[ERN

10

11

12

13

14

15

16

17

18

19

20

21

A highly versatile fungal glucosyltransferase for specific production of
quercetin-7-O-f-D-glucoside and quercetin-3-O-f-D-glucoside in different

hosts

Jie Ren'T @ Wenzhu Tang'-?' e Caleb Don Barton' ¢ Owen M Price® @ Mark Wayne Mortensen!
e Alexandra Phillips' e Banner Wald' e Simon Elgin Hulme' e Logan Powell Stanley' o Joan

Hevel® o Jixun Zhan'

! Department of Biological Engineering, Utah State University, 4105 Old Main Hill, Logan,

UT 84322-4105, USA

2 School of Biological Engineering, Dalian Polytechnic University, Dalian, Liaoning 116034,

China

3 Department of Chemistry and Biochemistry, Utah State University, 0300 Old Main Hill,

Logan, UT 84322-0300, USA

" These authors contributed equally to this work.

Correspondence: Jixun Zhan

jixun.zhan@usu.edu



22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

Abstract

Glycosylation is an effective way to improve the water solubility of natural products. In this
work, a novel glycosyltransferase gene (BbGT) was discovered from Beauveria bassiana
ATCC 7159 and heterologously expressed in Escherichia coli. The purified enzyme was
functionally characterized through in vitro enzymatic reactions as a UDP-glucosyltransferase,
converting quercetin to five monoglucosylated and one diglucosylated products. The optimal
pH and temperature for BbGT are 35 °C and 8.0, respectively. The activity of BbGT was
stimulated by Ca**, Mg?* and Mn*", but inhibited by Zn**. BbGT enzyme is flexible and can
glycosylate a variety of substrates such as curcumin, resveratrol, and zearalenone. The enzyme
was also expressed in other microbial hosts including Saccharomyces cerevisiae, Pseudomonas
putida, and Pichia pastoris. Interestingly, the major glycosylation product of quercetin in E.
coli, P. putida, and P. pastoris was quercetin-7-O-B-D-glucoside, while the enzyme dominantly
produced quercetin-3-O-B-D-glucoside in S. cerevisiae. The BbGT-harboring E. coli and S.
cerevisiae strains were used as whole-cell biocatalysts to specifically produce the two valuable
quercetin glucosides, respectively. The titer of quercetin-7-O-B-D-glucosides was 0.34 + (.02
mM from 0.83 mM quercetin in 24 hours by BbGT-harboring E. coli. The yield of quercetin-
3-0O-B-D-glucoside was 0.22 + 0.02 mM from 0.41 mM quercetin in 12 hours by BbGT-
harboring S. cerevisiae. This work thus provides an efficient way to produce two valuable
quercetin glucosides through the expression of a versatile glucosyltransferase in different hosts.
Key points

e A highly versatile glucosyltransferase was identified from B. bassiana ATCC 7159.
e BDGT converts quercetin to five mono- and one di-glucosylated derivatives in vitro.

e Different quercetin glucosides were produced by BbGT in E. coli and S. cerevisiae.

Keywords  Quercetin-7-O-B-D-glucoside . quercetin-3-O-B-D-glucoside

glucosyltransferase - heterologous expression - Beauveria bassiana ATCC 7159
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Introduction

Glycosylation is a common reaction that plays a vital role in the formation of natural glucosides
with various applications (Vogt and Jones 2000). The reaction is catalyzed by dedicated
glycosyltransferases (GTs). GTs transfer specific sugar moieties from activated donor
molecules, mainly nucleoside diphosphate sugars (NDP-sugars), to various acceptor molecules,

including many plant secondary metabolites (Yonekura - Sakakibara and Hanada 2011). Sugar

moieties play an irreplaceable role in many life processes such as cell differentiation,
development, immunity, aging, carcinogenesis, and information transmission (Jiang et al.
2008). Moreover, the bioavailability, water solubility and stability of natural products can be
enhanced through glycosylation, which may further modulate their biological activities (Dou et
al. 2019; Mfonku et al. 2020; Yang et al. 2018). For example, the intracellular anti-oxidative
activity of apigenin was improved by C-glycosylation (Wen et al. 2017); the stability of
quercetin-3-O-rutinoside (rutin) in aqueous solution at 100 °C is higher than its aglycon
quercetin and its degradation rate in phosphate buffer with Fe?* and Cu?* is slower (Ikeda and
Taguchi 2010; Makris and Rossiter 2000). Therefore, glycosylation is a commonly used tool
for developing new therapeutic agents.

Many natural products such as quercetin, curcumin and resveratrol are commonly used
as dietary supplements due to their health benefits. However, these plant polyphenols often
have low water solubility and poor bioavailability. For example, quercetin is a representative
antioxidant flavonoid that exists in green tea, fruits and leaf vegetables. It exerts promising
pharmacological properties, such as anticancer, anti-inflammatory, antiviral, and
antihypertensive properties (Cai et al. 2013; Ma et al. 2013). However, poor water solubility
hinders its health benefits on humans (Li et al. 2004). Therefore, it is imperative for researchers
to discover an effective approach to improve its aqueous solubility. Quercimeritrin (quercetin-

7-O-B-D-glucoside) is a natural quercetin glucoside reportedly having in vitro anti-
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inflammatory activity (Anuradha and Sukumar 2013). It possesses strong antioxidant activity,
with an oxygen radical absorbance capacity (ORAC) value of 18 + 4 umol Trolox® equivalents
(TE)/umol (Legault et al. 2011). Another glucoside of quercetin, isoquercitrin (quercetin-3-O-
B-D-glucoside), has significant pharmacological activities against cancer, oxidative stress,
cardiovascular disorders, diabetes and allergic reactions (Chen et al. 2015; Valentova et al.
2014). Isoquercitrin showed higher inhibitory effect than quercetin in an ex vivo angiogenesis
assay (Matsubara et al. 2004). Paulke et al. found that isoquercitrin has better bioavailability
than quercetin (Paulke et al. 2012). Specifically, isoquercitrin gavage provides higher quercetin
metabolite levels in both tissues (double to five-fold) and plasma (double to three-fold),
compared to the quercetin gavage (Day et al. 2001).

While chemical synthesis of glycosides often requires extensive group protection and
deprotection and use of toxic reagents, biological glycosylation through GTs represents a green
and selective way to prepare desired glycosides (Cheng et al. 2019). Many researchers have
worked on exploring various GTs from microorganisms or plants to increase the water
solubility and bioavailability of bioactive compounds (Méndez and Salas 2001). Ko et al. found
a GT named BcGT-1 from Bacillus cereus which can glycosylate different flavonoids such as
quercetin, apigenin, and genistein (Hyung Ko et al. 2006). Zhao et al. isolated a flavonoid GT
CsUGT73A20 from a tea plant Camellia sinensis, which exhibits a broad substrate tolerance
toward multiple flavonoids (Zhao et al. 2017). Therefore, nature provides a variety of GTs that
can be used to prepare glycosides of natural products. However, like other enzymes, GTs
usually have high selectivity and strict substrate specificity that often only function on a
particular substrate and its analogs, which limit their use as versatile biocatalysts in enzymatic
preparation of desired glycosides. As such, discovery of flexible GTs would add new tools for

