields. Both chemical and enzymatic methods have been developed for synthesizing glycosides
of various natural compounds. But chemical methods are not suitable for regioselective
glycosylation and usually require complicated multiple steps. Compared to that, enzymatic
methods are suitable for regioselective glycosylation, but they have troublesome problems such
as instability of the GT enzymes and the high cost of UDP-sugars. An enzymatic glycosylating
reaction coupled with synthase to recycle UDP-glucose has also been developed (Masada et al.
2007; Pe1 et al. 2019), but it still 1s not applicable for a large-scale bioconversion since it needs
a proper amount of UDP-glucose and high concentration of sucrose. Microorganisms have
been used as alternative hosts to produce various types of plant-originated metabolic
compounds. Production of such compounds through a biotechnological process is a more
efficient and environmentally sustainable way to compare with extraction methods from plant
materials (Eichenberger et al. 2017). Moreover, microbial systems require cheaper materials
and a simple device with a low driving cost. Production of flavonoid glycosides using budding

yeast and Escherichia coli as hosts has been reported (Brazier-Hicks and Edwards 2013; De
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Bruyn et al. 2015). Particularly, the system using E. coli cells administered with glucose and
aglycone has been proven to be a simple and effective method for the production of specific
glycosides (Ito et al. 2014; Kim et al. 2013).

In this study, I focused on the production of mono- and di-glucosides of plant
metabolites such as flavonoids and cinnamates using a bioconversion system driven by the £.
coli cells expressing plant GTs, since little had been reported for such an example. Here, the
bioconversion of flavonoids, cinnamates, and phenolics to their mono- and di-glucosides using
recombinant E. coli cells expressing plant-derived GTs were reported and the scheme was
outlined in Fig. 1-1. In chapter 2, the production of flavonoid C-glucosides such as flavone and
flavonol C-glucosides using E. coli expressing a C-glucosyltransferase (WjGT1) originating
from wasabi is described. In chapter 3, a production of cinnamate glucosides using E. coli
expressing cinnamate glucosyltransferase (IbGT1) that 1s isolated from sweet potato is
provided. In chapter 4, the production and bioconversion process of flavonoid O-glucosides
and phenolic glucosides through tobacco-derived O-glucosyltransferase expressed in E. coli
(NtGT2 or NtGT3) 1s offered. In chapter 5, isolation and characterization of a phenolic
glucoside 1,6-glucosyltransferase from tobacco, and the synthesis of di-glucoside compounds
using this enzyme were reported. In the final chapter, chapter 6, a general discussion and

conclusion are provided.
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Figure 1-1 Scheme of study
E. coli cells expressing plant-derived glycosyltransferases (GTs) convert various compounds

into their glucosides in M9 minimal medium containing glucose
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Chapter 2

Production of flavonoid 6-C-glucosides by bioconversion using Escherichia

coli expressing a C-glucosyltransferase from wasabi (WjGT1)



2.1. ABSTRACT

I attempted to produce flavonoid 6-C-glucosides using Escherichia coli expressing a C-
glucosyltransferase (WjGT1) from wasabi in this chapter. E. coli expressing WjGT1 (Ec-
WjGT1 system) converted flavones (apigenin and luteolin) and flavonols (quercetin and
kaempferol) into their 6-C-glucosides in M9 minimal media with glucose. The final products
increased after the sequential administration of apigenin, kaempferol, and quercetin at a
concentration of 2050 uM every 15—60 min. The system produced isovitexin, kaempferol 6-
C-glucoside, and quercetin 6-C-glucoside at an 89-99% conversion rate. The system also

converted a flavanone (naringenin) into its C-glucoside with a 60% conversion rate in 6 h.

2.2. INTRODUCTION

Flavonoids are natural products produced in plants. These compounds are predominantly
accumulated in plants as O-glycosides but also be found as C-glycosides and further acylated
or glycosylated compounds (Williams 2006). C-glycosides are characterized by the presence
of a carbon-carbon bond between the sugar and the aglycone, which makes them more stable
during enzymatic or acidic hydrolysis than other glycosides (Jay et al. 2006). They often
demonstrate higher pharmacokinetic activities than their O-glycosides and aglycones (Xiao et
al. 2014). Flavone C-glycosides have been found in many plant species. A well-known flavone
C-glucoside 1s isovitexin (an apigenin 6-C-glucoside). Isovitexin is an important ingredient of
medical plants because of its biological benefits including hypotensive and neuroprotective
activities (Choi et al. 2014; Xiao et al. 2016). In contrast, flavonol C-glycosides are rare and
most of them have been reported in Ulmaceae plants (Iwashina 2000; Jay et al. 2006). Flavonol
C-glycosides have been shown to exert various bioactivities including anti-cancer and

osteoblast growth-promoting activities (Hamidullah et al. 2015).



Bioprocesses are more effective in producing flavonoid glycosides than chemical
synthesis as they can modify the compounds easily and regiospecifically (Talhi and Silva 2012).
Several methods for producing flavonoid glycosides using microorganisms, such as budding
yeast and Escherichia coli, have been reported (Brazier-Hicks and Edwards 2013; De Bruyn
et al. 2015). Both yeast and E. coli have been used to produce flavonoid C-glycosides (Brazier-
Hicks and Edwards 2013; Ito et al. 2014). The production of mono-C-glucosides and di-C-
glucosides of flavone have been reported (Brazier-Hicks and Edwards 2013; Ito et al. 2014; Ito
et al. 2017; Shrestha et al. 2018; Sun et al. 2020; Vanegas et al. 2018), but flavonol C-
glucosides have not been produced yet.

In this chapter, I attempt to produce flavonoid 6-C-glucosides using E. coli expressing
C-glucosyltransferase (WjGT1) from wasabi (Eutrema japonicum) that reacts to the 6-position
of both flavones and flavonols (Mashima et al. 2019) (Fig. 2-1). A recombinant E. coli cells
(Ec-WjGT1) produced a large-scale of flavone 6-C-glucosides and flavonol 6-C-glucosides

through a sequential administration of aglycones.

OH
WjGT1
R: (UGT84A57)

Flavones and Flavonols 6-C-Glucosides

R,=H, R,=H apigenin R,=H, R,=H isovitexin

R,=H, R,=OH luteolin R,=H, R,=OH isoorientin

R,=0OH, R,=H  kaempferol R,=0OH, R,=H  kaempferol 6-C-glucoside
R,=0H, R,=0OH quercetin R,=0H, R,=0OH quercetin 6-C-glucoside

Figure 2-1 Structures of the substrates and products in the Ec-WjGT1 system
The enzyme catalyzes 6-C-glucosylation of both flavones and flavonols



2.3. MATERIALS AND METHODS

2.3.1. Reagents

Substrates and standard compounds were obtained as follows; apigenin (Ark Pharm, Arlington
Heights, IL, USA): luteolin (Indofine Chemical, Hillsborough, NJ, USA); kaempferol and
resveratrol (Tokyo Chemical Industry, Tokyo, Japan); quercetin (Cayman Chemicals, Ann
Arbor, MI, USA); naringenin (AmBeed, Arlington Heights, IL, USA); isovitexin
(Extrasynthese, Genay, France); isoorientin (Toronto Research Chemicals, Toronto, ON,
Canada). Other chemicals, solvents, and media were purchased from Sigma-Aldrich (St. Louis,
MO, USA), Nacalai Tesque (Kyoto, Japan), Tokyo Chemical Industries, Kanto Chemical

(Tokyo, Japan), or Wako Pure Chemical Industries (Osaka, Japan).

