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Abstract

Glycosylation is an effective way to increase the polarity of natural products. UDP-
Glucuronyltransferases (UGTs) are commonly observed and extensively studied in
phase II drug metabolism. However, UGTs in microorganisms are not well studied,
which hampered the utilization of this type of enzyme in microbial glucuronidation of
natural products. Screening of five actinomycete strains showed that Streptomyces
chromofuscus ATCC 49982 can convert diverse plant polyphenols into more polar
products, which were characterized as various glucuronides based on their spectral data.
Analysis of the genome of this strain revealed a putative glucuronidation gene cluster
that contains a UGT gene (gcaC) and two UDP-glucuronic acid biosynthetic genes
(gcaB and gcaD). The gcaC gene was cloned and heterologously expressed in
Escherichia coli BL21(DE3). Incubation of the purified enzyme with resveratrol and
UDP-glucuronic acid led to the production of resveratrol-4'-O-B-D-glucuronide and
resveratrol-3-O-B-D-glucuronide, allowing GeaC to be characterized as a flexible UGT.
The optimal in vitro reaction pH and temperature for GcaC are 7.5 and 30 °C,
respectively. Its activity can be stimulated by Ca?*, Mg?" and Mn?*, whereas Zn**, Cu?*
and Fe?* showed inhibitory effects. Furthermore, GcaC has a broad substrate specificity,
which can glucuronidate various substrates besides resveratrol, including quercetin,
ferulic acid, vanillic acid, curcumin, vanillin, chrysin, zearalenone, and apigenin. The
titers of resveratrol-4'-O-fB-D-glucuronide and resveratrol-3-O-3-D-glucuronide in E.
coli-GcaC were 78.381 + 0.366 mg/L and 14.991 + 0.248 mg/L from 114.125 mg/L

resveratrol within 3 hours. Therefore, this work provides an effective way to produce
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glucuronides of resveratrol and other health-benefitting natural products.

Key points
e A novel versatile microbial UDP-glucuronyltransferase was discovered and
characterized from Streptomyces chromofuscus ATCC 49982.
e The UDP-glucuronyltransferase was expressed in Escherichia coli and can
converts resveratrol into two glucuronides both in vitro and in vivo.
e The UDP-glucuronyltransferase has a highly flexible substrate specificity and

is an effective tool to prepare mono- or diglucuronides of bioactive molecules.

Keywords Streptomyces chromofuscus . flexible substrate

specificity + monoglucuronide - diglucuronide - microbial glucuronyltransferase
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Introduction

Plant polyphenols are an important group of compounds with diverse chemical
structures (Harborne and Baxter 1999; Tsao 2010). Stilbenoids and flavonoids are
representative examples of polyphenols which are rich in commonly consumed fruits
and vegetables, and both animal and human clinical studies showed their health-
promoting effects and antioxidant characteristics (Rice-Evans 2001; Thilakarathna and
Rupasinghe 2013). However, low water solubility and poor bioavailability often limits
the beneficial effects of polyphenols. Introduction of polar groups such as sugar
moieties into the structure is a widely used approach to improve the water solubility of
bioactive molecules. As such, discovery of novel and versatile glycosyltransferases is
important for adding new enzymes into the biocatalytic toolbox.

Sugar moieties often play important roles in binding of drugs to biological targets.
They may also be involved in other biochemical processes such as distribution,
metabolism, and excretion properties of drugs, which can affect the efficacy of its oral
administration (Thorson et al. 2004; Weymouth-Wilson 1997; Yu et al. 2002).
Glycosylated compounds often exhibit increased water-solubility, intestinal absorption,
biological half-life, physicochemical stability and bioavailability for medical and
cosmetic applications, while may also have lower toxicity compared to their aglycon
forms (Bowles et al. 2005; Cai et al. 2013; Gachon et al. 2005; Imai et al. 2012;
Kaminaga et al. 2003). Digitoxin, amphotericin, vancomycin, streptomycin, and
daunomycin are some examples of the most biologically active natural products and

commonly used therapeutics, with one or more sugar moieties (Pandey et al. 2014).
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Sugar moieties can also contribute to other biological properties of natural products.
For instance, the glucuronic acid moieties of glycyrrhizin are essential for its sweet taste
(Chung et al. 2020).

Glycosyltransferases are the enzymes responsible for transferring sugar moieties
from sugar donors to acceptors to yield corresponding glycosides. Microorganisms are
a rich source of both natural products and natural product biosynthetic enzymes.
Actinomycetes, the most ubiquitous group of gram-positive filamentous bacteria, are
well characterized for their metabolic versatility (Nawani et al. 2013; Prakash et al.
2013). For example, they can decompose organic matter (such as cellulose) which is
important for the carbon cycle and maintaining the soil structure (Kim 2016;
Priyadharsini and Dhanasekaran 2015). In addition, actinomycetes can also produce
various commercial products, such as pharmaceuticals (antibiotics, antitumor agents,
etc) and nutraceuticals (Prakash et al. 2013; Remya and Vijayakumar 2008).
Furthermore, many actinomycete genera produce industrially important enzymes
applied in biotechnological applications and biomedical fields, such as amylases,
cellulases, chitinases, xylanases, and proteases (Mehnaz et al. 2017; Nawani et al. 2013).

Glucuronidation is one of the common glycosylation reactions in nature. UDP-
Glucuronyltransferases (UGTs) are the enzymes involved in glucuronidation, which are
widely observed in metabolism of xenobiotics and endogenous components (bilirubin,
bile acids, and certain hormones) during phase II metabolism, a common detoxification
pathway in the human body (De Wildt et al. 1999; Wilkinson et al. 2008). There are

mainly two phases for drug metabolism, namely functionalization reactions and
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conjugation reactions. Glucuronidation is one of the phase II conjugation reactions. It
was predicted that about 10% of the top 200 prescribed drugs recorded in USA are fully
or partially metabolized by UGTs. UGTs transfer the glucuronic acid moiety from
uridine 5'-diphosphoglucuronic acid (UDP-glucuronic acid) to various exogenous and
endogenous compounds. They often work with cytochrome P450 enzymes (CYPs) to
metabolize most hepatically cleared drugs.

Many fields such as drug development, sports drug testing, and the detection of
agricultural residues often require the identification, quantification, and
pharmacological evaluation of the glucuronidated metabolites (Wilkinson et al. 2011).
However, chemical approaches like the Koenigs-Knorr reaction used for
glucuronidation often suffer from poor yields and side reactions, as well as tedious
protection-deprotection of the hydroxyl groups of sugar moieties (Engstrom et al. 2006;
Stachulski et al. 2006). Enzymatic preparation of glucuronides represents a “green”
alternative because of the selectivity, mild conditions and elimination of the need of
toxic chemical reagents. Discovery of efficient and versatile UGTs is critical for the
development of feasible and viable production process of glucuronides.

In our ongoing effort of discovering novel enzymes for natural product
glycosylation, we found Streptomyces chromofuscus ATCC 49982 can convert
resveratrol and several other natural products to corresponding glucuronides. We
analyzed the genome of this strain and discovered a putative UGT gene flanked by two
UDP-glucuronic acid biosynthetic genes. The UDP gene was then cloned and

heterologously expressed in Escherichia coli BL21(DE3). The enzyme was
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functionally characterized through in vitro reactions and its optimal reaction conditions
were investigated. This enzyme is highly versatile and can convert a variety of
substrates into monoglucuronides or diglucuronides. Therefore, this UGT represents a
useful tool for the synthesis of glucuronidated metabolites. We also used the engineered
E. coli strain to produce the two resveratrol glucuronides and the optimal bioconversion
conditions were studied. In conclusion, the versatile UGT cloned and characterized
from microorganism in this work lays the foundation for the microbial production of
valuable glucuronides.
Materials and methods
General equipment and experimental materials
Agilent 1200 HPLC instrument with an Agilent Eclipse Plus-Cig column (5 um, 250
mm X% 4.6 mm) was used to analyze and purify the products. The samples were eluted
with methanol-water (5:95 to 95:5 over 35 minutes, v/v, containing 0.1 % formic acid)
at a flow rate of I mL/min. Low-resolution ESI-MS spectra were obtained on an Agilent
6130 single quadrupole LC-MS in the negative mode to confirm the molecular weights
of glucuronides. All purified compounds were dissolved in in deuterated dimethyl
sulfoxide (DMSO-dp) to collect the NMR spectra on a Bruker Avance III HD Ascend-
500 NMR instrument (500 MHz for '"H NMR and 125 MHz for '*C NMR). The
chemical shift (0) values are given in parts per million (ppm). The coupling constants
(J values) are reported in hertz (Hz).