the synthesis of various glycosides.
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Beauveria bassiana ATCC 7159 is a filamentous fungus that has been extensively used
for biotransformation of bioactive molecules (Grogan and Holland 2000). Different reactions
can be catalyzed by this strain, such as oxidation, reduction, hydrolysis, methylation,
hydroxylation, and glycosylation. We have previously used B. bassiana ATCC 7159 to prepare
various glucosides from diverse molecules such as anthraquinones and curcuminoids (Zeng et
al. 2010; Zhan and Gunatilaka 2006a; Zhan and Gunatilaka 2006b). The strain can selectively
introduce a glucose or 4'-O-methylglucose moiety to a phenolic hydroxyl group in the substrates.
In this work, we cloned the dedicated GT (BbGT) from B. bassiana ATCC 7159 and expressed
it in four heterologous hosts. BbGT was functionally characterized through in vitro reactions.
It is highly versatile and can convert quercetin into five monoglucosylated and one
diglucosylated products (Fig. 1). Furthermore, it can accept a variety of substrates, thus
representing a useful enzymatic tool for glycosylation. Interestingly, when expressed in
different hosts, the enzyme generated different major glycosylation products of quercetin,
which provides a convenient way to prepare different quercetin glucosides using BbGT.
Materials and methods
General equipment and experimental materials
Products were analyzed and purified on an Agilent 1200 HPLC instrument with an Agilent
Eclipse Plus-C18 column (5 um, 250 mm X 4.6 mm). The samples were eluted with methanol-
water (20:80 to 80:20, v/v, containing 0.1% formic acid) at a flow rate of 1 mL/min for 30
minutes. ESI-MS spectra were obtained on an Agilent 6130 single quadrupole LC-MS in the
negative mode. 1D and 2D NMR spectra were recorded in deuterated dimethyl sulfoxide
(DMSO-dy) on a Bruker Avance III HD Ascend-500 NMR instrument (500 MHz for '"H NMR
and 125 MHz for '3C NMR) in the Department of Chemistry and Biochemistry, Utah State

University. The chemical shift (d) values are described in parts per million (ppm) and coupling
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constants (J values) are reported in hertz (Hz). MicroPulser™ electroporation apparatus (Bio-
Rad, USA) was used for electroporation.

Phusion® High-Fidelity DNA polymerase, restriction enzymes and T4 DNA ligase were
purchased from New England Biolabs. Resibufogenin, tetracycline, quercetin, curcumin,
resveratrol and zearalenone were purchased from Sigma-Aldrich (USA). Indigoidine was
produced and purified in our lab (Xu et al. 2015; Yu et al. 2013). HisPur™ Ni-NTA resin and
Luria-Bertani (LB) medium were purchased from Thermo Fisher Scientific (Rockford, IL,
USA). Bradford assay solution was purchased from TCI America (Portland, OR, USA).
Solvents and all other chemicals were purchased from Fisher Scientific. Milli-Q water was used

throughout this study.
Strains, vectors, media, and culture condition

B. bassiana ATCC 7159, Saccharomyces cerevisiae BI5464, Pseudomonas putida KT2440 and
Pichia pastoris GS115 were obtained from the American Type Culture Collection (ATCC). E.
coli XL1-Blue and BL21(DE3) were purchased from Agilent for gene cloning and protein
expression, respectively. The pJET1.2 (Thermo Fisher Scientific, USA) together with
pET28a(+) (Millipore Sigma, USA), pPICZB (Thermo Fisher Scientific, USA), YEpADH2p-
URA3 (provided by Yi Tang at the University of California, Los Angeles) and pMiS1-mva-ges
(provided by Jens Schrader and Josef Altenbuchner at Dechema-Forschungsinstitut and
University of Stuttgart) vectors were, respectively, used for gene cloning and expression of the
Bbgt gene. All primers were synthesized by Thermo Fisher Scientific. Carbenicillin (50
pg/mL), kanamycin (50 pg/mL), and zeocin (50 pg/mL) were supplemented into the culture
media for selection of correct clones when appropriate. Wild type B. bassiana was grown in
YM medium (BD Biosciences, USA) at 28 °C for 3 days in order to extract the genomic DNA.
The E. coli strains were routinely grown in LB medium (Fisher Scientific, USA) at 37 °C.

Synthetic complete (SC) (uracil dropout 0.77 g/L, yeast nitrogen base 6.7 g/L and glucose 20
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g/L) and YP (1% yeast extract and 2% peptone) medium were used to grow S. cerevisiae
BJ5464. P. pastoris was grown in YPDS medium (1% yeast extract, 2% peptone, 2% filter-
sterilized glucose and 1 M sorbitol). MGY medium (glycerol 10 g/L, yeast nitrogen base 6.7
g/L and biotin 0.4 mg/L) and MM medium (yeast nitrogen base 13.4 g/L and biotin 0.4 mg/L)

were used for P. pastoris protein expression.
Phylogenetic analysis

For the phylogenetic analysis, the full-length amino acid sequence of BbGT was aligned with
19 GTs from other species such as plants, bacteria, and fungi using online version of Clustal
Omega. The resulting alignment was used to construct an unrooted phylogenetic tree using the

neighbor-joining method.
Cloning of the Bbgt gene from B. bassiana and plasmids construction

The genomic DNA was extracted from B. bassiana using the Quick-DNA™ Fungal/Bacterial
Microprep Kit (Zymo Research, USA) according to the manufacturer's instructions. To amplify
the Bbgt gene (1,386 bp), the primers (1 pM), genomic DNA (0.2 pL), dNTP mix (200 uM),
5% bufer (4 uL), DMSO (0.4 pL), Phusion® High-Fidelity DNA Polymerase (0.2 puL at 2 U/uL)
and nuclease-free water were mixed to bring the volume to 20 pL. The PCR was performed by
an initial denaturation at 98 °C for 5 minutes, followed by 20 cycles of touchdown program (98
°C for 30 seconds, annealing at 65 °C for 40 seconds, decreasing 0.5 °C per cycle, and extension
at 72 °C for 90 seconds), and then 20 cycles of regular program (98 °C for 30 seconds, annealing
at 55 °C for 40 seconds, and extension at 72 °C for 90 seconds), and finally, 72 °C for 10

minutes of extension.

The PCR product was purified using a 0.8% agarose gel with a GeneJET Gel Extraction
Kit (Thermo Fisher Scientific, USA) and ligated into the pJET1.2 cloning vector to yield pWZ7

(pJET1.2-Bbgt). The ligation product was transferred into E. coli XL1-Blue competent cells
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through chemical transformation, and the transformants were selected on an LB agar plate with
50 pg/mL carbenicillin. After digestion check and sequencing, the gene was then excised from
pWZ7 and ligated to the pET28a expression vector between the Ndel and EcoRI restriction
enzyme sites to yield expression plasmid pWZ8 (pET28a-Bbgt), and the YEpADH2p-URA3

expression vector between Ndel and Pmll to yield pWZ9 (YEpADH2p-URA3-Bbgt).

The same gene was also PCR amplified from pWZ8 using different primers (Table 1)
and ligated into pJET1.2 cloning vector, yielding pJR10 (pJET1.2-Bbgt). The Bbgt gene was
excised from pJR10 and ligated into the pPICZB expression vector between the EcoRI and Notl
restriction enzyme sites and pMIS1-mva-ges expression vector between the Pmel and HindIIl
sites to yield expression plasmids pJR14 (pPICZB -Bbgft) and pJR16 (pMiS1-Bbgt),

respectively (Table 1). Sequences were confirmed by using the Sanger method.