2.3.2. Bacterial cell culture and protein expression

A 6-C-glycosyltransferase WjGT1 (UGT84A57, GenBank Accession No. LC465149) was
1solated from wasabi cauline leaves (Eutrema japonicum), then subcloned into pDEST15 (Life
Technologies, Tokyo, Japan) for introduction to E. coli Rosetta 2(DE3) (Merck, Darmstadt,
Germany) (Mashima et al. 2019). Recombinant E. coli cells were grown in 5 mL LB broth
containing ampicillin (50 mg/L) and chloramphenicol (34 mg/L) at 37 °C and 150 rpm
overnight. A 1 mL of an overnight culture was transferred into 100 mL fresh LB broth with the
same concentration of antibiotics and incubated at the same condition until ODeoo reached 0.5—
0.6. The culture was then induced with 0.4 mM IPTG and incubated at 22 °C and 150 rpm

overnight for expression of WjGT1 protein.
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2.3.3. Substrate bioconversion

The overnight culture was centrifugated at 3,000 xg for 10 min and the cell pellet was
resuspended in M9 minimal media containing 2% (w/v) glucose (see Appendix) (Sambrook
and Russell 2001) at a cell density was ODgoo=2.5—3.5 for bioconversion reaction. Each cell
suspension was supplemented with 20—50 pM concentrations of apigenin, luteolin, kaempferol,
quercetin, naringenin, and resveratrol then incubated at 30 °C and 150 rpm for substrate
conversion. An aliquot of the culture medium was sampled at a certain time and centrifuged at
10,000 xg for 2 min to remove bacterial cells. Then an equal volume of methanol was added
to the supernatant to precipitate unnecessary content and the sample was centrifuged again with
the same speed. The supernatant was filtrated through a 0.2 pm membrane filter (Millex LG,

Merck) for UPLC-MS analysis.

2.3.4. Scale-up production of the flavonoid 6-C-glucosides

A total of 440-500 mL cell cultures were sequentially administered 20 uM of apigenin, 40 pM
of kaempferol, and 50 uM of quercetin as dimethyl sulfoxide (DMSO) solution every 15—60
min in six to twenty cycles. The culture was then incubated at 30 °C overnight. Samples were
collected from cell cultures before and after every administration and analyzed using UPLC-

MS.

2.3.5. Purification of the products

After the overnight bioconversion, the cultures were centrifuged at 10, 200 xg for 10 min and
the supernatants were applied to an ODS column (28 mm 1.d. x 230 mm, Wako-gel 50C18;
Wako Pure Chemical Industry) prewashed with 100% and equilibrated with 10% methanol.

Each compound was then eluted using a linear gradient of 150 mL of 10-50% methanol, and
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the fraction containing the final product was then concentrated by rotary evaporator, followed

by centrifugal concentration.

2.3.6. UPLC-MS analysis

UPLC-MS analysis was performed using an ACQUITY UPLC SQD system (Waters, Milford,
MA, USA) equipped with an ODS column (2.1 mm 1.d. x 50 mm, 1.7 pm; ACQUITY UPLC
BEH C18 Column, Waters), an electron-spray ionization probe (negative mode), and a diode
array detector as described by Mashima et al. (2019). For flavone glucosides, flavonol
glucosides, and stilbene glucoside, the column was eluted with 20% solvent B (methanol
supplemented with 0.1% formic acid) in A (water supplemented with 0.1% formic acid) for 30
s, followed by a gradient from 20-60% solvent B for 2 min, 60 % solvent B in A for 2 min,
and 20% solvent B in A for 2 min at a flow rate of 0.25 mL min” and temperature of 40 °C
(LC-Method A). For flavanone glucoside, the column was eluted with 5% solvent B in A for
30 s, followed by a gradient of 5-20% solvent B for 3 min, 20% solvent B in A for 30 s, a
gradient of 20—60% solvent B for 2 min, 60% solvent B in A for 2 min 30 s, and 5% solvent B
in A for 1 min 30 s at the same rate and temperature (LC-Method B). The eluent was monitored
at 340 (apigenin and luteolin), 360 (kaempferol and quercetin), 290 (naringenin), and 310 nm

(resveratrol).

2.3.7. NMR analysis

All purified products were dissolved in dimethyl sulfoxide (DMSO)-ds for an analysis and
NMR spectra were recorded on a Bruker Avance Neo 400 spectrometer (Bruker BioSpin,
Yokohama, Japan) at 400 MHz and was compared with the reported NMR spectra of related
compounds. The NMR assignment were shown in Table 2-1 (Maatooq et al. 1997; Markham

et al. 1978).
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Table 2-1 NMR assignment of the purified compounds produced by bioconversion (400
MHz, dimethyl sulfoxide-ds (DMSO-ds))

Isovitexin Kaempferol 6-C-glucoside Quercetin 6-C-glucoside
H (8) J (Hz) 13C (3) H (&) J(Hz) 13C (8) H (8) J (Hz) 13C ()
Flavonoid
2 - - 163.8 - - 147.0 - - 148.2
3 6.79 s 103.2 - - 136.0 - - 136.1
4 - - 1824 - - 1766 - - 176.5
5 - - 161.1 - - 160.3 - - 160.3
6 - - 109.4 - - 1087 - - 108.6
7 - - 164.0 - - 163.7 - - 163.7
8 6.53 s 941 6.49 s 936 6.47 s 935
9 - - 156.7 - - 1556 - - 1555
10 - - 1038 - - 103.2 - - 1031
1 - - 1216 - - 1221 - - 1224
2’ 7.94 d(8.8) 1289 8.06 d(9.0) 130.0 7.68 d(22) 1154
3’ 6.94 d(8.8) 1165 6.94 d(9.0) 1159 - - 1456
4’ - - 161.7 - - 159.7 - - 147.0
5 6.94 d(8.8) 1165 6.94 d(9.0) 1159 6.89 d(8.5) 116.1
6’ 7.94 d(8.8) 1289 8.06 d(9.0) 130.0 755 dd(85,22) 1204
Glucose moiety
1 460 d(9.8) 735 461 d(9.8) 736 461 d(9.8) 735
2" 406 dd(9.1,91) 707 407 dd(9.1,9.1) 707 407 dd(9.0,9.0) 70.7
3" 313320 m 794 313320 m 795 3.133.21 m 795
4" 313320 m 711 313320 m 711 3.133.21 m 711
5" 3.133.20 m 821 313320 m 821 3.133.21 m 821
6" 3.70 d(10.7) 62.0 3.70 d(10.6) 62.0 3.70 d(10.7) 62.0
3.42 dd (11.7,5.8) 342 dd(11.7,5.8) 342 dd(11.7,5.7)
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2.4. RESULTS

2.4.1. Bioconversion of flavones and flavonols to their 6-C-glucosides

Apigenin and luteolin belong to the flavone subgroup and are natural substrates of WjGT1;
moreover, apigenin 6-C-glucoside (isovitexin) and luteolin 6-C-glucoside (isoorientin) are
highly accumulated in wasabi leaves. Therefore, I tested E. coli expressing WjGT1 (Ec-
WjGT1) for conversion of apigenin and luteolin into isovitexin and isoorientin, respectively.
The recombinant protein was expressed in E. coli, and SDS-PAGE analysis of the purified
enzyme showed in Fig. 2-2. The Ec-WjGT1 culture was resuspended in M9 minimal media
containing 2% (w/v) glucose, then 10 mL culture was supplemented with apigenin or luteolin
at final concentration was 50 uM. The bioconversion reaction was performed for 2 h, and
samples were collected from the medium for UPLC analysis. The analysis result showed that
conversion of these substrates started immediately after their addition and the added substrates
were completely converted to isovitexin or isoorientin in 1 h. The final products were compared
and confirmed by their standard compounds (Fig. 2-3).

The Ec-WjGT1system was also examined to produce flavonol C-glucosides which have
not yet been produced by the E. coli system. A well-known flavonols including kaempferol
and quercetin were selected as substrates in this experiment. The same amount of cell culture
was individually supplemented with 50 pM concentrations of kaempferol and quercetin, and
all substrates were converted to their glucosides in 1 h (Fig. 2-4 A-B, D-E). The products
presented with a [M-H] ion at m/z 447 and 463, which corresponds with the glucosides of
kaempferol and quercetin, respectively. They are likely C-glucosides, as judged by [M-H-120]
ion at m/z 327 and 343, respectively, which are a typical fragmentation of C-glucosides (de

Villiers et al. 2016) (Fig. 2-4 C, F).
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Figure 2-2 SDS-PAGE analysis of the recombinant WjGT1 protein expressed in E. coli.
Proteins were separated on a 12.5% SDS-PAGE. Lane M, Size marker (PageRuler unstained
protein ladder, ThermoFisher Scientific); lane 1 and 2, insoluble (1) and soluble (2) fraction of
the cell-free extract; 3, recombinant WjGT1 protemn purified with the GST tag. Arrowhead
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Figure 2-4 Bioconversion of flavonols (kaempferol and quercetin) to their 6-C-glucosides

by the Ec-WjGT1 system

Each panel shows the UPLC-MS results of kaempferol (A—C) and quercetin (D-F)
bioconversion at 0 h (A, D) and 1 h (B, E), and the purified products of the bioconversion
following sequential administration of the substrates and their MS-spectrum (C, F). Peak
identification: K, kaempferol; Q, quercetin; k1 (kaempferol 6-C-glucoside) and ql (quercetin