Phusion High-Fidelity DNA polymerase, restriction enzymes and T4 DNA ligase

were purchased from New England Biolabs. PCR reactions were conducted with an
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Arktik Thermal Cycler (Thermo Scientific). Genomic DNA extraction was performed
using the Quick-DNA™ Fungal/Bacteria DNA Miniprep Kit (Zymo Research, USA).
Plasmid extraction was performed using the Thermo Scientific GeneJET Plasmid
Miniprep Kit (Thermo Scientific). Primers were ordered from Thermo Scientific and
dissolved in Tris-EDTA (TE) buffer to the concentration of 100 ng/mL. Standard
compounds like resveratrol, quercetin, curcumin, vanillic acid, ferulic acid, vanillin,
chrysin, zearalenone, apigenin, resibufogenin, tetracycline were purchased from
Sigma-Aldrich (USA). HisPur™ Ni-NTA resin, Luria-Bertani (LB) medium, yeast and
malt extracts were purchased from 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 conditions
Streptosporangium roseum No. 79089 (NRRL 2505) was provided by the ARS Culture
Collection (NRRL) of the United States Department of Agriculture. Streptomyces
reseiscleroticus ATCC 53903, Actinomadura hibisca P157-2 (ATCC 53557), and S.
chromofuscus ATCC 49982 were obtained from the American Type Culture Collection
(ATCC). Streptomyces sp. FERM BP-2474 was acquired from Patent and Bio-Resource
Center, National Institute of Advanced Industrial Science and Technology, Japan.

E. coli XL1-Blue and BL21(DE3) were both purchased from Agilent. E. coli XL1-
Blue was used for routine gene cloning and plasmid propagation. E. coli BL21(DE3)

was used for protein expression and in vivo biotransformation. The pJET1.2 (Thermo
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Fisher Scientific, USA) and pET28a (+) (Millipore Sigma, USA) vectors were used,
respectively, to clone and express UGT. The E. coli strains were routinely grown at
37 °C on LB agar plates or in liquid LB medium (Fisher Scientific, USA). When
necessary, carbenicillin (50 pg/mL) and kanamycin (50 pg/mL) were supplemented into
the culture media for selecting correct clones. S. chromofuscus ATCC 49982 was grown
on YM plate (4 g/L yeast extract, 10 g/L. malt extract, 4 g/L. glucose, and 20 g/L agar)
or in YM broth (4 g/L yeast extract, 10 g/L malt extract, and 4 g/L glucose) at 28 °C.
Recombinant UGT was expressed in E. coli BL21(DE3) at 28 °C. Isopropyl-1-thio--
D-galactopyranoside (IPTG) (Gold Biotechnology, USA) was used at 200 uM to induce
protein expression in E. coli BL21(DE3).

Screening of glucuronidating actinomycete strains

To test the ability of actinomyces to glucuronidate resveratrol, we screened five strains,
namely, S. roseum No. 79089, S. reseiscleroticus ATCC 53903, A. hibisca ATCC 53557,
Streptomyces sp. FERM BP-2474, and S. chromofuscus ATCC 49982. These bacteria
were grown in 50 mL of YM medium in a rotary shaker at 250 rpm and 28 °C for 3
days.

Resveratrol (4 mg) was dissolved in DMSO and added into each culture. The
cultures were incubated under the same conditions for an additional 4 days. After that,
1 mL of fermentation broth was sampled and centrifuged at 15,000 xg for 10 min. The
supernatant was analyzed by HPLC at 300 nm. In order to check whether S.
chromofuscus ATCC 49982 can glucuronidate other substrates, quercetin, ferulic acid,

and vanillic acid were incubated with the culture of this strain in a similar way. The
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supernatant was analyzed by HPLC at 350 nm (quercetin) or 300 nm (ferulic acid and
vanillic acid) using the same HPLC conditions for resveratrol.

Extraction and purification of compounds

To isolate the biotransformation products of resveratrol for structure elucidation, S.
chromofuscus ATCC 49982 was cultivated in 1-L Erlenmeyer flasks, containing 250
mL of YM medium, to biotransform 20 mg of resveratrol. After 4 days, the fermentation
broth was centrifuged at 4,000 xg for 10 min. After water in the supernatant was
evaporated, the residue was dissolved in 2 mL of methanol. The sample was subjected
to Sephadex LH-20 column chromatography, and eluted with methanol-water (1:1, v/v).
The products-containing fraction was further separated by reverse phase HPLC, and
eluted with methanol-water (10-50%, 0-17 min; 50-95%, 17-22 min) containing 0.1%
formic acid (v/v) to yield 1 (3.6 mg) and 2 (2.8 mg). Products 1 and 2 were also used
to prepare a standard curve to quantify the formation of these products in the in vitro
and in vivo reactions.

A similar procedure was used to isolate the biotransformation products of
quercetin, ferulic acid and vanillic acid for structure elucidation except the HPLC
methods for final compound purification. The gradient elution method with methanol-
water (20-40%, 0-2 min; 40%, 2-15 min; 40-95%, 15-20 min) was used to yield product
3 (7.4 mg) and 4 (5.8 mg). The gradient elution method with methanol-water (5-60%,
0-15 min; 60-95%, 15-16 min; 95%, 16-18 min) was used to yield product 5 (4.8 mg),
6 (3.0 mg) and 7 (1.2 mg). All purified products were subjected to NMR analysis. The

purified products were dissolved in DMSO-ds. Their chemical structures were
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characterized based on the NMR data (Supplementary Material).

Genome analysis and amplification of the putative UGT gene from S.
chromofuscus ATCC 49982

The genomic DNA was extracted from S. chromofuscus ATCC 49982 using the Quick-
DNA™ Fungal/Bacterial Microprep Kit (Zymo Research, USA) by following the
manufacturer's standard procedure. The 454 next-generation sequencing system and
Rapid Annotation using Subsystem Technology (RAST) were used respectively to
sequence and annotate the genomic DNA of S. chromofuscus. The glucuronidation (gca)
gene cluster was deposited into GenBank under the accession number MZ666424. The
detailed functions of each gene in the gene cluster was predicted based on BLAST
analysis of the corresponding amino acid sequences.

Plasmids were extracted from E. coli via the GeneJET Plasmid Miniprep Kit
(Thermo Fisher Scientific). Primers were synthesized by Thermo Scientific (5'-
AATTGTTTAAACCATATGCGAGTACTGTTCACCAC-3" and 5'-AATTGCTAGCA
AGCTTTCAGACGATCTTCTGCAGGTC-3"). The primers (1 uM), genomic DNA
(0.2 uL), dNTP mix (200 uM), 5x buffer (4 puL), DMSO (0.4 pL), Phusion High-
Fidelity DNA Polymerase (0.2 puL at 2 U/uL) and nuclease-free water were mixed to
20 pL for amplification of the UGT (gcaC) gene (1,209 bp). The PCR program began
with an initial denaturation at 95 °C for 5 min, and then 20 cycles of touchdown
program (95 °C for 30 s, annealing at 70 °C for 40 s, decreasing 0.5 °C per cycle, and
extension at 72 °C for 100 s), followed by 20 cycles of regular program (95 °C for 30

s, annealing at 60 °C for 40 s, and extension at 72 °C for 100 s), and finally, 68 °C for
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15 min of extension.