Heterologous expression of BbGT and irn vivo biotransformation of quercetin in E. coli

BL21(DE3)

The expression plasmid pWZ8 was introduced into E. coli BL21(DE3) through chemical
transformation. A colony of E. coli BL21(DE3)/pWZ8 was picked into 5 mL of LB medium
containing kanamycin (50 pg/mL), which was incubated at 37 °C with shaking (250 rpm) for
about 12 hours. Then 500 pL of the seed culture was inoculated into 50 mL of LB broth
containing kanamycin (50 pg/mL) with shaking at 250 rpm and 37 °C until an ODgoo between
0.4 and 0.6 was reached. Protein expression was induced with 200 uM isopropyl B-D-1-
thiogalactopyranoside (IPTG) (Gold Biotechnology, USA) at 28 °C for an additional 16 hours
with shaking at 250 rpm. After protein expression, 0.4 mM quercetin and 0.11 M glucose were
added for product analysis. The culture was maintained at 28 °C and 250 rpm for an additional
2 days. The culture was then extracted three times with 50 mL of ethyl acetate and subjected to

analysis on the LC-MS at 350 nm.
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Purification of BbGT from E. coil BL21(DE3)/pWZ8

E. coil BL21(DE3)/pWZ8 cells were harvested by centrifugation at 3,000 xg and 4 °C for
10 minutes, and subsequently washed twice with distilled water and resuspended in lysis buffer
including 20 mM Tris-HCI buffer (pH 7.9) and 0.5 M NaCl with 1 mM dithiothreitol. The
harvested cells were disrupted by ultrasonication (Misonix Sonicator 3000, Misonix Inc., USA)
on ice. The cell lysates were centrifuged at 10,000 xg and 4 °C for 10 minutes to collect the
soluble fraction containing target protein and analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) as soluble fraction. SDS-PAGE analysis used
a premixed protein marker (EZ-Run™ Pre-Stained Rec Protein Ladder, molecular range: 11-
170 kDa, Fisher BioReagents) as the reference. After electrophoresis, the gel was stained with

0.1% Coomassie Brilliant Blue R250, and destained in 20 % (v/v) acetic acid-water.

To purify the enzymes, the supernatant from the cell lysates was loaded onto a HisPur™
Ni-NTA affinity column (Thermo Scientific, Rockford, USA) according to the manufacturer's
protocol. After eluting the column with cold (4 °C) washing buffers (50 mM Tris-HCI, 2 mM
EDTA, 10 mM and 25 mM imidazole, pH 7.9), the recombinant BbGT was finally eluted with
elution buffer (50 mM Tris-HCI, 2 mM EDTA, pH 7.9) containing 250 mM imidazole. The
purified Hiss-tagged protein was concentrated and then desalted by buffer A (50 mM Tris-HCI,
2mM EDTA, pH 7.9) using the 30 K Macrosep Advance Centrifugal Device (Pall Corporation,
New York, USA). This enzyme was stored in 50% (v/v) glycerol at -20 °C. The protein
concentration was determined using the Bradford assay. All purification steps were carried out

at4 °C.

Functional characterization of BbGT through in vitro enzymatic reactions

BbGT catalyzes the reaction of UDP-glucose with quercetin. Enzymatic assays were performed

in a 100-pL reaction system, containing 20 mM Tris-HCl (pH 8.0), 2.5 mM substrate, | mM
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MgCl,, 2 mM sugar donor (uridine diphosphate glucose or UDP-glucose), and 12.5 pg of
purified recombinant BbGT protein. The mixtures were thoroughly mixed and incubated at 30
°C for 6 hours, and then terminated by the addition of 200 pL of HPLC-grade methanol. The
reaction mixtures were centrifuged at 13,000 xg for 10 minutes, and supernatants were collected

to analyze the products by LC-MS as described before under 350 nm.

To investigate the substrate specificity of BbGT, several sugar-acceptor substrates were
tested, including curcumin, resveratrol, tetracycline, zearalenone, resibufogenin, and
indigoidine. Besides UDP-glucose, another structurally similar sugar-donor substrate, UDP-

glucuronic acid, was also reacted with quercetin. Reaction products were analyzed by LC-MS.

Homology modeling of BbGT

A homology model for BbGT was generated with the Swiss-Model server using the GT
structure from a macrolide glycosyltransferase (PDB ID 2IYA) as a template. The homology
model was aligned to UDP-glucose:flavonoid 3-O-glycosyltransferase (VvGT1), which
glycosylates quercetin. Structures of VvVGT1 with quercetin bound (PDB ID 2C9Z) and UDP-
2-deoxy-2-fluoro glucose bound (PDB ID 2C1Z) were used to position the two molecules in

the homology model.

Determination of the optimal in vitro reaction conditions

The standard curves were established using isolated quercetin glucosides to quantify product
formation and conversion rate by HPLC. To determine the optimum reaction temperature, the
reaction mixtures with quercetin as the substrate were incubated at varying temperatures (10,
20, 25, 30, 35, 40, 45, and 50 °C) for 3 hours. Glucosylation reactions were performed as
described before. To find out the optimum pH for BbGT, this enzyme was reacted with
quercetin at 35 °C in 200 mM phosphate buffer with different pH values (pH 4.5, 5.5, 6.0, 6.5,

7.0, 7.5, 8.0, and 8.5). For metal ions testing, CaClo, MgCl, MnCl,, and ZnCl, were tested.

10
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Control group did not contain any added metal ions. The assays were performed with
individually divalent metal ion (10 mM, final concentration) using UDP-glucose as sugar donor
and quercetin as sugar acceptor. All reactions were performed in triplicate and values were

expressed as the mean + standard deviation.

Heterologous expression of BbGT and in vivo biotransformation of quercetin in S.

cerevisiae BJ5464

The expression plasmid pWZ9 was introduced into S. cerevisiae BJ5464 by LiAc
transformation as described in the literature (Yu et al. 2017). The correct transformant was
selected by autotrophy of uracil (Ura). Briefly, 10 pg of plasmid was mixed with 100 puL of S.
cerevisiae BJ5464 competent cells in 700 pL of LiAc (100 mM Lithium Acetate, pH 7.5) / 40%
PEG 3350 (120 mM PEG-3350) / TE (10 mM Tris-HCL, pH 7.5 and 1 mM EDTA) solution.
The mixture was incubated at 28 °C for 30 minutes with shaking. 88 uL. of DMSO was then
added and mixed evenly, followed by 42 °C heat shock for 7 minutes. After centrifugation for
10 seconds at 13,000 xg, the supernatant was discarded and cells were resuspended in 1 mL of
TE buffer. The last step was repeated once and the cells were finally resuspended in 100 pL of
TE buffer and spread on SC plates, which were incubated at 28 °C for 3 days. Yeast strains
harboring plasmid pWZ9 was cultured in 5 mL of SC medium with shaking at 250 rpm and 28
°C overnight. Then 500 pL of seed culture was inoculated into 50 mL of SC medium in a 250-
mL Erlenmeyer flask, which was incubated at 28 °C and 250 rpm overnight. After the ODgoo
value reached 1.0, 50 mL of YP medium was added and incubated overnight. Finally, 0.4 mM
quercetin was added the next day and the cultures were maintained under the same conditions

for an additional 2 days.

Heterologous expression of BbGT and in vivo biotransformation of quercetin in P. putida

KT2440

11
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The expression plasmid pJR16 was introduced into P. putida KT2440 by electroporation as
described in literature (Fidan and Zhan 2019). The cells were plated on LB agar plates
containing 50 pg/mL kanamycin and incubated at 28 °C overnight. The transformants were
picked and grown in 50 mL LB with 50 pg/mL kanamycin at 28 °C and 250 rpm. When the
ODsoo reached 0.35, 100 mg L-rhamnose was added for induction at 28 °C and 250 rpm. After
16 hours, 0.4 mM quercetin and 0.11 M glucose were added into the culture for product

analysis, which was incubated at 28 °C and 250 rpm for an additional 2 days.