6-C-glucoside), product peaks of kaempferol and quercetin conversion; IS, internal standard

(chrysin).
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2.4.2. Scale-up production of flavone and flavonol 6-C-glucosides

The production of flavonoid C-glucosides is getting more attention because of their high
biological activity and stability. A microbial system is a simple and easy way to produce
specific glucosides. Therefore, the Ec-WjGT1 was scaled up to test an efficient bioconversion
of flavonoid C-glucosides. First, different concentrations of apigenin such as 10 pM, 20 uM,
50 uM, 100 pM, and 200 uM were examined for bioconversion reaction. Somehow, more than
20 uM concentrations of the substrate immediately precipitated in the M9 medium and could
not be completely converted to its glucoside. Thus, low concentrations of substrates including
20 uM apigenin, 40 pM kaempferol, and 50 uM quercetin were selected for the experiment. A
requirement of glucose concentration was also examined to optimize the reaction condition.
The cell culture was suspended in M9 media containing 0%, 0.2%, 0.5%, and 2% of glucose
for conversion of 20 nM apigenin. When 2% (w/v) of glucose was contained in the medium,
the conversion reaction finished in 30 min, which was faster than those in other concentrations
(Fig. 2-5). Hence glucose concentration was fixed at 2% (w/v) for the scale-up reaction to
maintain bioconversion efficiency.

In scale-up reaction, apigenin, kaempferol, and quercetin were supplied to cell culture
every 15 min, 30 min, and 60 min, and the total cycles were twenty, six, and seven, respectively
(Fig. 2-6). A total of 53 mg of quercetin, 52 mg of apigenin, and 30 mg of kaempferol were
sequentially administered to 500 mL, 480 mL, and 440 mL cell culture, respectively, and
bioconversion process was performed at 30 °C and 150 rpm overnight. The bioconversion
efficiency of isovitexin, kaempferol C-glucoside, and quercetin C-glucoside were 99%, 98.5%,
and 89%, and the production yields were approximately 171.8, 105.1, and 144.9 mg/L,

respectively.
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Figure 2-5 Effect of glucose concentration on bioconversion of apigenin by the Ec-WjGT1
system
Bioconversion was performed in M9 minimal media containing 0%, 0.05%, 0.2%, 0.5%, and
2% (w/v) of glucose with the addition of 20 uM apigenin, and the culture media was sampled
during 60 min and analyzed by UPLC. The graph shows a concentration of isovitexin in the

media of each condition.
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Figure 2-6 The production of isovitexin by the Ec-WjGT1 system
Apigenin (20 pnM) was administered sequentially to the media every 15 min resulting in a total
of 20 times introduction. The results of the first four administrations, until 1 h, and the final
product after 6 h are shown. The “+” indicates the addition of apigenin. Closed and open
triangles indicate the product (isovitexin) and the addition of the substrate (apigenin),

respectively. IS indicates the internal standard (chrysin) which was added to the sample before
UPLC.
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2.4.3. Purification of 6-C-glucosides and NMR analysis

The products were purified using an ODS column then concentrated by evaporation.
Approximately 25 mg of each crystallized product was dissolved (DMSO)-ds for NMR
analysis. The analysis showed that signals from the H-6 were not observed in 'H-NMR;
moreover, correlations between H-1" (glucose moiety, & 4.60, 4.61 and 4.61) and C-6 (109.4,
108.6 and 108.7) were observed in heteronuclear multiple bond correlation (HMBC) analysis
of the converted products of apigenin, quercetin, and kaempferol, respectively. This result

indicates that they are 6-C-glucosides of flavone and flavonol (Table 2-1 and Fig. 2-7).

2.4.4. Bioconversion of other substrates

Naringenin (a flavanone) and resveratrol (a stilbene) were examined to understand an
acceptance of the substrate in the Ec-WjGT1 system. Both substrates were administered once
to 10 mL cell culture at a final concentration of 50 pM and incubated for 6 h. Two peaks of
product were observed by the UPLC analysis when naringenin was used, and the LC-MS
analysis showed that the main product is presumed to be a naringenin 6-C-glucoside.
Interestingly, the MS spectrum of a minor product was much similar to that of the main product.
These results proved that both products are naringenin C-glucosides (Fig. 2-8), somehow,
naringenin could be glycosylated at the other position such as 3’ or 8-position next to a phenolic
hydroxyl group. The conversion efficiency of naringenin over a 6 h period was 60%. The Ec-
WjGT]1 glucosylated only a small amount of resveratrol at a rate of 14% conversion. The signal
of mass spectrum presented with a [M-H] ion at m/z 389, suggesting that the product could be
resveratrol glucoside (Fig. 2-9), but the structure could not be determined because of the less

product.
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Figure 2-7 Heteronuclear multiple bond correlation (HMBC) analysis of the purified
compounds produced by bioconversion process

The purified products were dissolved in DMSO-d6 and analyzed by NMR. Each panel shows
the result of HMBC analysis of isovitexin (A), kaempferol 6-C-glucoside (B), and quercetin 6-
C-glucoside (C), respectively. Green arrows in chemical structure indicate the HMBC

correlation between H-1" of glucose and carbon of flavonoid.
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Figure 2-8 Bioconversion of naringenin by the Ec-WjGT1 system

Each panel shows the UPLC-MS result for naringenin bioconversion at 0 h (A) and 6 h (B),
and the product MS spectra (C). The MS analyses of the product display [M-H] 1on at m/z 433
and [M-H-120] 1on at m/z 313, which are typical fragmentations of C-glucoside. Peak

identification: N, naringenin; nl and n2, product.
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Figure 2-9 Bioconversion of resveratrol by the Ec-WjGT1 system
The UPLC-MS result of resveratrol bioconversion at 0 h (A) and 6 h (B) and the product MS

spectrum. Peak identification: R, resveratrol; r1, product.
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2.5. DISCUSSION

Plant flavonoids serve a variety of biological functions, and their glycosides are of particular
interest as this modification often alters their underlying properties. Various flavonoid
glycosides have been produced using recombinant microbial systems augmented with GTs
originating from both plants and microorganisms, but most of these systems produce O-
glycosides. The production of flavonoid C-glycosides is limited because of the limited number
of C-glycosyltransferases (CGTs) currently characterized. Bioconversion of flavonoids into
their C-glycosides has been performed using rice OsCGT or buckwheat FeCGTa (Brazier-
Hicks and Edwards 2013; Ito et al. 2014); however, these glycosides were mixtures of 6-C-
and 8-C-flavonoid glucosides due to the reactivity of the enzymes. In addition, bioconversion
using citrus FcCGT successfully produced 6,8-di-C-glycosyl flavonoids (Ito et al. 2017).
Recently, the de novo synthesis of these compounds from tyrosine was reported in E. coli
augmented with a CGT isolated from bamboo, which also produces a mixture of C-glucosides
(Sun et al. 2020).

In recent years, the production of only the 6-C-glucosides of flavone by either E. coli
or yeast has been reported (Shrestha et al. 2018; Vanegas et al. 2018) with relying on
GtUF6CGT derived from gentian (Sasaki et al. 2015). Improved productivity of C-glucosides
has also been achieved by combining cellobiose phosphorylase and controlling the
concentration of acetic acid (Pei et al. 2018). However, flavonol C-glycosides are not produced
by these biological processes. In this chapter, both flavonol 6-C-glucosides and flavone 6-C-
glucosides were produced easily and quickly using the Ec-WjGT1 system which 1s E. coli
expressing WjGT1 enzyme from wasabi (Mashima et al. 2019). This enzyme shows a broader
substrate specificity for aglycones than GtUF6CGT (Sasaki et al. 2015), which made the
conversion of multiple substrates possible. The conversion rate also reached 89-99%,

depending on the substrate, after sequential administration of low concentrations of substrate,
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which was similar to the previous study describing the use of substrates with low solubility in
these systems (Ito et al. 2014). Furthermore, the Ec-WjGT1 system converted flavanone
(naringenin) into its C-glucosides, suggesting that it can be used for the bioconversion of a
wide range of substrates. Recently, the structures of several CGTs have been reported, and their
substrate recognition has also been elucidated (He et al. 2019; Zhang et al. 2020). Hence, it
may be possible to expand the application of the Ec-WjGT1 system for the production of

various C-glucosides using the genetically modified enzyme with altered substrate specificity.
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Chapter 3