Construction of cloning and expression plasmids

After purification with a GeneJET Gel Extraction Kit, the target PCR product was
ligated into the pJET1.2 cloning vector to yield pJR34 (pJET1.2-gcaC). After the pJR34
plasmid was confirmed by digestion check and sequencing using the Sanger method,
the gene was excised from pJR34 and introduced to the pET28a expression vector
between the Ndel and HindlIIl restriction sites to yield expression plasmid pJR36
(pET28a-gcaC). The ligation product was transferred into E. coli XL1-Blue competent
cells through chemical transformation, and the transformants were selected on LB agar
with 50 pg/mL kanamycin. The correct plasmids were confirmed by digestion check
with Ndel and HindIII.

Heterologous expression of GecaC and in vivo biotransformation of resveratrol in
E. coli BL21(DE3)

The expression plasmid pJR36 was transferred into E. coli BL21(DE3) through
chemical transformation. The correct transformant of E. coli BL21(DE3)-pJR36 was
picked from LB agar into 5 mL of LB medium supplemented with kanamycin (50
pug/mL), incubating 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 with kanamycin (50 pg/mL)
with shaking at 250 rpm and 37 °C. When the ODgoo reached between 0.4 and 0.6,
protein expression was induced with 200 uM IPTG, and the culture was maintained at
28 °C for an additional 16 hours with shaking at 250 rpm. After protein expression,

0.35 mM resveratrol and 0.11 M glucose were added as the substrates. The culture was



265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

incubated under the same conditions for an additional 48 hours. After fermentation, 1
mL of the culture was sampled and centrifuged at 15,000 xg for 10 min. 100 puL of the
supernatant was subjected to analysis on HPLC (at 300 nm).

Functional characterization of GcaC through in vitro enzymatic reactions

GcaC was purified as described in Supplementary Material. We characterized the
function of GcaC by reacting the enzyme with the substrate resveratrol. Enzymatic
assays were conducted in a 100-pL reaction system, which included 20 mM Tris-HCI
(pH 8.0), 2.2 mM substrate, | mM MgCl,, 2 mM sugar donor (UDP-glucuronic acid),
and 23.7 pg purified recombinant GeaC protein. The mixtures were thoroughly mixed
and incubated at 30 °C for 6 hours, and then 200 pL of HPLC-grade methanol was
added to terminate the reaction. The reaction mixtures were centrifuged at 13,000 xg
for 10 min, and supernatants were collected to analyze the products by LC-MS.

The substrate specificity of GecaC was investigated using additional sugar-acceptor
substrates, including curcumin, quercetin, ferulic acid, vanillic acid, vanillin, chrysin,
apigenin, zearalenone, tetracycline and resibufogenin. In terms of sugar-donor
substrates, another structurally similar sugar-donor substrate UDP-glucose was also
reacted with resveratrol, besides UDP-glucuronic acid. Reaction products were
analyzed by LC-MS after centrifugation.

Determination of the optimal in vitro reaction conditions
Purified resveratrol glucuronides were used to establish standard curves for quantifying
product formation. The effects of reaction temperature, pH and metal ions on the

catalytic activity of GcaC were examined. To determine the optimum temperature, the
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reaction mixtures with resveratrol as the substrate were incubated at different
temperatures (20, 25, 30, 35, 40, 45, and 50 °C) for 6 hours. Glucuronidation reactions
were conducted as described before except with 1.0 mM resveratrol. In order to find
out the optimum pH, GcaC was reacted with resveratrol at 30 °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, 8.5, and 9.0). The
conversion rate of resveratrol was quantified by HPLC. Control reaction was conducted
under the same conditions, but without GecaC. Different metal ions such as CaCl,, CuCly,
FeSO4, MgClz, MnCl,, and ZnCl, were also tested. Control reaction was performed
under the same conditions without adding these metal ions. The experiments were
carried out with individually divalent metal ion at the final concentration of 10 mM,
and UDP-glucuronic acid and resveratrol were used as sugar donor and sugar acceptor,
respectively. All reactions were performed in triplicate and conversion rates were
expressed as the mean + standard deviation.

Whole-cell bioconversion of resveratrol into resveratrol glucuronides by E. coli
BL21(DE3)-pJR36

E. coli BL21(DE3)-pJR16 was grown and induced as described above. The cells were
collected by centrifugation for whole-cell bioconversion after IPTG induction at 28 °C
for 16 hours. Phosphate buffer was used to re-suspend the cells, and cell density was
determined using a UV-Vis spectrophotometer (Thermo Scientific, Rockford, USA) by
recording the ODgoo value. In order to determine the whole-cell bioconversion
conditions, different pH values (pH 4.5, 5.5, 6.0, 6.5, 7.0, 7.5, and 8.5), temperatures

(25, 30, 35, 40, and 45 °C), cell densities (ODeoo 2.5, 5, 7.5, 10, 12.5, and 15), reaction
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times (1, 2, 3, 4, and 5 h) and substrate concentrations (0.25, 0.5, 1.0, 1.5, 2.0 and 2.5
mM) were investigated. Product formation was quantified by HPLC. Finally, the whole-
cell biotransformation experiment was performed in a 1-L reaction system under the
optimal conditions. The reaction consisted of E. coli BL21(DE3)-pJR36 cells (ODsoo
10.0) and 0.5 mM resveratrol, and the bioconversion process was performed at 40 °C,
pH 6.5, and 250 rpm for 3 hours.

Results

Screening of different actinomycete strains for the ability to glycosylate
resveratrol

Actinomyctes are known to produce a variety of bioactive natural products and contain
abundant biosynthetic enzymes. We hypothesized that some of these strains may have
versatile UGTs that can introduce the glucuronic acid moiety to plant polyphenols such
as resveratrol. To this end, resveratrol was incubated with five different strains,
including §. roseum No. 79089, S. reseiscleroticus ATCC 53903, A. hibisca P157-2,
Streptomyces sp. FERM BP-2474, and S. chromofuscus ATCC 49982. HPLC analysis
revealed that two more polar metabolites, at 15.5 min for product 1 and 17.0 min for
product 2 respectively, were synthesized from resveratrol by S. chromofuscus ATCC
49982 (Fig. 1a). The UV absorption patterns of the products were both similar to that
of resveratrol, suggesting that these two polar products are derivatives of the substrate
(Fig. 1b). However, no products were detected in the other four strains.
Characterization of the two biotransformed products of resveratrol by S.

chromofuscus ATCC 49982
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ESI-MS spectra of both 1 (Fig. 1d) and 2 (Fig. le) showed the same corresponding
quasimolecular ions [M-H]" at m/z 402.8 and [2M-H] at m/z 806.7, respectively.
Therefore, products 1 and 2 have the same molecular weight of 404, which is 176 mass
units larger than the substrate resveratrol, suggesting that a glucuronic acid moiety was
added to different hydroxyl groups of resveratrol.

In order to elucidate the chemical structures, two purified products 1 and 2 were
subjected to NMR analysis (Figures S1-S10). The '*C NMR spectra of 1 (Figure S2)
and 2 (Figure S7) both revealed 20 carbon signals. In addition to the 14 signals
belonging to resveratrol, six additional carbon signals at doc 170.5, 100.3, 76.2, 75.9,
73.4,and 71.8 for 1 and Jc 170.1,100.5, 77.2, 75.8, 72.9, and 71.4 for 2 were found in
the spectra, further suggesting that a sugar moiety was added to resveratrol at one of its
hydroxyl groups. Unlike glucose and other common sugars, this sugar moiety has a
carbon signal at around dc 170, indicating the presence of a carboxyl group. Both the
'H and 3C signals of this sugar moiety supported the presence of a glucuronic acid
moiety. As shown in the "H NMR spectra (Figures S1 and S6), the anomeric proton
signals at ouy 5.07 (d, J = 7.5 Hz), and 4.99 (d, J = 7.7 Hz) of 1 and 2, respectively,
indicated the B-configuration of these two compounds for the glucuronic acid moiety.
HMBC spectrum of 1 revealed the correlation of H-1" at Ju 5.07 to C-4' at oc 156.9
(Figures 2 and S5), which confirmed that 1 has a glucuronic acid moiety at C-4'".
Similarly, H-1" at on 4.99 of 2 had HMBC correlation to C-3 at oc 158.4, indicating that
the glucuronic acid moiety was introduced at C-3 (Figures 2 and S10). Therefore,

products 1 and 2 were characterized as resveratrol-4'-O-f-D-glucuronide and
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resveratrol-3-O-B-D-glucuronide, respectively. The NMR data of 1 and 2 are consistent
with those reported in literature (Wang et al. 2004).