Heterologous expression of BbGT and in vivo biotransformation of quercetin in P. pastoris

GS115

The expression plasmid pJR14 was linearized by Pmel and introduced into P. pastoris GS115
by electroporation as described in the literature (Cregg and Russell 1998; Lin-Cereghino et al.
2005). After electroporation, 1 mL of ice-cold 1 M sorbitol was added to the cuvette
immediately. The mixture was then transferred to a sterile 15-mL tube and incubated at 30 °C
without shaking for 2 hours. 200 pL of the mixture was spread on YPDS agar plates containing
various concentrations of Zeocin™ (10, 25, 50, 100, 200 pg/mL). The plates were incubated at

30 °C for 3 days.

Colonies only appeared on the YPDS plate with 10 pg/mL Zeocin™. A single colony
of P. pastoris GS115/pJR14 was inoculated into MGY medium as seed culture and cultivated
at 30 °C and 250 rpm for 24 hours. Then 1 mL of seed culture was inoculated into 50 mL of
MGY medium, which was cultivated at 30 °C and 250 rpm for an additional 18 hours. The
culture was centrifuged at 3,000 x g for 5 minutes, washed with MM medium twice and
suspended in MM medium to be ODgoo 1.0. Afterwards, 50 mL of broth was transferred into a
500-mL shake flask and cultivated at 30 °C and 250 rpm. Methanol was fed every 24 hours to

keep its concentration around 1%. After protein expression, 0.4 mM quercetin and 0.11 M

12
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glucose were added, and the culture was maintained at 28 °C and 250 rpm for an additional 3

days.

Extraction, analysis, and purification of compounds

The cultures of E. coli BL21(DE3)/pWZ8 and S. cerevisiae BI5464/pWZ9 were scaled up to
400 mL as described above, respectively. The biotransformation broths were maintained at 28
°C and 250 rpm for two days. Both cultures were extracted with 400 mL of ethyl acetate three
times. The extracts were dried under reduced pressure and purified by silica gel 60 column
chromatography. Compounds were successively eluted with acetone-hexane (2:1, v/v), acetone
and methanol. The fractions containing the target products were further purified by HPLC using
the same method mentioned above, yielding 5.6 mg of quercetin-7-O-f-D-glucoside (3) and 2.5
mg of quercetin-3-O-B-D-glucoside (4). The purified products were dissolved in DMSO-d; for

NMR spectra.

Whole-cell bioconversion of quercetin to quercetin glucosides by E. coli

BL21(DE3)/pWZS8 and S. cerevisiae BJ5464/pWZ9

E. coli BL21(DE3)/pWZ8 and S. cerevisiae BJ5464/pWZ9 were grown as described above.
After 16 hours, the cells were collected by centrifugation for whole-cell bioconversion. Cells
were re-suspended in the reaction buffer, and cell density (ODsoo value) was determined using
a UV-Vis spectrophotometer (Thermo Scientific, Rockford, USA). The whole-cell
bioconversion conditions were investigated by testing different pH values (pH 6.0, 6.5, 7.0, 7.5,
8.0, and 8.5), temperatures (25, 30, 35, 40, and 45 °C), cell densities (ODeoo 2, 4, 6, 8, 10, and
12), reaction times (1, 3, 5, and 7 h) and substrate concentration (0.4, 0.8, 1.6, 3.2, and 5.0 mM).
After the optimal conditions were determined, the whole-cell biotransformation experiment was

performed in a 1-L reaction system.

Results

13
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Amplification and sequence analysis of a putative GT gene from B. bassiana

The genome of B. bassiana ATCC 7159 has been previously sequenced by our group. Searching
the genome sequence revealed the presence of a glucosyltransferase (GT) gene that is putatively
involved in the commonly observed glucosylation and 4'-O-methylglucosylation by this strain.
We named this gene as Bbgt (GenBank accession number MW736592). It was predicted that
this 1,386-bp gene contains no introns, thus can be directly amplified from the genome of B.
bassiana ATCC 7159. BLAST analysis indicated that the deduced protein of this gene was
homologous to a variety of GTs. A phylogenetic tree was established based on the sequences
of BbGT and 19 GTs from other organisms (Fig. 2). The phylogenetic tree mainly divided those
20 GTs into three classes: sterol GTs, flavonoid GTs, and terpene GTs. BbGT is more closely
related to sterol GTs and flavonoid GTs than terpene GTs, suggesting that this enzyme is likely

a flexible GT which can add the sugar moiety to different sugar-acceptor substrates.

Heterologous expression and purification of BbGT from E. coli BL21(DE3)

The gene was amplified from the genomic DNA of B. bassiana, and it was ligated to pET28a
to yield the corresponding expression plasmid, pWZ8 (pET28a-Bbgt). The plasmid was
expressed in E. coli BL21(DE3) with IPTG induction. The N-Hise-tagged BbGT was purified
through Ni-NTA column chromatography to homogeneity. The purified enzyme was analyzed
by SDS-PAGE. As shown in Fig. 3a, BbGT (~50.4 kDa) was successfully expressed and

purified from E. coli BL21(DE3)/pWZS8. The isolation yield of BbGT was 13.6 mg/L.

In vitro functional characterization of BbGT

Since the phylogenetic analysis suggested that BbGT is more related to sterol GTs and
flavonoids GTs, we first tested whether it can glycosylate the sterol resibufogenin, in the
presence of UDP-glucose. However, no products were formed (Fig. S1). We next tested the

flavonoid quercetin as a potential substrate. HPLC analysis (Fig. 3b) showed that six more polar
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products were formed. ESI-MS spectra (Fig. 3c) of 1-6 showed the corresponding
quasimolecular ion [M-H] at m/z 624.9, 462.8, 462.9, 462.9, 462.9, and 462.9, respectively.
Therefore, products 2-6 have the same molecular weight of 464, which is 162 mass units larger
than the substrate quercetin, indicating that a glucose moiety was added to different hydroxyl
groups of quercetin. These products were deduced to be quercetin monoglucosides. Since
quercetin has five free phenolic hydroxyl groups, we propose that the glucose moiety was
introduced to each of these hydroxyl groups to generate the five monoglucosides (Fig. 1). The
molecular weight of 1 was found to be 626, which is 324 mass units larger than the substrate or
162 units larger than 2-6, suggesting that two glucose moieties were added to quercetin to form

a diglucoside. Thus, its function was characterized as a UDP-glucosyltransferase.

Broad substrate specificity of BbGT toward sugar acceptor substrates

We next examined whether BbGT can use other substrates. We first tested whether it can use
UDP-glucuronic acid since its structure is highly similar to UDP-glucose. However, no products
were formed from quercetin (data not shown), indicating that BbGT is a specific UDP-

glucosyltransferase that only recognizes UDP-glucose as a sugar donor.