Production of cinnamate and benzoate glucosides by
bioconversion using Escherichia coli expressing a cinnamate

glucosyltransferase from sweet potato (IbGT1)
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3.1. ABSTRACT

In this chapter, I studied the production of glucose esters using Escherichia coli expressing a
cinnamate glucosyltransferase (IbGT1) from sweet potato. The recombinant IbGT1 was found
to react toward not only several kinds of cinnamates but also some benzoates, such as p-
hydroxybenzoic acid and benzoic acid. E. coli cells expressing IbGT1 (Ec-IbGT1 system)
converted 200 nM cinnamates (z-cinnamic acid, p-coumaric acid, ferulic acid, and o-coumaric
acid) into their glucose esters mostly within 3 h. The conversion rates of caffeic acid and sinapic
acid were lower than other substrates tested, though enzyme activities toward these compounds
were comparable to others. The system also converted p-hydroxybenzoic acid into its glucose
ester. A scaled-up production combined with sequential administration of sinapic acid and p-
hydroxybenzoic acid yielded their glucose esters with conversion rates of 69% and 98%,

respectively.
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Chapter 4

Production of glucosides of flavonoids and phenolics by bioconversion
using Escherichia coli expressing an O-glucosyltransferase from tobacco

(NtGT2 or NtGT3)
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4.1. ABSTRACT

In this chapter, production of flavonoid O-glucosides and phenolic glucosides using E. coli
cells expressing respective NtGT2 (Ec-NtGT2) and NtGT3 (Ec-NtGT3) from tobacco was
studied. Ec-NtGT2 system converted flavonols (quercetin and kaempferol, 50 pM), flavones
(apigenin and luteolin, 20 nM), and flavanone (naringenin, 50 pnM) into their 7-O-glucosides
in 1 h with conversion rates of 67-98%. In scaled-up production, the system yielded 59 mg/L
of apigenin 7-O-glucoside, 52 mg/L of luteolin 7-O-glucoside, 118 mg/L of quercetin 7-O-
glucoside, 90 mg/L of kaempferol 7-O-glucoside, and 166 mg/L of naringenin 7-O-glucoside
through sequential administration of substrates in 4-9 h. The conversion rates of apigenin,
luteolin, quercetin, kaempferol, and naringenin were 97%, 72%, 77%, 98%, and 96%,
respectively. Similarly, Ec-NtGT3 system converted flavonols (quercetin and kaempferol, 50
uM) and phenolic compounds (1-naphthol, 2-naphthol, and p-nitrophenol, 100 uM) into
flavonol 3-O-glucosides and phenolic glucosides, respectively with conversion rates of 75—

96%.

4.2. INTRODUCTION
Flavonoids are natural phytochemicals with various health benefits, including anti-allergenic,
anti-cancer, and anti-cardiovascular disease properties (Harborne and Williams 2000). These
compounds typically accumulate in plants mostly as O-glycosides, although C-glycosides also
accumulate (Williams 2006). More than 2000 types of flavonoid O-glycosides have been
identified and are commonly used in pigments, cosmetics, and natural medicines (Wang et al.
2019; Williams 2006). Flavonoids in plants are typically glycosylated at the 3- or 7- hydroxyl
group, and rarely at the 4'- hydroxyl group (Yang et al. 2018).

Enzymatic production using plant UGT enzymes is an efficient method for the

regiospecific synthesis of flavonoid glycosides, as the flavonoid structure has many hydroxyl
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groups that can be glycosylated. Furthermore, microbial systems expressing these UGTs are
economic and convenient because they supply an endogenous source of costly and unstable
cofactors. The production of some O-glycosides has been studied in microbial systems (De
Bruyn et al. 2015; Ji et al. 2020; Pandey et al. 2013). However, most of the compounds
produced are flavonoid 3-O-glycosides, whereas the production of a few flavonoid 7-O-
glycosides has been evaluated (Kim et al. 2015). The production system for flavonoid 7-O-
glucosides still has some difficulties with regard to final product efficiency and production
period (He et al. 2008; Koirala et al. 2019; Penso et al. 2014; Thuan et al. 2018; Zhu et al.
2020). One reason for this 1s the reactivity of the enzyme. Therefore, Zhu et al. improved the
enzyme reactivity through point mutation of amino acid residues to increase the product
efficiency, but the production period was not shortened (Zhu et al. 2020).

In this chapter, the production of flavonoid O-glucosides and phenolic glucosides using
E. coli cells expressing either of two glucosyltransferases isolated from tobacco (Nicotiana
tabacum), NtGT2 (UGT75L3) denoted as Ec-NtGT2 and NtGT3 (UGT71A11) denoted as Ec-
NtGT3 was ivestigated. The NtGT2 catalyzes a glucosylation of the 7-hydroxyl group of
flavonoids, although it was extremely unstable after protein extraction (Taguchi et al. 2003b).
In contrast, the NtGT3 was more stable and catalyzes a glucosylation of broad substrates,
including 3-hydroxyl group of flavonoids, 7-hydroxyl group of coumarins, and naphthols
(Taguchi et al. 2003a). Here, I presented a production of flavonoid 7-O-glucosides and 3-O-
glucosides using Ec-NtGT2 and Ec-NtGT3, respectively (Fig. 4-1). The Ec-NtGT3 system was
also examined to transform phenolic compounds (naphthols and p-nitrophenol) into their

glucosides.

34



on oo I
N’Gr o | P A
3(0 .
OH 0 Gr? OH I) -
74 77} _ j-ﬂﬂ

Quercetin 3-0O-glucoside

Figure 4-1 Overview of NtGT2 and NtGT3 reactions.
NtGT2 and NtGT3 catalyze 7-O- and 3-O-glucosylation of flavonoid, respectively.

4.3. MATERIALS AND METHODS

4.3.1. Reagents

Substrates and standard compounds were obtained as follows; apigenin 7-O-glucoside, luteolin
7-O-glucoside, naringenin 7-O-glucoside (Extrasynthese); 1-naphthol, 2-naphthol, and p-
nitrophenol (Wako Pure Chemical Industry); p-nitrophenol glucoside (Nacalai Tesque).
Kaempferol 7-O-glucoside and quercetin 7-O-glucoside were enzymatically synthesized in our
laboratory as previous method (Taguchi et al. 2003b). 1-Naphthol glucoside and 2-naphthol
glucoside were synthesized from I1-naphthol and 2-naphthol by the method previously

described (Taguchi et al. 2003a). Others were listed in Chapter 2.

4.3.2. Bacterial cell culture and protein expression
E. coli BL21(DED3) cells expressing NtGT2 (UGT75L3, GenBank Accession No. AB072919)
or NtGT3 (UGT71A11, GenBank Accession No. AB072918) cloned into the pET-28¢c (+)

vector (pET-NtGT2 (Taguchi et al. 2003b) or (pET-NtGT3 (Taguchi et al. 2003a)) were used
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in this work. Bacterial cell culture and protein expression were performed as described in

Chapter 2, using LB broth containing 50 mg/L kanamycin.

4.3.3. Substrate bioconversion

Bioconversion of each substrate was performed as described in Chapter 2. The Ec-NtGT2 was
treated with 50 pM flavonols (quercetin and kaempferol), 20 uM flavones (apigenin and
luteolin) or 50 uM flavanone (naringenin). The Ec-NtGT3 was treated with 50 uM flavonols
(quercetin and kaempferol) or 100 uM phenolic compounds (1-naphthol, 2-naphthol, and p-

nitrophenol). The bioconversion process was carried out at 30 °C for 1 h.

4.3.4. Scale-up production of the flavonoid 7-O-glucosides
A total of 400760 mL cell cultures were sequentially administered 20 nM of apigenin or
luteolin, 40 uM of kaempferol, and 50 uM of quercetin or naringenin every 30—60 min in five

to eight cycles, as in Chapter 2. The culture was then incubated at 30 °C for 4-9 h.