Characterization of the biotransformed products of quercetin, ferulic acid and
vanillic acid by S. chromofuscus ATCC 49982

To check whether S. chromofuscus can also glucuronidate other natural products,
quercetin, ferulic acid and vanillic acid were incubated with S. chromofuscus
respectively. We found that all these three substrates can be glucuronidated into one or
two glucuronides (Fig. 3).

When quercetin was used as substrate, HPLC analysis (Fig. 3a) showed that two
polar products at 16.1 and 18.8 min, respectively, were formed from quercetin. Two
products showed the similar UV spectra (Figures S11a and S11b) to the substrate. ESI-
MS spectra (Figures S12a and S12b) of both 3 and 4 showed the corresponding quasi-
molecular ion [M-H] at m/z 476.9 and 476.6, respectively. Therefore, products 3 and 4
have the same molecular weight of 478, which is 176 mass units larger than the
substrate quercetin, indicating that a glucuronic acid moiety was added to different
hydroxyl groups of quercetin.

When ferulic acid was used as the substrate, a polar product 5 at 12.8 min was
detected by HPLC (Fig. 3b). Two more polar products 6 and 7 appeared at 9.7 and 10.8
min when vanillic acid was incubated with S. chromofuscus ATCC 49982 (Fig. 3c¢).
These products showed the similar UV spectra (Figures S11c-e) to the corresponding
substrates. The ESI-MS spectra (Figures S12c-¢) of 5-7 showed a [M-H] ion peak at

m/z 368.9, 342.9, and 342.9, respectively, indicating that their molecular weights are
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370, 344 and 344 Da, which are consistent with the addition of a glucuronic acid moiety
to the substrates ferulic acid and vanillic acid. Therefore, S. chromofuscus was found to
be able to glucuronidate various phenolic natural products.

The NMR spectra of products 3-7 were collected (Figures S13-S37). The 3*C NMR
spectra (Figures S14 and S19) of compounds 3 and 4 both showed 21 carbon signals.
In addition to the signals from quercetin, six additional carbon signals at dc 170.1, 99.1,
75.6,75.4,72.8,and 71.2 for 3 and ¢ 169.7,101.0, 76.0, 75.8, 73.8, and 71.3 for 4 were
found in the spectra. These signals were similar to those from the glucuronic acid
moiety of 1 and 2, thus suggesting that a glucuronic acid moiety was added to one of
the hydroxyl groups in quercetin. As shown in the '"H NMR spectra (Figures S13 and
S18), the anomeric proton signals at on 5.29 (d, J= 7.3 Hz), and 5.50 (d, J= 7.5 Hz) of
3 and 4, respectively, indicated the B-configuration of the sugar moiety in these two
compounds. HMBC spectrum of 3 revealed the correlation of H-1" at ou 5.29 to C-7 at
oc 162.2 (Figures 2 and S17), which confirmed that 3 has a glucuronic acid moiety at
C-7. Similarly, H-1" of 4 at ou 5.50 had HMBC correlation to C-3 at dc 133.0, indicating
that the glucuronic acid moiety was introduced at C-3 (Figures 2 and S22). Therefore,
products 3 and 4 were characterized as quercetin-7-O-B-D-glucuronide and quercetin-
3-O-B-D-glucuronide, respectively. The NMR data of 3 and 4 are consistent with those
reported in literature (Marvalin and Azerad 2011a).

The *C NMR spectrum of compounds 5 revealed 16 carbon signals. Compared to
the substrate ferulic acid, there were six additional carbon signals at dc 170.2, 99.2,

76.1,75.3, 72.9, and 71.4, further suggesting that a glucuronic acid moiety was added
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to ferulic acid. As shown in the "H NMR spectrum (Figure S23), the anomeric proton
signal of 5 at ou 5.13 (d, J = 7.1 Hz) indicated the B-configuration of the glucuronic
acid moiety. HMBC spectrum of 5 revealed the correlation of H-1" (dn 5.13,d,J="7.1
Hz) to C-4 at Jc 147.8 (Figures 2 and S27), which confirmed that the position of
glucuronic acid moiety is at C-4 of 5. Therefore, S5 was characterized as ferulic acid-4-
O-B-D-glucuronide. The NMR data were assigned based on the 1D and 2D NMR
spectra for the first time.

The *C NMR spectra of both 6 (Figure S29) and 7 (Figure S34) showed 14 carbon
signals. In addition to the eight carbon signals from vanillic acid, six additional carbon
signals at dc 170.8, 99.2, 76.4, 74.7, 72.9, and 71.6 were observed for 6 and oc 170.4,
94.6,75.9,75.7,72.3, and 71.6 for 7, indicating that a glucuronic acid moiety was added
to vanillic acid at different positions to yield the two products. As shown in the 'H NMR
spectra (Figures S28 and S33), the anomeric proton signals of 6 and 7 at on 5.11 (d, J =
6.1 Hz) and 5.54 (d, J = 7.5 Hz), respectively, indicated the B-configuration of the
glucuronic acid moiety in these compounds. HMBC spectrum of 6 revealed the
correlation of H-1" at du 5.11 to C-4 at oc 150.0 (Figures 2 and S32), which confirmed
that 6 has a glucuronic acid moiety at C-4. Similarly, H-1" of 7 at ou 5.54 had HMBC
correlation to C-7 at oc 164.4, indicating that the glucuronic acid moiety was introduced
at C-7 (Figures 2 and S37). Therefore, 6 and 7 were characterized as vanillic acid-4-O-
B-D-glucuronide and vanillic acid-7-O-B-D-glucuronide, respectively. The NMR data
of compound 6 is consistent with those reported in literature (Almeida et al. 2017) and

the NMR data of compound 7 were assigned based on the 1D and 2D NMR spectra for
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the first time.
Discovery of a putative glucuronidation gene cluster from S. chromofuscus ATCC
49982
To find out which enzyme is responsible for the glucuronidation in S.
chromofuscus ATCC 49982, we analyzed the genome of this strain that was previously
sequenced by our group. Annotation of the genome indicated that there are more than
30 glycosyltransferases in S. chromofuscu ATCC 49982. To narrow down, we looked
at the genes adjacent to these glycosyltransferase genes. A gene cluster (Fig. 4a)
putatively involved in the glucuronidation was discovered, and the predicted functions
of the genes are shown in Table 1. The five genes, named gcaA-E, were predicted to be
TetR  transcriptional regulator, UDP-glucose dehydrogenase, UDP-
glucuronosyltransferase, UDP-glucose pyrophosphorylase, and MFS transporter,
respectively. While gcad and gcaE might be involved in the regulation of the gene
cluster and sugar transport, respectively, gcaB, gcaC and gcaD were proposed to be
involved in the biosynthesis and transfer of UDP-glucuronic acid (Fig. 4b). More
specifically, GecaD (containing 320 amino acids or aa) generates UDP-glucose from
glucose-1-phosphate as a UDP-glucose pyrophosphorylase, GeaB (484 aa) functions as
a UDP-glucose dehydrogenase to synthesize UDP-glucuronic acid, and finally GcaC
(402 aa) transfers the UDP-glucuronic acid moiety to a sugar acceptor such as
resveratrol.

BLAST analysis of the amino acid sequence of GcaC revealed that it is homologous

to a number of glycosyltransferases including a few wuncharacterized UDP-
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glucuronyl/UDP-glucosyltransferase, such as those from Streptomyces malaysiensis
(GenBank accession number NIY63294.1, 408 aa, 70% identity) and Streptomyces
violaceusniger (GenBank accession number AEM85024.1, 404 aa, 68% identity).
Although both genes are not functionally characterized so far, they still provide useful
information to predict the function of GceaC.