The substrate specificity of BbGT toward sugar acceptor substrates was also
investigated. Several substrates, including curcumin, resveratrol, zearalenone, tetracycline, and
indigoidine were incubated with BbGT in the presence of UDP-glucose. HPLC analysis showed
that compared to the negative control (trace 1, Fig. 4a), BbGT generated two more polar
products C1 and C2 (trace ii), at 19.8 and 23.9 min respectively, from curcumin. The two
products showed the UV spectra (Figs. S2a and S2b) similar to that of the substrate. The ESI-
MS spectra (Figs. S3a and S3b) of the two products showed the [M-H] ion peaks at m/z 691.0
and 528.8, indicating that their molecular weights are 692 Da and 530 Da. These are consistent
with a diglucoside and a monoglucoside of curcumin, whose molecular weight is 368 Da. This

result indicated that BbGT can take curcumin as the substrate for glucosylations.
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When the macrolactone zearalenone was used as the substrate, two more polar products
71 and Z2 at 18.5 and 22.5 min were detected by HPLC (Fig. 4b). Similarly, two products R1
and R2 appeared at 12.2 and 13.8 min when BbGT reacted with resveratrol (Fig. 4c). All
products showed the similar UV spectra (Figs. S2c-f) to the substrates. The ESI-MS spectra
(Figs. S3¢c and S3d) of Z1 and Z2 showed a [M-H] ion peak at m/z 479.0 and 478.9,
respectively, indicating that their molecular weights are 480 Da, which is consistent with the
addition of a glucose moiety to zearalenone. The ESI-MS spectra (Figs. S3e and S3f) of R1 and
R2 showed a [M-H] ion peak at m/z 389.1 and 389.0, respectively. Their molecular weights
were thus determined to be 390 Da, suggesting that they are monoglucosylated products of
resveratrol. For tetracycline and indigoidine, no products were found (data not shown),

indicating that these two substrates were not taken by BbGT as the sugar acceptor substrate.

The basis for the broad substrate specificity of BbGT was also investigated using
homology modeling. The model (Fig. 5a) suggests the BbGT adopts a GT-B fold, with the C-
terminal domain binding the sugar donor and the N-terminal domain binding the quercetin
acceptor (Chang et al. 2011; Erb et al. 2009; Schmid et al. 2016). Residues important for binding
UDP-glucose (Thr280, D374) and the active site histidine base (His20) in the flavonoid
glucosyltransferase from Vitis vinifera (which uses UDP-glucose donor and quercetin acceptor
molecules) (Offen et al. 2006) are conserved in the homology model of BbGT (Thr300, D390
and His31, respectively). Hydrophobic residues in BbGT are positioned on one face of the
acceptor binding pocket (Fig. 5b), which is also peppered with side chains capable of interacting
with the hydroxyl groups of quercetin (Figs. 5c-¢). The acceptor pocket is wide and composed
of numerous loops, the movement of which could help to explain the promiscuity observed in
substrate selection by BbGT. Figures Sc-e show that the quercetin molecule can be positioned
in the pocket in multiple conformations, each placing a different hydroxyl group of quercetin

in line for attack of the UDP glucose donor, presumably using the network of available
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hydrogen bond donors/acceptors in the active site to reposition the acceptor molecule. The open
active site (Dai et al. 2021; Offen et al. 2006), the presence of numerous loops (Schmid et al.
2016), strategic location of hydrogen-bonding acceptors/donors in a relatively hydrophobic
pocket (Gatti-Lafranconi and Hollfelder 2013), and predicted conformational changes upon
binding of the substrates (Hu et al. 2003; Offen et al. 2006; Schmid et al. 2016) likely all

contribute to the observed promiscuity in product specificity.
Determination of the optimal in vitro reaction conditions of BbGT

Quantification of quercetin conversion showed that BbGT has the highest glucosylation activity
at 35 °C (Fig. 6a). The glucosylation activity of BbGT increased significantly by 31.50% when
the temperature increased from 10 to 35 °C, but gradually decreased when the reaction
temperatures were above 35 °C. Thus, the optimum reaction temperature for BbGT was
determined to be 35 °C. The effect of pH on the glucosylation activity of BbGT was then
determined. The enzyme was reacted with quercetin at 35 °C but different pH values. The
conversion rate of quercetin by BbGT notably increased from 15.6% to 49.9% with the increase
of pH from 4.5 to 8.0, and then decreased to 38.9 % at pH 8.5 (Fig. 6b). Therefore, the optimum

pH for BbGT is 8.0.

In addition, the effect of various metal ions on the activity of BbGT was also tested. We
found that BbGT activity was stimulated by Ca®", Mg?*, and Mn?" at the tested concentrations
(Fig. 6¢). In the presence of these three metal ions, the enzyme activity was 1.38, 1.52, and
1.48-fold higher than that of the control group, respectively. Among them, Mg?* exhibited the
strongest stimulating effect, and the conversion rate of quercetin increased by nearly 30%
compared to the control. By contrast, when Zn** was added into the reaction system, the activity
of BbGT was inhibited. The conversion rate decreased from 56% to 35.3% (Fig. 6¢). Based on
these results, the optimal in vitro reaction conditions for BbGT are at 35 °C, pH 8.0 with 10

mM of Mg*".
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Comparison of the in vivo glucosylation of quercetin by BbGT in different heterologous

expression systems

Quercetin was first incubated with IPTG-induced E. coli BL21(DE3)/pWZ8. HPLC analysis
showed that E. coli BL21(DE3)/pWZ8 was able to convert the substrate (trace i, Fig. 7a) to a
major product (trace ii) that corresponds to product 3 in the in vitro enzymatic reaction. Besides
the retention time, the UV and MS spectra also confirmed that this compound is identical to

product 3. Several other product peaks were also detected, but were very minor.

While E. coli is the most commonly used microbial host, other microorganisms such as
S. cerevisiae BJ5464, P. putida KT2440 and P. pastoris GS115 are also utilized in the
biotechnological production of medicinally important natural products (Fidan and Zhan 2015).
It is interesting that BbGT expressed in E. coli showed different product profiles in vivo and in
vitro. We thus wanted to test additional microbial hosts and see what major products could be
formed. When we introduced the plasmid pJR16 (pMiS1-Bbgt) into P. putida KT2440, the
product profile (trace iii, Fig. 7a) was almost the same as in E. coli, with 3 as the major product.
However, when BbGT was expressed in S. cerevisiae BJ5464, incubation of quercetin with this
strain yielded 4 as the major product and 3 was not detected at all (trace iv, Fig. 7a). We next
introduced BbGT into another yeast strain, P. pastoris GS115. HPLC analysis showed that this
engineered strain, like the two bacterial strains, converted quercetin to product 3, although with
a much lower efficiency (trace v, Fig. 7a). Therefore, products 3 and 4 are the two major
glucosylation products of quercetin in the BbGT-harboring microbial hosts. Their UV spectra

are shown in Figs. 7b and 7c, which are similar to that of the substrate.

Characterization two major glycosylated products of quercetin in different microbial

hosts
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We next scaled up the biotransformation of quercetin by E. coli BL21(DE3)/pWZ8 and S.
cerevisiae BJ5464/pWZ9. The two major products 3 and 4 were purified from these two strains,
respectively, and subjected to NMR analysis (Figs. S4-S13). The proton and carbon signals
were assigned based on the 1D and 2D NMR spectra (Table S1). The '*C NMR spectra of
compounds 3 and 4 both revealed 21 carbon signals. In addition to the signals of quercetin, six
additional carbon signals at dc 99.9, 77.1, 76.4, 73.1, 69.5, and 60.6 for 3 and Jc 100.8, 77.6,
76.5, 74.1, 69.9, and 61.0 for 4 were found in the spectra, further suggesting that a glucose
moiety was added to one of the hydroxyl groups in quercetin. As shown in the 'H NMR spectra
(Figs. S4 and S8), the anomeric proton signals at & 5.07 (J = 7.5 Hz), and 5.46 (J= 7.5 Hz) of
3 and 4, respectively, indicated the P-configuration of these two compounds for the
glucopyranosyl moiety. The '*C NMR spectra showed the glucose anomeric carbon signals at
0 99.9 and 100.8 for compounds 3 and 4, respectively. HMBC spectrum of 3 revealed the
correlation of H-1" (6 5.07, d, J = 7.5 Hz) to C-7 at ¢ 162.7 (Fig. 7d), which confirmed that 3
has a glucose moiety at C-7. Similarly, H-1" (6 5.46, d, J/=7.5 Hz) of 4 had HMBC correlation
to C-3 at 6 133.3, indicating that the glucose moiety was introduced at C-3 (Fig. 7d). Therefore,
products 3 and 4 were characterized as quercetin-7-O-p-D-glucoside and quercetin-3-O-3-D-
glucoside, respectively. Their chemical shifts determined in this work are consistent with those

reported in literature (Lee et al. 2008; Yang et al. 2008).