4.3.5. Purification of the products

The cells were centrifuged, and the supernatant was applied to a Sep-Pak C18 column (35 cc,
Silica C18-10g; Waters) prewashed with 100% methanol and equilibrated with 20% methanol,
as 1n Chapter 2. Each compound was then eluted using a linear gradient of 150 mL of 20-60%
methanol, and the fraction containing the final product was concentrated by rotary evaporation,

followed by centrifugation.
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4.3.6. UPLC-MS analysis

The condition and method of UPLC-MS was described in Chapter 2. For flavonoid glucosides,
LC-Method A and B were used. For naphthol glucosides, the column was eluted with 20%
solvent B (methanol supplemented with 0.1% formic acid) in solvent A (0.1% formic acid) for
30 s, followed by a gradient from 20—60% solvent B for 4 min, 60% solvent B in A for 1 min
30 s, and 20% solvent B in A for 2 min at a flow rate of 0.25 mL min™ and temperature of
40 °C (LC-Method D). For p-nitrophenol glucoside, the column was eluted with 5% solvent
B in solvent A for 30 s, followed by a gradient from 5-20% solvent B for 3 min, 20% solvent
B 1n solvent A for 30 s, then a gradient from 20-60% solvent B for 2 min, 60% solvent B in
solvent A for 2 min 30 s, and 5% solvent B in solvent A for 1 min 30 s at the same rate and
temperature (LC-Method E). The eluent was monitored at 275 (2-naphthol), 285 (1-naphthol),

and 315 nm (p-nitrophenol).

4.3.7. NMR analysis
NMR analysis was performed using the same equipment as Chapter 2. The recorded

spectrometer was compared with the reported NMR spectra of related compounds (Markham

et al. 1978; Shimoda et al. 2010). The NMR assignments are listed in Table 4-1 A—C.

37



Table 4-1 A NMR spectroscopy assignment of the kaempferol 7-O-glucoside and quercetin 7-
O-glucoside produced by the Ec-NtGT?2 system (400 MHz, dimethyl sulfoxide-ds (DMSO-ds))

Kaempferol 7-O-glucoside Quercetin7-0O-glucoside
1H (3) J (Hz) 183G (8) 1H (3) J (Hz) 18C (3)
Flavonoid
2 - - 148.0 - - 148.4
3 - - 136.5 - - 136.6
4 - - 176.6 - - 176.5
5 - - 160.8 - - 160.8
6 6.43 d(2.1) 99.2 6.43 d(2.1) 99.2
7 - - 163.2 - - 163.2
8 6.81 d(2.1) 94.8 6.78 d(2.1) 94.7
9 - - 156.2 - - 156.2
10 - - 105.2 - - 105.1
1’ - - 122.0 - - 122.3
2’ 8.08 dd(9.0,2.8)  130.1 7.73 d(2.2) 115.8
3’ 6.95 dd (9.0, 2.8) 116.0 - - 145.5
4’ - - 159.9 - - 148.0
5 6.95 dd(9.0,2.8) 116.0 6.91 d(8.5) 116.1
6’ 8.08 dd(9.0,2.8)  130.1 7.56 dd (8.5, 2.2) 120.5
Glucose moiety
17 5.08 d(7.4) 100.3 5.09 d(7.4) 100.3
2" 3.25-3.34 m 73.6 3.25-3.32 m 73.6
3" 3.25-3.34 m 76.9 3.25-3.32 m 76.9
4" 3.19 dd (8.9, 8.9) 70.0 3.19 dd (8.8, 8.8) 70.0
5" 3.44-3.51 m 77.6 3.44-3.50 m 77.6
6" 3.72 d(9.8) 61.1 3.72 d(10.0) 61.1
3.44-3.51 m 3.44-3.50 m
Aromatic-OH
125 iH, s 12.52 iH, s
10.18 iH, s
9.55 iH, s 9.52 3H, br
Glucose-OH
5.41 1H, br
5.10 2H, br
4.63 1H, br
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Table 4-1 B NMR spectroscopy assignment of the apigenin 7-O-glucoside and luteolin 7-O-
glucoside produced by the Ec-NtGT2 system (400 MHz, dimethyl sulfoxide-ds (DMSO-ds))

Apigenin 7-O-glucoside Luteolin 7-O-glucoside
1H (&) J (Hz) 13C (3) H (3) J (Hz) 18C (&)
Flavonoid
2 - - 164.8 - - 164.8
3 6.87 s 103.5 6.68 s 103.5
4 - - 182.5 - - 182.5
5 - - 161.6 - - 161.6
6 6.45 d(2.2) 100.0 6.38 d(2.1) 100.0
7 - - 163.4 - - 163.4
8 6.84 d(2.1) 95.3 6.72 d(1.9) 95.3
9 - - 157.4 - - 157.4
10 - - 105.8 - - 105.8
1’ - - 121.4 - - 121.4
2! 7.96 d(8.8) 129.1 7.36 s 1291
3’ 6.95 d(8.8) 116.5 - - 116.5
4’ - - 162.0 - - 162.0
5’ 6.95 d(8.8) 116.5 6.84 d(8.0) 116.5
6’ 7.96 d(8.8) 129.1 7.38 d(8.4) 129.1
Glucose moiety
17 5.11 d(13.2) 100.4 5.02 d(7.3) 100.4
2" 3.26-3.31 m 73.6 3.18-3.27 m 73.6
3" 3.30-3.35 m 76.9 3.18-3.27 m 76.9
4" 3.20 dd (8.8,8.8) 70.0 3.12 dd (7.6,7.6) 70.0
5" 3.44-3.49 m 77.6 3.37-3.44 m 77.6
6" 3.73 d(10.2) 61.1 3.65 d(10.3) 61.1
3.46-3.52 m 3.37-3.44 m
Aromatic-OH
13.00 iH, s 12.92 1H, s
Glucose-OH
541 2H, br
4.64 iH, br
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Table 4-1 C NMR spectroscopy assignment of the naringenin 7-O-glucoside produced by the
Ec-NtGT2 system (400 MHz, dimethyl sulfoxide-ds (DMSO-ds))

Naringenin 7-O-glucoside

H (3) J (Hz) 18C (3)
Flavonoid
2 550 dd (12.8, 2.9) 79.2
3 3.31-3.40 m 425
2.74 dd (17.0, 2.6)
4 - - 197.7 (197.7)
5 - - 163.4 (163.4)
6 6.14 d(2.2) 97.0
7 - - 165.8 (165.7)
8 6.16 d(2.1) 95.9
9 - - 163.3 (163.2)
10 - - 103.7
17 - - 129.1 (129.1)
2’ 7.33 d (8.6) 128.9
3 68 d (8.5) 1157
4" - - 158.3
5 68 d (8.5) 1157
6’ 7.33 d (8.6) 128.9

Glucose moiety

1" 4.98 dd (9.4, 7.6) 100.1 (99.9)
2" 3.20-3.28 m 73.5
3" 3.20-3.28 m 77.6
4" 315 m 69.9
5" 3.31-3.40 m 76.8
6" 3.66 d(11.5) 61.0
3.41 dd(12.2,5.7)
Aromatic-OH
12.06 iH, s
Glucose-OH
4.55 6H, br
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4.4. RESULTS

4.4.1. Bioconversion of flavonoids to their 7-O-glucosides

Flavonoid 7-O-glucosides have received attention because of their various biological activities.
The production of flavonoid 7-O-glucosides has been reported, but the production yield is
lower than that of flavonoid 3-O-glucosides (Zhu et al. 2020). Thus, the NtGT2 that was
1solated by our group and catalyzes regiospecific glucosylation of the 7-hydroxyl group of
flavonols was analyzed for the production of flavonoid 7-O-glucosides (Taguchi et al. 2003b).
The recombinant protein was expressed in E. coli (Fig. 4-2). However, it was unstable after
protein extraction and unsuitable for the production of glucosides using a purified enzyme.
Therefore, the Ec-NtGT2 system was examined as a whole-cell catalyst for bioconversion of
some flavonoids to 7-O-glucosides. First, the system was administered 20 uM apigenin or
luteolin. This low concentration of substrate was selected to prevent substrate precipitation,
similar to the production of flavonoid C-glucosides, as mentioned in Chapter 2. Apigenin began
to accumulate in the cells immediately after being added to the medium and was converted to
its glucoside, which was detected in the medium. The glucoside peak (al) presented an [M-H]
ion at m/z 431, which was confirmed to be apigenin 7-O-glucoside (A7G), when compared to
the standard compound (Fig. 4-3). The concentration of apigenin in the medium started to
decrease immediately after its addition; therefore, the amount of apigenin at 0 min was
significantly less than the initial amount of administered substrate (20 uM) (Fig. 4-3 B, D).
Approximately 19.6 uM of apigenin 7-O-glucoside was detected in the medium after 1 h, with
a conversion rate of 98%. Luteolin was converted to its glucoside, presenting an [M-H] 1on at
m/z 447 with a 67% conversion rate (peak 12, Fig. 4-4 B-D), and this glucoside was confirmed
to be luteolin 7-O-glucoside (L.7G) when compared to the standard compound. Minor peaks
were also observed, one of which presented an [M-H] 1on at m/z 609 (peak 11, Fig. 4-4 C-D),