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

To identify the function of GecaC, we amplified this gene from the genomic DNA of S.
chromofuscus, and ligated it to pET28a to yield the corresponding expression plasmid,
pJR36 (pET28a-gcaC). The plasmid was then expressed in E. coli BL21(DE3) with
IPTG induction. Ni-NTA column chromatography was used to purify the N-His¢-tagged
GcaC from the cell lysate and the purified enzyme was analyzed by SDS-PAGE. As
shown in Fig. 5a, GcaC (~43.4 kDa) was expressed and purified from E. coli
BL21(DE3)-pJR36 to homogeneity and the isolation yield of this enzyme was 11.87
mg/L.

In vitro functional characterization of GecaC

To check the function of purified GeaC, resveratrol was incubated with this enzyme in
the presence of UDP-glucuronic acid. HPLC analysis showed that compared to the
control (trace 1, Fig. 5b), two polar products were formed from resveratrol (trace i1, Fig.
5b). Two products showed the similar UV spectra to the substrates. ESI-MS spectra
(Figs. 5c and 5d) of these products showed the corresponding quasi-molecular ion [M-
H] at m/z 402.9, respectively. Therefore, they have the same molecular weight of 404,

which is 176 mass units larger than the substrate resveratrol, indicating that a glucuronic
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acid moiety was added to different positions of resveratrol. Furthermore, the retention
times of these two in vitro products were the same as those of resveratrol-4'-O--D-
glucuronide and resveratrol-3-O-B-D-glucuronide produced in the in vivo
biotransformation by S. chromofuscus. Formation of the two resveratrol glucuronides
in the in vitro reactions allowed the characterization of GcaC as the responsible UGT
in S. chromofuscus.

Broad substrate specificity of GecaC toward sugar acceptor substrates

To explore the substrate specificity of GcaC, this enzyme was reacted with different
sugar donors and sugar acceptors. UDP-Glucose is structurally similar to UDP-
glucuronic acid and the BLAST analysis of the sequence of GcaC suggested that this
enzyme 1is homologous to a predicted UDP-glucuronyltransferase or UDP-
glucosyltransferase from S. malaysiensis (Table 1). Therefore, we reacted resveratrol
with UDP-glucose in the presence of GcaC. However, no products were formed from
resveratrol (data not shown), indicating that GcaC is a specific UDP-
glucuronyltransferase that strictly transfers UDP-glucuronic acid.

We next investigated the substrate specificity of GeaC to sugar acceptor substrates
by reacting it with various natural products, including quercetin, ferulic acid, vanillic
acid, curcumin, vanillin, chrysin, zearalenone and apigenin, with UDP-glucuronic acid
in the presence of GecaC. When quercetin was used as the substrate, HPLC analysis (Fig.
6a) showed that six polar products were formed. All products showed the similar UV
spectra (Figures S38a-f) to the substrate. ESI-MS spectra (Figures S39a-f) of Q1-Q6

showed the corresponding quasi-molecular ion [M-H] at m/z 653.0, 653.0,476.9, 476.9,
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476.9, and 476.9, respectively. Therefore, products Q3-Q6 have the same molecular
weight of 478, which is 176 mass units larger than the substrate quercetin, indicating
that a glucuronic acid moiety was added to different hydroxyl groups of quercetin. Since
quercetin has five free phenolic hydroxyl groups, we propose that the glucuronic acid
moiety was introduced to four of these hydroxyl groups to generate the four
monoglucuronides. Among these monoglucuronides, Q3 and Q4 had the same retention
times as products 3 and 4, which were characterized as quercetin-7-O-f3-D-glucuronide
and quercetin-3-O-B-D-glucuronide, respectively. The molecular weight of both Q1
and Q2 were found to be 654, which is 352 mass units larger than the substrate quercetin
or 176 units larger than products Q3-Q6, suggesting that two glucuronic acid moieties
were added to quercetin to form diglucuronides. Therefore, this enzyme not only adds
the glucuronic acid moiety to different hydroxyl groups of quercetin, but also accepts
the resulting monoglucuronides as the substrates to further generate diglucuronides.
When ferulic acid was incubated with GcaC, one polar product F1 at 12.8 min was
detected by HPLC (Fig. 6b). Similarly, one product VA1 appeared at 9.7 min when
vanillic acid was used as a sugar acceptor (Fig. 6¢). Both products showed the similar
UV spectra (Figures S38g and S38h) to the corresponding substrates. The ESI-MS
spectra (Figures S39g and S39h) of F1 and VA1 showed a [M-H] ion peak at m/z 368.9
and 342.9, respectively, indicating that their molecular weights are 370 Da and 344 Da,
which are consistent with the addition of a glucuronic acid moiety to ferulic acid and
vanillic acid, respectively. Furthermore, the retention times of F1 and VA1 are the same

as 5 and 6 from the biotransformation by S. chromofuscus 49982, namely ferulic acid-
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4-O-B-D-glucuronide and vanillic acid-4-O-p-D-glucuronide.

Meanwhile, when curcumin was used as the substrate, HPLC analysis showed that
compared to the negative control (trace i, Fig. 6d), GcaC generated two polar products
C1 and C2 (trace ii, Fig. 8d), at 21.8 and 25.3 min respectively. The two products had
the UV spectra (Figures S38i and S38j) similar to that of the substrate. The ESI-MS
spectra (Figures S391 and S39j) of the two products showed the [M-H] ion peak at m/z
719.1 and 542.8, indicating that their molecular weights are 720 Da and 544 Da,
respectively. These are consistent with a diglucuronide and a monoglucuronide of
curcumin, whose molecular weight is 368 Da. This result further indicated that GcaC
can transfer one or two glucuronic acid moieties to curcumin.

Similarly, we also used vanillin as the substrate, and one polar product VN1 at 10.0
min was detected by HPLC (Fig. 6¢). One product CS1 was also observed at 22.0 min
when chrysin was incubated with GcaC (Fig. 6f). Both products showed the similar UV
spectra (Figures S38k and S38l1) to their relative substrates. The ESI-MS spectra
(Figures S39k and S391) of VN1 and CS1 showed a [M-H] ion peak at m/z 326.9 and
428.8, respectively, indicating that their molecular weights are 328 Da and 430 Da,
which are consistent with the addition of a glucuronic acid moiety to vanillin and
chrysin, respectively. Similarly, when zearalenone and apigenin were used as the
substrates, HPLC analysis showed that compared to the negative controls (trace i,
Figures 6g and 6h), GecaC generated a product Z1 (trace ii, Fig. 6g) at 23.0 min from
zearalenone and a product A1 (trace ii, Fig. 6h) at 19.0 min from apigenin. The products

showed the UV spectra (Figures S38m and S38n) similar to those of their substrates.
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The ESI-MS spectrum (Figure S39m) of Z1 exhibited the [M-H] ion peak at m/z 493.1,
which means the molecular weight is 494 Da and it is in accord with the addition of a
glucuronic acid moiety to zearalenone with a molecular weight of 318. The ESI-MS
spectrum (Figure S39n) of A1 showed the [M-H] ion peak at m/z 445.1, indicating that
molecular weight is 446 Da. This is consistent with a monoglucuronide of apigenin,
whose molecular weight is 270 Da. Therefore, GcaC synthesized the corresponding
glucuronides from zearalenone and apigenin.

Other substrates, including tetracycline and resibufogenin, were also reacted with
UDP-glucuronic acid in the presence of GecaC. However, no products were detected by
HPLC (data not shown).