Optimized production of quercetin-7-O-B-D-glucoside with the engineered E. coli

BL21(DE3)

We first investigated the effect of different cell concentrations ranging from ODsoo 2.0 to 12.0
on the formation of quercetin glucosides at 28 °C for 3 hours. To ensure that the substrate is
enough for the reactions, 1.3 mM quercetin was used together with 0.11 M glucose. We found

that the product titer increased with higher cell concentrations (Fig. 8a). When the ODgoo value
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was 10.0, the conversion rate of quercetin in the biotransformation system reached 43.5%,

which was 24.5% higher than the titer at ODgoo 2.0.

The production of quercetin-7-O-B-D-glucoside at different pH values (pH 6.0-8.5) was
determined by HPLC. The highest conversion rate reached 54.0% at pH 7.0 (Fig. 8b), which is
15.6% higher than that at pH 6.0. This is also consistent with the optimum pH for in vitro
reactions. In order to investigate the impact of temperature on the whole-cell conversion
efficiency of quercetin to its glucosides, E. coli BL21(DE3)/pWZ8 cells (ODsoo 10.0) were
incubated in 200 mM phosphate buffer (pH 7.0) at different temperatures ranging from 25 to
45 °C. The data showed that the increase in the reaction temperature could effectively improve
the conversion of quercetin to quercetin-7-O-B-D-glucoside. The highest conversion rate

reached 43.0% at 35 °C (Fig. 8c).

We next determined how the bioconversion time affects the conversion rate of quercetin
in the engineered E. coli strain. To this end, we conducted a time course analysis for the
conversion of 10 mM quercetin to it glucosides by BbGT-expressing E. coli BL21(DE3) strain
(ODsoo 10.0) at 35 °C in 200 mM phosphate buffer (pH 7.0). The reaction was sampled at 1, 3,
5, and 7 hours. The conversion rate of quercetin increased from 22.9% to 35.4% in the first 3
hours (Fig. 8d). After that, the increase of the conversion rate slowed down. Therefore, the
optimum reaction time for the conversion of quercetin to quercetin-7-O-p-D-glucoside by E.

coli BL21(DE3)/pWZ8 was determined to be 3 hours.

To further optimize the production of quercetin-7-O-B-D-glucoside, we next tested its
production from different quercetin concentrations ranging from 0.4 to 5.0 mM. The reactions
were conducted at pH 7.0, ODgoo 10, and 35 °C for 3 hours. When the substrate concentration
increased from 0.4 mM to 0.8 mM, the conversion of quercetin to its glucosides also increased
from 71.8% to 79.8%. However, when the concentration of quercetin was further increased to

1.6 mM, the conversion rate dropped to 44.5% (Fig. 8¢). Based on the productivity of quercetin-
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7-0-B-D-glucoside, 0.8 mM was deemed to be the optimal substrate concentration. We then
scaled up the reaction to 1 L. The titer of quercetin-7-O-p-D-glucoside reached 0.34 = 0.02 mM
(equivalent to 158 + 8 mg/L) from a total of 0.83 mM (equivalent to 250 mg/L) of quercetin in

24 hours.

Optimized production of quercetin-3-O-B-D-glucoside with the engineered S. cerevisiae

BJ5464

We first investigated the effect of different cell concentrations ranging from ODsoo 2.5 to 15.0
on the conversion of quercetin to quercetin-3-O-B-D-glucoside by S. cerevisiae BJ5464/pWZ9
cells at 35 °C for 3 hours. To ensure that the substrate is enough for the reactions, 0.8 mM
quercetin was used together with 0.11 M glucose. We found that the product titer increased
with increasing cell concentrations (Fig 9a). When the ODgoo value was 7.5, the conversion rate

of quercetin reached 53.8%, which was 24.4% higher than the titer at ODgoo 2.5.

In order to investigate the impact of pH on the whole-cell conversion efficiency of
quercetin, S. cerevisiae BJ5464/pWZ9 cells (ODgoo 7.5) were incubated with the substrate in
200 mM phosphate buffer (pH 6.5-8.5) at 28 °C for 12 hours. At pH 6.5, the conversion rate
was extremely low. With the increasing pH values, the conversion rate also increased
apparently. The highest conversion rate reached 55.1% at pH 8 (Fig. 9b), which is higher than
the optimal pH for E. coli BL21(DE3)/pWZ8 cells. The production of quercetin-3-O-f-D-
glucoside at different temperatures (20-40 °C) was also investigated. The highest conversion

rate reached 59.8% at 35 °C (Fig. 9¢), which is 31.9% higher than that at 20 °C.

We then examined how the reaction time affects the conversion of quercetin in the
engineered yeast. To this end, we conducted a time course analysis for the conversion of 0.8
mM quercetin to quercetin-3-O-B-D-glucoside by BbGT-expressing S. cerevisiae BJ5464 strain

(ODsoo 7.5) at 35 °C in 200 mM phosphate buffer (pH 8.0). The reaction was sampled at 3, 6,
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9, 12, and 15 hours, and the product was quantified by HPLC. The production of quercetin-3-
O-B-D-glucoside increased apparently from 3 to 12 hours (Fig. 9d), and the conversion rate was
increased from 6.3% to 45.5%. After 12 hours, the increase of the conversion rate slowed down.
Therefore, the optimum reaction time for this reaction using S. cerevisiae BJ5464/pWZ9 is 12

hours under the tested conditions.

To find out the optimal substrate concentration, we incubated the strain with different
quercetin concentrations ranging from 0.2 to 3.2 mM. The reactions were conducted at pH 8.0,
ODsoo 7.5, and 35 °C for 12 hours. When the substrate concentration increased from 0.2 mM to
0.4 mM, the conversion rates of quercetin to quercetin-3-O-B-D-glucoside were similar and
both were higher than 60%. However, when the concentration of quercetin was 0.8 mM, the
conversion rate dropped to 39.9% (Fig. 9e). Based on the productivity of glucosylated
quercetin, 0.4 mM quercetin was selected for scaled-up reaction. The titer of quercetin-3-O-f3-
D-glucoside in a 1-L reaction system was 0.22 + 0.02 mM (equivalent to 99 = 8 mg/L) from a
total of 0.41 mM (equivalent to 125 mg/L) of quercetin in 12 hours. As a result, S. cerevisiae
BJ5464/pWZ09 represents a promising strain for cost-effective production of quercetin-3-O-f-

D-glucoside.

Discussion

B. bassiana has attracted a lot of attention because of its ability to perform diverse enzymatic
modifications (including glycosylation) of exogenous substrates (Sordon et al. 2019; Strugata
et al. 2017; Zeng et al. 2010). We previously used this strain to synthesize curcumin-8'-O-4"-
O-methyl-B-D-glucopyranoside from curcumin. The water solubility of this glycoside is
39,000-fold higher than the substrate (Zeng et al. 2010). In this study, we discovered and cloned
a versatile GT BbGT from B. bassiana ATCC 7159, which can glycosylate the representative

flavonoid quercetin in a highly flexible way. In addition, BbGT showed a flexible substrate
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specificity toward sugar acceptor substrates, and can glycosylate resveratrol, curcumin and

zearalenone into their glucosides.