corresponding to the di-glucoside of luteolin.
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Figure 4-2 SDS-PAGE analysis of the recombinant NtGT2 protein expressed in E. coli.
Proteins were separated on a 12.5% SDS-PAGE. Lane M, Size marker (PageRuler unstained
protein ladder, ThermoFisher Scientific); lane 1 and 2, insoluble (1) and soluble (2) fraction of
the cell-free extract; 3, recombinant NtGT2 protein purified with the 6xHistidine tag.
Arrowhead indicates the size of the recombinant NtGT?2 protein.
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Figure 4-3 Bioconversion of apigenin using the Ec-NtGT2 system. A—C UPLC profiles of the

standard of apigenin and apigenin 7-O-glucoside (A), and culture media at 0 min (B) and 60

min (C) after addition. Peak identification: Ap, apigenin; A7G, apigenin 7-O-glucoside; al,

product peak of apigenin conversion; and IS, internal standard (chrysin). Time course of the

production of apigenin 7-O-glucoside after addition of 20 uM apigenin (D). Open and closed

circles indicate the concentrations of apigenin and the product, respectively. Mass spectrum

and chemical structure of the product (peak al) (E).
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In addition, the Ec-NtGT2 system was tested to examine the conversion of other
flavonoids, including flavonols (kaempferol and quercetin) and a flavanone (naringenin). The
system converted these flavonoids (50 uM) into O-glucosides within 1 h. The conversion of
kaempferol yielded a single product (peak k1) presenting an [M-H] ion at m/z 447. This
product was confirmed to be kaempferol 7-O-glucoside (K7G) when compared to the standard
compound (Fig. 4-5 A-D). Naringenin was also converted to a single product (peak nl) with
an [M-H] ion at m/z 433, which was confirmed to be naringenin 7-O-glucoside (N7G) when
compared to the standard compound (Fig. 4-5 E-H). Quercetin was converted to the main
product (peak q2) and some minor products (peak ql and asterisks), similar to luteolin (Fig. 4-
4 G). The main product (peak q2) presented with an [M-H] 1on at m/z 463, and it was confirmed
as quercetin 7-O-glucoside (Q7G) when compared to the standard compound (Fig. 4-4 E-G).
A minor product at a retention time of 2.35 min (peak ql, 2.41 min for MS analysis) presented
with an [M-H] 1on at m/z 625, corresponding to the di-glucoside of quercetin (peak ql, Fig. 4-
4 H). Both luteolin and quercetin possess two hydroxyl groups on the B-ring, whereas the other
tested flavonoids had one hydroxyl group. Luteolin and quercetin were likely further
glucosylated at another hydroxyl group (possibly 3’-OH) during bioconversion. Unfortunately,
these byproducts could not be identified owing to their low yields. The conversion rates of
kaempferol, quercetin, and naringenin to kaempferol 7-O-glucoside, quercetin 7-O-glucoside,

and naringenin 7-O-glucoside, respectively, were 78%, 77%, and 93%.
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Figure 4-5 Bioconversion of kaempferol and naringenin using the Ec-NtGT2 system. Each
panel shows the UPLC-MS results of kaempferol (A-D) and naringenin (E-H), which
represent the standard compounds (A, E), culture media at 0 min (B, F) and 60 min (C, G), and
MS spectra of the product (D, H). The MS analyses of the products showed [M-H] ion at m/z
447 and 433, corresponding to kaempferol glucoside and naringenin glucoside, respectively.
Peak identification: K, kaempferol; K7G, kaempferol 7-O-glucoside; N, naringenin; N7G,
naringenin 7-O-glucoside; k1 and nl, products of kaempferol and naringenin; and IS, internal

standard (chrysin).
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Scale-up production of flavonoid 7-O-glucosides has been attempted using these
flavonoids as substrates. In Chapter 2, a high concentration of flavonoids was immediately
precipitated in the medium after administration, and their conversion rates were low. In contrast,
flavonoids that were administered repeatedly at low concentrations did not precipitate
immediately and were efficiently converted into their products. Therefore, the sequential
administration method was selected for this study. Firstly, quercetin 7-O-glucoside was
produced using the Ec-NtGT2 system. Seven cycles of 50 pM quercetin (total of 60 mg) was
added to 600 mL of the Ec-NtGT2 system every 45-60 min (Fig. 4-6 A). After a 6 h
bioconversion reaction, approximately 77% of quercetin was converted to 7-O-glucoside, and
the rest was converted to di-glucoside and other metabolites, with only 1.6% of the total added
quercetin remaining unreacted (Fig. 4-6 B—C). The products in the medium began to precipitate
during storage at 4 °C. Therefore, the E. coli cells centrifuged from the culture medium were
extracted with methanol and analyzed using UPLC to confirm whether the substrate (quercetin)
and its product (quercetin 7-O-glucoside) precipitated during the conversion process. Only
small amounts of quercetin (approximately 0.7%) and its product (approximately 1.1%) were
detected in the extract, suggesting that most of the administered quercetin was converted to its
glucosides and remained in the culture medium. Next, apigenin 7-O-glucoside was produced
by the addition of 20 nM apigenin every 30 min to 400 mL of the Ec-NtGT2 system (a total of
15 mg was added seven times). Approximately 97% of the apigenin was converted to 7-O-
glucoside after 4 h (Fig. 4-7) and some of the substrate and product precipitated in the medium.
The 7-O-glucosides from quercetin and apigenin were purified and analyzed using NMR. The
'H and *C NMR spectra (Table 4-1 A, B) corresponded to a Chapter 2, and correlations
between H-1" (glucose moiety, 6 5.09 and 5.11) and C-7 (163.2 and 163.4) were observed in
the HMBC analysis of the products, showing that they were quercetin 7-O-glucoside and

apigenin 7-O-glucoside, respectively (Fig. 4-8). Then, luteolin (a total of 35 mg in eight cycles

47



in 8 h), kaempferol (a total of 25 mg in five cycles in 6 h), and naringenin (a total of 49 mg in
eight cycles in 9 h) were added to Ec-NtGT2, for the scale-up production of their 7-O-
glucosides. Approximately, 72% of luteolin, 98% of kaempferol, and 96% of naringenin were
converted to their 7-O-glucosides (Fig. 4-9). These compounds were also confirmed as their 7-
O-glucoides by NMR analysis (Table 4-1 A—C). The yields of apigenin 7-O-glucoside, luteolin
7-O-glucoside, quercetin 7-O-glucoside, kaempferol 7-O-glucoside, and naringenin 7-O-
glucoside were approximately 59, 52, 118, 90, and 166 mg/L, respectively. These results
indicated that the Ec-NtGT2 system with sequential administration is a simple and efficient

system for producing large amounts of flavonoid 7-O-glucosides.
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Figure 4-6 Production of quercetin 7-O-glucoside by the Ec-NtGT2 system. Quercetin (50
uM) was administered sequentially to the Ec-NtGT2 system every 45—60 min (total of 7 times).
(A) UPLC profiles after adding quercetin at 0 and 1.5 h (indicated as “+” in the figure), and
products at 1.5, 3, and 6 h are shown. Closed and open triangles indicate the product (quercetin
7-O-glucoside) and substrate (quercetin) addition, respectively. (B) Magnified UPLC profiles
of culture media after conversion. Peak identification: Q, quercetin; ql, q2, and q3, product
peaks of quercetin; asterisks, other minor products. (C) Mass spectrum of the main product at