Determination of the optimal in vitro reaction conditions of GeaC

The effects of reaction temperature and pH on the GcaC-catalyzed glucuronidation
were examined. Purified GecaC was incubated with resveratrol and UDP-glucuronic
acid under different conditions. First, the reaction was conducted at different
temperatures ranging from 20 °C to 50 °C. The conversion rates of resveratrol were
quantified by HPLC and compared. As shown in Fig. 7a, GcaC has the highest
glucuronidation activity at 30 °C with the highest conversion rate. When the
temperature increased from 20 °C to 30 °C, the conversion rate of resveratrol increased
from 29.61% to 70.85%. However, when the reaction temperatures were above 30 °C,
the resveratrol conversion rate gradually decreased. Therefore, the optimum reaction
temperature for GcaC was determined to be 30 °C.

Next, we determined the pH effect on the glucuronidation activity of GecaC. The
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enzyme was reacted with resveratrol in 200 mM phosphate buffer at 30 °C but at
different pH values, including 4.5, 5.5, 6, 6.5, 7, 7.5, 8, 8.5 and 9. With the increase of
pH from 4.5 to 7.5, the conversion rate of resveratrol by GcaC steadily increased from
7.8% to 59.3%. Nevertheless, when the pH value further increased to 9.0, the
conversion rate decreased to 37.2% (Fig. 7b). Hence, the optimum pH for GeaC is 7.5.
Apart from temperature and pH effects, we also investigated the effect of various
metal ions on the activity of GecaC. At 10 mM, we found that Ca*", Mg?*, and Mn?* had
a simulative function on the UGT activity of GcaC (Fig. 7¢). With these three metal
ions applied in the enzymatic reaction, the catalytic activity was 1.33, 1.27, and 1.09-
fold higher than that of the control group, respectively. Among these three metal ions,
Ca’" has the strongest stimulating effect. By contrast, the activity of GecaC was inhibited
when Cu?*, Fe**, and Zn** were added into the reaction system. The conversion rate of
resveratrol decreased from 52.3% to 39.1%, 48.6%, and 43.8% (Fig. 7c), respectively.
In conclusion, the optimal in vitro reaction conditions for purified GeaC are at 30 °C,
pH 7.5 with 10 mM of Ca*".
Optimized production of resveratrol-4'-O-p-D-glucuronide and resveratrol-3-O-
B-D-glucuronide with the engineered E. coli BL21(DE3)
We next tested whether E. coli BL21(DE3)-pJR36 can convert resveratrol into the two
glucuronides. To this end, resveratrol was incubated with the IPTG-induced broth of
this engineered strain, with E. coli BL21(DE3)-pET28a as the negative control. As
shown in Fig. 8a, compared to the commercial standard (trace 1) and negative control

(trace ii), incubation of resveratrol with E. coli BL21(DE3)-pJR36 yielded the
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glucuronidation products 1 and 2.

In vivo biotransformation of resveratrol by E. coli BL21(DE3)-pJR36 indicated that
GcaC can generate resveratrol-4'-O-f-D-glucuronide as the major product from
resveratrol in E. coli, which provides an alternative approach to biosynthesize this
resveratrol glucuronide. Therefore, it is critical to discover the optimal conditions for
this whole-cell bioconversion process. The effect of different cell concentrations on the
formation of resveratrol glucuronides at 40 °C overnight was first investigated, ranging
from ODsoo 2.5 to 15.0. In the presence of 1.5 mM resveratrol and 0.11 M glucose, we
discovered that the conversion rate of resveratrol steadily increased with increasing cell
concentrations within the range of ODeoo 2.5-10.0 (Fig. 8b). The conversion rate of
resveratrol in the biotransformation system reached 53.8% when the ODgoo value was
10.0, which was 27.3% higher than the titer at ODsoo 2.5. However, further increase in
cell concentration resulted in a drop of the conversion rate, indicating that oversaturated
cells did not yield more products.

The conversion of resveratrol to its glucuronides was also determined by HPLC at
different pH values (pH 4.5-8.5). When the reaction pH was 6.5, the conversion rate
reached its highest level, namely 38.1% (Fig. 8c), which is 23.2% higher than that at
pH 4.5. We next investigated the impact of temperature on the whole-cell conversion
efficiency of resveratrol to its glucuronides. Specifically, E. coli BL21(DE3)-pJR36
cells (ODegoo 10.0) were incubated with resveratrol at different temperatures ranging
from 25 to 45 °C in 200 mM phosphate buffer (pH 6.5). It was clearly proved that the

higher temperature could effectively improve the conversion of resveratrol into
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resveratrol-4'-O-fB-D-glucuronide and resveratrol-3-O-B-D-glucuronide. The highest
conversion rate reached 48.6% at 40 °C (Fig. 8d).

To determine how the bioconversion time affects the conversion rate of resveratrol
in the engineered E. coli strain, we conducted a time course analysis for the conversion
of 1.0 mM resveratrol to its glucuronides. The experiments were performed with GeaC-
expressing E. coli BL21(DE3) strain (ODsoo 10.0) at 40 °C in 200 mM phosphate buffer
(pH 6.5). The reaction was sampled at 1, 2, 3, 4 and 5 hours. Within the first 3 hours,
the conversion rate of resveratrol increased from 18.0% to 34.8% (Fig. 8e). After that,
the increase in the conversion rate slowed down gradually. Thus, we chose 3 hours as
the preferred reaction time.

Substrate concentration can also affect the bioconversion rate. Therefore, we next
tested different resveratrol concentrations ranging from 0.25 to 2.5 mM, for further
optimizing the production of resveratrol-4'-O-p-D-glucuronide and resveratrol-3-O-f3-
D-glucuronide. The reactions were conducted at pH 6.5, ODsoo 10, and 40 °C for 3
hours. The conversion rates of resveratrol to its glucuronides were similar when the
substrate concentration were 0.25 mM and 0.5 mM, namely 82.6 % to 83.2%. However,
the conversion rate fell to 41.7% when the concentration of resveratrol was further
increased to 1.0 mM (Fig. 8f). As a result, 0.5 mM was deemed to be the optimal
substrate concentration according to the productivity of resveratrol glucuronides under
the selected reaction conditions.

Finally, we scaled up the reaction to 1 L considering all the effects mentioned above.

The titers of resveratrol-4'-O-B-D-glucuronide and resveratrol-3-O-B-D-glucuronide
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were 0.194 = 0.001 mM (equivalent to 78.381 £ 0.366 mg/L) and 0.037 + 0.001 mM
(equivalent to 14.991 £ 0.248 mg/L) from a total of 0.5 mM (equivalent to 114.125
mg/L) of resveratrol in 3 hours at 40 °C in 200 mM phosphate buffer (pH 6.5) with
shaking at 250 rpm.

Discussion

Polyphenols, such as resveratrol, quercetin and curcumin from certain foods and dietary
supplements, have promising biological activities. (Sauer and Plauth 2017). However,
their health benefits in the human body are often limited due to poor water solubility.
Glycosylation is an effective approach to improve the water solubility and
bioavailability (Ren et al. 2022). Actinomycetes are well-known for their ability to
biosynthesize novel and pharmaceutically relevant secondary metabolites with various
bioactivities (Fidan et al. 2019). Among them, Streptomyces is widely used to produce
industrially important bioactive molecules, such as streptomycin, avermictin and
oxytetracycline. S. chromofuscus ATCC 49982 is a typical example which produces the
anti-cholesterol polyketide natural product herboxidiene (Yu et al. 2013). In this study,
five actinomycete strains were screened for the ability to biotransform resveratrol, and
only S. chromofuscus ATCC 49982 was found to generate two glycosides, which were
structurally characterized as resveratrol-3-O-f-D-glucuronide and resveratrol-4'-O-f3-
D-glucuronide, respectively. Resveratrol is a plant-derived stilbenoid with a variety of
bioactivities, including antimicrobial, antiviral, anti-inflammatory, antioxidant,
antiaging, anticancer, antiplatelet, phytoestrogenic, neuro-protective, and cardio-

protective activities (Thuan et al. 2018; Yu et al. 2002). Its ubiquitous presence in diets
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such as grapes, wine, olive oil, white tea, peanuts and cranberries has attracted
considerable research interest (Pervaiz 2003; Wang et al. 2002). Nevertheless, its low
bioavailability results in limited absorption after oral administration and impedes the
formulation of functional foods. Furthermore, its sensitivity to air and light also hinders
the nutraceutical and medicinal applications and exploitation of resveratrol (Francioso
et al. 2014; Jeon et al. 2016; Uesugi et al. 2017).