The optimum reaction temperature for BbGT was found to be 35 °C in phosphate buffer.
It is similar to those reported GTs, namely BsGT1, BsGT2, and BsGT110 (40 °C) from Bacillus
subtilis (Cheng et al. 2019; Chiang et al. 2018) and UGT74AN3 from Catharanthus roseus (40
°C) (Wen et al. 2020). The optimum pH for BbGT was found to be 8.0, which is the same as
the optimum pH for three recently reported UDP-glucosyltransferases, including BsGT]1,
BsGT2 from B. subtilis and UGT74AC1 from Siraitia grosvenorii, and three ApUFGTs from
Andrographis paniculata (Cheng et al. 2019; Li et al. 2019; Mu et al. 2020). However, this
value is higher than that of BsGT110 from B. subtilis (pH 7.0) (Chiang et al. 2018). Temperature
and pH have significant impacts on the conversion of quercetin into quercetin glucosides, and

these results indicate that UDP-glucosyltransferases are more active in mild conditions.

Metal ions play an important role in the biological function of many enzymes (Riordan
1977; Sigel and Pyle 2007). Furthermore, previous studies on UGTs showed that Mg?*, Ba®",
and Ca®" ions exhibited a consistently positive effect on the enzymatic activity (Mu et al. 2020).
Therefore, we also tested the effect of metal ions (Ca?*, Mg?*, Mn**, and Zn?") on the activity
of BbGT. Among the four tested metal ions, Ca**, Mg?* and Mn?" can stimulate the activity of
BbGT. This result is in accordance with the previous report that GTs can utilize divalent metal
ions such as Mn?" and Mg?" as enzyme reaction cofactors (Chiang et al. 2018). Li et al. also
found that Ca** enhanced the activity of the GT from Bacillus circulans because of an additional
calcium-binding site in the enzyme structure (Li et al. 2013). By contrast, Zn>** showed
inhibition to the enzymatic activity of BbGT. This is similar to the previous finding where
UGT74AC1 from S. grosvenorii was strongly inhibited by Zn>" (Mu et al. 2020). Researchers

have previously found that Zn?* is a reversible and competitive inhibitor within the active site
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of the glucosyltransferase at the fructose subsite (Devulapalle and Mooser 1994), which may

explain its inhibition effect on BbGT enzyme reported here.

Plants and microorganisms are known to contain GTs that can catalyze the glycosylation
of flavonoids. Because the 3- and 7-OH are commonly present in many flavonoids, 3-O-GT
and 7-O-GT are the most widely investigated (Cao et al. 2015; Yang et al. 2018). However,
most GTs have strict regional selectivity and substrate specificity (Cartwright et al. 2008;
Overwin et al. 2015). BbGT identified in this work was found to be a highly flexible enzyme
in terms of the glucosylation position. The homology model of BbGT (Fig. 5) showed that the
cavity is large enough for quercetin to easily rotate and expose different hydroxyl groups to the
sugar donor for glucosylations, which explains the production of various quercetin
monoglucosides. It is also a versatile enzyme as it can accept a variety of aromatic structures
and convert them into monoglucosides and even diglucosides.

There are two novel phenomena observed for BbGT. First, this fungal UGT showed
different product profiles in vitro and in vivo, when quercetin was used as a substrate. The
enzyme generated six quercetin glucosides in the in vitro reactions, while it produced quercetin-
7-0O-B-D-glucoside as the dominant product in E. coli. No diglucoside of quercetin was detected
in vivo. The different product profiles between in vitro and in vivo are likely due to the
availability of UDP-glucose and interference of other endogenous proteins in the host. Second,
different in vivo systems also showed different product profiles. E. coli, P. putida and P.
pastoris had similar products, but S. cerevisiae produced quercetin-3-O-B-D-glucoside as the
major product. The different product profiles may be indicative of host-dependent changes in
the BbGT substrate specificity using host-specific post-translational modifications or
oligomerization patterns and/or protein regulators. Future work on identification of the post-
translational modification patterns observed in different hosts could provide some clues into

this interesting phenomenon.
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Whole-cell biotransformation eliminates the need of cell disruption and enzyme
purification, and can provide UDP-glucose in situ for the glucosylation of quercetin, thus
representing a better way to produce quercetin glucosides than in vitro enzymatic reactions.
Meanwhile, process optimization is a topic of central importance in industrial production
processes. The temperature and pH play critical roles in product formation during whole-cell
biotransformation. The optimum temperature for whole-cell bioconversion is the same as the
purified enzyme. However, the optimum pH for whole-cell bioconversion with engineered E.
coli is 7, which is lower than that in vitro reactions. In the 1-L reaction system, the titer of
quercetin-7-O-B-D-glucoside in engineered E. coli strain was 158 £ 8 mg/L from 250 mg/L
quercetin in 24 hours. With the engineered S. cerevisiae BJ5464/pWZ9 strain, the optimum
temperature and pH were same as those for the purified enzyme. The titer of quercetin-3-O-f3-
D-glucoside in shaker flasks was 99 + 8 mg/L from 125 mg/L quercetin in 12 hours. Lim used
the E. coli BL21 culture expressing UGT73B3 as the whole-cell biocatalyst to produce
quercetin-3-O-B-D-glucoside, and the titer was around 100 mg/L after 20 hours under
fermenter-scale condition (Lim et al. 2004). Xia expressed UGT73B3 in E. coli MEC367 with
30 g/L glucose as the sole carbon source, and the production titer of quercetin-3-O-B-D-
glucoside reached 3.9 g/L in 56 hours in controlled bioreactors (Xia and Eiteman 2017). To
improve the production of these glucosides by BbGT, the expression of BbGT may be enhanced
through synthetic biology and metabolic engineering approaches such as codon optimization of
Bbgt and increased production of UDP-glucose in the host. It also was reported that bioreactors
can provide better oxygen transfer rates than shaker flaks (Xia and Eiteman 2017), which can
further increase the production of these glucosides.

In summary, this work identified a highly flexible and versatile GT for glucosylation of
a variety of natural products. The enzyme showed different product profiles from quercetin in

vitro and in various microbial systems. This work also provides two engineered strains for
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specific and efficient production of quercetin-7-O-B-D-glucoside and quercetin-3-O-3-D-
glucoside, by using BbGT in different microbial hosts and optimizing the corresponding

reaction conditions.
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Table 1 Primers and plasmids used in this study.
Gene Name Primers
Bbgt-Ndel-F 5'-AACATATGTCTCCGTCACGCAGCGAG-3'

Bbgt-Pmll-EcoRI-R
Bbgt-Pmel-EcoRI-F

Bbgt-Notl-HindIII-R

5'-AACACGTGGAATTCTCAATCCATAGCCGCCCACTTG-3'

5-AACCGTTTAAACGAATTCATGTCTCCGTCACGCAGCGAG-3'

5'-AACCGCGGCCGCAAGCTTTCAATCCATAGCCGCCCACTTG-3'

Plasmid Description
pJET1.2 Cloning vector with blunt ends
pET28a(+) E. coli expression vector

YEpADH2p-URA3
pPICZB
pMiS1-mva-ges
pWZ7

pWZ8

pWZ9

pJR10

pJR14

pJR16

Expression vector for S. cerevisiae BI5464
Expression vector for P. pastoris GS115
Expression vector for P. putida KT2440
Bbgt in pJET1.2

Bbgt in pET28a(+)

Bbgt in YEpADH2p-URA3

Bbgt in pJET1.2

Bbgt in pPICZB

Bbgt in pMiS1
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Figure legends

Fig. 1 Glucosylation of quercetin by BbGT.