2.49 min (2.56 min for mass spectrometry analysis) and minor products.
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Figure 4-7 Production of apigenin 7-O-glucoside using the Ec-NtGT2 system. Apigenin (20
uM) was added sequentially to the Ec-NtGT2 system every 30 min (total of 7 times). The
results of the first two additions up to 1 h and the products at every hour up to 4 h are shown.
The "+" indicates the addition of apigenin. Closed and open arrowheads indicate the product
(apigenin 7-O-glucoside) and the addition of the substrate (apigenin), respectively. IS: internal
standard (chrysin).
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Figure 4-8 Heteronuclear multiple bond correlation (HMBC) analysis of the quercetin 7-O-
glucoside and apigenin 7-O-glucoside produced using the Ec-NtGT2 system. The purified
products were dissolved in dimethyl sulfoxide (DMSO-ds) and analyzed by nuclear magnetic
resonance (NMR) spectroscopy. Each panel shows the HMBC analyses results of quercetin 7-
O-glucoside (A) and apigenin 7-O-glucoside (B), respectively. Green arrows in the chemical

structures indicate the HMBC correlation between H-1" of glucose and the carbon of the

flavonoid.
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Figure 4-9 UPLC-MS analysis of the final product obtained from the scaled-up bioconversion
of kaempferol (A), naringenin (B), and luteolin (C). Each volume of 760, 440, and 450 mL of
the Ec-NtGT2 was added 20 uM luteolin (a total of 35 mg in eight cycles), 40 nM kaempferol
(a total of 25 mg in five cycles), or 50 pM naringenin (a total of 49 mg in eight cycles),
respectively, every 1 h. MS spectra of the products are shown. Peak identification: k1, product
peak of kaempferol (kaempferol 7-O-glucoside); N, naringenin; nl, product peak of naringenin
(naringenin 7-O-glucoside); L, luteolin; 11, 12, and I3; product peaks of luteolin (I2

corresponded to luteolin 7-O-glucoside); and asterisks, other minor products.
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4.4.2. Bioconversion of flavonoids and phenolics to their glucosides

A recombinant NtGT3 (SDS-PAGE analysis of the purified enzyme showed in Fig. 4-10)
catalyzed a glucosylation toward a broader range of substrates including 3-hydroxyl group of
flavonoid, 7-hydroxyl group of coumarin, and naphthol (Taguchi et al. 2003a). Thus, E. coli
harboring pET-NtGT3 (Ec-NtGT3) was examined for bioconversion of flavonoids and
phenolic compounds to their glucosides. First, the Ec-NtGT3 system was administered 50 pM
of quercetin or kaempferol. According to the MS spectrum signals obtained, all of the products
from flavonols were assigned to be O-glucosides. The main products from quercetin and
kaempferol corresponded to the standard compounds of quercetin 3-O-glucoside and
kaempferol 3-O-glucoside, respectively, suggesting that the Ec-NtGT3 can be used for the
production of flavonol 3-O-glucosides. The minor peaks of unexpecting byproducts of
quercetin and kaempferol appeared, which presented with a [M-H] ion at m/z 625.2 (from
quercetin) and 609.2 (from kaempferol), suggesting that their di-glucosides were also produced
(Fig. 4-11). In addition, the Ec-NtGT3 system was tested to examine the conversion of 1-
naphthol, 2-naphthol, and p-nitrophenol. This system converted these compounds (100 pM)
into their glucosides within 1 h. The conversion of each substrate yielded a single product,
because of one hydroxyl group. The final products from the medium were confirmed as a 1-
naphthol glucoside (INAG), 2-naphthol glucoside (2NAG), and p-nitrophenol glucoside
(pNPG) by comparing with their standard compounds (Fig. 4-12). Approximately 42.8 nM of
quercetin 3-O-glucoside, 47.8 uM of kaempferol 3-O-glucoside, 75.3 uM of 1-naphthol
glucoside, 75.1 uM of 2-naphthol glucoside, and 96.1 uM of p-nitrophenol glucoside were
produced within 1 h. The time course of each produced glucoside was shown in Fig. 4-13. The
conversion of quercetin and kaempferol finished at 0.5-1 h with high conversion rates of 84%
and 95%, respectively (Fig. 4-13 A). The highest conversion rate of 1-naphthol, 2-naphthol,

and p-nitrophenol were 79%, 76%, and 96%, respectively, at 0.5 h and 1 h (Fig. 4-13 B).
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Figure 4-10 SDS-PAGE analysis of the recombinant NtGT3 protein expressed in E. coli.
Proteins were separated on a 12.5% SDS-PAGE. Lane M, Size marker (Unstained protein
molecular weight marker, ThermoFisher Scientific); lane 1 and 2, insoluble (1) and soluble (2)
fraction of the cell-free extract; 3, recombinant NtGT3 protein purified with the 6xHistidine
tag. Arrowhead indicates the size of the recombinant NtGT3 protein.
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Figure 4-11 Bioconversion of quercetin and kaempferol using the Ec-NtGT3 system. Each
panel shows the UPLC-MS results of quercetin (A-D) and kaempferol (E-H), which represent
the standard compounds (A, E), culture media at 0 min (B, F) and 60 min (C, G), and mass
spectrum of the product (D, H). Peak identification: Q, quercetin; Q3G, quercetin 3-O-
glucoside; K, kaempferol; K3G, kaempferol 3-O-glucoside; ql, q2, k1, and k2, product peaks

of quercetin and kaempferol conversions; and IS, internal standard (chrysin).
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Figure 4-12 Bioconversion of 1-naphthol, 2-naphthol, and p-nitrophenol using the Ec-NtGT3 system. Each panel shows the UPLC-MS results of
I-naphthol (A—C), 2-naphthol (D-F), and p-nitrophenol (G-I), which represent the standard compounds (A, D, G), culture media at 0 min (B, E,
H) and 60 min (C, F, I). Peak identification: INA, 1-naphthol; INAG, 1-naphthol glucoside; 2NA, 2-naphthol; 2NAG, 2-naphthol glucoside; pNP,

p-nitrophenol; pNPG, p-nitrophenol glucoside; Inal, 2nal, and p1, products of 1-naphthol, 2-naphthol, and p-nitrophenol; and IS, internal standard

(2-naphthol for 1-naphthol, kaempferol for 2-naphthol, and chrysin for p-nitrophenol).
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Figure 4-13 Time course of production of flavonol 3-O-glucosides and phenolic glucosides by
the Ec-NtGT3 system. The amounts of products from quercetin and kaempferol (A) and 1-
naphthol, 2-naphthol, and p-nitrophenol (B) are shown over time. Abbreviation: Q3G,
quercetin 3-O-glucoside; K3G, kaempferol 3-O-glucoside; INAG, 1-naphthol glucoside;
2NAG, 2-naphthol glucoside; pNPG, p-nitrophenol glucoside.
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4.5. DISCUSSION

Flavonoid 7-O-glucosides have attracted considerable attention because of their numerous
biological activities. For instance, apigenin 7-O-glucoside shows significant activities against
gastric cancer and anxiety, which are common diseases. Moreover, this compound is not
abundant in plants and is expensive. There are only a few studies conducted on flavonoid 7-O-
glucosides production using a whole-cell system have been reported (He et al. 2008; Koirala
et al. 2019; Penso et al. 2014; Thuan et al. 2018; Zhu et al. 2020). For example, quercetin 7-O-
glucoside and kaempferol 7-O-glucoside were produced with a conversion rate of more than
70% over 48-72 h using E. coli cells expressing genetically modified glucosyltransferase
(PaUGT1-Q19A) originating from liverwort. Furthermore, additional expression of flavone
synthase and sucrose synthase in the same E. coli strain enabled the production of 35.0 mg/L
of apigenin 7-O-glucoside and 39.6 mg/L of luteolin 7-O-glucoside with 81% and 88.6%
conversion rates at 48 h, respectively (Zhu et al. 2020). Similarly, E. coli expressing UGT73C8
derived from barrel medic produced 9 mg/L of luteolin 7-O-glucoside in 24 h at a conversion
rate of 75% (He et al. 2008). A co-culture of two E. coli strains that convert p-coumaric acid
into apigenin and apigenin into apigenin 7-O-glucoside produced 16.6 mg/L of apigenin 7-O-
glucoside from p-coumaric acid within 60 h, with a conversion rate of 38.5% (Thuan et al.
2018). Other systems, such as fungi and bacteria, have also been examined for the production
of flavonoid 7-O-glucosides. For instance, the fungi Beauveria bassiana converted quercetin
to its 7-O-glucoside in 96 h with a 38% yield (Penso et al. 2014), and the bacteria Bacillus
amyloliquefaciens converted naringenin to a mixture of naringenin derivatives, including
naringenin 7-O-glucoside, with a 57% conversion rate in 48 h (Koirala et al. 2019). Compared
with these systems, the Ec-NtGT2 system efficiently converted several flavonoids into their 7-
O-glucosides in a short time. The production yields of apigenin 7-O-glucoside, luteolin 7-O-