Resveratroloside (resveratrol-4'-O-B-glucoside) and polydatin (resveratrol-3-O-f3-
glucoside) are two common water-soluble derivatives of resveratrol, and they exhibit
anticancer and antioxidant activities. Moreover, they can prevent coronary heart
diseases (Shimoda et al. 2013). In the meantime, resveratroloside and polydatin are
more resistant to enzymatic oxidation than resveratrol (King et al. 2006). In other words,
glycosylation of resveratrol can extend its half-life in the cell and maintains the
beneficial antioxidant capacity and biological properties (Regev-Shoshani et al. 2003).
As one of the most abundant forms of resveratrol in nature, polydatin is the major
bioactive compound of Polygonum cuspidatum root which is used to treat cardiac
ailments, including atherosclerosis and inflammation in Japanese and Chinese folk
medicine (Romero-Pérez et al. 1999). While the two resveratrol glucuronides obtained
in this work are structurally slightly different than the glucosides, it will be interesting
to find out how these molecules perform in vivo. In fact, resveratrol-3-O-B-D-
glucuronide and resveratrol-4'-O-B-D-glucuronide were previously reported to be the
metabolites of resveratrol in the human body. While resveratrol has cytotoxicity to

human peripheral blood mononuclear cells at 30 uM, these glucuronides did not show
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any cytotoxicity at 300 uM. The ubiquitous human B-glucuronidase can convert the
metabolites back to resveratrol locally or systematically in vivo (Wang et al. 2004).
Therefore, the two resveratrol glucuronides may represent useful pro-drugs of
resveratrol for clinical applications.

S. chromofuscus ATCC 49982 was also found to be able to glucuronidate other
phenolic compounds, indicating that the dedicated UGT in this strain is flexible and can
transfer the glucuronic acid moiety to different positions of phenolic compounds.
Interestingly, vanillic acid-4-O-B-D-glucuronide and vanillic acid-7-O-B-D-
glucuronide were synthesized when vanillic acid is used as the substrate. The
production of vanillic acid-7-O-B-D-glucuronide is somewhat surprising as the sugar
moiety was introduced to the carboxyl group, which is quite chemically different than
the phenolic hydroxyl group, further indicating that the UGT in S. chromofuscus ATCC
49982 is a highly versatile enzyme. Encouraged by the high flexibility of this enzyme,
we sought to find and identify the dedicated the UGT in S. chromofuscus ATCC 49982.
We were able to spot the most possible glycosyltransferase gene responsible for the
observed glucuronidation in this strain because that it is flanked by two UDP-
glucuronic acid biosynthetic genes (gcaD and gcaB). This gene was cloned and
expressed in E. coli BL21(DE3). The purified GecaC was functionally characterized as
a versitile UGT, providing a reference enzyme for future investigatin of more microbial
UGTs.

UGTs play important roles in plant growth and development. They can also be a

useful tool for structural modification of bioactive molecules in metabolic engineering
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applications, because it can greatly change the bioactivity, solubility, or stability of
metabolites (De Bruyn et al. 2015; Kren and Martinkova 2001). For example, the
sweetness and solubility were greatly improved from glycyrrhetinic acid to its final
product glycyrrhizin through two steps of glucuronidation, which is used as an anti-
hepatitis agent and a sweetener worldwide (Xu et al. 2016). In fact, the two glucuronic
acid moieties of glycyrrhizin also reduce the side-effects (Yonekura and Hanada 2011).
Researchers found that glucuronidated anthocyanins showed improved color stability
in response to light compared to its glucosylated form, indicating that UGTs may be
used to stabilize natural colorants for industrial use, such as commercial food colorant
products (Osmani et al. 2009). Glucuronidation can also improve the bioactivity of
natural products. For instance, glucuronidated flavonoids exhibited relatively stronger
inhibitory activity of amyloid  (Ap) and human islet amyloid polypeptide (hIAPP)
aggregation than their aglycons (Hmidene et al. 2017). More importantly, the
conjugation location of glucuronidation can alter the biological effects. Morphine-6-
glucuronide 1s a much more potent agonist than morphine itself, while morphine-3-
glucuronide is an extremely potent antagonist (Paul et al. 1989; Smith et al. 1990). This
finding indicates that glucuronides may have very distinctive effects themselves.

To explore the pential of GecaC as a useful biocatalytic tool, we investigated the
substrate specificity of this enzyme. Although in vitro reaction results revealed that
GcaC is a specific UDP-glucuronyltransferase, it showed high flexibilty toward the
sugar acceptor substrates. A varitey of substrates, such as quercetin, ferulic acid, vanillic

acid, curcumin, vanillin, chrysin, zearalenone and apigenin, can be accepted by GcaC
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as sugar acceptors to yield various glucuronides. Compared to BpUGAT from plant red
daisy (Bellis perennis) that is specific for anthocyanin glucuronidation (Sawada et al.
2005), GeaC showed relaxed substrate specificity to sugar acceptors. Interestingly, it
was found that different products may be produced from the same substrates in the in
vivo biotransformation by S. chromofuscus ATCC 49982 and in vitro reactions with
purified GeaC, likely due to the availability of UDP-glucuronic acid and other factors
in the cells. For example, quercetin-7-O-B-D-glucuronide and quercetin-3-O-3-D-
glucuronide were obtained as the major products when quercetin was incubated with S.
chromofuscus ATCC 49982. However, a total of six glucuronides were detected in vitro
when quercetin was reacted with UDP-glucuronic acid in the presence of purified GeaC.
Interestingly, among the six products, four monoglucuronides and two diglucuronides
of quercetin were obtained based on LC-MS analysis. Similarly, in vitro reaction of
GcaC with curcumin also yielded a monoglucuronide and a diglucuronide. These
results indicated that GcaC is a highly versatile enzyme for the synthesis of
glucuronides. Compared to the tedious chemical methods to synthesize glucuronides
(Sharipova et al. 2017), discovery of GeaC provides an effective tool to prepare various
glucuronides from different phenolic compounds in an environmental-friendly and
efficient way.

The optimal in vitro enzymatic reactions and in vivo bioconversion conditions of
GceaC were investigated in this work. The optimum reaction temperature and pH for
this enzyme were found to be 7.5 and 30 °C in phosphate bufter, which are both slightly

lower than BpUGAT from B. perennis (8.0 and 35 °C). However, these two UGTs have
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different response to metal ions. For example, Ca*" had an inhibitory effect on BpUGAT,
but stimulated the activity of GeaC. Similarly, Mg?" and Mn**, with negligible effects
on the catalytic activity of BpUGAT (Sawada et al. 2005), enhanced the activity of
GcaC. By contrast, the inhibitory effects of Cu?*, Zn** and Fe*" on GcaC is similar to
the previous discovered UBGAT from Scutellaria baicalensis (Nagashima et al. 2000).

Generally, UGTs fulfill key metabolic functions in various organisms, and
microbial UGTs are not well studied compared to those in mammalian systems. In the
human body, the activity of UGTs can modify the lipid phase fluidity of the microsomal
membrane, which is critical for its physiological function (Zakim and Vessey 1974).
Mammalian UGTs play an important role in the elimination of xenobiotics and
lipophilic compounds from the body, and the native acceptor substrates could be
bilirubin, hormones, bile acids, retinoids, and thyroid hormones (Clarke et al. 1991;
Radominska-Pandya et al. 1999). GcaC is a microbial UGT. Based on the BLAST
analysis and enzymatic studies, we propose that the native function of GecaC is a UDP-
glucuronyltransferase and might have the following potential functions: (1) GcaC
contributes to the cell surface polysaccharide biosynthesis. Specifically, it may transfer
sugars from intracellular nucleotide sugars to the lipid carrier acceptor in cytoplasmic
membrane and then synthesize the long-chain polysaccharides such as
exopolysaccharides, which are produced by many bacteria and excreted into the
environment during growth (Li et al. 2010); (2) GeaC uses native peptidyl nucleosides
as acceptor substrates, such as cytosine, to biosynthesize endogenous peptide-

nucleoside antibiotics for defensing themselves from other bacteria or fungi (Gould and



749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

Guo 1994); (3) GecaC may catalyze the glucuronidation of lipophilic endogenous
metabolites and xenobiotics, like some fungal UGTs, and may play a role in the
degradation of carcinogenic pollutants in their surrounding environment. Additional
work is required to identify the exact function of GcaC in S. chromofuscus ATCC 49982
(Bezalel et al. 1997; Wackett and Gibson 1982).