Fig. 2 Phylogenetic analysis of BbGT with other GTs. The numbers following GTs are the
numbers of combined guide-tree/HMM iterations. The analyzed GTs include sterol GTs,
namely BsUGT489 (Bacillus subtilis, GenBank accession no. WP_003220489, similarity: 18.0
%) (Chang et al. 2018), BsUGT398 (B. subtilis, GenBank accession no. WP_003225398,
similarity: 22.9 %) (Chang et al. 2018), BsYjiC (B. subtilis, GenBank accession no.
NP _389104.1, similarity: 19.6 %) (Dai et al. 2018), UGT109A1 (B. subtilis, GenBank
accession no. ASY97769.1, similarity: 18.8 %) (Liang et al. 2017), BsGT1 (B. subtilis,
GenBank accession no. ANP92054.1, similarity: 19.6 %) (Wang et al. 2018), AtSGT
(Arabidopsis thaliana, GenBank accession no. CAB06082.1, similarity: 19.5 %) (Warnecke et
al. 1997), SGTL1 (Withania somnifera, GenBank accession no. ABC96116.1, similarity: 22.4
%) (Sharma et al. 2007), UGT51C1 (Candida albicans, GenBank accession no. AAD29571.1,
similarity: 20.5 %) (Warnecke et al. 1999); flavonoid GTs, namely TwUGT2 (Tripterygium
wilfordii, GenBank accession no. MKO035745.1, similarity: 13.6 %) (Lu et al. 2020),
CsUGT73A20 (Camellia sinensis, GenBank accession no. KP682358.1, similarity: 21.1 %)
(Zhao et al. 2017), Am4CGT (Antirrhinum majus, GenBank accession no. BAE48239.1,
similarity: 22.3 %) (Ono et al. 2006), PIUGT1 (Pueraria lobata, GenBank accession no.
AGZ84545.1, similarity: 21.7 %) (Li et al. 2014), UBGT (Scutellaria baicalensis, GenBank
accession no. BAA83484.1, similarity: 22.1 %) (Hirotani et al. 2000), FaGT7 (Fragaria
ananassa, GenBank accession no. Q2V6J9, similarity: 20.9 %) (Griesser et al. 2008); terpenoid
GTs, namely, CsUGT1 (Citrus sinensis, GenBank accession no. GQ221686.1, similarity: 21.5
%) (Fan et al. 2010), UGT84B1 (Arabidopsis thaliana, GenBank accession no. At2g23260,
similarity: 20.9 %) (Caputi et al. 2008), UGT84A4 (A. thaliana, GenBank accession no.

Atd4g15500, similarity: 22.2 %) (Caputi et al. 2008), CsUGT2 (C. sinensis, GenBank accession
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no. ACS87991.1, similarity: 21.5 %) (Fan et al. 2010), UGT74M1 (Gypsophila vaccaria,

GenBank accession no. ABK76266.1, similarity: 20.5 %) (Meesapyodsuk et al. 2007).

Fig. 3 Expression of BbGT in E. coli and in vitro functional characterization. a SDS-PAGE
analysis of the purified recombinant BbGT from E. coli BL21(DE3). Lane 1: Purified BbGT;
Lane 2: Protein ladder. b HPLC analysis of the reaction of BbGT with quercetin in the presence
of UDP-glucose at 350 nm. (i) negative control (without BbGT); (ii) quercetin + BbGT. c-h

ESI-MS (-) spectra of products 1-6.

Fig. 4 HPLC analysis of glucosylation of different sugar-acceptor substrates by BbGT. a
Glucosylation of curcumin (420 nm); b Glucosylation of zearalenone (250 nm); ¢ glucosylation
of resveratrol (300 nm). (i) substrate incubated with the reaction buffer without BbGT; (ii)

substrate incubated with the reaction buffer with BbGT.

Fig. 5 Homology modeling of the BbGT. a The structure of BbGT was predicted using
homology modeling. The model shows a GT-B fold where the C-terminal domain encompasses
the sugar donor binding site (gray) and the N-terminal domain houses the acceptor binding site
(teal) with the active site formulated at the interface. A quercetin molecule (magenta) and UDP-
2-deoxy-2-fluoro glucose (green) are shown based on their positions in the 2C9Z and 2C1Z
structures, respectively. b The hydrophobic character of the quercetin binding pocket is shown
as red (high hydrophobicity) and white (low hydrophobicity). In c-e, the quercetin molecule
(cyan with oxygen atoms colored yellow) was placed into the active site to position three of the
possible nucleophilic hydroxyl groups within 4-5 A of C-1 of the donor sugar. Potential
hydrogen bond donors/acceptors (purple) are present throughout the mostly hydrophobic

pocket.

Fig. 6 Determination of the optimum in vitro reaction conditions for BbGT. a Effect of reaction

temperature on the BbGT glucosylation activity. b Effect of reaction pH on the BbGT
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glucosylation activity. ¢ Effect of metal ions on the BbGT glucosylation activity. Data are

presented as the mean + SD from three independent experiments.

Fig. 7 HPLC analysis of glucosylation of quercetin by BbGT in different heterologous
expression systems. a HPLC traces (350 nm) of the standard of quercetin and biotransformation
product profiles from different engineered strains. (i) commercial standard of quercetin; (i)
quercetin + E. coli BL21(DE3)/pWZ8; (ii1) quercetin + P. putida KT2440/pJR16; (iv) quercetin
+ §. cerevisiae BJ5464/pWZ09; (v) quercetin + P. pastoris GS115/pJR14. Asterisked peaks in
trace iv are the metabolites from the host. b UV spectra comparison of the substrate and product
3. ¢ UV spectra comparison of the substrate and product 4. d Selected HMBC correlations for

products 3 and 4.

Fig. 8 Optimization of the glucosylation of quercetin by E. coli BL21(DE3)/pWZ8. a Effect of
cell density on quercetin glucosylation by E. coli BL21(DE3)/pWZS8. b Eftect of reaction pH
on quercetin glucosylation by E. coli BL21(DE3)/pWZ8. ¢ Effect of temperature on quercetin
glucosylation by E. coli BL21(DE3)/pWZS8. d Effect of reaction time on quercetin glucosylation
by E. coli BL21(DE3)/pWZ8. e Effect of substrate concentration on quercetin glucosylation by
E. coli BL21(DE3)/pWZ8. Data are presented as the mean = SD from three independent

experiments.

Fig. 9 Optimization of the whole-cell conversion of BbGT to quercetin-3-O-B-D-glucoside by
S. cerevisiae BI5464/pWZ9. a Effect of cell density on the production of quercetin-3-O--D-
glucoside by S. cerevisiae BJ5464/pWZ9. b Effect of reaction pH on the production of
quercetin-3-O-B-D-glucoside by S. cerevisiae BJ5464/pWZ9. ¢ Effect of temperature on the
production of quercetin-3-O-f-D-glucoside by S. cerevisiae BJ5464/pWZ9. d Effect of reaction
time on the production of quercetin-3-O-B-D-glucoside by S. cerevisiae BI5464/pWZ9. e Effect
of substrate concentration on the production of quercetin-3-O-f-D-glucoside by S. cerevisiae

BJ5464/pWZ09. Data are presented as the mean + SD from three independent experiments.
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