glucoside, quercetin 7-O-glucoside, kaempferol 7-O-glucoside, and naringenin 7-O-glucoside
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reached 59, 52, 118, 90, and 166 mg/L, with 97%, 72%, 77%, 98%, and 96% conversion rates,
respectively, after sequential administration of a low concentration (2050 uM) of aglycones
at 4-9 h, similar as WjGT1 (Chapter 2) and IbGT1 (Chapter 3). These results suggested that
Ec-NtGT?2 is a simple and efficient system for the production of flavonoid 7-O-glucosides.
Flavonoid 3-O-glucosides have been successfully produced using a whole-cell system;
moreover, production yield has been achieved by deleting or inserting genes in microorganisms
for relevant enzymes. For example, £. coli cells lacking pgi gene (coding phosphoglucose
1somerase) and expressing UGT73B3 produced 4 g/L of quercetin 3-O-glucoside in 56 h (Xia
and Eiteman 2017). The combination of AtUGT78D2, flavanone synthase, flavonol synthase,
sucrose synthase, and an additional UDP-glucose synthesis pathway was introduced into E.
coli, and a recombinant strain successfully produced 1.7 g/L of kaempferol 3-O-glucoside from
naringenin (Pei et al. 2019). A broader promiscuity 3-O-glycosyltransferase SbGT1 with an
ambiguous substrate specificity was able to produce kaempferol 3-O-glucoside in vivo at a
conversion rate of more than 98% (Wang et al. 2019). Here, E. coli expressing only tobacco-
derived glucosyltransferase NtGT3 (Ec-NtGT3) showed the potential for converting various
substrates such as flavonols (quercetin and kaempferol) and phenolic compounds (1-naphthol,
2-naphthol, and p-nitrophenol) to flavonol 3-O-glucosides and phenolic glucosides.
Approximately 85% of quercetin, 96% of kaempferol, 75 % of 1-naphthol, 75% of 2-naphthol,
and 96% of p-nitrophenol were converted to their glucosides in 1 h. This result indicates that
the system can be expanded for bioconversion of useful flavonoid 3-O-glucosides and phenolic

compounds in the future.
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Chapter 5

Production of gentiobiosides of phenolics and flavonoids by bioconversion
using Escherichia coli expressing a novel glucosyltransferase from tobacco

(NtGGT2)



5.1. ABSTRACT

A phenolic glucoside 1,6-glucosyltransferase from Nicotiana tabacum (NtGGT2) exhibited
significant activity against phenolic glucosides and flavonol 7-O-glucosides and produced their
gentiobiosides. Escherichia coli cells expressing NtGT2, NtGT3, and NtGGT2 were examined
for potential to produce gentiobiosides of p-nitrophenol, naphthol, and flavonoid. E. coli
expressing NtGT3 and NtGGT2 converted 100 uM each of p-nitrophenol, 1-naphthol, and 2-
naphthol into their gentiobiosides with a conversion rate of 35-56%. E. coli expressing both
NtGT2 and NtGGT2 converted 40—50 uM of apigenin, kaempferol, and naringenin into their

di-glucosides (a high possibility 1s 7-O-gentiobioside) with a conversion rate of 14—31%.
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Chapter 6

General Discussion and Conclusion
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6.1. GENERAL DISCUSSION AND CONCLUSION
In this thesis, the production of mono- and di-glucoside of various compounds using the
recombinant E. coli expressing plant-derived glycosyltransferases was studied.

In chapter 1, I described the background and objective of this study. Last decades, de
novo production of plant secondary metabolites having pharmaceutical use through the
bioconversion process using a combination of microbial cells and glycosyltransferases has
been much attention because it has become possible of advances in molecular and synthetic
biology. Microbial cells expressing foreign genes that originated from plants are promising for
the large-scale production of valuable metabolites that are difficult to obtain from plants
because of their limited content. Moreover, this approach is simple, efficient, and eco-friendly
as compared to chemical synthesis methods. A typical example is the bioconversion of
flavonoids to their glycosides. Several attempts to produce flavonoid glucosides by yeast or E.
coli cells expressing plant genes have been performed successfully (Brazier-Hicks and
Edwards 2013; De Bruyn et al. 2015; Kim et al. 2012; Kim et al. 2013). Similarly, aromatic
compounds such as geraniol glucoside were produced successfully on a large scale
(Effenberger et al. 2019; Priebe et al. 2021).

In chapter 2, flavone (apigenin and luteolin) 6-C-glucosides, flavonol (quercetin and
kaempferol) 6-C-glucosides, and flavanone (naringenin) C-glucoside were produced by E. coli
expressing wasabi-derived WjGT1 (UGT84A57). The conversion rates successfully reached
89-99% after sequential administrations of apigenin, quercetin, and kaempferol at low
concentrations. The yields of isovitexin, kaempferol C-glucoside, and quercetin C-glucoside
reached 172, 105, and 145 mg/L-culture, respectively.

In chapter 3, the cinnamate glucosyltransferase (IbGT1, UGT84A20) from sweet potato
was confirmed to react toward ferulic acid, sinapic acid, p-coumaric acid, and caffeic acid in

acidic and alkaline conditions. E. coli cells expressing IbGT1 were successfully used for the
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production of sinapoyl glucoside and p-hydroxybenzoyl glucoside and yields of these
compounds reached 159 and 177 mg/L-culture, respectively. The conversion rates of sinapic
acid and p-hydroxybenzoic acid were 69% and 98%, respectively, through sequential
administrations.

In chapter 4, E. coli cells expressing tobacco-derived NtGT2 (UGT75L3) or NtGT3
(UGT71A11) were used for the conversion of flavonoids and phenolic compounds into their
O-glucosides. E. coli cells expressing NtGT2 (UGT75L3) converted flavonoids into 7-O-
glucosides with 67-98% conversion rates in 1 h, and the yields of flavone (apigenin and
luteolin) 7-O-glucosides, flavonol (quercetin and kaempferol) 7-O-glucosides, and flavanone
(naringenin) 7-O-glucoside reached 52—-166 mg/L-culture, through sequential administrations
in 4-9 h. Similarly, E. coli cells expressing NtGT3 (UGT71A11) converted flavonols
(quercetin and kaempferol) and phenolic compounds (naphthols and p-nitrophenol) into
glucosides with 75-96% conversion rates.

In chapter 5, the novel 1,6-GT was 1solated from tobacco, and it was found to exhibit
glycosylation activity toward phenolic glucosides, especially p-nitrophenol glucoside. E. coli
cells expressing NtGT3 and NtGGT2 converted naphthols and p-nitrophenol into their
gentiobiosides with conversion rates of 35-56%. Similarly, E. coli cells expressing NtGT2 and
NtGGT2 converted apigenin, kaempferol, and naringenin into their di-glucosides with
conversion rates of 14-31%.

In this thesis, I reported the biosystems to produce various glucosylated compounds
using E. coli cells expressing diverse plant GTs. The systems were virtually effective for the
production of flavonoid glucosides, cinnamate glucosides, and phenolic glucosides. These
systems are a promising way for the large-scale production of valuable pharmaceuticals such
as flavonol C-glucosides, cinnamate glucosides, and flavone 7-O-glucosides. For instance,

only a mixture of flavonol 6- and 8-C-glucosides were produced using similar systems. But, in
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this thesis, only flavonol 6-C-glucosides were successfully produced on a large scale using the
constructed E. coli system (Dorjjugder et al. 2021). In addition, expensive and not abundant
flavone 7-O-glucosides were efficiently produced using constructed E. coli system in a short

time compared to other systems that required more than 24 h (Dorjjugder and Taguchi 2022).
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APPENDIX

1. MO salt (5x)

Na,HPO4-7H,0 64 g
KH2P04 15 g
NaCl 25¢g
NH,4Cl 50g
Deionized H,O AddtolL

Autoclave at 121°C for 20 minutes.

2. M9 minimal media containing 2% glucose

MO salts (5x) 20 ml
1 M MgSO; (filtered) 0.2 ml
20% glucose (filtered) 10 ml
1 M CaCl, (sterilized) 10 pl
Sterile Deionized H,O Add to 100 ml
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