Even though some glucuronyltransferases have been found in the microorganisms,
many of them require association with another enzyme to display the function (Tracy
et al. 2007; Sugiura et al. 2010). Moreover, their functions are almost limited to the
synthesis of saccharides (DeAngelis and White 2002; Wang et al. 2018; Wang et al.
2020). By contrast, GcaC represents a novel UGT from microorganism with broad
substrate specificity and can glucuronylate various plant polyphenols. BLAST analysis
showed that this microbial UGT showed little or no homology to UGTs from other
sources. For example, GcaC has less than 25% identity to BpUGAT from B. perennis
(Gene bank accession number AB190262) (Sawada et al. 2005), GuUGAT from
Glycyrrhiza uralensis (Gene bank accession number KT759000) (Xu et al. 2016), and
UBGAT from Scutellaria baicalensis (Gene bank accession number BAC98300)
(Nagashima et al. 2000). Discovery and characterization of GcaC yielded a reference
enzyme for future identification of additional UGTs from microorganisms. More
importantly, this highly flexible enzyme may (1) glucuronidate a variety of substrates,
(2) introduce the glucuronic acid moiety to different positions of a substrate, and (3)
introduce one or two glucuronic acid moieties to a substrate to yield monoglucosides

and diglucosides. Therefore, S. chromofuscus ATCC 49982, GcaC and E. coli
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BL21(DE3)-GcaC can be used to prepare desired glucuronides from particular
substrates. For example, vanillic acid-COOH-glucuronide was only previously detected
in human urine after tea intake, and it was only identified by using MS analysis without
available NMR data (Ridder et al. 2012; van der Hooft et al. 2012). This work for the
first time biosynthesized vanillic acid-7-O-B-D-glucuronide for complete structure
elucidation. This work also demonstrated that this novel UGT can be efficiently
expressed in E. coli BL21(DE3) and the engineered strain can be used as a whole-cell
biocatalyst to prepare resveratrol glucuronoides. The titers of resveratrol-4'-O-B-D-
glucuronide and resveratrol-3-O-B-D-glucuronide were 78.381 + 0.366 mg/L and
14.991 + 0.248 mg/L from 114.125 mg/L resveratrol in a 1-L reaction system within 3
hours. Overall, this work provides a highly versatile UGT that can serve as a useful
biocatalyst to prepare valuable glucuronides of bioactive molecules.
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Table 1 The glucuronidation (gca) gene cluster in S. chromofuscus ATCC 49982.

Size Identity/
Gene Predicted function Homolog/source/NCBI accession no.
aa 1milarit
(aa) Similarity
TetR family transcriptional
gecaAd 230  TetR family transcriptional regulator regulator/Streptomyces sp. CRXT-G- 71%/81%
22]1/WP_187751940.1
UDP-glucose/GDP-mannose dehydrogenase
family protein/ Streptomyces sp.
gcaB 484 UDP-Glucose dehydrogenase 82%/86%
SolWspMP-5a-2
/WP_093832645.1
UDP-glucuronyl/UDP-
gcaC 402 UDP-Glucuronyltransferase glucosyltransferase/Streptomyces 70%/80%
malaysiensis/NIY63294.1
GalU/Streptococcus 45%/62%
geaD 320 UDP-Glucose pyrophosphorylase
pneumonia/AJ004869.1
MES transporter/Streptomyces
gcaE 540 MES transporter 83%/90%

hygroscopicus/WP_060945424.1




1071

1072

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

Figure legends

Fig. 1 Screening of five actinomycete strains for the ability to biotransform resveratrol.
a HPLC analysis (300 nm) of biotransformation of resveratrol by five actinomycete
strains. (i) resveratrol + YM medium; (ii) resveratrol + S. roseum No. 79089; (iii)
resveratrol + S. reseiscleroticus ATCC 53903; (iv) resveratrol + A. hibisca P157-2; (v)
resveratrol + Streptomyces sp. FERM BP-2474; (vi) resveratrol + S.
chromofuscus ATCC 49982. b UV spectra comparison of the substrate and product 1.
¢ UV spectra comparison of the substrate and product 2. d ESI-MS (-) spectrum of
product 1. e ESI-MS (-) spectrum of product 2.

Fig. 2 Key HMBC correlations of 1-7.

Fig. 3 HPLC analysis of glucuronidation of different substrates by S. chromofuscus
ATCC 49982. a Glucuronidation of quercetin (350 nm); b Glucuronidation of ferulic
acid (300 nm); ¢ Glucuronidation of vanillic acid (300 nm). (i) substrate + YM medium,;
(i1) substrate + S. chromofuscus ATCC 49982.

Fig. 4 A putative glucuronidation (gca) gene cluster discovered in S. chromofuscus
ATCC 49982. a Organization of the gca gene cluster. b Proposed pathways for UDP-
glucuronic acid biosynthesis and glucuronidation of resveratrol.

Fig. 5 Heterologous expression and in vitro functional characterization of GeaC. a SDS-
PAGE analysis of the purified recombinant GecaC from E. coli BL21(DE3). Lane 1:
Purified GcaC; Lane 2: Protein ladder. b HPLC analysis (300 nm) of the in vitro
reaction of GecaC with resveratrol. (1) resveratrol + reaction buffer without GeaC; (ii)

resveratrol + GcaC. ¢ ESI-MS (-) spectrum of in vitro product 1. d ESI-MS (-) spectrum
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of in vitro product 2.

Fig. 6 HPLC analysis of in vitro glucuronidation of different sugar acceptor substrates
by GcaC. a Glucuronidation of quercetin (350 nm); b Glucuronidation of ferulic acid
(300 nm); ¢ Glucuronidation of vanillic acid (300 nm). d Glucuronidation of curcumin
(420 nm); e Glucuronidation of vanillin (300 nm); f Glucuronidation of chrysin (350
nm); g Glucuronidation of zearalenone (250 nm); h Glucuronidation of apigenin (350
nm). (i) substrate incubated with the reaction buffer without GcaC; (ii) substrate
incubated with the reaction buffer with GeaC.

Fig. 7 Determination of the optimum in vitro reaction conditions for GeaC. a Effect of
reaction temperature on the GcaC glucuronidation activity. b Effect of reaction pH on
the GcaC glucuronidation activity. ¢ Effect of metal ions on the GcaC glucuronidation
activity. Data are presented as the mean + SD from three independent experiments.
Fig. 8 Optimization of in vivo production of resveratrol glucuronides by E. coli
BL21(DE3)/pJR36. a HPLC analysis (300 nm) of resveratrol glucuronidation by GcaC
in E. coli BL21(DE3). (1) Commercial standard of resveratrol; (i1) resveratrol + E. coli
BL21(DE3)/pET28a; (ii1) resveratrol + E. coli BL21(DE3)/pJR36. b Effect of cell
density on resveratrol glucuronidation ¢ Effect of reaction pH on resveratrol
glucuronidation by E. coli BL21(DE3)/pJR36. d Effect of temperature on resveratrol
glucuronidation by E. coli BL21(DE3)/pJR36. e Effect of reaction time on resveratrol
glucuronidation by E. coli BL21(DE3)/pJR36. f Effect of substrate concentration on
resveratrol glucuronidation by E. coli BL21(DE3)/pJR36. Data are presented as the

mean + SD from three independent experiments.
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